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Resumen 

 

CAUCHO NITRILO AUTORREPARABLE Y RECICLABLE: 

UN CAMINO HACIA LA SOSTENIBILIDAD 

 

Los Objetivos de Desarrollo Sostenible (ODS) exigen un uso más eficiente de nuestros 

recursos y la construcción de un futuro ecológicamente viable. Para responder a estas 

demandas, la Economía Circular (EC) contempla varios principios orientados a 

asegurar que los materiales y productos permanezcan en un ciclo de uso continuo el 

mayor tiempo posible. En este contexto, el diseño de nuevos materiales que 

consideren los principios de Reparar y Reciclar para extender su vida en servicio 

es de elevada importancia científica, ambiental y económica. 

En los últimos 20 años, e inspirada por la naturaleza, la Ciencia ha buscado conferir 

a los materiales la capacidad de reparar sus propios daños. Esto se denomina 

autorreparación. La posibilidad de autorrepararse puede encontrarse en diversos 

animales como las estrellas de mar, moluscos, insectos, e incluso en los seres 

humanos, visiblemente en la piel. La siguiente figura muestra algunos ejemplos de 

autorreparación en la naturaleza. Esta capacidad natural ha sido biomimetizada en 

casi todas las familias de materiales, siendo particularmente relevante en los 

polímeros, porque sirve como una estrategia para reducir el impacto de sus desechos. 

Por su parte, el reciclaje, tal y como lo pensamos actualmente, tuvo su origen en 

Japón en el siglo XI, donde se registró la primera reutilización de papel desechado; 
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pero el símbolo que hoy nos permite identificarlo no vio luz hasta 1970. Aunque 

ambas estrategias no nacieron ayer, la necesidad de desarrollar hábitos de consumo 

responsables indica que es hoy cuando se muestran más útiles e imperativas que en 

cualquier otro momento en la historia. 

 

Dentro de los polímeros, los elastómeros son materiales termoestables que se 

caracterizan por estar constituidos molecularmente por una red tridimensional 

entrecruzada covalentemente e irreversible que no les permite reprocesarse y 

moldearse como un termoplástico. Esto se deriva en un modelo de consumo lineal 

basado en el principio de fabricar, consumir y desechar, que sin el manejo adecuado, 

no es compatible con los principios de la Economía circular. Pero avanzar sin los 

elastómeros no es una opción. Estos materiales se utilizan en diversos sectores 

industriales que van desde la industria automotriz hasta la aeroespacial. 
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Bajo esta perspectiva, el objetivo principal de esta tesis doctoral ha sido el desarrollo 

de nuevos elastómeros autorreparables y reciclables, con un desempeño mecánico 

robusto, incluso después de múltiples ciclos de reciclaje. Para ello se ha seleccionado 

un terpolímero conocido como caucho nitrilo carboxilado (XNBR). La capacidad de 

autorreparación y la reciclabilidad se logró mediante la construcción de una red 

entrecruzada iónicamente a través de la incorporación de óxidos metálicos 

(concretamente, óxido de zinc, ZnO y óxido de magnesio, MgO) capaces de formar 

una sal metálica de coordinación con los grupos carboxílicos en la estructura 

molecular del XNBR. Esta unidad funcional, denominada par iónico, tiene la 

capacidad de agregarse en estructuras de orden superior, conocidas como clústeres, 

que responden a la temperatura, convirtiendo el material termoestable en uno 

moldeable, venciendo así las restricciones impuestas por los entrecruzamientos 

covalentes tradicionales. 

Inicialmente, como parte de una revisión bibliográfica que fue más allá de 

comprender el estado-del-arte, se propuso una nueva clasificación de los elastómeros 

autorreparables basada en el mecanismo involucrado y su desarrollo histórico. Esta 

clasificación se condensó en cuatro generaciones que presentan de forma exhaustiva 

la naturaleza de los enlaces e interacciones dinámicas implicadas (no covalentes, 

covalentes y combinaciones entre ellos), aportando además los últimos avances en el 

campo de los cauchos autorreparables. 

Como primer resultado experimental, se estudió la dinámica molecular de diferentes 

compuestos basados en redes covalentes e iónicas y combinaciones entre ellas 

mediante espectroscopía dieléctrica de banda ancha. Se comprobó que la red 

entrecruzada influye notablemente en la resistencia y la calidad de las interacciones 

entre las cadenas poliméricas afectando dos propiedades claves del XNBR: la 

resistencia a la abrasión y la resistencia química. 

Posteriormente se proporcionó una visión global de la reciclabilidad de un XNBR 

entrecruzado iónicamente. Se destacaron cambios en la dinámica molecular a través 
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de múltiples ciclos de reciclado, que impactan de forma directa sobre diferentes 

propiedades, más allá de los ensayos de tracción típicamente empleados para 

caracterizar esta habilidad. Se encontraron pruebas de un delicado equilibrio entre 

la densidad de entrecruzamiento y los enredos moleculares entre las cadenas 

poliméricas que afectan a la dinámica del material reciclado. El reciclado también 

restringe la dinámica molecular cerca de los dominios iónicos, debido a un aumento 

en la densidad de entrecruzamiento, causada por una disminución del tamaño de los 

agregados iónicos. Se observaron diferencias insignificantes en el comportamiento a 

la fatiga por compresión y una mayor resistencia química en diferentes disolventes, 

lo que garantiza un rendimiento adecuado en condiciones más cercanas al servicio, 

al menos hasta tres ciclos de reciclaje. 

Luego se realizó un análisis exhaustivo de la influencia del ZnO y el MgO en las 

propiedades físicas del caucho, abordando al mismo tiempo aspectos de sostenibilidad 

como la autorreparación y la reciclabilidad. Un análisis comparativo a densidades de 

entrecruzamiento iguales reveló que el exceso de ZnO imparte rigidez debido a su 

función como carga semireforzante. En cambio, contenidos iguales de óxido indujeron 

propiedades mecánicas superiores en el compuesto de MgO en comparación con el 

ZnO debido a la mayor atracción electrostática de sus cationes más pequeños. Una 

innovación significativa en esta parte del estudio fue el uso de la espectroscopía 

dieléctrica para determinar la temperatura óptima del protocolo de autorreparación, 

apartándose de los enfoques tradicionales de ensayo y error empleados 

habitualmente. Se alcanzaron eficiencias de autorreparación de la resistencia a la 

tracción de hasta un 79 % y de la elongación máxima de hasta el 95 %, después de 

aplicar un tratamiento térmico de 110 °C durante 3 h. El material también mantuvo 

una reciclabilidad total (recuperación del 100 % de las propiedades mecánicas 

máximas después del reprocesado y moldeo) a lo largo de los tres ciclos de reciclado. 

Los materiales exhibieron una excelente resistencia a la tracción de 19 MPa, y una 

alta deformación, superior al 700 %, valores sobresalientes en el campo de los 

materiales elastoméricos. Estos resultados permitieron ensamblar con éxito una 
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mano robótica, lo que demuestra la aplicación práctica de estos hallazgos y desvela 

el potencial de este tipo de elastómeros en aplicaciones avanzadas, como la robótica, 

donde el uso de elastómeros iónicos ya no es sólo una posibilidad, sino una realidad 

tangible. 

Como última fase de esta investigación, se estudiaron y compararon los efectos de la 

incorporación de diferentes cargas reforzantes sobre la reciclabilidad, la capacidad 

de autorreparación y el rendimiento mecánico del XNBR entrecruzado iónicamente. 

Se analizaron varias cargas de refuerzo convencionales, como el negro de carbono y 

la sílice, así como cargas sostenibles no convencionales, como la celulosa, el polvo de 

neumáticos fuera de uso, y desechos de tóner. La adición de un polvo de desechos de 

neumáticos modificado químicamente mostró el mejor equilibrio entre prestaciones 

mecánicas, reciclabilidad y autorreparación, proporcionando un uso alternativo de 

los desechos de neumáticos, generando valor añadido y contribuyendo a la 

consolidación de la circularidad de los elastómeros iónicos. 

Esta tesis doctoral servirá como punto de partida para el desarrollo de más y mejores 

sistemas elastoméricos que sean ambiental y económicamente viables, capaces de ser 

empleados en diversas industrias tan avanzadas como el campo de la robótica blanda. 

De esta manera, se continúa allanando el camino hacia soluciones que alinean el 

avance tecnológico con las prácticas sostenibles. 
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Abstract 

 

SELF-HEALING AND RECYCLABLE NITRILE RUBBER: 

A PATHWAY TO SUSTAINABILITY 

 

The United Nations (UN) Sustainable Development Goals (SDGs) call for more 

efficient use of resources and the forging of an ecologically viable future. To meet 

these demands, the Circular Economy (CE) considers several principles aimed at 

ensuring that materials and products remain in a continuous use cycle for as long as 

possible. In this context, the design of new materials that incorporate the principles 

of Repair and Recycle to prolong their lifetime is of paramount scientific, 

environmental, and economic significance. 

Over the past two decades, inspired by nature, Science has sought to endow 

materials with the capability of self-repair. Self-repair or self-healing ability, 

observed in diverse animals such as starfish, mollusks, insects, and human skin, has 

been biomimetically integrated into almost all material families. The following figure 

shows some examples of self-healing in nature. This is particularly pivotal in 

polymers, where it serves as a strategic approach to reduce the environmental impact 

of their waste. 

Recycling, as conceptualized today, traces its roots back to 11th-century in Japan, 

with the first documented reuse of discarded paper. The easily recognizable symbol 

that we associate with recycling did not emerge until 1970. While these strategies 
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are not new, the current need for responsible consumption habits underscores their 

increased relevance more than ever before in history. 

 

Among the polymers, elastomers are thermoset materials that are molecularly 

characterized by an irreversible, covalently crosslinked three-dimensional network. 

This structure hinders their reprocessing and molding like thermoplastics, leading to 

a linear consumption model of make, use, and dispose incompatible with CE 

principles, without proper management. Yet, advancing without elastomers is not 

feasible because of their use in diverse industries, from automotive to aerospace. 

In this sense, the main objective of this doctoral thesis has been the development of 

new self-healing and recyclable elastomers with robust mechanical performance, even 

after multiple recycling cycles. For that, a terpolymer known as carboxylated nitrile 

rubber (XNBR) was selected. Self-healing capability and recyclability were achieved 
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by the formation of an ionically crosslinked network via the incorporation of metal 

oxides (specifically, zinc oxide, ZnO, and magnesium oxide, MgO). These oxides 

form metal salts coordination with the carboxylic groups in the molecular structure 

of XNBR. These functional units, known as ionic pairs, can aggregate into higher-

order thermally-responsive structures, transforming the thermoset material into a 

moldable one, thereby overcoming the constraints of traditional covalent 

crosslinking. 

Initially, beyond a mere state-of-the-art review, a novel classification of self-healing 

elastomers was proposed based on the mechanisms involved and their historical 

evolution. This classification was condensed into four generations, exhaustively 

presenting the nature of the dynamic bonds and interactions involved (non-covalent, 

covalent, and combinations thereof) while also highlighting the latest advancements 

in self-healing rubbers. 

In the initial experimental phase, the molecular dynamics of compounds based on 

covalent and ionic networks and their combinations were explored using broadband 

dielectric spectroscopy (BDS). The findings revealed that the crosslinked network 

profoundly influenced the strength and interactions of the polymer chains, impacting 

two critical properties of XNBR: abrasion resistance and chemical resistance. 

Subsequently, a comprehensive perspective on the recyclability of ionically 

crosslinked XNBR was offered for the first time, emphasizing the changes in 

molecular dynamics across multiple recycling cycles beyond standard tensile tests. 

This study revealed a delicate equilibrium between the crosslink density and 

molecular entanglements, significantly influencing the dynamics of the recycled 

material. Recycling was found to restrict molecular dynamics near ionic domains due 

to an increase in crosslink density, resulting from a reduction in the size of the ionic 

aggregates. Notably, minimal differences in compressive fatigue behavior and 

improved chemical resistance in different solvents were observed, ensuring adequate 

performance under near-service conditions, at least for up to three recycling cycles. 
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An in-depth analysis was then conducted on the impact of ZnO and MgO on the 

physical properties of rubber, simultaneously addressing sustainability aspects such 

as self-healing and recyclability. A comparative study at equal crosslink densities 

showed that excess ZnO imparts stiffness because of its role as a semi-reinforcing 

filler. Conversely, equal oxide contents led to enhanced mechanical properties in 

MgO compounds compared with ZnO, which was attributed to the stronger 

electrostatic attraction of its smaller cations. A significant innovation in this segment 

of the study was the employment of BDS to pinpoint the optimal self-healing 

protocol temperature, deviating from typical trial-and-error methodologies. Self-

healing efficiencies of tensile strength (TS) up to 79 % and elongation at break (EB) 

up to 95 % were achieved after 3 h of thermal treatment at 110 °C. Additionally, 

the selected ionic rubber maintained complete recyclability (100 % recovery of the 

maximum mechanical properties) through three recycling cycles. The developed 

materials demonstrated a remarkable TS of 19 MPa and EB exceeding 700 %, which 

is exceptional for soft materials. These results enabled the successful assembly of a 

soft robotic hand, showcasing the practical application of these findings and 

revealing the potential of such elastomers in advanced applications such as robotics, 

where their use is now a tangible reality beyond mere possibility. 

