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a b s t r a c t

Carbon-chain rubbers have been widely used in many fields including transportation, medicine, con-

struction, and everyday life, owing to their excellent flexibility. Now, waste rubbers have caused seri-

ous environmental pollution and resource waste. Chemical recovery is expected to provide a solution to

solve these problems fundamentally. Here, the recent progress in selective chain scissions of the waste

sulfur-vulcanized carbon-chain rubbers for reuse was reviewed. Based on the different devulcanization

approaches, the polysulfide crosslinking chains or carbon chains were broken and the linear or branched

degraded products could be obtained as structural prepolymers for new rubber products. After a com-

prehensive literature review on the effect of the molecular composition and topology of the devulcanized

and degraded products on the new rubbers, the future perspectives were proposed.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As the most principal kind of rubbers, carbon-chain rubbers

have been widely used in many fields including transportation,

medicine, construction, and everyday life, owing to their excellent

flexibility and low-cost. They could be classified into natural rub-

bers and synthetic rubbers according to their sources, while the

synthetic rubbers cover the unsaturated and saturated ones based

on their carbon chains.

To achieve the desired flexibility and mechanical property, the

rubber molecules are usually crosslinked as vulcanized rubbers, to

restrict the slide of the rubber molecules from each other. How-

ever, the chemical crosslinking makes the vulcanized rubbers in-

soluble and non-melting. As a result, the end-of-life products or

production scrap could not be recovered and reused by facile re-

processing, like the linear and branched polymers. By now, landfill

and incineration are the most widely used methods to treat the

waste rubbers all over the world [1], causing serious environmen-

tal pollution and resource waste.

In the last decades, the waste vulcanized rubbers have been

widely used in the construction and road materials [2], as well as

the fillers in polymer materials, including polymer-based compos-

ites [3]. Although such solid wastes could be temporarily re-used

by these methods, the risk of environmental pollution remains.

Alternatively, the waste vulcanized rubbers could be thoroughly
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eliminated with microbial degradation [4], however, leading to

resource waste.

Besides, high-value recovery of waste rubbers could be achieved

by the chemical recovery. By now, there were several excellent

reviews on the treatments of the waste vulcanized rubbers, mainly

on the treating methods by various physical and chemical pro-

cesses [5–10]. Different from the hydrocarbons for energy recovery

[11,12] and carbon source for the synthesis of nano-carbons [13,14]

via pyrolysis, the waste vulcanized rubbers could be devulcan-

ized and degraded into soluble polymers and oligomers by the

mechanochemical [15] and thermochemical [16] approaches, which

could be used in the synthesis of new polymers. It has been recog-

nized as the most promising strategy in the treatment of the waste

vulcanized rubbers, as a versatile resource recycling. However, the

random scission of chemical bonds in these methods makes the

molecular structures of the degraded products more complicated,

although the bond energies of the crosslinking bonds such as C-S

(285kJ/mol), S-S (268kJ/mol) and -Sx- (251kJ/mol) were lower

than the carbon chain bond of C–C (346kJ/mol), the number of

C–C bonds is much higher than the others. Moreover, the unde-

sired re-crosslinking would occur in the radical recombination [8].

For re-vulcanized rubbers with better mechanical and flexible

performance, the chemically degraded products are desired with

definite molecular structures, for a better application as structural

prepolymers in the synthesis of new polymer products. In the

present work, the recent progress in the chemical recovery of the

waste sulfur-vulcanized carbon-chain rubbers was reviewed, em-

phasizing the molecular structures of the chemically devulcanized
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products for reuse. The restrictions and challenges in the applica-

tion of these degraded products were also proposed, as well as the

future perspectives.

2. Chemical recovery via selective chain scission

The traditional vulcanized carbon-chain rubbers are usually

produced by the vulcanization of the linear carbon-chain rubbers

with different crosslinkers, except the self-crosslinking ones [17].

The saturated linear carbon-chain rubbers without C=C group are

usually vulcanized with organic peroxides via the chain transfer of

the primary free radicals and then coupling termination. The resul-

tant crosslinked framework is completely formed with C–C bond,

which could hardly be selectively broken. So, the sulfur-free vul-

canized saturated carbon-chain rubbers could only be recovered

as random oligomers, along with undesired re-crosslinking. The in-

homogeneous crosslinked structure would be therefore resulted in

the re-vulcanized rubbers, declining their flexibility.

