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Abstract

:

Problems related to non-biodegradable waste coming from vulcanized rubber represent one of the pre-eminent challenges for modern society. End-of-life tyres are an important source of this typology of waste and the increasingly high accumulation in the environment has contributed over the years to enhance land and water pollution. Moreover, the release into the environment of non-degradable micro-plastics and other chemicals as an effect of tyre abrasion is not negligible. Many solutions are currently applied to reuse end-of-life tyres as a raw material resource, such as pyrolysis, thermo-mechanical or chemical de-vulcanisation, and finally crumbing trough different technologies. An interesting approach to reduce the environmental impact of vulcanised rubber wastes is represented by the use of degradable thermoplastic elastomers (TPEs) in tyre compounds. In this thematic review, after a reviewing fossil fuel-based TPEs, an overview of the promising use of degradable TPEs in compound formulation for the tyre industry is presented. Specifically, after describing the properties of degradable elastomers that are favourable for tyres application in comparison to used ones, the real scenario and future perspectives related to the use of degradable polymers for new tyre compounds will be realized.
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1. Introduction


A tyre is constituted by polymers, inorganic fillers, chemicals, and reinforcing fibers (Table 1) [1]. Since the last century, the tyre industry has focused on the development of new materials and technologies with the purpose to guarantee safety and handling to the final users in different kinds of applications of tyres, such as passenger cars, trucks and buses, motorcycles, etc. During the last 10 years, the future of tyre technology has observed new horizons, looking not only at performances that are related to safety parameters, such as dry and wet grip, but also at environmental aspects. The European Regulation n° 1222 of 2009 established that all tyres produced from November 2012 must be provided to consumers with all the information on the safety (wet grip index), fuel efficiency (rolling resistance index), and noise in the use condition (external rolling noise index) [2]. Both the rolling resistance and noise indexes are strictly related to CO2 emission, intended as energy dissipation for electric vehicles, and noise pollution, respectively [3,4]. The introduction of parameters that take into account environmental aspects has marked an important change in the mind-set of the tyre industry about the development of new products. Despite the high attention on these aspects, there are still other environmental issues related to the use of the actual tyres that should be considered. The most important issue is represented by the end of life tyre (ELT). When a tyre ends its life, the used materials cannot be completely recyclable but turned into “second-life” materials [5,6]. This characteristic is strictly due to the irreversible vulcanization process of the unsaturated elastomeric matrix in which different kinds of chemical products, such as metal oxides, accelerant, antioxidants, resins, and oils, are dispersed. In many cases, ELT are collected in huge landfills or dispersed in the environment, generating social and health problems [7]. In Europe, as reported by the European Tyre and Rubber Manufacturers Association (ETRMA), almost 48% of ELT produced per year is burnt for energy recovery, while 52% is recovered and reused in different fields, such as civil engineering, or again for rubber compounding [8]. Another problem is related to the release into the environment of wear and tear micro-particles coming from the friction and shear between the elastomeric compound of the tread and the road (tyre and road wear particles, TRWPs) [9]. In Europe, around 1.3 million tons of tyre wear are generated every year [10]. Considering that the tyre tread compounds of on-road and off-the road (OTR) vehicles are composed of more than 50% of vulcanized natural rubber and/or synthetic rubber (butadiene rubber, and styrene-butadiene rubber), the polymeric matrix plays a crucial role when TRWPs are dispersed into the environment [11]. Indeed, the degradation products coming from most tread compounds cannot be bio-degraded from the environment, thus accumulating in water and soils [12,13]. For example, synthetic polybutadiene and styrene-butadiene copolymeric rubbers undergo degradation mostly by the photo-oxidation mechanism, and cis-1,4-polybutadiene is resistant towards biotic and abiotic oxidation processes [14,15]. Only cis-1,4-polyisoprene rubber seems to be more prone to degradation [15].



In general, the biodegradation of tyre wear is hampered by the vulcanization process and the presence of toxic additives and Zn in the tyre tread formulation [19]. Progress in biobased rubber has been reported [20,21,22]. Moreover, interesting research has been carried out on rubber desulfurization [23,24,25,26].



Many studies have recently been carried out to understand the effect of particles from tyre wear when they are dispersed in soil and fresh and seawater [10], and the consequence of the dispersion of these materials into the environment is under evaluation by the European TRWP platform. It is not excluded that the European Regulation will also include an abrasion index to classify the next generation of tyres. Due to the environmental issue, many tyre companies are trying to avoid the use of non-renewable materials and non-biodegradable polymers to move toward greener and eco-friendly solutions [27].



The ideal sustainable tyre should be recyclable, composed of material from renewable resource (polymers, chemicals, and fillers), and have a low rolling resistance index (low CO2 consumption, or low energy dissipation) and low rolling noise index (reduced noise pollution). Finally, it should generate bio-degradable wear and tear micro-particles under use conditions. This sustainable tyre concept (Figure 1) implies thinking “out of the box” to overcome the problems generated by the current family of materials used for tyre formulation.



1.1. Thermoplastic Elastomers


Following this concept, a first approach to the sustainability and recyclability of elastomers from tyre compounds could be represented by the use of degradable thermoplastic elastomers (TPEs). The characteristics of thermoplastic elastomers are summarized in the following paragraph.



1.1.1. The General Structure of Thermoplastic Elastomers (TPEs)


The elastomeric matrix represents around the 60–65% of the compounds of a tyre structure. Generally, a tyre consists in different compounds assembled with each other to form a complex architecture as shown in Figure 2, where the general structure of a truck tyre is described [28].



Each compound plays a crucial role in terms of tyre performance, integrity, and safety. For example, the tread is important because it is the only compound in contact with the road, and it gives a relevant impact on performances, such as the wet grip and fuel efficiency. This formulation has also to be resistant to tear and abrasion. Furthermore, the rubber compound dedicated to the belts is responsible for the tyre integrity and durability. Then, the liner compound has a primary function in maintaining impermeability in order to avoid rubber oxidation at high temperatures [28]. Considering the different and specific characteristics required by each compound, a precise class of elastomers is commonly used to meet these needs. Table 2 shows the most used elastomeric polymers in the tyre industry associated with the main feature of the compounds [29].



The polymers summarised in Table 2 are unsaturated elastomers, which are subjected to a vulcanization process promoted by sulphur or peroxides. The vulcanisation reaction regards the formation of chemical crosslinks between the C=C double bonds [30], leading to a three-dimensional network, which significantly improve the elastic feature and mechanical properties of the native elastomers, as well as the chemical resistance and thermal stability. After vulcanization, it is not possible to bring back the polymers to their initial state; therefore, this reaction means a vulcanized tyre is not recyclable. Although overcoming the vulcanization process represents a very challenging commitment, the replacement of cross-linked rubber with thermoplastic elastomers (TPEs) is very promising for the recyclability of the tyre.



