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Abstract: Waste rubber composes a burden on the environment. Consumed rubber does not degrade
easily, and disposing of this waste is not a facile process. Worn out tire rubber forms a considerable
section of the urban waste materials. It is able to be ground and known as ground tire rubber (GTR). It
is favored to be devulcanized before being blended with organic or inorganic materials. (GTR) is able
to constitute compatible blends or composites with polymers that possess appropriate mechanical,
thermal, and morphological properties. Devulcanization process of waste rubber takes place by means
of mechanical, mechano-chemical, or thermal treatment. Moreover, induced irradiation such as gamma
or ultraviolet and accelerated electrons radiation(s) can assist in devulcanizing waste rubber by breaking
the bonds which arose previously during the vulcanization process. Radiation is able to modify waste
rubber by grafting its surface for an enhanced interfacial adhesion between it and the blended plastic or
rubber. Loading GTR as a filler in composites contributes to lowering the cost of the resulting materials.
In addition, modifying GTR can improve the performance of the composites in which they contribute.
In this review, we aim to employ reclaimed waste rubber for a greener environment with better waste
management procedures.
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1. Introduction

Rubber is a flexible class of polymers known as elastomers. It has the ability to expand
and shrink. Rubber comprises natural and synthetic kinds. Natural rubber is produced as a latex.
It is reaped as a sap from rubber trees. These trees are popular in Far East countries. Natural
rubber is unable to cover the industrial needs across the world. Hence, it became a demand to
find alternatives for natural rubber to supply various industries with these elastomeric
materials. Synthetic rubbers include many kinds. Among these ones, we can mention styrene-
butadiene rubber (SBR), ethylene propylene diene monomer (EPDM), silicone rubber (SiR),
nitrile butadiene rubber (NBR) and neoprene. In addition, manufacturers contributed in
enhancing the properties of synthetic rubber. This approach took place by adjusting and
tailoring the produced rubber according to the required application [1-3]. Elastomers are
capable of building up promising blends or composites with organic and inorganic compounds.
These composites have tailored components that produce unique features. This process takes
place by changing the amount of the loaded content for improving mechanical, antibacterial,
and thermal behaviors of the prepared composites [4-7]. Researchers are able to control the
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resiliency and toughness of rubber. These elastomers exhibit various tensile strength,
elongation and elasticity moduli. The physical, mechanical, and thermal properties have been
enhanced. Rubber needs some additives to facilitate its processing and supports its performance
upon being used. Some examples of the additives are stearic acid and zinc oxide. Although
rubber is considered a major component of various industries, it represents an environmental
burden upon being disposed of. Rubber does not decompose easily. It is one of the major
municipal wastes. Crumb rubber resulting from waste tires can be mixed with cement [8-10].
Although this combination can be applied, it faces deterioration in the mechanical and
morphological properties. This decrement can be correlated to the stiffness and poor interfacial
adhesion with concrete. Scrap rubber as hydrophobic substrates has a propensity to drive out
water from cement. This leads to weak bonding between crumb rubber and cement in the
produced rubberized concrete. Scrap rubber can be retrieved from a vulcanized one to produce
reclaimed rubber [11,12]. Reclaiming takes place as a recycling process through grinding
consumed tires or treating them chemically. Hence, recycling or reclaiming can provide a
solution for getting rid of consumed rubber. Reclaiming rubber is not a facile process to take
place. This may be due to the crosslinking of rubber, which cannot be annihilated easily.
Rubber has to be vulcanized to gain endurance in the tire industry. Vulcanization is known as
an irreversible procedure to crosslink rubber. It takes place by using sulfur or its compounds.
The waste tire rubber can be ground to produce powder, known as ground tire rubber (GTR)
[13,14]. Mechanical properties of polymeric blends or composites are commonly degenerated
upon being loaded with GTR. This feature results from an insufficient adhesion at the interface
between GTR and the other polymer. Waste rubber is capable of being loaded as a filler into
polymeric substrates. Fillers are added to polymers to be used for specific purposes. These
targets include reducing the cost of these products by maintaining their thermal and mechanical
properties. It is important for waste rubber to be devulcanized and treated before being used.
The devulcanization process of waste rubber is carried out in the air. This will be accompanied
by a partially oxidized surface of the rubber. Different functional groups will be generated to
allow an easier interaction between the polymer and waste rubber particles.