For the unsaturated rubbers containing C=C groups in their

main chains (natural rubber and synthetic diene-based rubbers

including butyl rubber) or side groups (ethylene propylene-diene

(EPDM)-rubber), sulfur is the most widely used crosslinker. Ac-

cording to the site of the C=C groups, they could be classified as

main chain crosslinking type and side group crosslinking type for

the ones with C=C groups in their main chains (natural rubber,

synthetic diene-based rubbers and butyl rubber) or side groups

(EPDM), respectively (Scheme 1). After the vulcanization, the poly-

sulfide crosslinking chains are introduced into the products. There-

fore, there are polysulfide crosslinking chains and carbon chains

in the sulfur-vulcanized carbon-chain rubbers, interconnected with

each other via chemical bond. To devulcanize these vulcanized rub-

bers, both the polysulfide crosslinking chains and carbon-based

main chains might be cleaved, denoted as crosslink breakage (de-

vulcanization) and main-chain scission (degradation) according to

the Horikx’s analysis [18].

The chemical recovery of the waste sulfur-vulcanized carbon-

chain rubbers is denoted as chemical treating of the waste sulfur-

vulcanized carbon-chain rubbers into soluble polymers and/or

oligomers in molecular level, which could be used as prepolymer

for new rubbers via facile re-vulcanization. Therefore, the chemical

devulcanization and degradation should be occurred on the unique

chemical bonds via selective scission, distinctly different from the

Scheme 1. Sulfur-vulcanization of the unsaturated carbon-chain rubbers.

random scission in the energy-dependent reclamation method, in-

cluding heating, shearing and grinding.

2.1. Scission of crosslinking chains

The radical reactions have been widely used for the devulcan-

ization of the sulfur-vulcanized carbon-chain rubbers, by selective

scission of the C-S bond or S-S bond in the crosslinking chains.

By the means, linear or slightly branched polymers were obtained,

which could be re-vulcanized as new rubbers.

2.1.1. Organic disulfide

Organic disulfides, especially diphenyl disulfide (DD), have been

used for the devulcanization of the sulfur-vulcanized carbon-chain

rubbers by selective scission of the C-S bond in the crosslinking

chains (Scheme 2).

Jana et al. reported the mechano-chemical recycling of sulfur-

vulcanized natural rubber with or without DD at 120 °C for 10min

on a two-roll cracker-cum mixing mill. The obtained devulcanized

product was re-vulcanized again by the addition of sulfur and N-

cyclohexyl-2-benzothiazyl sulfonamide (CBS). By the approach, the

mechanical properties of the sulfur-vulcanized natural rubber were

retained in more than 87%, including 100% modulus, 200% mod-

ulus, tensile strength, elongation at break and tear strength [19].

It was found that the mechanical properties including moduli, ten-

sile strength, tear strength, elongation at break were higher for the

revulcanized rubber obtained in the presence of DD, than that ob-

tained in absence of DD, due to the higher crosslinking density in

the former one. The authors claimed that the extra crosslinking in

the revulcanized rubber was caused by the formation of new active

crosslinking sites via chain transfer reaction in the devulcanization.

It should be noted that the byproducts such as hydrogen sulfide

and thiols were released in the chemical devulcanization with DD

[20]. The disulfide and polysulfide crosslinking chains could be se-

lectively cleaved with thiols in presence of organic bases via nucle-

ophilic displacement reaction, while the monosulfide crosslinking

chains were more stable and not affected. Furthermore, the car-

bon chains would be broken off by increasing the devulcanization

temperature, while declining the mechanical performance of the

resultant products [5].

Kojima’s group reported the devulcanization of different rub-

bers in an autoclave with supercritical carbon dioxide (scCO2). It

was found that the sol component yield increased with increasing

the CO2 pressure for the unfilled vulcanized polyisoprene (PI) rub-

ber [21] and natural rubber (NR) with DD as decrosslinking reagent

[22]. The selective impregnation of decrosslinking reagent (DD [23]

or dicumyl peroxide (DCP) without sulfur to simplify the analysis

[24]) into the vulcanized rubbers via the supercritical CO2 was also

revealed.

These works revealed the devulcanization of the disulfide and

polysulfide crosslinking chains, but not the monosulfide crosslink-

ing ones. Moreover, the devulcanized products showed a higher

glass transition temperature (Tg) than the virgin rubber, due to the

pendant phenyl side groups. In the devulcanization of waste tread

rubber in supercritical carbon dioxide [25], the cyclic sulfide struc-

tures were revealed as another reason for the increased Tg.

