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Rubber products have formed an integral and essential part of our daily products over 

the last 150 years. Cross-linking of rubbers is crucial as it provides good elasticity and 

high strength. Unfortunately, cross-linking also prevents melt processability, making it 

difficult to recyle cross-linked rubber products, at least in a cradle-to-cradle context. 

Devulcanization of allows for the cleavage of cross-links, but also causes bond scission 

in the polymer main chain, which is detrimental for the performance of the recyclate 

compared to the virgin material. An alternative to devulcanization of rubbers is found 

in thermoreversible cross-linking, particularly via Diels-Alder (DA) chemistry. This is 

applied to obtain materials that combine the material properties of a permanently 

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

cross-linked rubber.  

 

To enable thermoreversible cross-linking via DA chemisty the elastomers should have 

suitable, chemical functional groups. The chemical modification of existing elastomers 

provides an elegant route towards products with new chemical reactivity and/or 

adjusted polarity, useful for filler/substrate adhesion, blend compatibilization and/or 

bio-compatibility and also (thermoreversible) cross-linking. Chapter 1 provides a 

comprehensive and critical overview of the most commonly employed, post-

polymerization modification strategies for elastomers. Only those chemical 

modification routes that, on the one hand, employ low-cost reactants and simple 

process technology and, on the other hand, result in a clear and significant 

performance improvement have found industrial application. 

 

Chapter 2 provides a proof of principle for the use of DA chemistry as 

thermoreversible cross-linking tool for rubber products. A commercial ethylene-

propylene rubber (EPM) grafted with maleic anhydride has first been modified with 

furfurylamine to introduce furan groups along the rubber backbone. These pendant 

furans groups were then cross-linked with a bis-maleimide (BM) via a DA coupling 

reaction. The thermoreversibly cross-linked products have been compression molded 

into samples that displayed material properties similar to sulphur- and peroxide 

cured EPDM reference materials. Furthermore, upon cutting and re-molding, samples 

with similar properties as the starting ones were obtained, demonstrating the 

thermoreversibility of the DA reaction and the recyclability of the rubber.  

 

A deeper understanding of the temperature response of DA cross-linking in a 

thermoreversibly cross-linked rubber is presented in Chapter 3. The kinetics of the DA 

cross-linking and retro-DA (rDA) de-cross-linking reactions have been studied for the 
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BM cross-linked, furan-functionalized EPM rubber described in Chapter 2. The 

thermoreversibility of the system was shown by a combination of equilibrium 

swelling and rheological measurements. Dynamic time sweeps of the rubber sample at 

different temperatures were used to determine the kinetic constants of the (r)DA (de) 

cross-linking reactions at low and high temperatures, respectively. These were used to 

determine the Arrhenius activation energies. Finally, the resulting data were used to 

predict cross-link density profiles as a function of time and temperature, which 

correspond well with the experimental data. 

 

It is well-known that the properties of cross-linked rubbers are strongly affected by 

the cross-link density. In Chapter 4 it is shown that this also applies to 

thermoreversibly cross-linked elastomers. In addition the type and length of the 

cross-linker have a significant effect. A homologous series of diamine and BM cross-

linkers was used to cross-link maleic-anhydride-grafted EPM (EPM-g-MA) irreversibly 

and furan-modified EPM (EPM-g-furan) thermoreversibly, respectively. The 

irreversible system was prepared as reference material as the polymeric backbone is 

factually identical. For both the cross-link density reaches an optimum upon the 

addition of a slight molar excess of cross-linker with respect to the functional groups 

on the rubber backbone. Diamine cross-linking of EPM-g-MA occurs relatively fast, 

resulting in an inhomogeneously cross-linked network which explains the relatively 

large scatter in properties. For EPM-g-furan the use of BM cross-linkers with a 

solubility parameter close to that of EPM-g-furan and a relatively low melting point 

result in samples with relatively high cross-link densities. When compared at the 

same cross-link density, the rigid character of short aliphatic or aromatic cross-linkers 

accounts for the observed increase in hardness, Young´s modulus and tensile strength 

compared to the longer, more flexible aliphatic cross-linkers. In conclusion, the 

structure of the cross-linking agent can be considered as an alternative variable in 

tuning the rubber properties. 