In the final phase of this study, the effects of incorporating various reinforcing fillers 

on the overall recyclability, self-healing capacity, and mechanical performance of 

ionically crosslinked XNBR were examined and compared. Several reinforcing fillers, 

both conventional (carbon black and silica) and unconventional sustainable (such as 

cellulose; ground tire rubber, GTR, from end-of-life tires, ELT; and toner cartridge 

waste), were analyzed. The addition of modified GTR demonstrated the best balance 

between mechanical performance, recyclability, and self-healing, offering an 

alternative application for tire waste, adding value and contributing to the 

consolidation of circularity in ionic elastomers. 

This doctoral thesis serves as a foundation for the development of more 

environmentally and economically viable elastomeric systems suitable for use in 



Abstract 

 13 

industries as advanced as the field of soft robotics. By pushing the boundaries of 

what is possible in elastomers, this research paves the way for transformative 

solutions that align technological advancements with sustainable practices. 
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Preface 

Motivation 

The Circular Economy (CE) envisions a world in which the continuous reuse of 

products and materials reduces the demand for finite resources and curbs 

environmental pollution. Therefore, the development of self-healing and recyclable 

materials has emerged as a key innovation. Self-healing materials possess the ability 

to autonomously (and sometimes automatically) repair their own damage, which can 

range from small cracks to catastrophic failure. Because of this ability, their lifetimes 

are extended. Moreover, at the end of their service life, recyclable materials can be 

recovered and diverted from the waste stream to be reprocessed and transformed 

into new products. 

The introduction of Repair and Recycle is of paramount interest for the 

production of new polymeric materials, particularly thermoset polymers. Properly 

managed thermoplastics can be reprocessed and reused because of their ability to 

mold at high temperatures. Thermosets, on the other hand, are known for their 

thermal stability and covalent, non-dynamic crosslinked structures, which pose 

significant challenges for reprocessing and contribute to the increase in polymeric 

waste. 

Within thermosets, elastomers, characterized by their elasticity, are a group of 

polymers that are essential to modern life. They are amorphous and highly 

deformable materials with high molecular weights and low glass transition 

temperatures (Tg) but are slightly crosslinked and thus elastic. Crosslinked 

elastomers, i.e. rubbers, are able to retract within 1 min to less than 1.5 times its 
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original length after being stretched at room temperature to twice its length (ASTM 

D1566, Standard Terminology Related to Rubber). For this reason, they are used in 

several applications, including tires as the most characteristic, but also in shoe soles, 

hoses, gaskets, seals, conveyor belts, gloves, catheters, sporting goods, bridge 

expansion joints, insulation, cases and flexible cables, damping components, toys, 

etc., intended for many sectors such as automotive, medical and healthcare, 

construction, clothing and footwear, chemical, petrochemical, mining, aerospace, 

military, and more. The following image summarizes the most important rubber 

applications. 

 

All these applications and sectors involve high production and consumption of 

elastomers, which have rapidly increased over the years and have led to significant 

waste generation. According to the European Tyre & Rubber Manufacturers' 
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Association (ETRMA) in its most recent report available (2021), more than 

4.2 million tons of tires and 2.3 million tons of general rubber goods were produced 

in 2020. Thanks to the efforts of the tire value chain during the last 25 years and 

European regulations, the logistical issue of the collection of End-of-Life Tires (ELT) 

has been solved through the setup of Extended Producer Responsibility schemes. As 

a result, valuable materials contained in tires have become available for recycling. 

Of the approximately 3 million tonnes of tires reaching the end-of-life stage, just 

1.6 million tonnes (approximately 53 % of the total collected) are recycled into 

rubber, steel, and textile fibers. It is important to note that the reutilization 

strategies for these recycled materials often involve the creation of lower value-added 

products. Examples of such applications include the use of recycled rubber in 

playground surfaces or as infill for football fields. No data are available for other 

rubber products where recycling efforts are lower. 

In other countries with more lax environmental legislation, the picture is even 

bleaker. According to the United States Environmental Protection Agency (EPA), 

in its latest report on municipal solid waste (2018), 9.6 million tonnes of rubber and 

leather waste were generated in the United States of America, of which less than 

19 % has been recycled and almost 55 % has ended up in landfills, while the rest 

goes to energy recovery or co-incineration in the cement industry. Available data 

from other populous and rapidly developing economies, like China and India, where 

both production and consumption rates are significantly high, do not suggest more 

promising scenarios. This underscores the pressing need to improve the circularity 

of the elastomeric products. Thus, the development of new self-healing and recyclable 

materials is of great scientific, environmental, and economic relevance, impacting 

multiple sectors and contributing to several Sustainable Development Goals (SDG) 

of the United Nations (UN). 

For example, the use of self-repairing and recyclable materials ensures reduced 

maintenance costs and the need for frequent replacements that translate into not 

only advanced but also sustainable infrastructure. This helps build robust industries 
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and motivates other innovations that prioritize longevity and sustainability over 

short-term gains (SDG 9: Industry, Innovation, and Infrastructure). However, the 

applications of self-healing and recyclable materials are not limited to industrial 

environments. Their integration into urban planning and construction could be 

transformative. Imagine flexible hoses or pipes in buildings that repair their own 

cracks or more durable roof waterproofing membranes, leading to cities requiring 

less resource-intensive maintenance. Such cities would not only be more sustainable 

but also more cost-effective in the long term, ensuring that urban life remains 

sustainable as the world's population continues to grow (SDG 11: Sustainable Cities 

and Communities). 

However, the essence of these materials in extending product lifetime and minimizing 

waste directly encourages responsible consumption (SDG 12: Responsible 

Consumption and Production). Fewer frequent replacements and reuses of materials 

at the end of their first service life means that fewer resources are extracted, 

processed, and transported, resulting in a smaller overall environmental footprint 

(SDG 13: Climate action). When considering SDGs 14 and 15, the connections may 

seem less direct, but they are profound. While these materials themselves may not 

directly mitigate climate change, reducing waste from more durable products means 

less ocean (SDG 14: Life under water) and land (SDG 15: Life on land) pollution, 

thus preserving our ecosystems. Therefore, the development of materials that are 

self-healing and recyclable is indispensable for achieving the 2030 Agenda and the 

UN SDGs. 

This sounds like part of the plot of a futuristic movie, but the truth is that scientists 

have made substantial progress in creating self-healing and recyclable materials from 

metals and concrete to rubbers and composites. But how does a material become 

self-healing and recyclable? 

For elastomers, the repair process can be driven by extrinsic or intrinsic mechanisms. 

Extrinsic mechanisms are extrinsic to the molecular structure of the matrix and are 
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based on the incorporation of external agents normally dispersed within rubber into 

microcapsules or vascular networks. When damage occurs, these capsules or 

networks break, releasing the repair agent and sealing the cracks. Intrinsic 

mechanisms include the mobility and diffusion of polymeric chains, or the use of 

dynamic bonds or supramolecular interactions that are reversible when an external 

stimulus is applied. Some of the dynamic bonds and supramolecular interactions 

widely used in self-healing rubbers are disulfide bonds, ionic interactions, metal-

ligand coordination bonds, hydrogen bonds, and Host-Guest and Diels-Alder 

chemistry, among others. If crosslinked networks can be constructed from these 

bonds and interactions, upon application of a stimulus, such as temperature or 

electrical current, these networks are deconstructed, releasing the polymeric chains 

and converting the originally thermostable material into a moldable one. The 

advantage of the intrinsic mechanisms in rubbers is that, owing to these principles, 

the material gains self-healing capacity and recyclability. 

The potential of self-healing and recyclable materials is evident; however, they still 

face persistent challenges. One of these is the chemical stability of many commercial 

elastomers, which hinders the reactions necessary for the construction of dynamic 

crosslinked networks. Therefore, the choice of matrix must be made carefully to 

avoid the need for successive modifications and raw materials that only perpetuate 

the contamination spiral. On the other hand, developing a self-healing mechanism 

that is efficient and effective for a wide range of damage is not a simple task. This 

includes ensuring that the material can fully repair cracks or breaks without 

compromising its mechanical properties. The actual conditions of the healing 

protocol are challenging because of the large number of variables that must be 

optimized (post-damage time, healing time, contact conditions, temperature, 

pressure, etc.). The ability of a material to maintain its self-healing capability and 

recyclability over time and after multiple cycles is essential for its long-term viability. 

The development and manufacture of these materials often involve expensive 

processes and a large number of ingredients. Elastomers are subjected to a 
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compounding process that involves a large number of additives with diverse 

functions, such as reinforcing agents, anti-aging agents (essentially antioxidants and 

antiozonants), plasticizers, colorants, odorants, and process aids, each with a specific 

function. Reducing the number of ingredients involved, their costs, and ensuring 

scalability for mass production in specific applications are significant challenges. 

Finally, from a research point of view, establishing standards and regulations to 

ensure reproducibility and comparability between materials, as well as safety, 

efficacy, and quality, is essential, especially in critical industries such as the 

automotive, aerospace, and medical industries. In summary, although self-healing 

and recyclable elastomers offer many exciting possibilities, their development and 

practical applications require overcoming technical, economic, and regulatory 

challenges. 

This doctoral thesis proposes fundamental research to overcome some of these 

challenges and thereby develop self-healing and recyclable materials. It is also sought 

that the materials developed are scalable towards advanced applications, such as the 

manufacture of soft robotic grippers. For this purpose, carboxylated nitrile rubber 

(XNBR) was used. XNBR is a variant of nitrile rubber (NBR), a random terpolymer 

of acrylonitrile, butadiene and acrylic or methacrylic acid, which contains carboxyl 

groups as active functional groups. Nitrile rubbers and their derivatives are 

commonly considered the workhorses of the automotive rubber industry because of 

its outstanding mechanical properties, resistance to oils, fuels, lubricants, and 

greases, heat resistance, and relatively low cost. The next figure summarizes the 

most important properties of XNBR. Because of the presence of carboxyl groups in 

its molecular structure, XNBR can form a crosslinked network based on ionic 

interactions in the presence of a metal cation. This results in an ionic elastomer. 

Ionic elastomers consist of a crosslinked network formed by ionic-rich domains owing 

to metal salt coordination. According to the Eisenberg model, these ionic domains 

gather in higher structures known as multiplets, which in turn form clusters that 

can dissociate and associate with temperature, thereby demonstrating their 
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reversible nature. The latter are characterized by a high proportion of trapped 

chains, which restrict mobility and lead to the appearance of a new transition (i.e., 

ionic transition) above Tg. This dynamic characteristic enables them to be 

considered healing moieties and favors recycling. 

 

Thus, this research is designed to follow CE principles and serve as a starting point 

for the development of new economically and environmentally friendly rubbers with 

potential use in several industries and as an alternative strategy for the management 

of polymeric waste. 

 

Objectives 

The main objective of this doctoral thesis is to develop self-healing and recyclable 

ionic elastomers using commercially available and cost-effective raw materials while 

minimizing the number of additives required. The focus is on maintaining the 

mechanical performance of the material even after multiple recycling cycles. 

Sustainability is also supported by the reduction in the number of additives required 

for compounding. The technical feasibility of these materials in the manufacturing 
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of soft robotic grippers will be evaluated. The incorporation of sustainable reinforcing 

fillers, such as cellulose fibers (CF), ground tire rubber (GTR) from ELT, and waste 

parts from toner cartridges, will also be evaluated. The combination of Repair and 

Recycle, with optimized recipes and processes, as well as sustainable fillers intended 

for advanced applications, will improve the quality of the rubber products developed. 

These materials will contribute decisively to the UN SDG. The following scheme 

represents the main objective of this doctoral thesis. 

 

To fulfill this main goal, this research focused on five specific objectives: 

Design of methodology: Develop a methodology based on intrinsic healing 

mechanisms for the self-healing and recyclability of XNBR, focusing on the creation 

of ionic elastomers. This approach should leverage the unique properties of XNBR 

to enhance both the self-healing efficiency and the sustainability of the material. 

Optimization of self-healing conditions: Optimize the self-healing conditions of 

the developed ionic elastomers by minimizing the required time and temperature. 

Utilize advanced characterization techniques, such as broadband dielectric 
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spectroscopy (BDS), to fine-tune the healing process to maximize efficiency and 

effectiveness. 