According to the ISO 18064, a thermoplastic elastomer is defined as a “polymer or blend of polymers that has properties at its service temperature similar to those of vulcanized rubber but can be processed and reprocessed at elevated temperature like a thermoplastic” [31]. The presence of physical three-dimensional networks allows rubber elasticity to be exhibited over a specified service temperature range, but at the same time, it confers the possibility to process the materials as a thermoplastic at elevated temperatures [28,32].



The nature of TPEs consists in two thermo-reversible polymeric phases, which replace the chemical crosslinks that are a result of the vulcanization of thermoset elastomers (Figure 3) [33]. The coexistence of two different phases is crucial to confer to TPEs properties like elasticity and tensile strength. The phase separation is promoted by the chemical architecture of the elastomeric polymers, which are block copolymers with di-block (AB), tri-block (ABA), or multiblock structures [32,34]. To guarantee the formation of the physical crosslinks, the polymeric blocks have two opposite types of structure called “hard” and “soft” blocks. In particular, the hard block is the main component of the physical crosslinks (Figure 3) and it is responsible for the strength of TPEs. This phase is usually obtained by the formation of small crystallites that, in general, are not permanent and may disappear under swelling or with an increase of the temperature. Indeed, the melting temperature (Tm) and the glass transition temperature (Tg) of the crystallites of the rigid blocks determine the upper application temperature of TPEs. Conversely, the soft blocks have an elastomeric feature characterized by a Tg lower than the application temperature [32].



The phase separation of hard and soft blocks is the consequence of the high incompatibility of these two types of polymer chains, which do not get wet and are not so mutually soluble as to lead to a homogeneous phase [32,35].



The advantages of the TPEs, compared to cross-linked rubbers, are the processability and recycling by using the injection moulding or extrusion methods, already used for thermoplastic materials [32,35].



The elastic feature of TPEs, associated with the thermo-reversible properties of the physical networks, opens the possibility to develop recyclable compounds for tyre applications [32]. In this regard, several patents have been published by Michelin, where the use of commercial thermoplastic elastomers based on styrene-butadiene or styrene-isoprene block copolymers has been reported for tread formulations [36,37,38,39]. Remarkably, all TPEs reported in the patents are based on monomers from non-renewable resource and lead to non-degradable or biodegradable polymers.



The application and use of degradable thermoplastic elastomer in tyre formulation still represent a distant goal for the tyre industry. On the contrary, the academic world has begun to work toward the development of degradable TPEs. In the literature, there are brilliant examples of degradable TPEs obtained with different chemical processes and also from renewable resources. Within this thematic review, we wish to give an overview on the degradable elastomers, also derived from renewable resources, that could have potential in compound formulation for the tyre industry. Specifically, by describing the properties of degradable elastomers that are promising for tyre applications, such as those proposed by Michelin, the real scenario and future perspectives related to the use of degradable polymers for new tyre compounds will be presented. In particular, this review will focus on degradable polymers that have similar features to the non-degradable commercially available ones, and therefore they show promising features in terms of physical-mechanical properties for the tyre industries.




1.1.2. A Glance at Thermoplastic Elastomers Proposed by Michelin: Features and Mechanical Properties Required for Tyre Compounds


The commercial thermoplastic elastomers (TPEs) for tread formulations, reported by Michelin, are based on styrene-butadiene or styrene-isoprene block copolymers. Interestingly, the wet grip performances of a tread compound composed of only polystyrene, polyisoprene, and polystyrene (SIS) linear triblock copolymer (Hybrar 5125 TM from Kuraray) showed an improvement of 13% in the wet grip performance in comparison with a traditional tread compound based on silica-filled SBR [36].



Moreover, an improvement regarding the tear resistance was reported to occur by the partial substitution of natural rubber (NR) with the thermoplastic elastomers SIS polymer Kraton™ D1161 and polystyrene, polybutadiene, polyisoprene, and polystyrene (SBIS) linear triblock copolymers (Kraton™ D1170) in tread formulation [37].



The use in tread formulation of fully hydrogenated (S.O.E.™ L606 by Asahi Kasei) and partially hydrogenated (S.O.E.™ S1611 by Asahi Kasei) polystyrene thermoplastic elastomer (SEBS) leads to an improvement of the dry grip and rolling resistance performances [38].



Finally, different formulations based only on linear triblock copolymers Styrene Butadiene Styrene (SBS) (Europrene® Sol t 166 by Versalis) and Styrene Isoprene Styrene (SIS) (Hybrar 5125 TM from Kuraray and Kraton™ D1161) could be improved in terms of their mechanical properties with temperature [39].



The attention is on the characteristic and mechanical properties of this class of TPEs, due to their optimal performances in tyre formulation. To this end, the main properties of the TPEs suitable for tyre tread formulation, described by Michelin, are reported in Table 3. The relation between the tensile strength and the elongation at break of each copolymer is reported in Figure 4. On this basis, the examples described in the literature of degradable TPEs, obtained from renewable resources, with similar or comparable physical and mechanical properties to those of the Michelin TPEs were analysed. The aim of the study was to detect, in the basket of degradable TPEs, suitable candidates that, for mechanical and thermal properties, have the potential to replace the traditional Michelin TPEs. With this scheme, a model of ideal sustainable tyre is going to be proposed. According to this model, in this review, degradable TPEs with mechanical features in line with the Michelin standard were selected




1.1.3. Review Structure


The review is organized in sections. After a first glance on the Michelin-based TPE, the degradable TPEs are classified on the basis of the nature of rigid and of the soft blocks. Most of the degradable TPEs are based on aliphatic polyesters, and have polylactide (PLA) as a rigid block. The classification was made on the basis of their composition. In each section, the chemical features and the thermal and mechanical properties are discussed.






2. Copolymers Having Poly(lactide) as a Rigid Block


Considering the chemical structure of the rigid block based on PLA (as PLLA or PDLA or stereocomplex), the classification of the copolymers has been based on the different structures of the soft blocks. Copolymers with various types of soft block have been described, such as poly(isoprene), different aliphatic polyesters derived from renewable resources, and copolymer of caprolactone and lactide.



2.1. Copolymers Having Poly(isoprene) as Soft Block


Frick et al. [40] reported the preparation of polylactide-b-polyisoprene-b-polylactide (PLA-PI-PLA) triblock copolymers with different compositions and morphologies. The ¦Á,ω-dihydroxy polyisoprene (HO-PI-OH) was used as an initiator; the ring-opening polymerization of lactide was carried out in the presence of Al(O-i-Pr)3 catalyst. The reaction was controlled by controlling the Al to HO-PI-OH ratio, avoiding gel formation. The triblock copolymers were prepared in three different morphologies: (i) lamellar, (ii) spherical, and (iii) cylindrical. Such morphological organization was detected using small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). Table 4 reports the morphology and structural data of the samples.



The mechanical properties (Figure 5) were dependent on the morphology of the materials. Very good strain at break was achieved for samples with cylindrical morphology, showing the best elastomeric recovery.