 

Another way of adjusting the material properties of thermoreversibly DA cross-linked 

rubber 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 commercially available, maleated EPM. In Chapter 5 it is 

shown that furan-containing polyketones (PK) can be used for this purpose in a blend 

with thermoreversibly cross-linked EPM rubber. The increase in apparent cross-link 

density results in enhanced material properties, such as hardness, tensile properties 

and compression set. As a result, these properties can be modulated by changing the 

degree of furan functionalization of the furan-functionalized PK and the loading of 

functionalized PK in the blends. It is concluded that furan-functionalized PK has some 

characteristics of an inert filler, but mainly acts as a multi-functional cross-linking aid, 

enabling larger amounts of BM to cross-link EPM-g-furan. 
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The (r)DA approach for thermoreversible cross-linking is not limited to EPM rubber 

and the concept is expanded to amorphous, furan-functionalized ethylene-vinyl 

acetate (EVM) rubbers in Chapter 6.  The polymer precursor could be prepared 

according to similar strategy as in Chapter 2, i.e. reaction of furfurylamine with the 

maleated backbone. A parallel approach for obtaining thermoreversibly cross-linked 

EVM rubbers was investigated via copolymerization of a furan-functionalized 

monomer (yielding thus a terpolymer). Both furan-containing EVM rubbers were BM 

cross-linked to yield products with similar cross-link density. The terpolymer 

products display properties similar to the ones of peroxide cured EVM rubbers 

whereas the properties of the BM cross-linked EVA-g-furan correspond to a rubber 

with a higher cross-link density. The preparation of EVM-g-furan was up-scaled to a 

small internal mixer, which also allowed compounding with carbon black and 

plasticizer in the same step. It was shown that compounding with carbon black 

resulted in reinforcement of the EVM rubber, i.e. enhanced strength, and did not 

interfere with the reprocessing via the retro DA reaction. 

 

The main difference between EPM and EVM rubbers is the polarity. Chapter 7 

presents an investigation on the effect of the rubber polarity on clustering of 

functional groups, the distribution of the polar BM cross-linker and the subsequent 

consequences for the rubber properties in the apolar EPM rubber. SAXS 

measurements show that the BM cross-linking chemistry occurs in clusters, resulting 

in a microscopically hetrogeneous network. The absence of clusters and the 

homogeneous distribution of cross-links in EVM provides improved mechanical 

behavior with respect to EPM. 

 

In Chapter 8 it is demonstrated that the production of the thermoreversibly cross-

linked elastomers is not limited to laboratory scale reactions using a solvent route, but 

can also be performed on industrial equipment. The use of an internal mixer is the 

first step towards an extrusion/melt process as it greatly reduces processing time and 

allows for a solventless process for the furan-functionalization and BM cross-linking. 

The resulting products have the same properties as those made on laboratory scale 

and have similar thermoreversible cross-linking behavior. Chapter 8 also describes 

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

thermoreversible cross-linked EPM on a batch mixer which resulted in an increase in 

hardness, Young’s modulus and tensile strength and a decrease in elongation at break 

and compression set. The pendant furan groups of the non-cross-linked EPM-g-furan 

was found to interact with the carbon black filler. This does not interfere with the BM 

cross-linking reaction. Amorphous and crystalline EPM rubbers were both 

thermoreversibly cross-linked and compounded. Especially the crystalline compound 

shows excellent material properties, which are retained over multiple reprocessing 

cycles. 

 

 



Summaries 

                                                                                                        Lorenzo Massimo Polgar 216 

Finally, Chapter 9 demonstrates that the current process for the production of 

peroxide cured EPM rubber compounds does not have to be significantly adapted to 

facilitate the production of new, reprocessable rubber compounds. Being able to 

recycle the new EPM material twice without any significant loss of material properties 

compensates for the higher costs of the raw materials. On the other hand, the 

applicability of the new, reprocessable rubber is limited to temperatures below 50 °C 

due to the rapid deterioration of the compression set with temperature.  

 

In conclusion, the work presented in this thesis provide a rather complete overview of 

the modification, thermoreversible cross-linking and compounding of different 

elastomers aimed at the production of recyclable rubber products exploiting DA 

chemistry. Furthermore, several aspects were studied more in-depth, such as the 

cross-linking kinetics, tuning of the material properties and the homogeinity of the 

polymer network, resulting in a good overall understanding of the material and the 

conditions to apply it. 

  