Evaluation of recyclability: Assess the recyclability of the prepared ionic 

elastomers over multiple recycling cycles. This evaluation should involve monitoring 

a range of properties beyond uniaxial tensile tests to gain a comprehensive 

understanding of the behavior and endurance of the material through repeated 

recycling. 

Exploration of advanced applications: Investigate the potential applications of 

the prepared self-healing and recyclable ionic elastomers in advanced fields such as 

soft robotics. The focus should be on reducing maintenance needs, minimizing 

environmental impacts, and extending the operational lifecycle of the products. 

Preparation of reinforced elastomers: Develop reinforced ionic elastomers based 

on XNBR by incorporating both conventional and non-conventional fillers. Study 

the impact of these fillers on the self-healing capability, recyclability, and mechanical 

performance. 

 

Structure 

This doctoral thesis has been divided into seven chapters: 

Chapter 1 introduces state-of-the-art self-healing and recyclable elastomers. It 

presents a new classification for self-healing elastomers composed of generations, 

based on their historical development and healing mechanisms. The potential of 

these advanced materials for commercial applications, including high-performance 

sectors, has been explored. 

Chapter 2 details the materials, general experimental techniques, and methods used 

throughout the preparation and characterization of the developed rubber 

compounds. 
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Chapter 3 discusses the development of an ionically crosslinked network in XNBR. 

It presents an in-depth study of molecular dynamics using BDS. The prepared 

network described in this chapter served as the basis for the rest of the developments 

in this doctoral thesis. 

Chapter 4 offers a comprehensive evaluation of recyclability, focusing on the 

changes in molecular dynamics through multiple recycling cycles. It details the 

development of a rubber recipe and scalable recycling process, analyzing the behavior 

of the material, especially in terms of crosslink density and molecular entanglements. 

Chapter 5 deals with an exhaustive analysis of the impact of different oxides on 

the construction of crosslinking points in ionic elastomers and their influence on the 

mechanical performance, repairability, and recyclability. BDS was used for the first 

time to ascertain the optimal temperature for the healing protocol, which differs 

from the conventional trial-and-error methods. Using an optimized compound, the 

feasibility of manufacturing tendon-driven soft robotic grippers was demonstrated, 

thereby addressing the challenges in soft robotics related to load capacity, durability, 

and sustainability. 

Chapter 6 provides a comparative analysis of various conventional and sustainable 

reinforcing fillers for XNBR-based ionic elastomers. It revisits the balance between 

mechanical strength, self-healing capacity, and recyclability, contributing to the 

development of sustainable materials that combine robust mechanical properties 

with ecological viability. 

Chapter 7 presents the conclusions of the thesis and offers a future outlook, 

summarizing the key findings and suggesting directions for further work in the field 

of sustainable, self-healing, and recyclable ionic elastomers. 

Finally, the Appendices include indexed publications, dissemination articles, 

participation, and contributions to national and international conferences as well as 

the research stay carried out at the Vrije Universiteit Brussels (VUB) in Belgium. 

The following figure summarizes the structure of this doctoral thesis. 
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Chapter 1. Introduction 

According to the World Bank [1] by 2050, an increase in global waste generation is 

anticipated, reaching 3.4 billion tons annually, a drastic increase from the current 

2.01 billion tons. Asia, Europe, and North America are collectively responsible for 

over 70 % of this total waste production (Figure 1.1). 

 

 

Figure 1.1. Share of waste generated worldwide. Adapted from the data in [1]. 
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Of the current total waste output, 2 % is categorized as rubber and leather waste. 

This represents over 40 million tons per year worldwide. Rubber waste is particularly 

problematic due to its challenging reprocessing. Unlike plastics, the inherent 

structure of rubbers, characterized by an irreversible crosslinked network, makes 

them thermosetting materials and, therefore, not amenable to conventional 

temperature-driven reshaping or reprocessing techniques. Moreover, rubber products 

often incorporate numerous additives, each serving a distinct purpose in product 

performance. The manufacturing of those additives also carries its own 

environmental burdens, potentially exacerbating the ecological impact of rubber 

materials beyond current estimations. Despite all these challenges, progress without 

rubbers, and polymers in general, is inconceivable, given their critical role in different 

applications. 

Our world, significantly shaped by the myriad applications of polymers, is also 

moving towards the ideals of a Circular Economy (CE) and striving to achieve the 

United Nations Sustainable Development Goals (SDG). In this context, the dilemma 

surrounding rubbers demands immediate actions. Scientific endeavors are 

increasingly focused on meeting the needs for continuous reuse of materials, aiming 

to lessen reliance on finite resources and mitigate environmental pollution. A notable 

development in this area are self-healing and recyclable materials. These innovative 

materials possess the capability to repair themselves, either autonomously or 

automatically, thereby prolonging their lifetime. Furthermore, their recyclability 

ensures that, upon reaching the end of their extended lifetime, they can be reused, 

diverting them from the waste stream and transforming them into new products. 

The implementation of Repair and Recycle strategies is critical in the development 

of new polymeric materials, especially thermoset polymers like rubbers. Chapter 1 

of this doctoral thesis will delve into fundamental definitions related to elastomers 

and rubbers, alongside exploring the essential concepts of recyclability and self-repair 

as key strategies in fostering a more sustainable society. 
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1.1. Elastomers 

Elastomers, a distinct category within the broad family of polymers, are 

characterized by their remarkable ability to withstand high deformations, and then 

return to their original dimensions once the applied stress is removed [2]. This 

attribute, known as elasticity, is their defining characteristic. ASTM D1566-21a [3] 

about Standard Terminology Relating to Rubber, provides a simple but precise 

definition as follows: 

Elastomer, noun—an elastic polymer. 

Elastomeric materials find their use in a myriad of applications, with tires being the 

most notable example. However, as highlighted in the Preface, their utility extends 

far beyond, encompassing shoe soles, hoses, gaskets, seals, conveyor belts, gloves, 

catheters, and a range of sporting goods. They are also crucial in the construction 

of bridge expansion joints, as well as in the manufacture of insulation materials, 

flexible cables, and casings. Additionally, elastomers are key components in shock 

absorbers, an array of toys, and many other products. 

This wide range of applications makes it an essential player in multiple industries, 

including automotive, medical and healthcare, construction, clothing and footwear, 

chemical, petrochemical, mining, aerospace, and military. Each of these industries 

relies on the unique properties of elastomeric materials for different applications [4]. 

Elastomers can be either non-crosslinked or crosslinked, each category possessing 

distinct properties and implications. Non-crosslinked elastomers retain a simpler 

molecular structure, offering greater flexibility. However, they lack the enhanced 

durability and thermal stability of their crosslinked counterparts. This distinction 

makes non-crosslinked elastomers suitable for applications like medical tubing and 

certain types of adhesives, where flexibility and conformability are more critical than 

long-term durability. On the other hand, crosslinked elastomers are characterized by 

their interconnected molecular structure. This crosslinking imparts more resistant to 
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swelling by organic liquids, enhanced mechanical strength, and thermal stability, 

making these elastomers ideal for applications requiring durability and resilience, 

such as automotive tires and industrial seals. Crosslinked elastomers are also called 

rubbers [2,5,6]. ASTM D1566-21a [3] about Standard Terminology Relating to 

Rubber, provides a precise definition as follows: 

Rubber, noun—crosslinked elastic material compounded from an elastomer, 
susceptible to large deformations by a small force and capable of rapid, 
forceful recovery to approximately its original dimensions and shape upon 
removal of the deforming force. 

In the available scientific literature and within the industry, the term elastomer is 

often used synonymously with rubber. In this doctoral thesis, these terms will be 

treated as interchangeable, because all elastomers developed will be crosslinked. 

However, rubber is a term with broader applications. It not only denotes crosslinked 

rubber products but is also employed to describe raw rubber, rubber adhesives, and 

rubber glues. More significantly, the term rubber is used in technical definitions 

describing states and properties of matter, such as rubber elasticity, rubbery state, 

and rubbery matrix. [2] 

The process by which rubbers undergo crosslinking of their polymer chains is known 

as vulcanization [7,8]. This reaction allows them to transform from a more plastic 

state to one formed by a three-dimensional crosslinked network (Figure 1.2), thereby 

acquiring, improving or extending the characteristic property of elasticity. To induce 

this reaction, it is necessary to blend the elastomer with the additives comprising 

the vulcanization system [5,9]. The crucial additive in this system is the crosslinking 

agent, which determines the nature of the bonds between rubber chains [5]. 

Sulfur (S) is the most widespread vulcanization agent used in diene rubber, forming 

S-based	covalent crosslinks. Vulcanization with S allows precise control over material 

processing, but requires the combination of other ingredients to achieve optimum 

cure times. These ingredients include: (1) accelerator, to increase the reaction rate; 

(2) activators, to initiate the action of the accelerator, and in specific manufacturing 
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processes and environmental conditions, such as hot environments, (3) retarders, to 

slow down the initiation of the reaction [7]. 

 

 

Figure 1.2. Polymeric rubber chains before and after vulcanization. 

 

The second widely used vulcanization agents for rubber compounds include organic 

peroxides. Vulcanization with organic peroxides also results in the formation of 

covalent crosslinks networks [7]. Nonetheless, these crosslink points are 

carbon−carbon (C−C) bonds, which are more thermally stable than S-based bonds, 

but exhibit lower mechanical performance [5]. 

As previously mentioned, conventional covalent crosslinked elastomers, such as those 

obtained with S- and peroxide-based vulcanization systems, at the end of their 

lifetime are particularly critical for the environment because of their reprocessing 

difficulties. These irreversible crosslinked networks act as “anchor points”, preventing 
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the flow of polymeric chains. Consequently, the material cannot be reshaped [4] and 

a considerable amount of rubber waste is generated. One of the strategies to solve 

this issue has been the recovery of end-of-life tires (ELT) for their use as a diluent 

or reinforcing filler in new composite materials [10–14]. In addition, the selective 

breaking of crosslinking points, known as devulcanization [15–19], has been 

extensively studied. However, both strategies have been considered insufficient. 

Therefore, the redesign of crosslinked rubbers is mandatory. The most recent 

redesign strategies focus on building dynamic networks [4,20,21]. 

The creation of crosslinked polymers with dynamic networks has spawned a new 

generation of polymers known as DYNAMERS (DYNAmic polyMERS) [22,23]. The 

construction of these networks is based on multiple dynamic bonds and/or 

supramolecular interactions, such as hydrogen bonds [24,25], ionic interactions [26], 

metal-ligand coordination [27], disulfide exchange [28], and Diels-Alder chemistry 

[29,30], among other covalent and non-covalent mechanisms and/or combinations 

between them [31–35]. The reversible nature of these networks can be controlled by 

an external stimulus, such as temperature, pressure, electrical current, or magnetic 

field, or further changes in the medium, such as pH [36–38]. In this way, the stimuli-

responsive material would be able to release its “anchor points”, allowing the flow of 

its chains until reshaping. 

Special elastomers, such as carboxylated rubbers, are potentially useful for the 

development of DYNAMERS, as they support other vulcanizing agents that promote 

the formation of ionic crosslinks. The functional crosslinking unit (ion pairs) is 

capable of regrouping in higher-order structures known as multiplets and clusters 

[39,40]. The latter structure acts as supramolecular crosslinking points [41]. However, 

unlike covalent systems, these structures tend to be unstable at higher temperatures 

[42–44]. Figure 1.3 summarizes the nature of the crosslinks formed by the most 

common vulcanization agents in rubber recipes (S and organic peroxides) and ionic 

crosslinks based on metal cations. 
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Figure 1.3. Functional crosslinking units by S, organic peroxides, and ionic crosslinks. 

 

1.2. Ionic Elastomers 

When the fundamental crosslinking unit in a vulcanized elastomers is based on ionic 

interactions, which form a separate phase from the matrix, they are known as ionic 

elastomers or elastomeric ionomers. 

In 1965, DuPont introduced the term ionomer to describe Surlyn®, a thermoplastic 

polymer based on ethylene and partially neutralized methacrylic acid [45,46]. Today, 

ionic elastomers, some block copolymers, and blends of polyolefins with elastic 

polymers form the thermoplastic elastomers (TPE) group. This family of elastomers 

combines the elasticity of rubber with the reprocessability of a thermoplastic [46,47]. 

The schematic in Figure 1.4 summarizes the types of TPEs currently in existence, 

as well as the nature of the phases that constitute these materials. 
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Figure 1.4. Classification of TPEs. 

 

In a TPE the elastic behavior is achieved through the presence of at least two 

separate phases. Both phases are thermodynamically incompatible, leading to phase 

separation. This implies that polymer networks of flexible chains (soft phase) are 

interconnected by hard domains [46]. The soft phase, characterized by a low Tg, 

comprises elastomeric segments with high extensibility. The rigid phase consists of 

hard domains with limited extensibility that act as crosslinks. In ionic elastomers, 

this phase is complex and follows an order of aggregation that is explained according 

to a model known as the Eisenberg Model [39,40], illustrated in Figure 1.5. 