2.2. Copolymers Having Aliphatic Polyesters as Soft Block


Wanamaker et al. reported the preparation of renewable thermoplastic elastomers, based on polymenthide (PM) as the central block and polylactide (PLA) with various stereochemistry [41]. The properties were varied by modulating the stereochemistry of the end blocks of polylactide (Scheme 1).



The mechanical properties (i.e., elastic moduli and ultimate tensile strengths) of the semicrystalline triblock copolymers were two and three orders of magnitude higher than their amorphous analogues.



Two different kinds of materials, composed of symmetric (50:50) and asymmetric (95:5) blends of triblock copolymers based on two enantiomeric forms of PLA segments forming stereocomplex crystallites, were also prepared. Such blends, compared to the enantiopure analogues, showed significantly higher elastic moduli and similar tensile strengths and ultimate elongation at break.



Martello et al. [42] reported the preparation of aliphatic thermoplastic amorphous elastomers, polylactide-poly(6-methyl-ε-caprolactone)-polylactide from renewable sources, through sequential ring-opening transesterification polymerization (ROTEP) reaction, as described in Scheme 2.



The Flory–Huggins interaction parameter was determined for two symmetric triblocks from order-to-disorder transition temperatures. The Tg was lower than the one of the equivalent homopolymers. The mechanical properties suggested that the prepared materials possessed elastomeric properties with significant elongation and tensile strength.



Xiong et al. [43] reported the production of a rubbery bio-based and biodegradable polymer with low Tg from β-methyl-δ-valerolactone (βMδVL) and lactide. Block copolymerization of lactide and βMδVL allowed the production of a new class of bio-based and high-performance PLA–PβMδVL–PLA triblock copolymers with tuneable mechanical properties. The possibility of producing a branched lactone, βMδVL, with a high yield from mevalonate by a biosynthetic approach, and the controlled polymerization of this monomer for the production of the PLA–PβMδVL–PLA triblock copolymers was demonstrated. The thermal and mechanical properties of these materials were tuned by controlling the molar mass, architecture, and end block tacticity. The produced materials showed mechanical properties comparable to the commercially available styrenic block polymers.



Watts et al. [44] reported the synthesis of elastomeric thermoplastic block polymers made of poly(γ-methyl-ε-caprolactone) (PγMCL) as the midblock and polylactide (PLA) as the end block, which had an elastomeric nature thanks to physical instead of chemical crosslinks. The incorporation of PγMCL as the midblock with polylactide (PLA) end blocks generated TPEs with high stresses and elongations at break (σb = 24 ± 2 MPa and εb = 1029 ± 20%, respectively) and low levels of hysteresis. The use of isotactic PLA as the end blocks increased the strength and toughness of the material (σb = 30 ± 4 MPa, εb = 988 ± 30%), due to its semicrystalline structure. It was demonstrated that the exceptional properties of such sustainable materials are due to the entanglements, glass transition temperature, segment–segment interaction parameter, and crystallinity degree. These properties are comparable to the commercial styrene-based thermoplastic elastomers.




2.3. Copolymers Having Caprolactone-Lactide Copolymers as Soft Block


Nakayama et al. [45] prepared triblock copolymers made of ε-caprolactone (CL) and lactide. The central block was prepared by the statistical copolymerization of CL with racemic lactide (D,LLA) (30 mol%) using Sn(Oct)2 as the catalyst and diethylene glycol as the initiator. This process was followed by the polymerization of L,LA producing PLLA-block-P(CL-stat-D,LLA)-block-PLLA. Such materials showed a very high elongation at break (i.e., 2800%). Triblock polymers with D,LA were also prepared, PDLA-block-P(CL-stat-D,LLA)-block-PDLA. By mixing the L-triblock copolymers with the D-triblocks, blend samples containing stereocomplex crystals were obtained, which showed higher melting points, elastic modulus, and strength compared with those of the homochiral samples.




2.4. Copolymers Based on ε-Decalactone Monomer


Lee et al. [46] reported the preparation of adhesive pressure-sensitive TPES, using rosin ester tackifier and elastomers derived from plants. Epoxidized soybean oil was chosen as the plasticizer. The authors produced poly(L-lactide)-poly(ε-decalactone)-poly(L-lactide) (PLLA-PDL-PLLA) block polyesters through bulk ring-opening transesterification polymerization of L-lactide and ε-decalactone (DL) using diethylene glycol as an initiator. Three types of semicrystalline poly(L-lactide)-poly(ε-decalactone)-poly(L-lactide) (PLLA-PDL-PLLA) triblock copolymers were prepared, having semicrystalline hard blocks with molar masses of 10, 20, and 40 kg mol−1. The mechanical properties of the triblock architectures were investigated by static and dynamic mechanical analysis. The elastomeric behaviour was found to be dependent on the molar mass composition or amorphous/semicrystalline structure of the end blocks in the triblocks copolymers.



Lee et al. [47] reported the preparation of a series of well-defined multiarm star block copolymers derived from plant-based monomers. ε-decalactone (DL) with multiarm initiators produced hydroxyl-terminated materials (PDL-OH)n through controlled bulk ring-opening polymerization. Such materials were subsequently converted to (PDL-PLLA)n using L-lactide (LLA) through a one-pot two-step process (Figure 6). Structural analysis showed that PLLA hard domains were thinner, and thus, more compact microphase-separated structures with hexagonally packed cylinders were induced by increasing n. The mechanical and thermal properties of the star blocks were evaluated. The thermal degradation stability of the star-shaped thermoplastic elastomers were improved due to the shorter length of the PLLA chain compared to the relatively low Td of the corresponding linear block. Dynamic mechanical analyses showed that the 3, 4, 6-arm star block PDL-PLLA copolymers retained viscoelastic properties until a temperature of 240 °C. Tensile tests showed that these materials had an elastomeric behaviour; furthermore, their elastic moduli could be modified to values for desired applications by changing the multiarm initiator. Finally, the tensile strength was found to be dependent on the number of PDL-PLLA chains and the elastic recovery remained at good levels with increasing n. Such novel materials can be considered as potential materials for applications where high-performance thermoplastic elastomers are desired.





3. Copolymers Having a Rigid Block Other Than Polylactide


Although largely exploited, the use of PLA is restricted by its quite low Tg (55 °C), which confines the thermoplastic elastomers’ upper use temperature, and by its sub-optimal mechanical properties. Notably the effect of the temperature and the Tg on the mechanical properties of the considered materials are crucial. The importance of hard blocks in PLA copolymers, for instance, is fundamental for increasing the Tg of the final material and confers the manufactures better mechanical properties for temperatures higher than ambient temperature.



While copolymers having a poly(lactide)-based rigid block have been mainly described as thermoplastic elastomers, few examples have been reported in the literature relative to copolymers having a rigid block of a different composition. In the following paragraphs, the structure and properties of copolymers having a rigid block other than PLA will be described. In particular, the focus will be on copolymers with the tulipanin A monomer, semi-aromatic polyesters, and poly(hexamethylene 2,5-furanodicarboxylate) as the rigid block.