It has also been reported that the presence of fillers such as car-

bon black and silica in the vulcanized NR or synthetic rubbers did

not affect the devulcanization with DD, and the tensile properties

of recycled rubber vulcanizates made from virgin rubber and 20–

60 phr of recycled rubber were over 90% of those of the original

vulcanizates [26,27].

Mohaved et al. reported the devulcanization of discarded EPDM

automotive parts with 2-mercaptobenzothiazole (MBT) or tetram-

ethylthiuram disulfide (TMTD) as devulcanizing agent, respectively

[28]. MBT was found to be more efficient than TMTD. The results
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Scheme 2. Devulcanization of sulfur-vulcanized natural rubber with DD by C-S scission.

Scheme 3. Mechanochemical devulcanization of sulfur-vulcanized NR with TESPT.

indicated that there was no adverse effect on the scorch and opti-

mum cure times, crosslink density, rate of cure, and viscosity by

replacing 60wt% of the virgin rubber in the automotive rubber

strips with the devulcanized powder. Moreover, the hardness, com-

pression set, and modulus at 20% elongation were unaffected for

the re-vulcanized product when 20wt% of the virgin rubber was

replaced.

Ghorai et al. reported the mechanochemical devulcanization

of sulfur-vulcanized NR in an open roll mixing mill with bis(3-

triethoxysilyl propyl)tetrasulfide (TESPT) as dual functional devul-

canizing agent, both the disulfide-based devulcanizing agent and

coupling agent for dispersion of silica [29]. Due to the mechani-

cal milling, the tetrasulfide bond in TESPT and the C–C and C-S

bonds in the sulfur-vulcanized NR could be broken, therefore, the

functionalized linear and branched devulcanized products were ob-

tained via the coupling of the radicals formed (Scheme 3). Pro-

longing the milling time from 20min to 60min, the sol content

increased from 34.8% to 42.8%, and the Tg increased from 207.7K

to 213.9K, due to more silane groups had been introduced, which

was revealed by the increased S content in the devulcanized prod-

ucts increasing from 2.98% to 3.21%.

The resultant functionalized linear and branched devulcanized

products were re-vulcanized with or without silica as filler. It was

found that the optimum cure time decreased whereas cure rate in-

creased with prolonging the devulcanization time. The mechanical

properties, including modulus at 50% and 100% elongation, tensile

strength and elongation at break, increased with devulcanization

time up to 40min with 6mL TESPT/100 g ground NR.

2.1.2. Organic peroxide

Organic peroxides have been reported for the devulcanization

of the sulfur-vulcanized carbon-chain rubbers by selective scis-

sion of both weak bonds (S-S and C-S) in the crosslinking chains

(Scheme 4).

Rooj et al. reported the devulcanization of NR with benzoyl

peroxide (BPO) as devulcanizing agent [30]. Prolonging the treat-

ing time, the absorbance intensity of S-S at 556 cm-1 declined in

the ATR-IR analysis, while the characteristic absorbance peaks of

C=C at 837 cm-1 and -CH3 at 1376 cm-1 remained constant, reveal-

ing the devulcanization by the S-S scission. Moreover, the weight

average molecular weight (Mw) of the devulcanized products was

measured as 3.3×105 g/mol by the viscosity method after devul-

canization at 80 °C for 6h, very near to the virgin NR, meaning the

carbon chains were maintained in the devulcanization.

The devulcanized natural rubber (DNR) was then co-vulcanized

with the virgin natural rubber with different proportions,

20DNR/80NR, 40DNR/60NR, 60DNR/40NR and 80DNR/20NR,

respectively. The highest tensile strength and modulus at 300%
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Scheme 4. Devulcanization of sulfur-vulcanized rubber with BPO by S-S and C-S

scission.

elongation were obtained with the 40DNR/60NR, much higher than

the original NR sample. It might be resulted from the introducing

of phenyl groups in the DNR. While the data decreased sharply

with further increasing the DNR proportion, it was explained with

the poor dispersion of DNR in the rubber matrix, which would

cause numerous stress concentration points in the re-vulcanized

DNR/NR.

In a following work, it was found that the selective S-S scission

could be achieved at devulcanization time of 2h with lower BPO

concentration, while the non-selective chain scission including the

carbon chains occurred with higher temperature, longer time and

higher BPO concentration [31]. The re-vulcanized samples showed

the lower tensile strength and percentage of elongation at break in

comparison with the original one. A proportion of 40wt% was also

recommended for the blend with virgin rubber, without adverse

effect on the mechanical properties of the re-vulcanized rubber.