Ionic elastomers usually possess ionizable groups grafted or incorporated into 

polymer chains (e.g., carboxylic or sulfonic groups), typically not exceeding 15 wt. % 
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of the material [6]. These groups react with a metallic cation (e.g., Na+, Mg2+, Ca2+, 

or Zn2+) to provide ionic pairs, the fundamental crosslinking units [41,43,44,48–54]. 

Ionic pairs tend to aggregate because of their polarity difference from the 

hydrocarbon chains of the elastomeric matrix, resulting in thermolabile crosslinking. 

 

 

Figure 1.5. Structure of ionic elastomers according to the Eisenberg model. 

 

Six to eight ion pairs form multiplets. These multiplets are typically dispersed in the 

matrix [55]. As the ion content increases, the average distance between multiplets 

decreases, leading to the formation of ionic clusters. Clusters are aggregates of several 

multiplets and trapped chains. This higher-order association is caused by 

electrostatic interactions and is affected by the elastic shrinkage forces of the rubber 

macromolecules. The restricted mobility of elastomer chains in the vicinity of ionic 

clusters consolidates the hard phase immersed in the rubber matrix [56]. This hard 
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phase exhibits its own “glass” transition temperature, which is designated as the ionic 

transition temperature (Ti). 

When the material is heated above Ti, the release of trapped chains during long-

range “jumping” of ions [57] leads to an increase in the molecular motion of the 

system, allowing the polymer to be reprocessable. This process is known as ion-

hopping and was initially proposed by Cooper [58]. Furthermore, this process is 

reversible [55]. Upon cooling, the material recrystallizes or vitrifies in its hard phase, 

retaining its shape and reacquiring the elastomeric properties. 

This hierarchical structure gives ionomers outstanding physical properties, which 

allow them to gain ground in multiple applications below their Ti. They have 

recently expanded into multifunctional 3D printed parts [59] and advanced 

applications, such as shape memory elastomers [60,61], dielectric actuators [62,63], 

coatings [64], and self-healing materials [65–68]. 

 

1.3. Recyclability of Ionic Elastomers 

As TPE, ionic elastomers are potentially recyclables. This attribute stems from their 

unique thermally-responsive ionic domains, which initiate ion-hopping at 

temperatures higher than Ti. This process releases trapped chains, temporarily 

transforming the crosslinked structure into a malleable, thermoplastic-like state, thus 

enabling reprocessability. But what exactly does recycling mean? 

According to Directive 2008/98/EC of the European Parliament and of the Council 

of 19 November 2008, on waste and repealing certain Directives [69,70]: 

Recycling means any recovery operation by which waste materials are 
reprocessed into products, materials or substances whether for the original or 
other purposes. It includes the reprocessing of organic material but does not 
include energy recovery and the reprocessing into materials that are to be 
used as fuels or for backfilling operations. 
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This comprehensive definition encompasses waste recovery operations that could 

involve repurposing into lower- or higher-quality products. In this context, it is 

pertinent to differentiate between two approaches of recycling: downcycling and 

upcycling [71]. 

Downcycling entails the breakdown of waste materials into their fundamental 

components or their transformation into materials of lesser quality. Typically, this 

process results in new products with low quality or value. For example, plastics tend 

to lose strength and quality when recycled, restricting their subsequent applications. 

The use of ELT in playground construction or for decorative purposes (such as plant 

pots) are also forms of downcycling [72]. 

The primary benefit of downcycling is its capacity to divert waste from landfills and 

lessen the reliance on pristine materials. However, a notable drawback is the 

progressive deterioration in the quality of products, which can limit the frequency 

of their recyclability. Consequently, materials subjected to downcycling are likely to 

become waste after one recycling cycle [72]. 

Upcycling, on the other hand, is the process of transforming waste materials or 

unusable products into new materials or products of greater quality or value. This 

recycling approach is often viewed as a creative and innovative approach to waste 

reuse, as it enhances the value of the original material. Upcycling holds particular 

importance in sustainable development, as it not only reduces waste volume but also 

curtails the demand for new raw materials. It also enables lower-energy pathways 

promoting the generation of high-value products. Examples of upcycling include 

converting old clothes into new fashion items or using ELT powder for the creation 

of advanced elastomeric materials [73]. 

A key feature of upcycling is its potential to at least maintain or even improve the 

performance of the original materials. Moreover, upcycling supports the notion that 

materials can undergo multiple recycling cycles. Nonetheless, it also faces challenges, 

including limitations in the scalability and uniformity of the resulting products [73]. 
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The upcycling approach is beginning to be introduced in the scientific literature of 

general-purpose rubbers. Recently, Yang, et al. [74] explored an innovative approach 

to recycling waste synthetic running tracks (WSTP) by incorporating them into 

styrene-butadiene rubber (SBR). This method involves using ground powder of 

WSTP as a modifier for SBR. The research demonstrated that adding up to 90 parts 

per hundred rubber (phr) of WSTP significantly increased the tensile strength and 

elongation at break of SBR. The study also discussed the economic benefits of this 

recycling method, noting substantial cost savings and positive environmental 

impacts. This approach not only provides a viable solution for recycling synthetic 

running track waste but also enhances the performance of SBR, making it a 

promising method for sustainable material management. 

Beyond the approach used, the type of operation applied to achieve the reuse of the 

waste material can be biological, chemical and/or (thermo-)mechanical (Figure 1.6.) 

[75]. Biological recycling is based on the degradation and metabolization of polymer 

chains by microorganisms for subsequent reuse [76]. Chemical recycling is understood 

as a process where materials are broken down at the molecular level in order to 

create new products. Unlike other methods, this approach allows the complete 

transformation of complex substances (macromolecules) into simpler substances 

(monomers) [77]. Mechanical recycling aims at recovering materials through 

mechanical processes, such as shredding, grinding, and extrusion [75,78]. These 

operations can be carried out at RT or temperature-driven (thermomechanical 

recycling). In the available literature on ionic elastomers, essentially chemical 

recycling and mechanical recycling have been reported. 

Using chemical recycling, Shao et al. [79] demonstrated the recyclability of ionically 

crosslinked SBR via a solution process. The authors developed a new ionic crosslinker 

using bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) and zinc dimethacrylate 

(ZDMA). The recycling process involved dissolving the initial ionic crosslinked SBR 

in a mixture of toluene and chloroacetic acid, followed by ultrasonic vibration for 10 

h at 90 °C and centrifugation at 10,000 rpm for 5 min. During swelling in toluene, 
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H+ from the ionization of chloroacetic acid replaced Zn2+ in the crosslinked structure, 

forming zinc chloroacetate, and simultaneously, zinc carboxylate in the crosslinked 

structure was transformed into the carboxyl group. The reprocessed SBR with ZnO 

as the crosslinking agent achieved a TS of 3.34 MPa (79 % of the pristine value) and 

EB of 555 % (53 % of the pristine value). 

 

 

Figure 1.6. Recycling operations in elastomeric materials. 

 

The major form of recycled rubber is still ground rubber from mechanical recycling 

[78]. This is produced either by cryogenic, ambient, or wet grinding. Zainol et al. 

[80] explored the recyclability of XNBR ionically crosslinked with zinc thiolate (ZT). 

This method allows for the effective self-healing and recyclability of the material. 

The recycling process involved cutting the vulcanized rubber into small pieces and 

masticating them on two-roll mills heated at 80 °C for 5 min. Subsequently, the 
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rubber was hot-pressed into sheets and shaped for tensile testing. With 30 phr of ZT 

the full recyclability of its properties was observed at the breaking point. The 

increase in mechanical performance after three recycling cycles was attributed to 

changes in the morphology. However, no other evidence was presented, no changes 

in molecular dynamics were observed, and it was not ruled out that the changes in 

morphology could be associated with the mastication to which the recycled rubber 

was subjected to on the two-roll mill. 

Identical recycling methodologies have been also used in EPDM grafted citraconic 

acid with ZnO and zinc stearate (ZnSt) [81], carboxylated SBR (XSBR) ionically 

crosslinked with ZnO [82], EPDM grafted maleic anhydride (MAH) with zinc acetate 

(ZnAc) [83] and in XNBR crosslinked by Ni–cysteine and Zn–cysteine complexes 

[84]. 

All these works show a strong orientation towards the study of recyclability with 

tensile mechanical properties. However, although TS and EB are crucial parameters 

in rubber compounds, they do not represent a functional test in real-world scenarios. 

This is because most elastomers are not subjected to exclusive uniaxial tensile 

conditions in practical applications up to more than 500 % deformation. In this 

sense, relying solely on the recovery of these properties does not provide a 

comprehensive understanding of the molecular changes that occur when the material 

undergoes full reprocessing. Future research should include a broader examination 

of recyclability by considering multiple properties. This doctoral thesis aims to 

address this gap by conducting an in-depth analysis of molecular dynamics using 

advanced techniques and analyzing different properties to provide a comprehensive 

understanding of the recyclability of ionic elastomers with an upcycling approach. 

 

1.4. Self-healing Elastomers 

Inspired by nature, self-healing materials have the ability to repair or restore 

damage, replicating mechanisms found in living organisms, such as plants and 
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human skin. To ensure the success of self-healing, three concepts were defined by 

van der Zwaag et al. [85]: a) localization, b) temporality, and c) mobility. This work 

introduces a fourth key concept: d) mechanism to classify different generations of 

self-healing materials (Figure 1.7) [86]. 

 

 

Figure 1.7. Key self-healing concepts. Adapted from [86]. 

 

The concept of localization refers to the position and/or scale of damage. It can be 

superficial, such as scratches, (micro) cracks, or cuts; it can be deep, such as the 

propagation of surface damage, fiber debonding, or delamination, resulting in 

catastrophic damage, or molecular scale damage, for example, breakage of the 

material network [87]. The localization and scale of these damages play an essential 

role when considering the self-healing capability of a material. The aim is to develop 

a single protocol that ensures healing at all scales; however, specific protocols can be 
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designed for particular damages according to the intended application of the 

material. 

The second factor, temporality, is given by the time gap between a damage event 

and its repair. Even in nature, self-healing is time-dependent, not instantaneous. The 

target is to minimize the time for healing to occur. One way to reduce this time is 

by conferring mobility to the material, which is the third key concept. Mobility 

promotes the diffusion of the healing agent to the damaged area as well as the 

reformation of broken bonds. This concept is key to optimizing others; for example, 

if the mobility of the agent is not adequate, it will not flow towards the damage, or 

it will do so slowly. 

The last key concept of self-healing is its mechanism. This concept enables 

classification of self-healing materials into two families: extrinsic and intrinsic. 

Extrinsic self-healing materials are those in which the process depends on an external 

agent that is normally dispersed in the form of capsules or vascular systems. These 

agents are released to seal the damage and do not interact specifically with the 

matrix. On the other hand, intrinsic self-healing materials are those in which the 

reversible bonds present in the material can be restored after a damage event [87]. 

In the case of polymers, extrinsic systems have widely been used in thermosets, 

mainly in epoxy resins [88–90], while intrinsic mechanisms have widely been 

considered in elastomers, such as silicones [91], polyurethanes (PU) [92], and general-

purpose rubbers [93–95]. At this point, it is important to clarify that the current use 

of intrinsic and extrinsic terms in the field of self-healing to classify any material 

according to the type of mechanism involved differs from its use to designate physical 

quantities. In chemistry, intrinsic describes properties independent of size, shape, 

and quantity (such as density and refractive index), whereas extrinsic refers to 

dependent properties (such as weight and volume). The use of these words has some 

limitations, despite their extensive validation and widespread use in the field of self-

healing [96–100]. All the above motivates the proposal of a new classification based 
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on the self-healing mechanism and historical development that enables the 

organization of self-healing materials in four generations (Figure 1.8). 

 

 

Figure 1.8. Generations of self-healing materials. Adapted from [86]. 

 

1.4.1. Generations of Self-healing Elastomers 

Although it was not the first published mechanism (as will be explained later), the 

first-generation of self-healing materials were based on extrinsic mechanisms and 

employed encapsulated external healing agents. This generation has the 

disadvantage of supporting only a single self-healing cycle [96]. To overcome this 
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limitation, the second generation of self-healing polymeric materials emerged, based 

on intrinsic mechanisms, using the chemistry of reversible bonds; however, the self-

healing capability and mechanical performance of the materials were compromised, 

with an increase in one indicating a decrease in the other. The intrinsic approach 

has been studied for all types of polymers, with special emphasis on elastomers 

[97,98]. Later, further development of extrinsic systems was initiated through healing 

agents confined in vascular networks, giving way to the third generation of self-

healing polymers with a strong inspiration in nature. These systems have been 

extensively studied in thermosets, but their application in elastomers remains 

limited, except for a few studies on silicones [101]. 

