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Thermoreversible cross-linking of rubber 
* 

The current methods of cross-linking rubbers prevent the reuse of rubber products as 

raw materials. Thermoreversible cross-linking can be used to develop recyclable 

rubber materials. Such materials combine the material properties of a permanently 

cross-linked rubber at service conditions with the melt (re)processability of a non-

cross-linked rubber. The process of the development of recyclable, practical rubber 

products has been divided into three consecutive stages: i) the modification and ii) 

thermoreversible cross-linking and (re)processing of elastomers and iii) their 

subsequent compounding with typical rubber compounding ingredients. The different 

research topics discussed in the chapters of this thesis are categorized under one of 

these stages.  
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P.1. General Introduction 

Polymers have become an essential part of our daily lives and a lot of research is still 

dedicated to improve these materials [1]. Rubbers constitute a particular class of 

polymers, which combine two desirable properties, namely softness and elasticity. 

Rubbers owe their popularity to the abundance of possible applications: tires, 

sealings, footwear, toys and many more. Natural rubber has been a resource used 

since before the 19th century, mostly by the indigenous tribes in the Brazilian rain 

forests [2]. In the late 19th century, the discovery of its existence and applications by 

the industrializing world gathered momentum and the production and use of natural 

rubber started picking up. A few decades later, shortly before and during World War I, 

the production strongly increased due to the need for rubbers in many novel 

applications [3]. Rubbers were required for many products that were suddenly mass-

produced as well as for the machinery used to make them. Due to fluctuations in 

reliable natural rubber production, the supply was unable to keep up with the rapidly 

growing demand. Therefore an alternative was sought for and found in 1909 by 

German scientists: oil-based synthetic rubbers [4]. The development of the first 

synthetic rubbers led to a boost in further development of these materials [5]. Since 

then and throughout the 20th century, an expanding range of different synthetic 

rubbers have been invented.  

P.1. Ethylene Propylene (Diene) rubbers 

Ethylene Propylene (Diene) polymers (EP[D]M) are synthetic rubbers that are used in 

a wide range of applications. EPDM is hardly used as a pure polymer, but usually 

mixed/compounded with fillers and plasticizers and sometimes with other rubbers 

and polymers. Ethylene is commonly the main component with weight percentages 

between 45 and 85%. The diene part is usually the smallest component with a typical 

weight percentage between 2 and 12%, but essential for the commonly applied 

sulphur vulcanization. Ethylidene norbornene (ENB) is one of the most prevalent 

dienes used in EPDM rubbers as it is able to impart a high reactivity in the obtained 

product. For some applications, like plastic impact modifiers and oil additives, EPM 

rubbers without a third diene monomer are preferably used (Scheme P.1). 

 

Scheme P.1. Chemical structure of EPM and ENB-EPDM elastomers. 
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EP(D)M rubbers are produced via insertion polymerization using Ziegler-Natta or 

metallocene catalysts. In industry, this polymerization is most frequently applied in a 

solution process in hydrocarbon based solvents [6]. However, in some cases the 

polymerization of EPDM is performed in a slurry of liquid propylene. Recovery of the 

products occurs via steam stripping or dry finishing. EPDM rubbers with different 

chemical composition have different polymer characteristics and rubber properties. 

Although the characteristics of the various kinds of EPDM can differ, there are some 

properties that are characteristic for EPDM rubber in general. EPDM typically has a 

good resistance against heat, oxygen, cold, ozone and water and is therefore the 

perfect rubber to apply outdoor. It also possesses good electrical insulating properties 

and is resistant to ketones, diluted acids and alkaline chemicals. This is why EPDM 

rubbers can be found in all non-tire automotive parts such as sealing systems, hoses 

and tubes, but also in roof sheeting and window profiles. Finally, EPDM is also used in 

seals for aqueous systems (drinking and waste water, beer, milk etc.) and for plastic 

modification, either EPM for rubber toughening of brittle thermoplastics like 

polypropylene and polyamides, or EPDM in dynamically vulcanized blends with PP, 

yielding thermoplastic vulcanizates (TPVs). 

P.3. Rubber modification  

EP(D)M rubber differentiates itself from polydiene rubbers, such as natural rubber 

and polybutadiene rubber, by the absence of C=C unsaturation in the polymer 

backbone. The saturated backbone explains the excellent resistance against oxygen, 

ozone, heat and radiation of EP(D)M rubber compared to the more unsaturated 

rubbers. Unfortunately, the presence of exclusively rather inert C-H and C-C bonds and 

the lack of unsaturated, reactive C=C bonds limits the applicability of EP(D)M. A way 

to overcome this lack of reactivity, while retaining their high weathering resistance is 

by chemical modification. The modification of hydrocarbon elastomers is typically 

aimed at enhancing the reactivity or polarity, thereby improving the adhesion and/or 

compatibility with other materials (e.g. with other polymers in blends or with fillers in 

composites) [7]. Different ways to chemically modify hydrocarbon elastomers such as 

EP(D)M in order to introduce specific functional groups are thoroughly reviewed in 

Chapter 1.  