Dez’s group reported the recovery of functionalized rubber

from waste tires by radical devulcanization with different peroxide

derivatives as the devulcanizing agent [32], such as halogenated

aromatic peroxides, ester-functionalized peroxides, alkyl aromatic

peroxides and nitro-functionalized peroxides, respectively. As a re-

sult, the halogenated polymers, or polymeric acids, alcohols or

amines could be obtained, for applications in supramolecular in-

teractions, surfactants, or polyelectrolytes.

Colom et al. investigated the devulcanization process of scraps

of EPDM systems from commercial, industrial and residential roof-

ing systems by combined thermomechanical/microwave (TM/MW)

procedure with BPO as devulcanizing agent [33]. It was found that

the combined approach acted more selectively on the disulfide

bonds and sparing the main polymeric chain, compared with the

TM one, according to the Horikx’s theory. As a result, a product

that was more like the original fresh EPDM could be obtained with

2 phr of BPO. As for the ground tire rubber (GTR), the combined

TM/MW devulcanization process resulted in greater degradation of

the main rubber chains in the cross-linked network compared to

the process using only MW [34].

2.1.3. Amine

Dukhuis et al. reported the reclaiming of sulfur-vulcanized

EPDM rubbers with hexadecylamine (HDA) [35]. It was found that

the devulcanization efficiency was determined by the crosslink

density and crosslink distribution. And temperature was found as

the main governing factor and addition of HDA could significantly

enhance the effects. Different from the thermal treatment without

HDA via the random carbon-chain scission of the rubber network,

reclaiming of the conventionally vulcanized compound was mainly

occurred at the poly- and disulfidic crosslinking chains, by break-

ing and transforming into monosulfidic bonds, while that of the

efficiently vulcanized compound primarily happened at the carbon

chains, because it was mainly crosslinked with the monosulfidic

bond with higher dissociation energy than the di- and polysulfidic

ones.

For both sulfur-vulcanized EPDM rubbers, the proportion of the

devulcanized products up to 50wt% led to a mild influence on

the mechanical properties of the re-vulcanized rubbers. As for the

ground non-reclaimed rubber powder, more than 10–15wt% in

the virgin compounds led to significant property decline. The re-

sults indicated that the side group crosslinking type rubbers could

be also chemically recovered, despite of the various devulcaniza-

tion mechanisms for the waste rubbers with different crosslinking

structures.

In the engineering kinetic modeling on the EPDM devulcan-

ization in an internal batch mixer with HDA as the devulcaniz-

ing agent [36], the rate of side reactions involving HDA was much

lower than the reaction rate between HDA and cross-links at the

HDA concentration studied, by comparing the calculated activation

energies of the devulcanization reactions on the polysulfidic, disul-

fidic and monosulfidic cross-link scission and main-chain scission.

Movahed et al. reported the devulcanization of waste

EPDM by microwave radiation with different devulcanizing

reagents, such as HDA, N-cyclohexyl-2-benzothiozylsulfenamide

(CBS), dipentamethylenethiuram tetrasulfide (DPTT), MBT, 2-

mercaptobenzothiazole disulfide (MBTS), and TMTD [37]. The

highest devulcanization was obtained with HDA at about 91%-94%

with increasing temperature from 200 °C to 260 °C. A nucle-

ophilic devulcanization mechanism had been suggested with the

α-H-containing aliphatic amines such as HAD, while a radical

mechanism was proposed for devulcanization with other five

devulcanizing reagents. Although the mechanical properties of

the re-vulcanized rubber compounds were lower than the vir-

gin EPDM, they could be used for the blends with the virgin

EPDM. The mechanical properties including hardness, tensile

strength, compression set, and elongation at break of 75:25 virgin

EPDM/devulcanized rubber blend were comparable with those

of the vulcanized virgin EPDM. However, the hardness and com-

pression set of the 50:50 blend were slightly inferior compared

with those of the vulcanized virgin EPDM. The differences in the

mechanical properties were explained with cross-linking density

of the re-vulcanized rubbers.

Khavarnia and Movahed reported the devulcanization of butyl

rubber (IIR) by microwave radiation with different devulcanizing

reagents. Compared with DD, CBS, and TMTD, HDA exhibited the

highest devulcanization of 83%, with 30 and 6 phr of paraffinic oil

and HDA at 180 °C [38]. It was found that the disulfides crosslink-

ing bonds had been partially broken and new mono and polysul-

fidic bridges were formed by releasing sulfur (Scheme 5).