Finally, the fourth generation is currently growing fast and aims to overcome the 

different drawbacks of the previous generations. Hence, its objective is to develop a 

polymer with excellent mechanical properties, high healing efficiency, and resistance 

to multiple damage cycles through a combination of different healing mechanisms. 

However, the road to this point has been long, and there are still some challenges to 

be overcome. 

According to the literature, in the 1970s, Malinskii et al. [102–104] presented one of 

the first studies on polymer self-healing, specifically in poly(vinyl acetate) (PVAc). 

Later, Jud et al. [105] and Wool et al. [106,107] further studied the healing of cracks 

in poly(methyl methacrylate) (PMMA), polystyrene (PS), and hydroxy-terminated 

polybutadiene (HTPB). Nevertheless, all these works and those in the immediate 

years were based on chain interdiffusion [108], a well-known concept in polymers 

that only required a temperature slightly higher than the Tg of the material to occur. 

Ellul et al. [109] presented the concept of self-adhesion in butyl rubber (IIR), as an 

essential preliminary step to ensure good contact between the surfaces to be repaired. 

The concept of autonomic self-healing, as we know it today, was introduced by Dry 

et al. [110,111] in the early 1990s; mainly in cement and epoxy resins. However, it 

was not until the publication of White et al. [88] that the definitive impulse for the 
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development of self-healing polymeric materials began. This work is considered the 

starting point for modern self-healing polymers. 

White et al. [88] achieved self-healing by incorporating a healing agent 

(dicyclopentadiene, DCPD) embedded in microcapsules and a platinum catalyst 

(Grubb's catalyst) dispersed in an epoxy resin. Upon the release of the agent and 

encountering the catalyst, the polymerization of DCPD occurs, sealing the crack. 

Initially, this method enabled efficiencies of up to 75 % in the recovery of the 

maximum load in a fracture toughness test. The implementation of this methodology 

in elastomers, specifically in poly(dimethylsiloxane) (PDMS), was carried out by 

Keller et al. [112], who used chemistry based on two types of microcapsules. They 

introduced a high-molecular-weight resin of PDMS functionalized with vinyl groups 

and a platinum catalyst in one, while in another, they encapsulated an initiator and 

a PDMS copolymer with active sites that would serve to link the vinyl groups of the 

functionalized resin by platinum catalyst action. This chemical reaction, also based 

on the polymerization of external agents, allowed efficiencies of up to 120 % in the 

recovery of the tear strength. This first generation has been classified in several ways 

according to the arrangement of healing agents and catalysts. The most widespread 

classification comprises five types: single-capsules, capsule/dispersed catalysts, 

phase-separated droplets/capsules, double-capsules, and all-in-one capsules. It is also 

possible to establish classifications according to encapsulation techniques (for 

example, in situ polymerization, sol-gel reaction, interface polymerization, and 

emulsion) [113]. 

The second generation is based on the chemistry of dynamic bonds. Any bond or 

interaction that is reversible under equilibrium conditions is considered dynamic and 

can be classified as covalent or non-covalent. Intrinsic self-healing mechanisms of 

non-covalent nature comprise all those weak interactions that can occur between 

different families of atoms, such as van der Waals interactions, π-π stacking, dipole-

dipole interactions, hydrogen bonding, ionic interactions, metal-ligand coordination, 

and host-guest interactions. Some authors [114,115] attribute the self-healing 
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capability to the existence of the shape memory effect (SM). There is debate about 

whether SM can be considered a self-healing mechanism. However, undoubtedly 

assists the self-healing process, especially in its initial stages, when the best possible 

contact between the surfaces is required, contributing to achieving high healing 

efficiencies. Figure 1.9 summarizes all non-covalent interactions and their basic 

definitions. 

 

 

Figure 1.9. Non-covalent intrinsic self-healing mechanisms. Adapted from [86]. 

 

Non-covalent systems are characterized by a low bonding energy compared to pure 

covalent systems [116]; therefore, they usually have higher healing efficiencies 

because they facilitate the restoration of broken bonds, even at room temperature 

(RT). The non-covalent interactions most commonly used in elastomers are 

hydrogen bonds [24] and ionic interactions [117]. 
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Intrinsic covalent mechanisms are related to all those chemical bonds that can be 

formed between different atoms, and can be dynamic under an external stimulus. 

Figure 1.10 schematically summarizes some of these bonds and their basic 

definitions. Clear examples are disulfides, which can undergo metathesis reactions, 

and the Diels-Alder chemistry, where Diels-Alder and retro-Diels–Alder reactions 

occur at different temperatures. These bonds have higher energy than non-covalent 

bonds [116]; therefore, their contribution is usually associated with the mechanical 

performance of the material. 

 

 

Figure 1.10. Covalent intrinsic self-healing mechanisms. Adapted from [86]. 

 

Although polymeric materials based on reversible chemistry have been developed in 

the past, Chen et al. [29] specifically designed the first self-healing polymer based on 

multi-furan and multi-maleimide monomers (Diels-Alder chemistry). In this study, 

fracture toughness tests were carried out after healing at temperatures between 
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120 °C and 150 °C, achieving an efficiency of 57 % in the recovery of the maximum 

load. Simultaneously, the effect of pressure on the repair process was evaluated, and 

it was concluded that it had minimal influence on the healing efficiency of this 

material. This work represents an important development in the field because it 

shows a recovery of 80 % after subjecting the material to a third damage event, thus 

proving the occurrence of multiple healing cycles. 

Later, Cordier et al. [118] first introduced the intrinsic self-healing methodology into 

an elastomer designed and synthesized from molecules that could form chains and 

crosslinks through hydrogen bonds. Therefore, they constructed a supramolecular 

network capable of self-restoration at RT. In this work, time dependence in the self-

healing process was evidenced. Longer times implied greater efficiencies. Therefore, 

they concluded that self-healing was not an instantaneous process. 

The third generation of self-healing materials began with the study by Toohey et al. 

[119]. Although the concept was explored almost 20 years earlier by Dry et al. 

[110,111], the definitive stimulus for this generation took considerable time owing to 

the difficulties of incorporating vascular networks into a polymer matrix. This 

generation is typically classified according to the nature of the vascular network and 

its preparation technique. Examples include electrospinning (coaxial electrospinning 

or emulsion spinning), solution blowing (coaxial solution blowing or emulsion 

blowing), and tubes and channel networks (micro/nano, such as hollow glass fibers, 

carbon nanotubes, among others) [101]. Toohey et al. [119] used the methodology 

previously described by White et al. [88]; however, the healing agent (DCPD) was 

confined to a net embedded in the epoxy resin coating. The healing efficiency was 

also measured as the retention of properties in fracture toughness tests, with 

efficiencies of over 40 % and supporting up to seven healing cycles. 

The difficulty of incorporating vascular networks into the matrix has hindered their 

application in elastomers. Only one group has reported the incorporation of an 

electrospun vascular network into PDMS [120–123]. Lee et al. [120,121], prepared 
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two co-axial electrospun networks with polyacrylonitrile (PAN), as shell, and with 

either dimethylvinyl-terminated dimethylsiloxane (resin monomer) or 

methylhydrogen dimethylsiloxane (curing agent) as core. Thus, the two core 

materials interact only upon cutting the PAN shell. The self-healing efficiency was 

qualitatively evaluated as an anti-corrosive barrier and showed good performance. 

Thus, the design of resistant vascular networks that do not break during high-shear 

and conventional processes remains challenging. 

The fourth generation is currently emerging in this field. Since the work of Burattini 

et al. [124], the literature on combined self-healing mechanisms is steadily growing 

(Figure 1.11), and has focused on intrinsic self-healing mechanisms, always searching 

for an optimal combination of dynamic bonds, either covalent or non-covalent [125]. 

This strategy has also been considered for different, but not distant, purposes in 

elastomers, such as recyclability [126–129]. 

 

 

Figure 1.11. Evolution of contributions on self-healing elastomers. Adapted from [130]. 

 

In their first study, Burattini et al. [124] reported a combination of healing moieties 

(π–π stacking and hydrogen bonds) in an elastomeric network based on polyimide 
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and polyurethane with pyrenyl end groups. The π–π stacking was due to the 

π-electron-deficient diimide groups and π-electron-rich pyrenyl units. Meanwhile, 

hydrogen bonds were formed at the intermolecular level between the terminal 

residues of the pyrenyl groups in the PU. This material reached a TS of 0.2 MPa, 

with a healing efficiency higher than 80 %. 

However, this new generation does not mean that further developments using 

previous approaches have ceased. Instead, all available strategies are incorporated 

into different materials, and their feasibility is studied in both traditional and 

advanced applications. For example, the use of extrinsic mechanisms has shown a 

notable increase in coatings [121], instrument panels [131], and sponges [132]; 

whereas intrinsic mechanisms have turned out to be more versatile for general-

purpose elastomers in innovative applications such as nanogenerators [133], sensors 

[134], conductive elastomers [135], and even tires [95]. 

 

1.4.2. Current Developments in Self-healing Ionic Elastomers 

The development of self-healing ionic elastomers occurs mainly within the second 

and fourth generations of self-healing polymers [136]. In particular, the second 

generation has more records in the literature [137] using different types of rubber 

matrices, including natural rubber (NR) and epoxidized NR (ENR) [138–140], SBR 

and XSBR [141], ethylene-propylene-diene rubber (EPDM) [142], polyisoprene (PI) 

[62,143–145], IIR [31,65,146–149], PDMS [150], PU [67], and elastomer-based 

composites [64,66,151,152]. The previous research has demonstrated that self-healing 

systems relying on intrinsic mechanisms like ionic interactions possess an advantage 

over other intrinsic mechanisms, such as hydrogen bonds or π-π interactions, by 

potentially enhancing the mechanical performance of the material significantly. 

Additionally, compared to covalent mechanisms, it is observed that ionic interactions 

exhibit their dynamic nature under lower temperature conditions than those required 

in these alternative systems [4,20,153]. 
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One of the most widely used strategies for the formation of ionic clusters in rubbers 

has been the in situ reaction between methacrylic acid (MAA) and excess Zn2+ 

[154,155] or the grafting of ZDMA [26,94,156]. Xu et al. [140] demonstrated that the 

in situ reaction allows the formation of ionic crosslinks within the NR matrix. The 

variation in the MAA/ZnO molar ratio fine-tunes the mechanical properties of NR. 

A key finding was that the TS of NR with an MAA/ZnO ratio of 2:1.4 increased to 

1.89 MPa, almost tripling the strength of NR with an MAA/ZnO ratio of 2:1, which 

only reached 0.64 MPa. These mechanical strength values can be useful for 

applications that do not require high mechanical performance. The formation of this 

new ionic network is vital for self-healing, where the diffusion of the NR chains 

contributes to the healing process. The prepared compounds showed 53 % healing 

efficiency of TS within 1 min, which increased to 76 % after 5 min. The sample fully 

recovered after 15 min, demonstrating the effectiveness of the self-healing properties. 

In the fourth generation field, ionic interactions have been successfully combined 

with various non-covalent and covalent systems [26,157,158]. For example, Guo et 

al. [133] considered the combination of ionic interactions with hydrogen bonds [159], 

giving rise to a non-covalent network with one of the highest TS and 

resistance/efficiency ratios reported. They prepared ternary elastomeric complexes 

of branched poly(ethyleneimine) (bPEI), poly(acrylic acid) (PAA), and 

poly(ethylene oxide) (PEO) (bPEI/PAA/PEO). These intricated ternary complexes 

facilitated the formation of electrostatic interactions between bPEI and PAA and 

hydrogen bonds between PAA and PEO. Owing to the positive effect of both 

interactions, an elastomeric material was obtained with a TS of 27.4 MPa and a 

healing efficiency of 92 % at RT  in a high-humidity atmosphere. 

The same joint mechanisms were explored in a special-purpose rubber, such as 

brominated butyl rubber (BIIR), with opposite results. Stein et al. [65] designed an 

elastomeric network of BIIR modified with one uracil and one imidazole moiety. The 

latter provides ionic groups associated with the so-called ionic clusters. The former, 

with a bifunctional structure containing two diamidopyridyl moieties, was 
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responsible for the formation of hydrogen bonds. The incorporation of hydrogen 

bonds worsened the healing efficiency achieved with only ionic interactions, since 

they decreased the TS to 5.7 MPa and the healing efficiency to 39 % from a TS of 

10.7 MPa and a healing efficiency of 74 % at 70 °C. 

More recently, Gong et al. [158] reported the innovative design of 2-aminopyridine 

(AP) grafted on ENR that integrates a hybrid bond network of ionic and 

coordination supramolecular bonds. ZDMA was used to provide Zn2+ cations. The 

formed bonds, while sharing identical crosslinking points, exhibit contrasting 

strengths. Through optical microscopy imaging and temperature-dependent FTIR, 

the authors demonstrated that the ionic bonds effectively shortened the spatial 

distance of the ENR chains, enabling them to form a stable, low-energy network. 