P.4. Cross-linking 

Non-cross-linked elastomers are sticky, chewing gum-like materials that do not 

possess the elasticity, resilience, strength and/or dimensional stability that are 

required for rubber applications. Rubber polymers are usually connected or “cross-

linked” with each other to form a 3D elastic network [8]. Cross-linking is an absolute 

requirement for the prompt and complete recovery from deformation, i.e. for the 
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elastic recovery of rubber materials [6]. In addition, cross-linking enhances other 

properties, such as the strength, temperature stability and the chemical and stress 

cracking resistance [9]. Such a combination of factors clearly indicates the need of 

(chemical) modification strategies, often involving not only the cross-linking 

chemistry but the functionalization of the base polymer as well (Chapter 1). This is 

especially true for pristine elastomers with no or a low degree of functional groups 

(i.e. unsaturated carbon-carbon bonds).  

 

For saturated elastomers, the traditional sulfur vulcanization or cross-linking via 

chemicals containing multiple hydrosilanes [10] or thiol functionalities [11] are not 

suitable as they require the presence of unsaturated C=C bonds. Two typical 

approaches for the cross-linking of saturated polymers can be distinguished (Scheme 

P.2). The first approach involves direct cross-linking of the saturated hydrocarbon 

polymer chains via suitable cross-link chemistry. Examples of direct cross-linking of 

saturated elastomers are peroxide curing [12,13] and cross-linking with bis-azides 

[14]. The second approach involves rubber polymers with a specific chemical 

functionality, which requires copolymerization using monomers with the required 

functionality or post-polymerization modification to attach this functionality to the 

saturated rubber. Cross-linking is eventually achieved by reaction with the  functional 

group. An example can be found in rubbers for the cable industry in which elastomers 

are grafted with vinyl siloxane and cross-linked by moisture curing [15-17].  

 

Scheme P.2. Two pathways to cross-link saturated rubber polymers, i.e. (i) directly via the 

hydrocarbon backbone or (ii) indirectly via a particular chemical functionality (R). 

 

P.5. Reversible cross-linking 

Unfortunately, the chemical reactions typically used to cross-link elastomers are 

irreversible and, thus, prohibit reuse of rubber scrap and waste as a raw material. 
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Whereas thermoplastics can simply be recycled via melt processing, the 3D network 

of cross-linked rubbers prevents melt (re)processing. This problem is particularly 

evident for rubber tires of which, due to the inability of recycling, millions are 

discarded annually [18]. The bulk is dumped in landfills, placing a burden on the 

environment as well as posing potential health hazards as these become a breeding 

ground for disease carrying mosquitoes. Current trends towards sustainability and 

cradle-to-cradle products make the recyclability of cross-linked elastomers 

increasingly relevant [19]. In the last decades a lot of effort has been made to 

devulcanize rubber [20-23]. Although reclaiming of sulfur-vulcanized natural rubber, 

using devulcanizing agents and high shear/temperature processes, is now a common 

technology, it is more difficult to apply this technology to hydrocarbon elastomers 

without unsaturation in the main chain, such as EPDM [20,24]. This is probably 

related to the somewhat higher stability of sulfur cross-links in an environment with 

low unsaturation. 

 

A cradle-to-cradle alternative for the recycling of rubbers via de-cross-linking would 

require a material that combines the material properties of a permanently cross-

linked rubber with the recyclability of a non-cross-linked thermoplastic [18]. A 

technical solution is found in the commercially available thermoplastic elastomers 

(TPEs), consisting of block copolymers of “hard” and “soft” segments, and 

thermoplastic vulcanizates (TPVs), consisting of blends of “hard” and “soft” polymers 

[25-27]. Another approach to achieve recyclability is via rubber networks with 

reversible cross-links that respond to an external stimulus, such as temperature 

[28,29]. The formation of cross-links at relatively low temperatures is beneficial for 

good elastic and mechanical performance, while the cleavage of cross-links at high 

temperatures (similar to the processing temperature of the original, non-cross-linked 

rubber compound) allows for recycling of the rubber product. 

 

Generally, polymers can be thermoreversibly cross-linked using relatively weak 

interactions, such as ionic interactions, hydrogen bonding or crystallinity [30,31]. 

Unfortunately, such thermoreversibly “cross-linked” rubbers cannot indefinitely hold 

stress without creep and also have limited applicability at elevated temperatures [32]. 

The use of stronger, reversible covalent cross-links, which can be achieved by, for 

instance, thermo-activated di/poly-sulfide rearrangements [33], may also result in 

enhanced mechanical performance [34-36]. The chemistry used for intrinsic self-

healing polymers is also largely applicable for (thermo)reversible cross-linking [37]. 