3.1. Rigid Block Based on Tulipanin a Monomer


Hillmayer et al. [48] designed and synthesized ABA triblock copolymers derived from two plant-based monomers, menthide (M) and methylene-γ-butyrolactone (MBL) or tulipalin A, a natural substance found in the common tulip, by sequential polymerization.



The central soft block was constituted by hydroxy terminated polymenthide (PM); it was obtained through controlled ring-opening transesterification polymerization of menthide with Sn(Oct)2. Subsequently, the dibromo end-functionalized poly(menthide) was prepared by an esterification reaction, using 2-bromoisobutyryl bromide, and the desired PMBL-PM-PMBL triblock copolymers were synthesized using copper-catalysed atom transfer radical polymerization of MBL (Scheme 3).



Four triblock copolymers with different compositions were prepared; their architectures were confirmed by NMR, while SEC proved narrow molar mass distributions. The PM and PMBL blocks were expected to be incompatible, due to the polar nature of PMBL and the relatively nonpolar nature of PM. Accordingly, phase separation was evidenced by DSC, AFM, and SAXS. Tensile experiments showed excellent elongation, strain, and elastic recovery properties for the PMBL-PM-PMBL triblock copolymers.



In detail, PMBL-PMPMBL (9−100−9) gave a Young modulus comparable to that of commercial poly(styrene)-poly(butadiene)-poly(styrene) (SBS) TPEs (>6.0 MPa) [49]. The high Tg of PMBL (195 °C) [50] resulted in thermoplastic elastomers that retained their mechanical behaviour at elevated temperatures.




3.2. Semi-Aromatic Polyester as Rigid Block


Williams et al. [51] developed ABA triblock copolymers having a soft block made of poly(ε-decalactone) and rigid B block made of semi-aromatic polyesters. The copolymers were prepared by sequential monomers’ addition in the presence of a Zn/Mg-based dinuclear catalyst. The central inner soft block was obtained by polymerization of ε-decalactone, a monomer derived from castor oil, while the subsequent addition of phthalic anhydride (PA) with cyclohexene oxide (CHO), by a controlled alternating ring-opening copolymerization (ROCOP), afforded the outer B blocks (Scheme 4). The ROCOP of PA and CHO can afford a semiaromatic polyester with a Tg from 133–146 °C, depending on the molar mass [52].



Two series of samples with different compositions and molar masses were synthesized. For copolymers with volume fractions of the hard block (fhard) of 0.4, block immiscibility was indicated by the two glass transitions in the DSC analysis, close to the values expected for the constituent hard and soft blocks.



These triblock polyesters showed tensile mechanical properties similar to those of well-known styrenic block polymers, in particular to polystyrene-b-polyisoprene-b-polystyrene (SIS). Very interestingly, they showed greater elongations at break, a wider operating temperature window, and a higher upper service temperature than SIS. Furthermore, at variance with SIS, they could be degraded by hydrolysis using organic acids or by treatment with the lipase Novozyme.




3.3. Poly(hexamethylene 2,5-furanodicarboxylate) as Rigid Block


Goracy et al. prepared a series of poly(ether-ester)s copolymers using monomers derived from renewable resources by a two-stage procedure, consisting of transesterification and polycondensation processes in the presence of Ti(OBu)4 [53]. The multiblocks copolymers were constituted by a hard block made of poly(hexamethylene 2,5-furanodicarboxylate) (FHD) and poly(tetrahydrofuran) (F-pTHF) soft sequences (Scheme 5). The copolymers were prepared with different compositions (from 75 to 25 in mol of the two monomers). The copolymers were fully characterized by FTIR, NMR, DSC, DMTA, and X-ray diffraction analyses.



The Tm attributed to the PHF was variable with the composition (102–146 °C). For all the copolymers prepared, only one Tg was observed, with a value variable with the composition (−66–16 °C).



The characterization obtained by DSC and DMTA analyses, along with SEM observations, disclosed the phase structure of PHF-b-F-pTHF copolymers. In particular, in the obtained copolymers, the hetero-phase structure resulting from semicrystalline and amorphous domains was evident. The mechanical tests showed that the tensile strength of the copolymers decreased with the decrease of the crystallization segments. The elongation at break, instead, increased by increasing the amorphous segment.



In the series of synthetized copolymers, it was found that the PHF-b-F-pTHF copolymer, characterized by a composition of PHF: F-pTHF of 25:75, resulted in a promising shape memory polymer, with a shape fixity of over 90% and shape recovery efficiency of over 60%.





4. Conclusions and Perspective


In this review, a systematic report of degradable thermoplastic elastomers (TPEs) derived from renewable resources is presented. The focus of the survey was on degradable TPEs having thermal and mechanical properties close to those of commercial non-degradable TPE proposed by Michelin.



Here, a general consideration of the term “degradation” is mandatory. The term degradation includes a wide range of chemical and physical phenomena.



In the case of tyres, the first phenomenon of degradation, called “abrasion”, is the generation of micro-particles as a consequence of the contact of the tyre-tread compound and the road. In this sense, the comparison of the abrasion resistance of synthetic thermoplastic elastomers (SBS, SIS, etc.) and the biodegradable thermoplastic elastomers proposed in the review is a field of research that is still unexplored.



The second phenomenon called “thermo-oxidative degradation” consists in the radical scission of the polymeric chains and the break of the sulphur bonds under high-temperature and oxygen/ozone conditions. In this sense, poly-dienes like SBR, BR, and NR are very susceptible to this kind of degradation. Indeed, different antioxidants and anti-ozonants are currently used for tyre compounds. This kind of degradation is very critical, and it is due to the presence of the unsaturated double bonds still present after the vulcanisation process.



For most of the biodegradable thermoplastic elastomers proposed in this review, there are no double bonds nor conjugated dienes within the molecular structure of the polymers. This could represent a great advantage in terms of the thermo-oxidative degradation resistance properties, which should avoid, or limit, the use of such protective agents.



In addition to these phenomena, in the case of aliphatic polyesters, other effects must be considered, mainly driven by the hydrolysis of ester bonds. The degradation of aliphatic polyesters has been largely addressed in the literature with enfaces also on the importance of the lifetime of degradable polymers [54,55,56,57,58]. As a result, these aspects were not covered by this review.



It is important to consider that at the moment, the fundamental understanding of degradation mechanisms and interactions, particularly in a natural environment, is still not sufficiently advanced to produce a single unified theory. As a consequence, the degradation of the different materials must be studied case by case. Moreover, a corrected balance between the durability required in technical applications, and the degradability, urgently necessary for the environmental issues needs to be assessed. The scope of this review also encourages new research activities in this field in order to move to more sustainable compounds for tyre applications.



The most representative degradable TPEs, having properties that are promising in tyre tread formulations, are summarized in Table 5. In Figure 7, a comparison of the mechanical properties of degradable TPEs with commercial non-degradable TPEs is shown.