This process also facilitates the reconstruction of coordination bonds because of their 

shared crosslinking points. The synergistic interplay of these two bond types endows 

the material with notable mechanical properties, including a low TS of 1.33 MPa 

and a strain capacity of 600 %, along with a high healing efficiency of 92 % after 3 h 

at RT. As evidence, self-healing ionomers have a critical drawback, except for a few 

exceptions. There is a trade-off between how well they can heal and how well they 

can mechanically perform. This antagonistic relationship between the two properties 

has made it hard to create fully functional self-healing elastomers. One solution to 

this problem has been to add fillers that make the self-healing systems stronger, 

which may (or may not) take part in the healing process. 

 

1.4.3. Reinforced Self-healing Ionic Elastomers 

In the dynamic landscape of self-healing ionic elastomers, a key focus lies on the 

durability of the materials. This durability is not only given by the reusability 

provided by the repair process but can also be complemented by a robust mechanical 

performance for which reinforcing fillers must be included in the rubber recipe. 
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Reinforcing fillers [160–165] in rubber compounds can be categorized into two 

distinct groups: conventional and sustainable fillers. Conventional fillers, such as 

carbon black (CB) and silica, and carbon-based nanoparticles, such as graphene and 

carbon nanotubes (CNT), have been the cornerstones for enhancing the mechanical 

properties of these elastomers. Their role in reinforcing the strength and durability 

of materials is well-established. However, there is a growing interest in exploring 

sustainable alternatives that offer environmental benefits without sacrificing 

performance. These sustainable fillers, including cellulose, lignin, and alginate, from 

natural sources, and waste recovered particles, align with the principles of a CE. 

Other fillers that act as diluents can be used in the manufacture of rubber 

compounds to reduce cost, without major effects on the mechanical performance. 

Figure 1.12 summarizes the most common fillers used in elastomeric compounds. 

 

Conventional Fillers 

The exploration of conventional fillers in the realm of self-healing ionic elastomers 

is always a trend. Traditional fillers, such as CB and silica, and advanced 

nanomaterials, such as graphene and CNT, have been extensively studied for their 

potential to reinforce elastomers. These conventional fillers are pivotal for enhancing 

the mechanical properties of elastomers, contributing to their strength, durability, 

and overall performance. CB, in particular, has been a mainstay of rubber 

reinforcement, offering outstanding TS and resistance to wear and tear. While silica 

enhances the thermal stability and rigidity of the elastomers. Additionally, the 

advent of nanotechnology has introduced graphene and CNT as innovative fillers, 

which stand out for their exceptional mechanical properties and the potential to 

impart novel functionalities to ionic elastomers. These conventional fillers play a 

crucial role in optimizing the performance of self-healing elastomers, making them 

suitable for a wide range of applications from automotive tires to advanced 

engineering materials. 
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Some fillers, such as CB, are not environmentally friendly because of the high 

pollution generated by their production. Nevertheless, replacing CB in elastomer 

applications is still not possible, particularly in critical applications that require high 

mechanical performance. Therefore, conferring self-healing capability to composites 

reinforced with this type of filler can be a temporary solution to reduce the 

environmental impact of their use. 

 

 

Figure 1.12. Fillers in elastomeric compounds. Reinforcing fillers are highlighted in blue, 
while diluent are highlighted in dark gray. 
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Zhang et al. [66] delve into the unexplored potential of using CB to reinforce self-

healing elastomers, a concept not previously reported due to the complex changes it 

introduces in the molecular dynamics of the rubber. They focused on a self-healing 

ionomer based on BIIR grafted with tert-butyl pyridine (BP) into which CB was 

introduced. This study reveals that the hierarchical microstructure and multilevel 

molecular dynamics of ionomers are effectively regulated by strong interfacial π-

cation interactions between CB and ionic aggregates. This interaction results in a 

high content of bound rubber, a uniform dispersion of CB, and a compact physical 

network. While these structural changes have a negligible impact on segmental 

motion, they significantly enhance the relaxation time and activation energy of ionic 

clusters, thereby bestowing the ionomer with superior mechanical properties. These 

structural changes also lead to a higher relaxation temperature, which increases the 

self-healing temperature. Despite this, the healing efficiency of the ionomer can still 

be adjusted between 50 % and 100 % depending on the filler content and 

temperature. 

Sattar et al. [166] used a combined mechanism strategy to prepared silica filled 

(SiO2) NR compounds. Their strategy involves the ionization of natural proteins and 

lipids of the elastomer to produce ionic crosslinks. A dynamic supramolecular 

network was formed by adding magnesium sulfate (MgSO4), which provided Mg2+ 

ions, forming electrostatic pairs with the negatively charged lipids arising from acidic 

ionization. This procedure resulted in healing efficiencies of 79 % at 50 °C, with an 

excellent TS of 18.5 MPa. The formation of the ionic network was confirmed by 

Fourier-transform infrared spectroscopy (FTIR) and by comparison with 

deproteinized NR, in which the repair efficiency was only 52 %. 

More recently, Dong et al. [167] used p-phenylenediamine-modified graphene oxide 

(G-PPD) as a crosslinking agent and reinforcing filler in XNBR. They found that as 

the content of modified graphene increased, the crosslink density of the 

XNBR/G-PPD composites increased, leading to enhanced damping properties and 

thermal conductivity. These composites exhibited high TS and EB values. 
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Furthermore, the addition of copper sulfate (CuSO4) to the composite resulted in 

increased tan(δ) peak values, which were attributed to the formation of coordination 

bonds between Cu2+, cyano groups in XNBR, and amino groups in G-PPD. This 

leads to XNBR/G-PPD/CuSO4 composites possessing excellent mechanical 

properties, along with outstanding self-healing and reprocessing capabilities owing 

to the presence of dynamic ionic hydrogen bonds and coordination bonds. This study 

highlights the potential of XNBR/G-PPD and XNBR/G-PPD/CuSO4 composites 

as thermally conductive damping materials. 

 

Sustainable Fillers 

Interest in replacing non-sustainable fillers with renewable alternatives, without 

compromising the performance of rubber compounds, has been growing rapidly. 

Among the most commercially available and economically accessible renewable 

alternatives are organic fibers [168]. Cellulose and lignin are the main constituents 

of most naturally occurring fibers. However, new families of fillers that are beginning 

to make their way into scientific research on these materials also include 

chitin/chitosan [169–172], starch [173–177], and alginate [178,179]. The use of 

materials from waste, such as GTR or CB recovered from ELT, can also be 

considered as sustainable fillers that add value to waste [180–182], giving another 

opportunity to trash and contribute to the CE. 

Starting with cellulose, this fiber has gained substantial attention owing to its low 

cost, availability, and performance attributes. Cellulose is a biopolymer composed 

solely of β-glucose molecules; therefore, it is considered a homo-polysaccharide [183]. 

In terms of properties, cellulose (cellulosic fibers) possesses a relatively high tensile 

modulus (20-70 GPa) a TS (around 1 GPa) counting on the fibril orientation, and 

better flexibility than glass fibers [184]. There are different types of cellulose; the 

most interesting forms of cellulose used as fillers in composite preparation are 
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cellulose (micro- or nano-)crystals and cellulose fibers [168], because of their various 

interactions with rubber. 

Wu et al. [185] present an efficient method to develop robust and self-healable 

NR/ZDMA/carboxylated cellulose nanofibers (XCNF) composites, constructed 

through a XCNF-participated ionic supramolecular network. This NR network was 

generated by the polymerization of ZDMA during controlled peroxide-initiated 

vulcanization. This study revealed a strong affinity between NR with massive ion 

clusters and XCNF, enhancing the uniform dispersion of XCNF and its compatibility 

with NR. Notably, XCNF was integrated into the supramolecular network through 

non-covalent interactions with NR chains equipped with ionic crosslinks, mitigating 

the adverse effects of XCNF on the dynamic characteristics of the network. 

Consequently, the TS of the NR/ZDMA composite with 20 phr of XCNF reaches 

4.13 MPa, while maintaining a self-healing efficiency of over 80 %. 

Lignin is the second most abundant organic polymer in nature, second only to 

cellulose. It can be considered the largest reservoir of aromatic compounds on Earth, 

with great potential for several industrial applications [186]. As a low-cost renewable 

material, it can be used as an antioxidant, reinforcing agent, plasticizer, UV 

protectant, and coupling agent in rubber matrices [187]. Its use as a reinforcing filler 

in rubber compounds is long-standing [188] and has been well-reviewed [187]. 

As a reinforcing filler in ionic elastomers, recently, Zhang et al. [189] develop a cost-

effective strategy to create ionomeric elastomer composites with a significant content 

of lignin, up to 50 wt. %, without requiring purification or chemical modification. 

This innovative approach utilizes XNBR and enhances the compatibility between 

elastomer and lignin through the incorporation of ZnO. The resultant 

lignin/elastomer composites exhibit remarkable mechanical properties, with TS and 

EB reaching up to 19.6 MPa and 397 %, respectively, especially at a lignin content 

of 60 phr. These enhanced properties were attributed to the reinforcing effect of the 

lignin domains and the abundance of sacrificial coordination bonds. Additionally, 
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the composites possess notable self-repairability, with the repaired sample recovering 

94.4 % of its initial TS and 86.3 % of its initial EB after a 2 h repair process at 

100 °C. 

The last material that joined the group of reinforcing fillers in the self-healing ionic 

elastomers was alginate. It is probably the least explored; however, its two 

predecessors have shown promising results in advanced applications. Alginic acid or 

alginate is another widely used naturally-occurring polysaccharide. It is obtained 

from brown seaweeds (algae) such as Kelp, Gulfweed, Ascophyllum, and Macroalgae 

[190], which are naturally available in coastal areas of many countries. Brown algae 

have cell walls with a higher alginate content than red and green macroalgae [191]. 

The chemical structure of alginate has two isomeric conformations: β-(1-4)-D-

mannuronic acid (M blocks) and α-L-guluronic acid (G blocks) [191]. Owing to this 

and the presence of a free carboxylic group, it can easily bond with a variety of 

metal ions through ionic, covalent, redox, and/or coordination interactions. Some of 

the most commonly used cations are divalent (Ca2+ and Mg2+) and monovalent 

(Na+). 

Utrera-Barrios et al. [179] developed TPE composites with self-healing properties. 

These composites were based on blends of ENR and polycaprolactone (PCL), 

reinforced with alginates. The introduction of these natural salts as reinforcing fillers 

notably enhances the TS of the unfilled rubber, increasing it from 5.6 MPa to 

11.5 MPa, while maintaining an impressive EB of approximately 1000 % strain. The 

composites exhibited thermally assisted self-healing, capable of restoring 

catastrophic damage and recovering various mechanical properties by up to 

approximately 100 %. The presence of PCL in the composites facilitated an extrinsic 

healing mechanism at temperatures above its melting point. Additionally, the 

inclusion of alginates promotes the formation of hydrogen bonds and ionic 

interactions, which are crucial for intrinsic self-healing. In the most effective cases, 

the repair efficiency of the unfilled material increased from approximately 68 % to 
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approximately 100 % with 20 phr of calcium alginate (Ca-A) after applying a 

temperature of 110 °C for 12 h. 

Regarding the use of waste particles as fillers in ionic elastomers, mechano-

chemically modified GTR (mGTR) from ELT has been proven to be a feasible 

solution. Araujo-Morera et al. [192] addressed the common trade-off between the 

mechanical performance and repairability of self-healing materials by developing 

hybrid-reinforced self-healing SBR composites. These composites combine the 

mGTR with CB. A notable finding is that the SBR composite reinforced with 20 phr 

mGTR and 20 phr CB retains the healing efficiency of unfilled SBR at 80 % while 

enhancing its TS by 300 %. This represents a successful balance between the two 

crucial properties. The improved healing capability of the composites was attributed 

to the synergistic combination of the disulfide bond exchange and reversible ionic 

clusters formed between the polar groups of mGTR and ZnO. 

All of these composites hold potential for widespread applications in various sectors, 

including automotive, construction, industrial, consumer, medical, electronics, and 

sporting goods. However, further research is required to ensure the scalability of 

these materials, with adjustments in recipes tailored to specific applications. 

The previous examples provide a short overview of self-healing elastomers evolution. 

Over the last 20 years, self-healing materials have evolved from simple systems that 

only support a single healing cycle to systems capable of supporting multiple cycles, 

being activated through sunlight, UV light, or temperature, being repaired in media 

other than air, or being healed at RT within a few minutes. Remarkably, all these 

systems can be processed using conventional techniques and more innovative 

methods, such as 3D printing [193]. 

These improvements have mostly arisen over a short period of time. New ideas have 

evolved from the knowledge gained over previous generations, which are still under 

study. In the near future, upcoming generations will not be limited to two 

mechanisms but are likely to explore multiple combinations (three or more) seeking 
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further positive effects [194]. The use of non-conventional fillers or other additives 

as carriers of additional healing mechanisms could also be a promising option 

[195,196], while molecular dynamics studies seem mandatory for simulating 

interactions between combined mechanisms and for predicting their effect on self-

healing capability [197–200]. 