In the comparative investigation on the reclamation of NR

based latex products with HDA and DD [39], it was found that

reclamation has mainly occurred through the crosslinking chain

scission rather than main-chain scission with DD by breaking all

poly- and disulfidic crosslink chains, while the formation of ad-

ditional crosslinking chains was found with HDA, as some of the

polysulfidic crosslinks remained in the reclaimed product.

It has also been reported that the scCO2 could effectively im-

prove the diffusion of devulcanizing reagents into unfilled polyiso-

prene rubber (IR) vulcanizates [21]. And the thiol−amine reagent

(PhSH/n-BuNH2) was found to be effective among several devul-

canizing reagents, especially for the IR vulcanizates with shorter

cure time or higher sulfur/MBT.
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Scheme 5. Proposed ionic devulcanization mechanism of IIR by HDA.

Besides the small molecular amines, the polyurethane aminoly-

sis products (PAPs) was also be used as amine-type devulcanizing

agent for the devulcanization of waste tires [40]. The addition

of PAPs could shorten the optimum cure time of the reclaimed

rubbers (RRs) and improve the crosslink density and hardness

of the RR re-vulcanizates. Most recently, the group reported

the devulcanization of the scrap truck tire in low-temperature

mechano–chemical process at 60 °C with alcoholic amines as

the devulcanizing agent, including hydroxyethyl ethylenediamine

(AEEA), ethanolamine (ETA), and diethanol amine (DEA) [41]. The

results indicated that the amino groups in the alcoholic amines

could react with sulfur after the crosslinking bonds were broken

by mechanical shear force, thus blocking the activity of sulfur and

introducing hydroxyl groups into the rubber chains, enhancing the

devulcanizing degree and devulcanizing efficiency, reducing the

Mooney viscosity, and improving the mechanical and anti-aging

performance. Compared with the product obtained without alco-

holic amine, the sol content of reclaimed rubber increased from

13.1% to 22.4%, the devulcanization ratio increased from 82.1%

to 89.0%, the Mooney viscosity decreased from 135.5 to 83.6,

the tensile strength improved from 14.7MPa to 16.3MPa, and the

retention rate of tensile strength raised from 55.2% to 82.6% after

aging for 72h, while the devulcanization time was shortened from

21min to 9.5min, with DEA as the devulcanizing agent.

2.1.4. Inorganic oxidant

The oxidation method has been widely reported with various

inorganic oxidants. However, the oxidation, scission and recombi-

nation occurred simultaneously by the non-selective scission of the

carbon chains and crosslinking chains, thus, the oxygen-containing

groups such as hydroxyl, carbonyl, carboxyl, sulfoxide and nitro

groups were resulted in the devulcanized products [42–45].

For example, Wang’s group reported the thermal-oxidative

reclamation of waste tire rubbers for producing high-performance

rubber composites, by thermal oxidation of ground tire rubber at

200 °C [45]. High scission efficiency was obtained with a sol frac-

tion of 66.53wt% after 20min without any chemical agent. The de-

vulcanized product containing the soluble sol and ultrafine fillers

could be easily dispersed into NR for producing composite. The

mechanical properties and aging resistance of the composite were

enhanced with the addition of up to 40wt% of the reclaimed

ground tire rubber, owing to the antiaging agent and carbon black

in the waste tires, as well as a lower content of C=C in the devul-

canized sol. However, increasing the proportion of the devulcan-

ized product caused a sharp decline in the mechanical properties

of the resultant composite, because of the poor dispersibility of the

devulcanized product in NR, due to the oxygen-containing groups

formed in the thermal-oxidative reclamation.

Valdes et al. reported the synergism between HNO3 and H2O2

on the devulcanization of sulfur-vulcanized rubber under mi-

crowave irradiation (Scheme 6) [46]. 5mol/L H2O2/1% HNO3 was

revealed with the better devulcanization efficiency. Increasing

HNO3 concentration led to a carbon chain scission, while better

devulcanization via the crosslinking chain scission was resulted by

increasing the H2O2 concentration.

Scheme 6. Devulcanization of sulfur-vulcanized rubber with nitric acid/hydrogen

peroxide under microwave irradiation.

Buitrago–Suescún and Britto reported the devulcanization of

the waste ground tire rubber by combination of oxidation with

potassium permanganate/hydrogen peroxide, followed by mi-

crowave exposure in the presence of MBT as devulcanizing agent

[47]. The combination of both methods has been analyzed by using

the devulcanized rubber as raw materials in proportions greater

than 100 phr in new styrene-butadiene rubber (SBR) rubber com-

pounds with tensile strength, elongation at break and tear resis-

tance properties like the vulcanized SBR/silica composite.