The ambition of the review was indeed to select degradable polymers that could be promising materials for the development of sustainable TPEs of future tyres. Perusal of the literature showed the presence of several degradable TPEs responding to the desired features, having “hard” and “soft” blocks of different compositions. In particular, several copolymers responding to these features exploited the use of polylactide as a hard component, either as an atactic high Tg block, or as an isotactic semi-crystalline block. In this regard, the use of controlled synthetic strategies, in particular the ring-opening polymerization of cyclic esters, allowed the preparation of the desired microstructures and architectures [60,61].



Beside the PLA-based TPEs, recently, novel copolymers with a rigid block made of polymers other than PLA have been developed. In particular copolymers with a rigid block made of the tulipanin A monomer, poly(hexamethylene 2,5-furanodicarboxylate), and semi-aromatic polyesters have been described. In particular, the preparation of these latter materials was carried out by the alternating ring-opening co-polymerization (ROCOP) of cyclic anhydrides with epoxides, a powerful strategy that has recently emerged for the preparation of structurally diverse polyesters [62,63]. Indeed, in 2014, Williams et al. pioneered an innovative catalyst switch process between ROP and ROCOP achieved by chemoselective control for the preparation of diverse block-copolymers, expanding the method to a large assortment of epoxides, anhydrides, and cyclic esters, and thus also producing innovative polymeric structures [64]. The ROCOP approach was investigated by exploiting a catalyst switch process, for the preparation block-copolymers of cyclohexene oxide, phthalic anhydride, and large ring-size lactones [65].



Among the advances being introduced in the automotive industry today, the increasing use of bioplastics in vehicles is one of the more outstanding. With the growing demand for vehicles and, at the same time, growing pressure on sustainability and environmental concerns, bioplastics have found applications in almost all components either for exterior or for interior functions. After the lifecycle of the tires, the disposal of ELTs represents a serious problem for the next decades. The necessity of producing novel biodegradable materials starting from bio-based building blocks is a crucial challenge. A deep knowledge of the synthesis processes is fundamental to determine the physical properties (in particular, mechanical) of the novel materials, which must be as close as possible to the traditional materials now used for tires.



Considering the important role of carbon black and silica as reinforcing fillers, these traditional ingredients must also be substituted with novel bio-based or degradable ones. In this sense, as an example, lignin represents a sustainable alternative reinforcing filler. Lignin is the second most abundant natural resource, and it has several interesting characteristics, such as degradability and good mechanical and chemical properties [66].



It could be envisaged that the automotive industry will never stop growing, but it is continuously under pressure from environmentalists. Degradable polymers, which could also be derived from renewable resources, may represent a sustainable option for tyres, in order to reduce landfill waste and improve efficacies, contributing to a greener and cleaner environment.







Author Contributions


Data curation, writing original draft, formal analysis, M.N., G.V., G.G. and D.P; Funding acquisition, D.P. and G.G.; Investigation, M.N., G.V; Methodology, D.P.; Supervision, D.P. and G.G.; Writing, review and editing, D.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University of Sannio, grant number FAR 2019.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Acknowledgments


Authors thank the University of Sannio, FAR 2019.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lechtenboehmer, A.; Moneypenny, H.G.; Merschand, F. A Review of polymer interfaces in tyre technology. Br. Polym. J. 1990, 22, 265–301. [Google Scholar] [CrossRef]

	



European Union Parliament Regulation (EC) No 1222/2009 of the European Parliament and of the Council of 25 November 2009 on the labelling of tyres with respect to fuel efficiency and other essential parameters. Off. J. Eur. Union 2009, L 342/46, 13.

	



European Union. European Parliament Commission Regulation (EU) No 68/2014. Off. J. Eur. Union 2014, L 23/9.

	



Zhang, P.; Morris, M.; Doshi, D. Materials development for lowering rolling resistance of tires. Rubber Chem. Technol. 2016, 89, 79–116. [Google Scholar] [CrossRef]

	



Fazli, A.; Rodrigue, D. Recycling waste tires into ground tire rubber (Gtr)/rubber compounds: A review. J. Compos. Sci. 2020, 4, 103. [Google Scholar] [CrossRef]

	



Markl, E.; Lackner, M. Devulcanization technologies for recycling of tire-derived rubber: A review. Materials 2020, 13, 1246. [Google Scholar] [CrossRef]

	



Grammelis, P.; Margaritis, N.; Dallas, P.; Rakopoulos, D.; Mavrias, G. A review on management of End of Life Tires (ELTs) and alternative uses of textile fibers. Energies 2021, 14, 571. [Google Scholar] [CrossRef]

	



Kim, J.K.; Saha, P.; Thomas, S.; Haponiuk, J.T.; Aswathi, M.K. (Eds.) Rubber Recycling: Challenges and Developments, 1st ed.; The Royal Society of Chemistry: London, UK, 2019. [Google Scholar]

	



Jan Kole, P.A.; Löhr, J.; Van Belleghem, F.G.A.J.; Ragas, A.M.J. Wear and Tear of Tyres: A stealthy source of microplastics in the environment. Int. J. Environ. Res. Public Health 2017, 14, 1265. [Google Scholar] [CrossRef]

	



Baensch-Baltruschat, B.; Kocher, B.; Stock, F.; Reifferscheid, G. Tyre and road wear particles (TRWP)—A review of generation, properties, emissions, human health risk, ecotoxicity, and fate in the environment. Sci. Total Environ. 2020, 733, 137823. [Google Scholar] [CrossRef]

	



Eisentraut, P.; Dümichen, E.; Ruhl, A.S.; Jekel, M.; Albrecht, M.; Gehde, M.; Braun, U. Two Birds with One Stone—Fast and simultaneous analysis of microplastics: Microparticles derived from thermoplastics and tire wear. Environ. Sci. Technol. Lett. 2018, 5, 608–613. [Google Scholar] [CrossRef]

	



Klöckner, P.; Reemtsma, T.; Eisentraut, P.; Braun, U.; Ruhl, A.S.; Wagner, S. Tire and road wear particles in road environment—Quantification and assessment of particle dynamics by Zn determination after density separation. Chemosphere 2019, 222, 714–721. [Google Scholar] [CrossRef]

	



Klöckner, P.; Seiwert, B.; Eisentraut, P.; Braun, U.; Reemtsma, T.; Wagner, S. Characterization of tire and road wear particles from road runoff indicates highly dynamic particle properties. Water Res. 2020, 185, 116262. [Google Scholar] [CrossRef]

	



Wypych, G. (Ed.) Handbook of UV Degradation and Stabilization, 3rd ed.; ChemTec Publishing: Scarborough, ON, Canada, 2020. [Google Scholar]

	



Linos, A.; Steinbüchel, A. Biodegradation of Natural and Synthetic Rubbers. Biopolym. Online 2005. [Google Scholar] [CrossRef]

	