 

1.4.5. Limitations and Perspectives of Self-healing Elastomers 

Despite the advancements and great efforts, self-healing rubbers and self-healing 

materials in general continue to present serious limitations that should be resolved 

soon. A comprehensive understanding of the underlying self-healing mechanisms, as 

well as the optimization of their conditions, is still lacking. The redesign of 

elastomeric compounds to exhibit this capability requires the consideration of three 

main conditions [130] (Figure 1.13). 

1. The construction of a dynamic but stable and robust network at service 

temperatures to guarantee excellent mechanical performance, 

2. The minimization of components that can hinder the mobility 

necessary to achieve healing (e.g., secondary irreversible networks) and, 

3. Optimization of the appropriate conditions (temporality and external 

stimulus) for each repair mechanism. In turn, these conditions must be compatible 

with material stability to avoid deterioration during healing protocols. 

Achieving an optimal compromise between these conditions is vital, but not easy. 

Furthermore, self-healing is not only about what we do but also how we do it. 

Related to the reproducibility and scalability of self-healing as a property of 

materials, one of the main limitations is the absence of a unified protocol that 

permits quantification of the healing capability and, thus, establishing comparisons 

between systems or families of materials. This limitation becomes more important 

when trying to compare generations in which the measuring protocols are different. 
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As an illustrative example, healing within the first generation (encapsulated extrinsic 

systems) is typically measured using fracture toughness tests. While in the second 

and fourth (essentially intrinsic systems), healing is predominantly measured by 

tensile tests [86]. This difference in criteria, even within the same generation, makes 

it difficult to establish fair comparisons between the materials. 

 

 

Figure 1.13. Venn diagram illustrating optimal healing conditions. Adapted from [130]. 

 

Another limitation is related to the type of damage; therefore, there is an urgent 

need to consider their real scalability. Evaluating the tensile behavior, fracture 

toughness, and monitoring of superficial cracks are insufficient to ensure the service 

behavior of self-healing materials. This scalability also refers to the evaluation of 
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self-healing, not only from the point of view of structural properties, but also 

regarding key limitations and properties defined for specific applications. Fatigue 

resistance, thermal and electrical conductivity, aging, and the dichotomy between 

the dynamic nature of the reversible bonds and the stability of the materials (for 

example, chemical and thermal) should be considered as soon as possible to make 

the practical applicability of these strategies a reality. 

On this road, it is important not to overlook the economic viability, the reduction 

of ingredients in rubber recipes, the commercial prospect, and the corresponding life 

cycle assessment (LCA), which corroborates its environmental impact. When all 

these conditions are matched, the massive scalability of self-healing materials will be 

irreversible, and we will have taken one of the definitive steps towards the 

consolidation of a truly sustainable society. 

 

1.5. Summary 

Chapter 1 gives and overview of the key concepts of self-healing and recycling 

applied to elastomeric materials, with emphasis on ionic elastomers. These selected 

groups of rubbers consist of ionic domains that form a dynamic crosslinked network. 

This serves as a basis for conferring them intrinsic self-healing capability and 

recyclability. The chapter also points out the wealth of complex methodologies but 

also the barriers to scalability and real-world applications. However, there is no 

doubt that the development of recyclable and self-healing elastomers are crucially 

needed to advance CE goals. But can we transform this potential into tangible, 

technology-ready materials using available ingredients and straightforward 

techniques? This doctoral thesis takes up the charge to respond to this question, 

taking advantage of the benefits of those ionic networks. By strategic design 

grounded in feasibility, the aim is to create rubber compounds that check all boxes: 

high-performance, simple processing, low cost and sustainable attributes, including 
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intrinsic self-healing capabilities and recyclability, suited for traditional industries to 

advanced applications, such as soft robotics. 
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Chapter 2. Experimental 

Chapter 2 provides an overview of the materials used for the development of 
the ionic elastomers studied in this doctoral thesis. It also outlines the 
compounding and vulcanization processes, the methods employed throughout the 
research for the characterization of rubbers, as well as the recycling and self-
healing protocols specifically designed and optimized for the materials developed. 

 

2.1. Materials 

A standard rubber recipe is typically composed of different ingredients, as rubber by 

itself is not commonly used for major practical applications. These ingredients form 

different systems, among which two are particularly noteworthy: the vulcanization 

system and the filler system. The first is tasked with overseeing the vulcanization 

process, while the second plays a key role in enhancing mechanical performance 

through reinforcing fillers or aiding in cost reduction via diluting fillers. Depending 

on the specific requirements of a particular application, other ingredients might be 

employed. A summary of all the materials used in the rubber recipes, along with 

those necessary for certain characterization methods, is provided below. 

 

2.1.1. Carboxylated Nitrile Rubber 

Nitrile rubber (NBR) is considered a workhorse in the automotive industry. It is a 

synthetic rubber produced by the copolymerization of acrylonitrile and butadiene 

monomers. When a third monomer, acrylic or methacrylic acid, is added to the 



Chapter 2 

 98 

copolymerization, it results in a terpolymer called carboxylated nitrile rubber 

(XNBR). 

XNBR has carboxylic groups in its chemical structure, which make it stronger and 

improve its exceptional chemical resistance to aliphatic hydrocarbons (such as 

propane, butane, petroleum oil, greases, and fuels) and hydraulic fluids. 

Carboxylation also positively impacts the overall mechanical performance, 

particularly abrasion and tear resistance, and heat resistance. As also mentioned in 

Chapter 1, another key aspect of carboxylation is to provide ionic crosslinking 

moieties. The chemical structure of XNBR is shown in Figure 2.1. 

 

 

Figure 2.1. Chemical structure of XNBR. 

 

A commercial XNBR (Krynac® x750) kindly provided by Arlanxeo was selected for 

this doctoral thesis. This product is a terpolymer synthesized via cold emulsion 

polymerization, non-staining stabilized, with an acrylonitrile content of 27 wt. % 

and 7 wt. %. of carboxyl groups. Supplied in 25 kg bales, with a slight amber color, 

this rubber is recommended for applications requiring high abrasion and wear 
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resistance, high modulus, and good adhesion. Table 2.1 summarizes the technical 

data of this material. 

 

Table 2.1. Technical data of XNBR Krynac® x750, provided by Arlanxeo. 

Property Nominal Value Test Method 

Mooney viscosity 47 MU(1) ISO 289 / ASTM D1646 / 
ML(1+4) 100 °C 

Acrylonitrile (ACN) 
content 

27.0 wt. % ISO 24698 

Carboxyl (COOH) 
groups 

7.0 wt. % - 

Density 0.99 g cm−3 Internal method 

(1) Mooney Units (MU). 

 

2.1.2. Vulcanization System 

The vulcanization system for conventional crosslinked rubber involves a large 

number of additives. Traditional sulfur (S) based systems require a combination of 

accelerators, activators, and/or retardants [1]. One of the advantages of the 

methodology employed in this doctoral thesis is that these complex systems are 

replaced by a single metal oxide (MO). However, this additive not only functions as 

a vulcanization agent; but above stoichiometric saturation, it acts as a semi-

reinforcing filler with a slightly positive impact on mechanical performance. In 

addition, it also acts as a processing aid in mixing as it tends to slightly reduce the 

viscosity of the blend during the action of the rollers. 

Zinc oxide (ZnO, ExpertQ®, with a specific density of 5.47 g cm–3 and a particle 

size < 5 mm) and Magnesium oxide (MgO, Pharmpur®, with a specific density of 
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3.58 g cm–3 and a particle size < 150 mm), both for analysis and supplied by 

Scharlau, were selected as the crosslinking agents. 

For comparative purposes, a covalent network based on a regular S-accelerator 

system, was also designed. S was acquired from Merck. Stearic acid (SA) as activator 

was supplied by Alfa Aesar and n-cyclohexyl-2-benzothiazole sulfenamide (CBS) 

from Biosynth Carbosynth was selected as the accelerator. All these additives do not 

require purification prior to use. 

 

2.1.3. Filler System 

Carbon Black 

Carbon black (CB) is a form of elemental carbon manufactured by controlled vapor-

phase pyrolysis and partial combustion of hydrocarbons. It is composed of fine 

particles with a graphitic carbon core and has a complex structure with layered, 

amorphous regions. This unique composition gives CB a characteristic black color 

and a range of physical and chemical properties essential for its effectiveness as a 

filler and dye. For rubber compounds, CB has been widely used because of its ability 

to improve mechanical properties, abrasion resistance, and tear strength. This makes 

CB the top reinforcing filler for elastomers [2]. 

During the manufacturing of rubber composites, it is blended with the matrix, 

promoting the breakdown of the aggregates and their uniform distribution. This step 

is vital because poor dispersion can lead to inconsistent performance. An optimized 

mixing process aligned with the small particle size (10 – 500 nm), high surface area, 

and structure of CB ensures superior filler dispersion and polymer-filler interactions. 

The primary mechanisms behind CB reinforcement include the following: 

1. Hydrodynamic effect: CB particles restrict polymer chain mobility, 

thereby increasing the viscosity and modulus. 
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2. Physical crosslinking: Polymer chains adsorb onto the CB surface, 

providing reinforcement analogous to that provided by chemical 

crosslinks. 

3. Filler networking: CB particles are linked together into a microstructure 

that resists deformation and crack growth. 

For comparative purposes, two types of CB were selected, N234 and N330, both 

kindly supplied by Birla Carbon and with a particle size between 200-300 µm. N234 

has a higher surface area than N330 and is typically used in high-performance 

applications, especially where abrasion resistance is critical. N330 is a general-

purpose CB, often used in tire treads and industrial rubber products, where a balance 

between wear resistance and cost is required. Table 2.2 summarizes the technical 

data of the two CBs used. 

 

Table 2.2. Technical data of CB N234 and N330, provided by Birla Carbon.	

Property  N234 N330 Method Significance 

Density (g cm−3) 1.7 – 1.9 1.7 – 1.9 N/R - 

BET(1) surface area 
(NSA) (m2 g−1) 

119 78 
ASTM 
D1510 

- 

STSA(2) surface 
area (m2 g−1) 

112 75 
ASTM 
D3265 

- 

Iodine number 
(ION) (mg g−1) 

120 82 
ASTM 
D3493 ­ ION ­ Surface area 

Oil absorption 
number (OAN) 
[ml (100g)−1] 

125 102 
ASTM 
D6556  ­ OAN ­ Structure 

(1) Brunauer-Emmett-Teller (BET) method. 

(2) Statistical Thickness External Surface Area (STSA). 
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Silica 

Silica, also known as silicon dioxide (SiO2), is a naturally occurring mineral. It is 

most commonly found in the form of quartz, and is the primary component of sand. 

In rubber compounding, silica is used in a precipitated, amorphous form, synthesized 

from the controlled precipitation of a sodium silicate solution [3]. 

Silica is particularly significant in the tire industry, where it is used to reduce the 

rolling resistance and improve the fuel efficiency of “green tires” [4]. It is also used in 

several industrial rubber products, where environmental considerations and color are 

key factors. 

For rubber reinforcement, silica usually requires a silane coupling agent (TESPT) to 

effectively bond with a non-polar rubber matrix. This is in contrast with CB, which 

inherently bonds well with rubber owing to its carbon-based structure [5]. However, 

the choice of a polar rubber such as XNBR makes it possible to dispense with the 

use of coupling agents (which are generally expensive), thus taking full advantage of 

the functionalities provided by this reinforcing filler. 

Commercially available silica, ZEOSIL® 1165 MP, kindly provided by Solvay, was 

used in this study. This grade is highly dispersible silica (HDS), which is known to 

enhance the balance between the tire rolling resistance and grip, with a particle size 

of 200 – 300 µm and 2.1 g cm−3 of density. 

 

Cellulose 

Cellulose is a polysaccharide that forms the structural component of the primary cell 

walls of green plants. It is the most abundant organic polymer on Earth. As stated 

in Chapter 1, cellulose can be obtained in its microcrystalline or nanocrystalline 

form and as cellulose fibers. Crystalline forms are widely used in rubber research as 

a natural and renewable alternative for rubber composites [6]. In this doctoral thesis, 

the use of an alternative less-explored form was intended. Cellulose fibers (CF) with 
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a particle size of 50 – 350 µm and fiber diameter of 12 – 15 µm from Merck were 

selected. 

 

Ground Tire Rubber 

As part of the growing environmental concerns derived from inadequate management 

of tire waste, legislation in Europe has promoted the recovery of ELT, reaching high 

recovery rates of up to 95 %. Although only a small percentage of this collected 

amount ends up being recycled, one of the uses that has been gained under this 

principle is the incorporation into new rubber blends [7]. The marketed granulate is 

known as ground tire rubber (GTR). This granule is generally composed of tire waste 

from passenger cars and trucks, which varies substantially in the proportions of the 

three main rubbers (NR, SBR, and BR). SBR is the main component of passenger 

tires, while NR is the main component of truck tires. 