With the assistance of soybean oil, H2O2-induced thermo-

oxidative reclamation of vulcanized SBR at 100 °C [48] and thermo-

oxidation of butadiene rubber (BR) vulcanizate with air at 140 °C
[49] could be efficiently enhanced, by suppressing the recombina-

tion of rubber chains.

2.2. Scission of carbon chains

In the unsaturated rubbers containing plentiful C=C groups in

their carbon chains, such as NR and the main synthetic diene-

based rubbers including polyisoprene rubber, polybutadiene rub-

ber, SBR and nitrile rubber (NBR), these C=C groups could be

broken for the devulcanization. Although the C=C bond energy

(611kJ/mol) is much higher than the C–C bond, it possesses a

higher activity due to the π bond. So, the waste sulfur-vulcanized

unsaturated rubbers could be easily degraded into soluble sols by

selective breaking the C=C groups in their carbon chains.

2.2.1. 1,3-Dipolar cycloaddition

Dubkov and coworkers reclaimed the scrap tire rubbers by

treating with nitrous oxide (N2O) at 2–5MPa at 230 °C for 12h, by

selective scission of the carbon chains, via a 1,3-dipolar cycloaddi-

tion of N2O to the C=C groups of isoprene and butadiene units in

vulcanized elastomers (Scheme 7) [21,50]. The ketone-containing

oligomers were obtained in the sol fraction with number average

relative molecular weight (Mn) of 1200–1300. Owing to the suffi-

cient amount of residual C=C bonds, the oligomers were expected

to be re-vulcanized and reused for the partial replacement of vir-

gin rubber in rubber compounds.

2.2.2. Oxidative scission

Oxidative scission of the C=C groups in the carbon chains of

the diene-based rubbers have been widely used for the design

5
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Scheme 7. Devulcanization of sulfur-vulcanized polybutadiene rubber via ketonization route involving C=C bonds in 1,4-units.

Scheme 8. Polyols via the devulcanization of waste NR, following with reduction.

of telechelic polymers with various osidants [51–54]. Pilard and

coworkers reported the devulcanization of waste tires via the se-

lective oxidative scission of the C=C groups with periodic acid. It

was found that the C-S bonds were remained while the S-S bonds

had been broken into -SO2R or -SO2OH groups, alone with the ox-

idative scission of the C=C groups [55]. Such side reaction due to

the relatively lower oxidation selectivity caused the uncertainties

in the molecular structure of the degraded products, which would

also restrict their practical application. After reducing the carbonyl

groups into hydroxyl groups (Scheme 8), the resultant hydroxyl

oligomers were used as polyols in the preparation of polyurethane

(PU) foams.

2.2.3. Metathetic degradation

Metathesis reactions, involving a cyclic process where the C=C

bonds are broken and restored, have been widely used in the

functionalization of diene-based rubbers [56]. Wolf and Plenio re-

ported the ethenolysis of end-of-life tire granulates with ethylene

as chain transfer agent (CTA), catalyzed with ruthenium-based cat-

alysts [57]. The yield was obtained around 50% as the soluble sols

with degree of polymerization (DP) around 20. The C/H ratio of the

degraded products was 5:7.8, very close to the theoretical value of

5:8 for polyisoprene, while the S content remained the same as in

granulates. Such results indicated that only the C=C bonds in the

mainchains has been broken via the ethenolysis, without any new

terminal groups introduced in the products.

Recently, the technology has been successfully utilized in the

degradation of the waste rubbers, especially the NR and cis-1,4-

polyisoprene, owing to their plentiful cis-1,4-butadiene units in

their carbon chains with different CTAs (Scheme 9) [58]. Owing

to the new terminal groups had been introduced in the cross

metathesis reaction, the degraded products could be used as func-

tionalized liquid rubber [59], surfactant [60], corrosion inhibitor or

adhesive [61], telechelic oligomers for innovative polymeric mate-

rials [62,63], and so on.

Besides the new terminal groups introduced in the cross

metathesis, cyclic polymers would also be formed by the self-

metathesis reaction between the resultant sols. Moreover, the self-

metathesis reaction between CTAs would also restrict the meta-

thetic devulcanization of waste rubbers [58]. To suppress self-

Scheme 9. Metathetic devulcanization of waste NR.