Bockstal, L.; Berchem, T.; Schmetz, Q.; Richel, A. Devulcanisation and reclaiming of tires and rubber by physical and chemical processes: A review. J. Clean. Prod. 2019, 236, 117574. [Google Scholar] [CrossRef]

	



Pehlken, A.; Müller, D.H. Using information of the separation process of recycling scrap tires for process modelling. Resour. Conserv. Recycl. 2009, 54, 140–148. [Google Scholar] [CrossRef]

	



Bowie, M.D. Tire Industry Association OTR Tire and Rim Weight Chart. In Proceedings of the Off-the-Road Tire Conference, Saddlebrook Resort, Tampa, FL, USA, 27 February 2019. [Google Scholar]

	



Stevenson, K.; Stallwood, B.; Hart, A.G. Tire Rubber Recycling and Bioremediation: A Review. Bioremediat. J. 2008, 12, 1–11. [Google Scholar] [CrossRef]

	



Cao, R.; Deng, L.; Feng, Z.; Zhao, X.; Li, X.; Zhang, L. Preparation of natural bio-based Eucommia ulmoides gum/styrene-butadiene rubber composites and the evaluation of their damping and sound absorption properties. Polymer 2021, 213, 123292. [Google Scholar] [CrossRef]

	



Zhai, X.; Chen, Y.; Han, D.; Zheng, J.; Wu, X.; Wang, Z.; Li, X.; Ye, X.; Zhang, L. New designed coupling agents for silica used in green tires with low VOCs and low rolling resistance. Appl. Surf. Sci. 2021, 558, 149819. [Google Scholar] [CrossRef]

	



Zhou, X.; Wang, R.; Lei, W.; Qiao, H.; Ji, H.; Zhang, L.; Hua, K.C.; Kulig, J. Design and synthesis by redox polymerization of a bio-based carboxylic elastomer for green tire. Sci. China Chem. 2015, 58, 1561–1569. [Google Scholar] [CrossRef]

	



Li, Y.; Zhao, S.; Wang, Y. Microbial Desulfurization of Ground Tire Rubber by Sphingomonas sp.: A novel technology for crumb rubber composites. J. Polym. Environ. 2012, 20, 372–380. [Google Scholar] [CrossRef]

	



Bredberg, K.; Persson, J.; Christiansson, M.; Stenberg, B.; Holst, O. Anaerobic desulfurization of ground rubber with the thermophilic archaeon Pyrococcus furiosus—A new method for rubber recycling. Appl. Microbiol. Biotechnol. 2001, 55, 43–48. [Google Scholar] [CrossRef]

	



Li, Y.; Zhao, S.; Wang, Y. Improvement of the properties of natural rubber/ground tire rubber composites through biological desulfurization of GTR. J. Polym. Res. 2012, 19, 9864. [Google Scholar] [CrossRef]

	



Valdés, C.; Hernández, C.; Morales-vera, R.; Andler, R. Desulfurization of Vulcanized Rubber Particles Using Biological and Couple Microwave-Chemical Methods. Res. Sq. 2020, 9, 1–19. [Google Scholar]

	



Chicu, N.; Prioteasa, A.-L.; Deaconu, A. Current trends and perspectives in tyre industry. Stud. Univ. “Vasile Goldis” Arad–Econ. Ser. 2020, 30, 36–56. [Google Scholar] [CrossRef]

	



Barlow, F.W. Rubber Compounding, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2018. [Google Scholar]

	



Rodgers, B.; Waddell, W. The Science and Technology of Rubber, 4th ed.; Mark, J., Erman, B., Roland, M., Eds.; Academic Press: Cambridge, MA, USA, 2013. [Google Scholar]

	



Kruželák, J.; Sýkora, R.; Hudec, I. Sulphur and peroxide vulcanisation of rubber compounds—Overview. Chem. Pap. 2016, 70, 1533–1555. [Google Scholar] [CrossRef]

	



British Standards Institution. BS EN ISO 18064: 2014 Thermoplastic Elastomers—Nomenclature and Abbreviated Terms; British Standards Institution: London, UK, 2014; ISBN 978 0 580 85117 9. [Google Scholar]

	



Drobny, J.G. Handbook of Thermoplastic Elastomers, 2nd ed.; William, A., Ed.; Elsevier Inc.: Oxford, UK, 2014. [Google Scholar]

	



Shanks, R.; Kong, I. Thermoplastic Elastomers; El-Sonbati, A., Ed.; In Tech: Rijeka, Croatia, 2012. [Google Scholar]

	



Wang, W.; Lu, W.; Goodwin, A.; Wang, H.; Yin, P.; Kang, N.-G.; Hong, K.; Mays, J.W. Recent advances in thermoplastic elastomers from living polymerizations: Macromolecular architectures and supramolecular chemistry. Prog. Polym. Sci. 2019, 95, 1–31. [Google Scholar] [CrossRef]

	



Whelan, D. Thermoplastic Elastomers. Brydson’s Plast. Mater. Eighth Ed. 2017, 653–703. [Google Scholar] [CrossRef]

	



Abad, V.; Custodero, E.; Chouvel, C.; Greiveldinger, M. Tire Provided with a Tread Comprising a Thermoplastic Elastomer. Compagnie generale des etablissements Michelin and Michelin Recherche et Technique. S.A. Patent WO/2015/113966, 6 August 2015. [Google Scholar]

	



Chouvel, C.; Da Silva, J.C.A. Tire Tread Comprising a Thermoplastic Elastomer-Patent. US10081723B2, 26 December 2017. [Google Scholar]

	



Chouvel, C. Tire Provided With a Tread Comprising a Diene Elastomer and Thermoplastic Elastomer System. Compagnie Generale Des Etablissements. Michelin. Patent US10780740B2, 22 September 2020. [Google Scholar]

	



Da Silva, J.C.A.; Gornard, B. Tire Comprising a Tread Comprising a Thermoplastic Elastomer and a Crosslinking System Based on Sulfur Michelin. U.S. Patent 20190322136A1, 24 October 2019. [Google Scholar]

	



Frick, E.M.; Zalusky, A.S.; Hillmyer, M.A. Characterization of Polylactide-b-polyisoprene-b-polylactide Thermoplastic Elastomers. Biomac 2003, 4, 216–223. [Google Scholar] [CrossRef]

	



Wanamaker, C.L.; Bluemle, M.J.; Pitet, L.M.; O’Leary, L.E.; Tolman, W.B.; Hillmyer, M.A. Consequences of Polylactide Stereochemistry on the Properties of Polylactide-Polymenthide-Polylactide Thermoplastic Elastomers. Biomac 2009, 10, 2904–2911. [Google Scholar] [CrossRef]

	



Martello, M.T.; Hillmyer, M.A. Polylactide–Poly(6-methyl-ε-caprolactone)–Polylactide Thermoplastic Elastomers. Macromolecules 2011, 44, 8537–8545. [Google Scholar] [CrossRef]

	