An example can be found in the so-called dynamic covalent networks via 

polycondensation reactions [38]. Other examples of reversible network topologies are 

“freezing” of transesterification reactions [32,39,40]. A final example of such 

reversible chemistry used in self-healing polymers is the metathesis reaction of 

aromatic disulphides. Poly(urea-urethane) elastomeric networks were demonstrated 

to completely mend after being cut in two parts by a razor blade via thermal annealing 
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[41,42]. The disadvantage of these approaches is the necessity of designing and 

synthesizing new polymers. This may hamper the substitution of currently employed 

materials. Modification of existing polymers would give the most facile 

implementation as the resulting materials are similar to currently employed ones.  

 

Thus far, several approaches have been developed for the thermoreversible cross-

linking of existing rubbers via indirect cross-linking (Scheme P.2) [30,43-45]. The 

majority of these use thermoreversible chemical reactions to introduce cross-links 

that can open at temperatures above the application temperature and below the 

degradation temperature of the polymer (Scheme P.3). One way of achieving this is via 

the Diels-Alder (DA) and the retro-DA reaction. Recently, several approaches have 

been developed that employ the (retro) DA reaction for the thermoreversible cross-

linking of different polymers [46-52] and elastomers [52,53].  

 

Scheme P.3. Schematic representation of a thermoreversibly cross-linked polymer using 

bifunctional cross-linkers as “bridges” between functional groups on the polymer backbone.  

 

P.6. Thesis outline 

The development of recyclable rubber products exploiting (retro) DA chemistry has 

been divided into three consecutive stages, which provide a generic framework for the 

different research topics in this thesis (Figure P.1). The first step of the concept is the 

chemical modification of elastomers, which is reviewed in Chapter 1. The subsequent 

thermoreversible cross-linking of furan-functionalized elastomers is described in 

Chapter 2 for EPM and in Chapter 6 for vinyl acetate copolymer rubbers (EVM). It 

will be shown that this approach (successive modification and cross-linking, Scheme 

P.2) offers a promising opportunity for the design of recyclable rubbers. However, a 

number of requirements have to be met before DA cross-linking of functionalized 

rubber can be used in rubber products. First of all, a deeper understanding of the 

behavior and temperature response of the DA cross-links in a thermoreversibly cross-

linked rubber network is required. In Chapter 3 a kinetic study of thermoreversibly 

cross-linked EPM rubber at different temperatures is discussed. The material 

properties of the thermoreversibly cross-linked elastomers should be similar to those 
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of conventionally cross-linked elastomers as the thermoreversible cross-links perform 

like irreversible, conventional cross-links under application conditions. The cross-

linking method studied should allow for the tuning of the material properties by 

varying the structure and amount of the cross-linking agent employed. In Chapter 4 

this is investigated by thermoreversibly cross-linking furan-functionalized EPM 

rubbers with a variety of bismaleimides. Another way of adjusting the material 

properties of thermoreversibly cross-linked rubbers is by the addition of a multi-

functional cross-linking aid. Such a component can help to increase the cross-link 

density beyond the limits imposed by the degree of functionalization of the 

elastomers. In Chapter 5 it is shown that furan-containing polyketones (PK) can be 

used for this purpose in a thermoreversibly cross-linked EPM rubber. Furthermore, 

the (retro) DA approach is not limited to EPM rubber and is expanded to EVM rubber 

in Chapter 6 to show that the methodology used to modify and thermoreversibly 

cross-link these existing elastomers (Scheme P.2) is quite general. In this chapter, a 

parallel approach for obtaining thermoreversibly cross-linked EVM rubbers via 

polymerization of a functional monomer (Scheme P.2) was also investigated. The main 

difference between EPM and EVM rubbers is the polarity. Chapter 7 presents a study 

into how polarity of the rubber matrix affects the distribution of the polar cross-links 

and the subsequent consequences for the rubber properties. Finally, the production of 

the thermoreversibly cross-linked elastomers should not be limited to small 

laboratory scale using a solvent route, but also be performed on industrial equipment. 

In addition, gum rubbers have to be compounded with reinforcing filler and 

plasticizer before they can be used in rubber products. Chapter 8 describes how 

practical compounds with carbon black and mineral oil can be prepared for 

thermoreversible cross-linked EPM on a batch mixer. It also shows how this affects 

the thermoreversible character of the rubber and whether the properties of the 

resulting recyclable rubber compound meet the standards for rubber materials that 

are typically used in rubber industry.  The final step in investigating the production, 

recycling and applicability of the newly developed, fully reprocessable rubber 

compounds is a technology assessment. This relies on the comparison with respect to 

conventional, peroxide cured EPM rubber compounds that are intrinsically not 

processable after cross-linking. Chapter 9 takes into consideration aspects related to 

the current production process of rubber products, the costs of the raw materials and 

the conditions at which the end-products containing the newly developed 

reprocessable rubber compounds can be applied, with a focus on the temperature 

stability.  
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Figure P.1 Schematic representation of content of this thesis on thermoreversibly cross-linked 

rubber using (retro) Diels Alder chemistry for furan-containing elastomers. 
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