Scheme 10. Traceless metathetic degradation mechanism with styrene in closed

system.

metathesis reaction between CTAs, traceless metathetic degrada-

tion of waste natural rubber gloves with styrene in closed system

was reported by our group [64]. Compared with the end-capped

products with the styrene residues in the metathetic degradation

with less styrene, the end-uncapped sols were obtained with ex-

cessive styrene through the two routes: i) ethenolysis with ethy-

lene as CTA and ii) cross metathesis reaction between the styrene

residues in the degraded products with the excessive styrene, elim-

inating the styrene residues (Scheme 10). Additionally, the poten-

tial application of the traceless-metathetic degraded product was

proposed by facile crosslinking with an initiator for radical poly-

merization, 2,2′-azobis(2-methylpropionitrile) (AIBN). After heating

at 70 °C with 2% AIBN, the degraded product lost fluidity and be-

came an elastic solid, revealing the successful re-vulcanization.

Afterwards, the metathetic degradation was used for the recov-

ery of the waste sulfur-vulcanized NBR [65]. As a synthetic diene-

based rubber via radical emulsion polymerization, there is less cis-

1,4-butadiene unit than the NR, the ring-closing metathesis involv-

ing the adjacent cis-1,4-butadiene unit and 1,2-butadiene unit was

found (Scheme 11), favoring the metathetic degradation. This work

is expected to open new idea for the recovery of the waste vulcan-

ized emulsion-polymerized diene-based rubbers.
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Scheme 11. Metathesis reactions in the metathetic degradation of vulcanized NBR.

Fig. 1. Furan allylic chain transfer agent.

Another successful chemical recovery of the waste sulfur-

vulcanized carbon-chain rubber was reported by the metathetic

degradation of the vulcanized rubber with a furan allylic chain

transfer agent (Fig. 1), and the furan functionalized polymers

with Mn of less than 2×104 and a narrow polydispersity were

used as secondary raw materials for elastomeric networks fabrica-

tion through the Diels−Alder (D-A) reaction with a tri-maleimide

crosslinker [66]. The total tire waste-based network was synthe-

sized with excellent reprocessing ability after 3 cycles.

3. Challenges

Although the waste sulfur-vulcanized carbon-chain rubbers

could be devulcanized and degraded by selective chain scission,

there are still some challenges for their practical recovery.

3.1. Topologies of the devulcanized products

The selective scission of the C-S and S-S bonds in the crosslink-

ing chains would result in the linear polymers, while the branched

polymers were obtained from the selective scission of the C=C

bonds in the carbon chains (Scheme 9). Theoretically, the former

ones are expected to be more promising for the chemical recovery

of the waste rubbers for new rubbers with better mechanical and

flexible performance, in comparison with the latter ones, which

would lead to a non-uniform crosslinking in the re-vulcanized rub-

bers, although the metathetic approach in the latter ones is much

milder.

Actually, the extra crosslinking in the revulcanized rubber was

also found, due to the formation of new active crosslinking sites by

the chain transfer reaction in the devulcanization [23]. Moreover,

the active radicals were produced during the devulcanization with

the organic disulfides and peroxides as the devulcanizing agent

to break the C-S and S-S bonds in the crosslinking chains, which

might cause the crosslinking of the devulcanized products to form

the new crosslinked structure via C–C bonds, through the radical

addition or chain transfer reactions. Although such structures had

not been reported in the references, they are much difficult to be

recovered than the ones crosslinked with the C-S and S-S bonds.

The cyclic sulfide structures and cyclic polymers would also be

formed by the devulcanization with organic disulfide and the self-

metathesis reaction between the resultant sols in the metathetic

degradation. Furthermore, the pendant C-S-S-pH groups could also

be formed in the devulcanized products of the crosslinked struc-

ture via mono-sulfide bond, according to the proposed mechanism

(Scheme 2). Such side group might cause the additional crosslink-

ing via disulfide metathesis reaction in the de-vulcanization, as a

reverse reaction for the devulcanization.

The last challenge in the selective scissions is their selectivity.

For example, the C-S bonds would also be broken during the ox-

idative scission of the C=C bonds [47], such uncertainties in the

molecular structure of the degraded products would restrict their

practical application.

3.2. Molecular weights of the devulcanized products

Although the devulcanization via cleaving crosslinking linkers is

usually accompanied by the main-chain degradation, linear rubbers

like the original fresh ones could be obtained via the selective de-

vulcanization of the waste sulfur-vulcanized carbon-chain rubbers

[34], which could be easily re-vulcanized into new rubber prod-

ucts.

However, the branched rubbers are usually resulted via the

main-chain degradation in the initial stage. The branched and/or

cyclic liquid rubbers as prepolymers or oligomers would be caused

by the main-chain degradation of the degraded products, even as

small molecules in an extreme main-chain degradation [58,64,65].