Xiong, M.D.; Schneiderman, K.; Bates, F.S.; Hillmyer, M.A.; Zhang, K. Scalable production of mechanically tunable block polymers from sugar. Proc. Natl. Acad. Sci. USA 2014, 111, 8357–8362. [Google Scholar] [CrossRef] [PubMed]

	



Watts, A.; Kurokawa, N.; Hillmyer, M.A. Strong, Resilient, and Sustainable Aliphatic Polyester Thermoplastic Elastomers. Biomac 2017, 18, 1845–1854. [Google Scholar] [CrossRef] [PubMed]

	



Nakayama, Y.; Aihara, K.; Yamanishi, H.; Fukuoka, H.; Tanaka, R.; Cai, Z.; Shiono, T. Synthesis of biodegradable thermoplastic elastomers from ε-caprolactone and lactide. J. Polym. Sci. Part A Polym. Chem. 2015, 53, 489–495. [Google Scholar] [CrossRef]

	



Lee, S.; Lee, K.; Kim, Y.W.; Shin, J. Preparation and characterization of a renewable pressure-sensitive adhesive system derived from ε-decalactone, l-lactide, epoxidized soybean oil, and rosin ester. ACS Sustain. Chem. Eng. 2015, 3, 2309–2320. [Google Scholar] [CrossRef]

	



Lee, S.; Lee, K.; Jang, J.; Choung, J.S.; Choi, W.J.; Kim, G.J.; Kim, Y.W.; Shin, J. Sustainable poly(ε-decalactone)−poly(l-lactide) multiarm star copolymer architectures for thermoplastic elastomers with fixed molar mass and block ratio. Polymer 2017, 112, 306–317. [Google Scholar] [CrossRef]

	



Shin, J.; Lee, Y.; Tolman, W.B.; Hillmyer, M.A. Thermoplastic Elastomers Derived from Menthide and Tulipalin A. Biomac 2012, 13, 3833–3840. [Google Scholar] [CrossRef]

	



Lee, I.; Bates, F.S. Synthesis, Structure, and Properties of Alternating and Random Poly(styrene-b-butadiene) Multiblock Copolymers. Macromolecules 2013, 46, 4529–4539. [Google Scholar] [CrossRef]

	



Akkapeddi, M.K. The free radical copolymerization characteristics of α-methylene γ-butyrolactone. Polymer 1979, 20, 1215–1216. [Google Scholar] [CrossRef]

	



Gregory, G.L.; Sulley, G.S.; Carrodeguas, L.P.; Chen, T.T.D.; Santmarti, A.; Terrill, N.J.; Lee, K.Y.; Williams, C.K. Triblock polyester thermoplastic elastomers with semi-aromatic polymer end blocks by ring-opening copolymerization. Chem. Sci. 2020, 11, 6567–6581. [Google Scholar] [CrossRef]

	



Darensbourg, D.J.; Poland, R.R.; Escobedo, C. Kinetic Studies of the Alternating Copolymerization of Cyclic Acid Anhydrides and Epoxides, and the Terpolymerization of Cyclic Acid Anhydrides, Epoxides, and CO2 Catalyzed by (salen)CrIIICl. Macromolecules 2012, 45, 2242–2248. [Google Scholar] [CrossRef]

	



Paszkiewicz, S.; Irska, I.; Zubkiewicz, A.; Szymczyk, A. Biobased Thermoplastic Elastomers: Structure-Property Relationship of Poly(hexamethylene 2,5-furanodicarboxylate)-Block-Poly(tetrahydrofuran) Copolymers Prepared by Melt Polycondensation. Polymers 2021, 13, 397. [Google Scholar] [CrossRef] [PubMed]

	



Albertsson, A.C.; Hakkarainen, M. Designed to degrade. Science 2017, 358, 872–873. [Google Scholar] [CrossRef] [PubMed]

	



Pappalardo, D.; Mathisen, T.; Finne-Wistrand, A. Biocompatibility of Resorbable Polymers: A Historical Perspective and Framework for the Future. Biomac 2019, 20, 1465–1477. [Google Scholar] [CrossRef] [PubMed]

	



Hakkarainen, M. Aliphatic Polyesters: Abiotic and Biotic Degradation and Degradation Products. Adv. Polym. Sci. 2002, 157, 113–138. [Google Scholar] [CrossRef]

	



Mecking, S. Nature or Petrochemistry?—Biologically Degradable Materials. Angew. Chem. Int. Ed. 2004, 43, 1078–1085. [Google Scholar] [CrossRef]

	



Laycock, B.; Nikolic, M.; Colwell, J.M.; Gauthier, É.; Halley, P.; Bottle, S.; George, G. Lifetime prediction of biodegradable polymers. Prog. Polym. Sci. 2017, 71, 144–189. [Google Scholar] [CrossRef]

	



Schneiderman, D.K.; Hill, E.M.; Martello, M.T.; Hillmyer, M.A. Poly(lactide)-block-poly(ε-caprolactone-co-ε-decalactone)-block-poly(lactide) copolymer elastomers. Polym. Chem. 2015, 6, 3641–3651. [Google Scholar] [CrossRef]

	



Fuoco, T.; Pappalardo, D. Aluminum Alkyl Complexes Bearing Salicylaldiminato Ligands: Versatile Initiators in the Ring-Opening Polymerization of Cyclic Esters. Catalysts 2017, 7, 64. [Google Scholar] [CrossRef]

	



Brannigan, R.P.; Dove, A.P. Synthesis, properties and biomedical applications of hydrolytically degradable materials based on aliphatic polyesters and polycarbonates. Biomater. Sci. 2017, 5, 9–21. [Google Scholar] [CrossRef] [PubMed]

	



Longo, J.M.; Sanford, M.J.; Coates, G.W. Ring-Opening Copolymerization of Epoxides and Cyclic Anhydrides with Discrete Metal Complexes: Structure–Property Relationships. Chem. Rev. 2016, 116, 15167. [Google Scholar] [CrossRef]

	



Romain, C.; Zhu, Y.; Dingwall, P.; Paul, S.; Rzepa, H.S.; Buchard, A.; Williams, C.K. Chemoselective Polymerizations from Mixtures of Epoxide, Lactone, Anhydride, and Carbon Dioxide. J. Am. Chem. Soc. 2016, 138, 4120–4131. [Google Scholar] [CrossRef]

	



Romain, C.; Williams, C.K. Chemoselective Polymerization Control: From Mixed-Monomer Feedstock to Copolymers. Angew. Chem. Int. Ed. 2014, 53, 1607. [Google Scholar] [CrossRef] [PubMed]

	



D’Auria, I.; Santulli, F.; Ciccone, F.; Giannattasio, A.; Mazzeo, M.; Pappalardo, D. Synthesis of Semi-Aromatic Di-Block Polyesters by Terpolymerization of Macrolactones, Epoxides, and Anhydrides. ChemCatChem. 2021, 13, 1–10. [Google Scholar]

	