It is necessary to reach the demanded magnitude of crosslinking with the lowest
irradiation dose. This is to avert any oxidation that may arise at higher doses. Hence, the
deterioration of physical or mechanical properties can be avoided. Some poly-functional
monomers, known as co-agents [15-17] can be used to improve radiation crosslinking of
polymers. Some co-agents, namely, N,N'-methylene bisacrylamide (MBAAmM), and trimethylol
propane trimethacrylate (TMPTMA) were used to cure rubber. These co-agents contributed to
enhancing the physical, chemical, and mechanical properties of NBR with high-density
polyethylene (HDPE) composites. They were reinforced with different loads of HAF carbon
black [18]. These composites were treated with accelerated electrons. Upon employing triallyl-
cyanurate, it exhibited progress in the physical, mechanical, and thermal properties of
NBR/PVC blends. Poly-functional monomers (PFMs) as crosslinking co-agents on the
radiation vulcanization of acrylonitrile rubber (NBR) upon being cured with electron beam
irradiation [19]. The physical properties of NBR were enhanced by introducing low
concentrations of (PFMs). The crosslinking density in the rubber was influenced by both the
kind of (PFMs) and the acrylonitrile amount in NBR. Asphalt binders were investigated after
being blended with waste ethylene propylene diene monomer rubber (EPDM) as a modifier.
Various loads of EPDM were studied. The efficiency of bituminous mixtures with the modified
binders of EPDM showed rational results for mechanical properties [20].
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We aim in this review to focus on reclaiming waste rubber alongside with loading it
into polymers after being treated. This is an attempt to elucidate possibilities to reduce some
ecological problems towards living in a green environment.

2. Reclaiming and devulcanizing waste rubber

Reclaimed rubber can be blended with a virgin polymer to reduce the cost of the final
product. Besides, it assists in lowering the environmental pollution. Devulcanization of rubber
involves the cleavage of the present S-S and C-S bonds in the vulcanized rubber. This process
is elucidated in Figure 1. The crosslinks have to split with maintaining the hydrocarbon chain
structure [21,22]. Reusing waste polymers may include blending various consumed polymers.

devulcganization

Figure 1. Schematic illustration for the devulcanization process of rubber.

GTR is able to be reclaimed and reused after being disposed of. This process needs
modification via devulcanization, grafting, or radiation-induced treatment [23-25]. The surface
GTR surface can compose polar groups such as hydroxy, peroxy, and carbonyl groups. The
existence of these groups on GTR particles facilitates their interaction with polar polymers.
Oxidation can take place by using HNOs, H2SO4, KMnOs4, or H202 [26,27]. These materials
etch the surface of GTR particles. Hence, a facile adhesion can occur between polymer and
GTR. Induced radiation may be used to promote oxidation for the surface of GTR particles in
the atmosphere. Gamma irradiation, ultraviolet, and electron beam accelerated radiation [28-
30]. Ethylene-vinyl acetate showed successful properties after being loaded with irradiated
GTR particles. The mechanical properties of the blends were enhanced with augmenting the
doses of electron beam radiation [31].

Reclaiming rubber takes place by the cleavage of C-C bond in the rubber chain. At this
stage, the molecular weight will diminish, and plasticity happens [32]. The breakdown of
rubber chains occurs mainly on the surface extending inside the matrix with a relatively lower
extent. Devulcanization is the scission of the carbon and sulfur bonds in the polymeric chains.
Reclaiming and devulcanization of waste rubber may take place physically, chemically beside
the bacterial treatment. The three-dimensional structure will collapse [21,33]. Upon
reclamation and devulcanization processes, waste rubber is able to be reused in a close behavior
to virgin one. Reclaimed rubber was found to be in the form of sol with slight crosslinked gel
[34]. A thermal-oxidative treatment was used to reclaim ground tire rubber. This process was
carried out by using a dynamic reclamation reactor. The proposed method showed a successful
outcome for the thermal oxidation of GTR after 20 minutes at 200 °C. The reclaimed GTR was
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used as a filler up to 40 wt% for natural rubber [35]. Crumb rubber particles were treated
thermally at 200 °C before being mixed with concrete. The results of the treated rubberized
concrete were improved upon comparison with the untreated concrete composites [36].

3. Treating waste rubber with radiation

Polymer blends are based on the kind of the components, either rubber or plastic.
Recycling of waste rubbers is a significant case in encountering the environment. In the
reclaiming process, it is important to detach three-dimensional crosslinks. Afterward, it will be
easier to reprocess and vulcanize rubber [37,38]. Loading of ground rubber powder (GRP) as
a filler for some polymers was investigated. GRP resulted from car and truck tires. They
exhibited appropriate mechanical properties in the newly prepared polymeric composites [39].
The results showed a maintained level of mechanical properties without deterioration. This
may be due to the reinforcement effect of carbon, which is present in the waste rubber powder
[40]. Some researches were carried out to employ ground tire rubber (GTR) in preparing
thermoplastic elastomeric blends. They comprised of virgin rubber, low-density polyethylene
beside cured or uncured GTR [41]. The investigations exhibited acceptable properties for the
tested blends. Reclaiming waste tire rubber is a serious environmental issue. Most of the
recycled polymers exhibit deteriorated mechanical characteristics. Devulcanizing the
crosslinked post-consumed rubber is a barrier to reuse waste rubber. Hence, unconventional
devulcanization is proposed. lonizing radiation shows some solutions for recycling polymers,
mainly crosslinked rubber. Radiation is able to break the crosslinks of the polymeric chains.
This process does not require to dissolve the waste polymers or any chemical treatment. Ground
tire rubber (GTR) was utilized to prepare thermoplastic elastomers. These blends offer new
applicable low-cost materials.