Such small product could hardly be recovered in new rubber prod-

ucts, because they could hardly be separated and collected from

the degraded mixture, causing the decline in yield.

3.3. Compositions of the devulcanized products

Except the ethenolysis [57] and the traceless metathetic degra-

dation [64], new terminal groups or side groups would be in-

troduced in the devulcanized and degraded products. The polar

oxygen-containing groups decline the dispersibility of the devul-

canized and degraded products in the non-polar carbon-chain rub-

bers. And the introduced rigid groups, such as phenyl group, had

been revealed to increase the Tg of the devulcanized products

[25,29], declining the flexibility of the re-vulcanized rubbers.

4. Perspectives

The chemical recovery of the waste sulfur-vulcanized carbon-

chain rubbers is mainly determined by the molecular composition

and topology of the devulcanized and degraded products. There-

fore, the future development in the topic should be focused on the

selective chain scission with high selectivity, to ensure the molec-

ular composition. On the basis, the new terminal groups or side

groups should be averted, at least, the polar terminal groups or

side groups should be avoided.

Facing the above challenges, a promising fundamental solution

to the above problems should be the utilization of the carbon-

chain rubbers without stable covalent crosslinking, such as the

polyolefin thermoplastic elastomers by physical crosslinking via

phase separation [67], or the chemical crosslinking via dynamic

covalent bonds [68], such as disulfide bond [69], exchangeable β–

hydroxyl ester [70], reversible D-A adduct formation [71], metal-

ligand interaction [72], and multiple dynamic interactions [73,74],

for a self-healing and reprocessable characteristics.

Among them, the disulfide metathesis has been widely inves-

tigated in the self-healing and reprocessable rubbers, owing to its

lower healing temperature than the DA reaction. Moreover, the re-

pair of fracture surfaces or damage can be driven by heating, pho-

tolysis, or oxidation (Scheme 12).

In the vulcanization of the carbon-chain rubbers with sulfur,

the monodisulfide, disulfide and polysulfide bonds are formed as

the crosslinking chains. For the recyclable sulfur-cured rubbers,

Cu(II) ion has been found as a catalyst to catalyze the disulfide

metathesis reaction of inherent disulfide and polysulfide bonds

7
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Scheme 12. Self-healing via disulfide metathesis.

[75], especially the organic complex copper(II) methacrylate (MA-

Cu) [76,77]. It was also found that the incorporated terminal

hydroxyl and pyridyl groups in the cured rubber could reduce

the catalytic activity of Cu2+ at service temperature by coordi-

nate interactions, thus improving the creep resistance [78]. The

resulting networks exhibited superior creep resistance even at

a service temperature of 100 °C, while the corresponding net-

work rearrangement ability at the elevated temperatures was

not affected. Moreover, the recycled samples displayed excellent

mechanical properties with tensile strengths exceeding 7MPa and

the elongation at break over 600%.

It seems as promising choice by using the disulfide reversible

chemistry in rubber to combine self-healing ability and good

mechanical behavior. However, these reported self-healing rubber-

based materials are generally faced with difficulties in balancing

mechanical properties and self-healing performance, because that

the high crosslinking degree favors the mechanical properties

while the good self-healing and reprocessable performance is

usually achieved for the sulfur-vulcanized carbon-chain rubbers

with a low crosslinking degree. To solve the conflict, the carbon-

chain rubbers have been vulcanized with only disulfide bond,

with disulfide-containing crosslinkers [79–82]. Unfortunately, the

functionalized carbon-chain rubbers were used in the proposed

approach, such as epoxidized and carboxylated rubbers. It is hardly

to be expanded to the common carbon-chain rubbers.

Most recently, Xu’s group developed a straightforward strat-

egy to adjust the content of weak sulfide bonds by incorporating

vulcanization modifiers into conventional vulcanization formula-

tions [83]. With a high blending contents of vulcanization modi-

fier (benzene-1,4-dithiol), π-π interactions between benzene ring

increased entanglement modulus, not only promoting the strain in-

duced crystallization behavior, but also imparting excellent dimen-

sional stability. Moreover, plentiful weak sulfide bonds endowed

the self-healing and recyclable property. The representative sample

demonstrated a maximum self-healing efficiency of 89.8 %, and the

remolded samples exhibited a high recovery efficiency of tensile

strength, reaching up to 104%, and a recovery of 82.6 % for elon-

gation at break. The results indicated that high-performance, self-

healing, and recyclable diene-based rubbers could be designed by

modulating the composition and content of sulfide bonds in the

vulcanization network.
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