Roy, K.; Debnath, S.C.; Potiyaraj, P. Application of cellulose as green filler for the development of sustainable rubber technology. J. Polym. Environ. 2020, 28, 367–387. [Google Scholar] [CrossRef]








[image: Molecules 26 04454 g001 550] 





Figure 1. Proposal of an ideal sustainable tyre concept. 
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Figure 2. Typical internal structure of a truck tyre. 
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Figure 3. Chemical cross-linked elastomer (a) and physical networks in TPEs structure (b). 
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Figure 4. Relation between the tensile strength and the elongation at break of the TPEs reported in Table 3. 
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Figure 5. Mechanical properties of PLA-PI-PLA with different morphologies (L = lamellae; C = cylinders; S = spheres). Data from [34]. 
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Scheme 1. Synthesis of PLA-PM-PLA with various stereochemistry of the PLA blocks. Adapted from [35]. 
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Scheme 2. Structure of polylactide-poly(6-methyl-ε-caprolactone)-polylactide, adapted from [36]. 
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Figure 6. Multiarm block copolymer of ε-decalactone and lactide (from [48] with the permission of Polymer). 
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Scheme 3. Poly(α-methylene-γ-butyrolactone)-b-poly(menthide)-b-poly(α-methylene-γ-butyrolactone) (PMBL-PM-PMBL). 
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Scheme 4. Structure of poly(cyclohexene-alt-phthalate)-b-poly(3-decalactone)-b-poly(cyclohexene-alt-phthalate). 
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Scheme 5. Structure of poly(hexamethylene 2,5-furanodicarboxylate)-b-poly(tetrahydrofuran). 
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Figure 7. Comparison of the mechanical properties of degradable TPEs with the commercial non-degradable TPEs. 
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Table 1. Composition by weight (%) of the tyres employed for on-road and off-the road (OTR) vehicles [16,17,18].
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	Material
	Passenger Car
	Truck and Bus
	Off the Road (OTR)





	Elastomers
	47
	45
	47



	Carbon black and silica
	22.5
	21
	22



	Metal fabrics
	14
	23.5
	12



	Textiles
	5.5
	1
	10



	Vulcanization agents
	2.5
	3
	3



	Additives
	8.5
	6.5
	6



	Estimated weight of new tire (kg)
	8.5
	65
	>100
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Table 2. Elastomeric polymers used in tyre compound [29].
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	Elastomer
	Main Feature





	Natural Rubber (NR)
	Tear resistance/Low rolling resistance



	Polyisoprene (IR)
	Tear resistance



	Butadiene Rubber (BR)
	Abrasion resistance



	Styrene-Butadiene Rubber (SBR)
	Skid resistance



	Isobutylene Isoprene Rubber (IIR)
	Low gas permeability



	Halogenated Isobutylene Isoprene Rubber (HIIR)
	Low gas permeability
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Table 3. Properties of the commercial TPEs for tyre tread formulation, as reported in the technical data sheets by the suppliers.
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TPE

	
Commercial Name

	
Supplier

	
Rigid

Block

	
Soft Block

	
M300%

	
Tensile Strength

	
Elongation at Break




	

	
Polystyrene Content

	
EB/I/B

	






	

	
(%)

	
(MPa)

	
(MPa)

	
(%)




	
Styrene and isoprene Vinyl-Rich triblock copolymer (SIS)

	
Hybrar 5125TM

	
Kuraray

	
20

	
80

	
2.8

	
8.8

	
730




	
Styrene and isoprene triblock copolymer (SIS)

	
KRATONTMD1161

	
Kraton

	
15

	
85

	
0.9

	
21

	
1300




	
Styrene and butadiene triblock copolymer (SBS)

	
EUROPRENE®SOL T 166

	
Versalis

	
30

	
70

	
2.5

	
20

	
800




	
Styrene, butadiene and isoprene triblock copolymer (SBIS)

	
KRATONTMD1170

	
Kraton

	
19

	
81

	
1.4

	
37

	
1200




	
Hydrogenated Styrenic Thermoplastic Elastomer (SEBS)

	
S.O.E.TM

S1611

	
Asahi Kasei

	
62

	
38

	
4.0

	
23

	
600
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Table 4. PLA-PI-PLA microstructural data.
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	Triblock

(Morphology a)
	Mn(PLA)-Mn(PI)-Mn(PLA) b

(g/mol)
	fPLAc
	PI PDI d
	Block PDI d
	De

(μm)
	Tg(PI)f

(K)
	Tg(PLA)f

(K)





	Lamellae (L)
	14000-33000-14000
	0.40
	108
	1.10
	0.0045
	210.15
	333.15



	Cylinders (C) of PLA
	9000-33000-9000
	0.28
	1.08
	1.12
	0.0038
	212.15
	334.15



	Spheres (S) of PLA
	5100-35000-5100
	0.18
	1.07
	1.12
	0.0029
	211.15
	325.15







a Determined by SAXS and TEM. b Calculated from 1H-NMR spectroscopy. c Volume fraction of PLA calculated using ρ(PLA) 1154 mg/cm3 and ρ(PI) = 830 mg/cm3 at 413.15 K. d Determined by SEC. e Principal domain spacing D = 2π/q* (SAXS): T = 393.15 K for triblocks C and L, T = 363.15 K for S. f Determined by DSC.
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Table 5. Mechanical properties of degradable TPEs described in this review.
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Hard Block

	
Soft Block

	
Tensile Strength (MPa)

	
Elongation at Break

(%)

	
Reference






	
P(L,L-LA)

	
Polymenthide

	
19.5

	
765

	
[41]




	
P(D,L-LA)

	
Polymenthide

	
18.7

	
731




	
P(L,L-LA)/P(D,L-LA)

	
Polymenthide

	
10.0

	
990




	
P(D,L-LA)

	
Poly(ε-caprolactone-co-ε-decalactone)

	
18.4

	
1200

	
[59]




	
P(L,L-LA)

	
Poly(γ-methyl-ε-caprolactone)

	
31.0

	
1200

	
[44]




	
P(L,L-LA)

	
Poly(γ-methyl-ε-caprolactone)

	
24.0

	
1029




	
P(L,L-LA)

	
Poly(γ-methyl-ε-caprolactone)

	
30.0

	
998




	
P(L,L-LA)/P(D,L-LA)

	
Poly(ε-caprolactone -ran-L,L-LA)/Poly(ε- caprolactone -ran-D,L-lactide)

	
15.0

	
1300

	
[45]




	
[P(L,L-LA)]6

	
[Poly(ε-decalactone)]6

	
15.2

	
1041

	
[47]




	
Poly(cyclohexene-alt-phthalate)

	
Poly(ε-decalactone)

	
29.1

	
1079

	
[51]




	
Poly(hexamethylene 2,5-furanodicarboxylate)

	
poly(tetrahydrofuran)

	
21.8

	
662

	
[53]




	
Tulipanin A

	
Polymenthide

	
13.0

	
730

	
[48]
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