Gamma irradiation was used to devulcanize ground tire rubber (GTR). The reclaimed
rubber was blended with high-density polyethylene to show enhanced mechanical features
[42]. Introducing GTR as a filler for pristine natural rubber (NR) was surveyed [13,43]. Gamma
rays were used to devulcanize loaded GTR in thermoplastic-elastomer blends. This was
investigated in EPDM rubber blends with GTR [37]. There were enhancements in tensile
strength, tear strength, and elongation at break. This may be correlated to the reinforcing effect
of carbon in waste EPDM powder [44,45]. In EPDM/HDPE blends, the virgin rubber of EPDM
was replaced with various contents of GTR [28]. This investigated blends containing waste
rubber showed improved properties. Devulcanized rubber blends exhibit better mechanical
properties than the vulcanized ones. Ultraviolet (UV) irradiation was applied for photo-
grafting. After grafting, the surface of rubber powder was modified and became able to act as
filler for HDPE with maintaining the physical properties. Moreover, UV radiation was used to
photo-crosslink EPDM. This process took place in the presence of benzil dimethyl ketal (BDK)
and trimethylol propan triacrylate (TMPTA) as photoinitiator and crosslinker, respectively.
The mechanical and morphological properties of crosslinked EPDM were influenced by
various factors. They are irradiation time, concentrations of photoinitiator, and crosslinker
besides the intensity of UV radiation [46]. EPDM was photo-crosslinked with polypropylene.
The elastomer was subjected to UV rays in the presence of photoinitiator and crosslinker. It
was concluded that the tensile properties boosted after being crosslinked. EPDM was
compounded with GTR and high-density polyethylene (HDPE) in different proportions. The
effect of radiation was monitored. The blends were submitted to gamma or UV radiation for
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comparison. Gamma radiation showed a more potent influence in enhancing the physical and
mechanical properties of the investigated blends other than UV irradiation [28].

Many procedures [47-49] were suggested to present efficient methods for recycling
consumed polymers. Ground tire rubber (GTR) was addressed to manufacture polymeric
composites with practicable properties. These composites depend on the nature of the GTR,
the kind of the polymer, GTR amount beside the adhesion between the polymer and GTR
[26,50]. Ground tire rubber is a vulcanizate containing rubber and fillers. Many studies were
carried out to compatibilized GTR particles with various polymeric substrates [51,52]. It was
likely to blend recycled polyethylene with GTR by twin-screw extrusion. Reasonable
mechanical properties were obtained at low GTR content by changing the process conditions.
The latter conditions included screw rotation speed, temperature, and processing time.
Enhancing the mechanical and dynamic mechanical properties of waste rubber powder with
high-density polyethylene (HDPE) composite was followed up [30,53]. The surface of the
rubber powder was progressed with acrylamide (AAm). It was irradiated by ultraviolet rays.
This was pursued by extruding GTR and HDPE. Acrylamide grafted GTR showed an
improvement in the mechanical properties of the surface-treated rubber/HDPE composite other
than the untreated one.

4. Incorporating rubber with polymeric wastes

Various polymeric wastes can be used mixed with rubber (either virgin or waste) to
obtain products with better properties. It is not mandatory to obtain enhanced characteristics
for the originated materials. Monitoring the behavior of these substrates without deterioration
is reasonable to have low cost recycled materials. Among these wastes, we can mention the
resulting wastes from plastics and cellulosic materials. Wastes of some cellulosic substrates are
able to be used as fillers in polymeric composites. These fillers are valid at low prices. Besides,
they are eco-friendly materials [54,55]. They can be amended chemically to compatibilized
upon being introduced to rubber. This modification increases the adhesion between the rubber
and the cellulosic filler. Olive husk was ground to produce a powder. The latter powder was
treated chemically. The modification enhanced its dispersion in carboxylated nitrile butadiene
rubber with improving the mechanical properties [56]. Ground tire rubber was reclaimed
through gamma or microwave devulcanization [37,57]. Virgin rubber is able to be substituted
partially with the reclaimed one [58]. Waste rubber was blended with acrylonitrile butadiene
rubber (NBR). These composites were crosslinked after being irradiated by gamma doses up
to 250 kGy. Mechanical properties were improved proportionally with increasing the
irradiation doses. Furthermore, polymer composites based on NBR and waste rubber were
prepared. These composites were loaded with various contents of olive stones waste. The latter
cellulosic waste was modified with acrylate monomer for obtaining a more efficient surface.
Noticeable improvements were gained after this treatment, mainly in thermal properties and
the ability to absorb water [59]. Waste crosslinked polyethylene was blended mechano-
chemically with GTR [60]. It was not easy for waste polyethylene to melt smoothly as a
thermoplastic polymer. GTR was devulcanized partially as denoted through the carried out
investigations. Recycled high-density polyethylene was blended with GTR [42]. The results
demonstrated a degeneration in the tensile and impact properties upon raising the loading of
GTR. Investigating polypropylene and ground tire rubber blends showed the same behavior
[61]. The mechanical properties declined at high GTR concentrations. Hence, surface
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modification of waste rubber was recommended to obtain better results with enhanced
properties for the tested blends that contain waste rubber contents.

Used polystyrene is present as a waste polymer. Expanded polystyrene (EPS) is among
the common plastic wastes. It has a low density and can be employed in different applications
[62-64]. It is a chemically resistant thermal insulator at a reduced cost. EPS was mixed with
cement to compose light thermal insulating composites [65-68]. Induced radiation may assist
in improving the compatibility upon blending the polymeric components. Some interactions
arise to enhance the interfacial adhesion between the ingredients [69,70]. Waste rubber (WR)
was devulcanized, then blended as devulcanized waste tire rubber (DWR) with EPS
mechanically is shown in Figure 2. The produced thermoplastic elastomers showed acceptable
mechanical, thermal, and morphological properties [71].

..... devulcanization @)
..: ’ +
DWR DWR EPS

WR
DWR/EPS

blend

Figure 2. Blending waste rubber with expanded polystyrene.

Short fiber polymer composites possess the advantages of being elastic and stiff. These
features have been gained from the rubber and fiber contents, respectively. Some studies were
developed to enhance the mechanical properties of fiber-reinforced composites [72-74]. The
adhesion and bonding between rubber and fiber are influenced by the structure of these
polymeric components [75-77]. Polyethylene terephthalate (PET) can form efficient fibers.
They show good mechanical properties, mainly high modulus with minimum retraction.
However, a disadvantage may arise as a result of poor adhesion between PET and rubber. Some
chemicals such as hydrated silica and hexamethylenetetramine (HMT) can be used to overcome
this drawback. Such modification was studied to adhere to PET fibers with Styrene-butadiene
rubber. The results showed a progressive adhesion with good morphology and mechanical
properties [78]. Ethylene-propylene diene rubber (EPDM) was loaded with waste PET fibers
to produce reinforced composites. Electron beam irradiation was used for vulcanizing these
enhanced composites. Several irradiation doses were utilized in the range of 25-150 kGy [79].
Scanning electron microscopy displayed good adhesion between EPDM and waste PET fibers.
Natural rubber was blended with cellulose nanowhiskers. These whiskers were released from
waste bamboo pulp [80]. Introducing the nanowhiskers to the prepared nanocomposites
enhanced their mechanical and thermal performances. The laminate method was used to
prepare composites based on natural rubber glove waste and polystyrene foam in the presence
of cellulose from sugar cane [81]. The hardness of the composites increased upon raising the
polystyrene content. Meanwhile, the impact strength boosted at higher loadings of natural
rubber and waste cellulose.

5. Conclusions

Rubber is a major category of polymers. It is present as either natural or synthetic
rubber. Disposing of consumed rubber is a complicated process. It does not degrade and cannot
be recycled easily. This is due to its vulcanized form that makes it endure and last for a long
time interval upon being utilized. It is favored to reclaim and devulcanize waste rubber to be
https://biointerfaceresearch.com/ 8418
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able to be reused. Devulcanization takes place through splitting carbon-sulfur, and sulfur-sulfur
bonds in the polymeric chains of rubber, blending of reclaimed waste rubber after being ground
as particles facilitate its dispersion inside rubber and thermoplastic structures. Using waste
rubber in polymer composites is restricted. This results from the poor adhesion between the
polymer and the vulcanized waste rubber. Hence, devulcanization of waste rubber or surface
treatment can be recommended for superior interfacial adhesion between the treated waste
rubber and the blended rubber or plastic. Consequently, enhanced performance for the
polymeric blends or composites loaded with treated waste rubber can be observed. Induced
irradiation by means of ultraviolet or gamma rays, in addition to accelerated electron beam
radiation, has a serious role in devulcanizing and/or improving the surface of waste rubber.
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