To obtain GTR from ELT, non-rubber components (mainly textiles and steels) are 

separated, and the rubber is shredded. For these granules to be useful in the 

manufacturing of new rubber blends, they must undergo particle size reduction, for 

which grinding at RT or below the Tg of the rubber can be used. In this doctoral 

thesis, for comparative purposes, two GTRs were selected from grinding under 

cryogenic conditions and using water jet technology. Cryogenically ground GTR 

(Cryo, with a BET surface area of 0.0209 m2 g−1) was supplied by Lehigh 

Technologies, and GTR from water jet technology (WJ, with a BET surface area of 

0.1696 m2 g−1) by Rubber Jet. 

 

Toner Cartridge 

Directive 2012/19/EU of the European Parliament and the Council of the European 

Union (EU) was issued on July 4th, 2012 to regulate and mitigate the adverse 

impacts of waste from electrical and electronic equipment (WEEE) on the 
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environment and human health [8]. It aims to promote sustainable production and 

consumption by preventing WEEE and encouraging techniques such as preparation 

for reuse [9]. Inspired by the use of GTR as an additive in new rubber compounds, 

in this doctoral thesis we studied the incorporation of toner cartridges as an additive 

in ionic elastomers. Discarded cartridges (05x Black Noir, Hewlett-Packard) were 

selected from the collection point of the Institute of Polymer Science and Technology 

(ICTP), CSIC. 

The focus was on two constituents of the cartridge: thermoplastic parts (essentially 

the casing) and toner powder (TP). The latter, owing to its characteristic black 

color, is constituted by CB, so it could be used as a reinforcing filler. To properly 

handle the thermoplastic parts, they were subjected to cryogenic grinding in a ball 

mill (CryoMill, Retsch) to reduce the particle size and facilitate their incorporation 

during the mixing process. 9 grinding cycles of 2.5 min duration each, at a frequency 

of 30 Hz, were used, with a preconditioning step before each cycle of 0.5 min at 5 Hz. 

The average particle size was 89 µm. 

 

2.1.4. Other Materials 

Other ingredients used in different experimental techniques throughout the research 

were toluene (ACS reagent) from Merck, and gasoline 95 and motor oil from Repsol 

for crosslink density assessment and chemical resistance, respectively. Any other 

material that has been used in a particular way in any of the chapters of this doctoral 

thesis will be presented in the corresponding section. 

 

2.2. Compounding and Vulcanization 

The manufacture of the ionic elastomers followed a three-stage process: first, the 

design of the rubber recipes; second, the process of mixing XNBR with the selected 

additives; and finally, vulcanization. For ease of reference, specific recipes are 
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presented in each corresponding chapter. All of these are expressed in phr (parts per 

hundred rubber) as a functional unit in the rubber industry. 

 

2.2.1. Mixing 

The mixing process was conducted in a two-roll mill (MGN-300S, Comerio Ercole 

S.P.A.) operating at a friction ratio of 1:1.15. Initially, the XNBR was masticated 

for 4 min. Mastication is a process in which raw rubber is softened and made more 

workable by mechanically breaking down polymer chains. In this process, the rubber 

is passed solely through the counter-rotating rolls. After the formation of an 

elastomeric band, the additives were incorporated in a sequential manner; initially, 

MO was added, followed by 1/2 of the total filler amount (if any was specified in 

the recipe), and then the remaining 1/2 was introduced. During this time, transverse 

cuts were made to the rubber band to promote homogenization of the ingredients. 

Figure 2.2 summarizes this sequence for the unfilled and filled compounds. To 

prevent overheating, which could lead to changes in the molecular structure of the 

rubber such as pre-vulcanization, a water-cooling system was employed through the 

rolls. The total mixing time was 15 min. The blends were stored in a refrigerator for 

a minimum of 24 h before characterization. 

 

2.2.2. Vulcanization 

Vulcanization is the curing process by which rubber acquires its elasticity. The 

vulcanization process was carried out by compression molding in an automatic press 

(P 200 P, Collin) operating at 160 °C and 200 bar during the optimum cure time 

(t90), as determined from the curing curves. Steel molds were used for the sample 

fabrication. 
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Figure 2.2. Scheme of the mixing process. 

 

2.3. Characterization Techniques 

The characterization techniques have been classified according to the type of 

property or parameters that can be determined. Five categories have been defined: 

(1) physico-chemical properties, (2) structural properties, (3) thermal properties, (4) 

mechanical properties and (5) dynamic properties. Each technique used is presented 

within its category in alphabetical order. 

 

2.3.1. Physico-chemical Properties 

Density 

The densities of the different prepared samples required for crosslink density 

calculations were determined following the ISO 2781 standard using the hydrostatic 

weighing method. The values reported for this and all calculations presented in this 
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section are the average with their respective standard deviations, from at least three 

different samples. 

 

Chemical Resistance 

To evaluate the chemical resistance of the prepared recipes, five samples (1 cm × 1 

cm × 2 mm) were immersed in the targeted solvents for 72 h at RT. Before (mi) and 

after (mf) immersion, the samples were weighed to determine the mass change (Δm, 

%), which was used as an indirect measure of chemical resistance, calculated 

according to Equation 2.1: 

∆𝑚 = 100
𝑚! −𝑚"

𝑚"
 Equation 2.1 

 

Crosslink Density 

Mooney-Rivlin Method: The stress-strain analysis allows the calculation of the 

crosslink density (ν) in mol cm−3, using the Mooney-Rivlin method [10,11]. For this 

purpose, the stress (σ) and strain (e) values obtained from the tensile tests were 

used. Subsequently, the reduced stress (σred) was plotted as a function of the inverse 

of the strain ratio (λ−1, with λ = 1 + e) using Equation 2.2: 

𝜎#$% =
𝜎

𝜆 − 𝜆&' = 2𝐶( + 2𝐶' -
1
𝜆. 

Equation 2.2 

where C1 represents the contribution of the crosslinking units, C2 denotes the 

Mooney-Rivlin elastic constant, and is related to the trapped entanglements. From 

the linear region of the plot, the y-intercept is 2C1 and the slope is 2C2. 

Consequently, ν can be calculated by Equation 2.3: 

2𝐶( = 𝑁)𝜈𝑘𝑇 Equation 2.3 
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where NA is Avogadro’s number (6.02 × 10−23 mol−1), k is the Boltzmann’s constant 

(1.38 × 10−23 J K−1), and T is the temperature (in K). 

Swelling Test: An equilibrium swelling test was conducted on five samples with a 

square section of approximately 1 cm × 1 cm × 2 mm. These samples were immersed 

in the selected solvent (toluene) for 72 h at RT, extracted, and dried in air until the 

solvent evaporated to a constant mass. The mass after each step was recorded before 

immersion (m1), after swelling for 72 h (m2), and after evaporation of the absorbed 

solvent (m3). 

Subsequently, ν was calculated and expressed in mol cm−3 using Equation 2.4: 

𝜈 =
𝜌#
𝑀*

 Equation 2.4 

where rr is the rubber density and Mc is the average molecular weight between 

crosslinks. 

The Flory-Rehner expression [12,13] considering the affine model and tetra-

functional networks, f = 4, was required to calculate rr Mc−1 according to Equation 

2.5: 

ln(1 − 𝑉#) + 𝑉# + 𝜒𝑉#' = −
𝜌#
𝑀*

𝑉+ -𝑉#
(
, −

2𝑉#
𝑓 . 

Equation 2.5 

where Vs is the molar volume of toluene (106.28 cm3 mol−1), χ is the Flory-Huggins 

interaction parameter between XNBR and toluene (calculated using the expression 

0.4132 + 0.4341Vr [14]), and Vr is the volume fraction of rubber in the recipe, 

calculated according to Equation 2.6: 

𝑉# =

𝑚,
𝜌#

− 𝑉!
𝑚,
𝜌#

+𝑚' −𝑚,
𝜌-

 Equation 2.6 
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where rs is the density of toluene (0.867 g cm−3) and Vf is the volume fraction of 

fillers in the rubber recipe (if any), calculated following Equation 2.7: 

𝑉! = 𝑎
𝑚(

𝜌#
 Equation 2.7 

where a is the weight fraction of the filler in the blend. 

 

Fourier-transform Infrared Spectroscopy (FTIR) 

FTIR was used to verify the formation of the ionic crosslinks. A spectrometer 

(Spectrum Two, Perkin Elmer) was operated to obtain the IR spectra of the 

compounds in Attenuated Total Reflectance (ATR) mode from 400 cm−1 to 

4000 cm−1 with a resolution of 4 cm−1 and co-adding 4 scans per spectrum. 

 

Rheometric Properties 

The curing properties of the rubber compounds were evaluated using a moving-die 

rheometer (MDR 2000, Monsanto) according to ASTM D5289-19a. The torque 

increment was recorded at 160 °C for 60 min at a frequency of 1.7 Hz and an 

oscillation arc of 0.5°. Approximately 4 g of the uncured rubber sample was 

sandwiched between polyester films inside the rheometer chamber. 

The equipment records the variation in torque as a function of time, resulting in a 

curing curve. Figure 2.3 shows a theoretical representation of the curing curves. As 

the material undergoes crosslinking, its stiffness progressively increases, reaching a 

peak value. This phenomenon is reflected in the curing curve as an increase in torque, 

which generates three distinct zones on the curve. Zone 1, known as the induction 

zone, captures the early stages of the process. As the elastomeric material is heated, 

it becomes more mobile, leading to a decrease in the torque. This decrease serves as 

an indicator of the viscosity of the blend until the onset of vulcanization. Zone 2, 
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the actual curing zone, is marked by a continuous increase in torque, indicative of 

the formation of crosslink points. The rate of this increase is directly related to the 

vulcanization speed. The final stage, Zone 3, encompasses overcuring. Ideally, the 

material would plateau at this stage, indicating the completion of vulcanization. 

However, variations, such as reversion (a decrease in torque post-peak value) or the 

marching modulus (characteristic in ionic systems, where the torque never stabilizes 

due to the continuous movement of ions), can also be observed. Table 2.3 summarizes 

the different parameters obtained from those curves. 

 

 

Figure 2.3. Theoretical curing (vulcanization) curves of the elastomers. 

 

The marching modulus imposes serious complications in the calculation of t90 

because the torque does not stabilize, and different results can be obtained depending 

on the duration of the test. In this case, the tangent method can be applied to 

determine a cut-off point with a more realistic optimum curing time. 
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Table 2.3. Parameters obtained from curing curves. 

Property Description 

Scorch time, ts1 or ts2 (min) 
Time necessary for the torque value to 

rise one or two units above the minimum. 

Curing time, t90 (min) 
Time at which 90 % of the maximum 

torque is reached. 

Minimun torque, ML (dNm) 
Correlated with the viscosity of the 

uncured rubber. 

Maximun torque, MH (dNm) 
The degree of vulcanization. Related to 

the modulus and hardness of the 
vulcanizate. 

DM = MH − ML (dNm) 
Corelated with the crosslink density of 

the rubber. 

Cure rate index, 

CRI = 100 / (t90 −	ts1) (min−1) 

Associated with the entire vulcanization 
rate. 

Peak cure rate, PCR (dNm min−1) 
Maximum slope in the ascending zone of 
the curve. Corelated with the fastest rate 

of crosslink formation. 

 

2.3.2. Structural Properties 

Scanning Electron Microscopy (SEM) 

An environmental SEM (XL30, Phillips) was used to observe the morphology of the 

samples. The microscope was equipped with a tungsten filament. An acceleration 

voltage of 25 kV was fixed. Owing to the polymeric character of the samples, the 

surfaces required sputter-coating with a gold alloy. A cross-section resulting from a 

cryogenic fracture was observed. 
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X-Ray Diffraction (XRD) 

A diffractometer (D8 Advance, Bruker) with Cu-K𝛼 radiation (with λ = 1.52 Å) 

was used to obtain diffraction patterns over a wide 2θ range between 1° and 90° 

(WAXS) under standard conditions (0.2 s per step) using vulcanized solid samples 

of 1-2 mm in thickness. The spectra were expressed as a function of the distance in 

reciprocal space, q, according to Equation 2.8: 

𝑞 =
2𝜋
𝑑  Equation 2.8 

where d is the distance between structures according to Bragg's law (Equation 2.9): 

𝑛𝜆 = 2𝑑 sin 𝜃 Equation 2.9 

 

2.3.3. Thermal Properties 

Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC, 214 Polyma, Netzsch) was used to observe 

the different thermal transitions of the materials. A three-step heating-cooling-

heating method was set at a rate of 10 K min−1 in the range of −90 °C to 160 °C 

under nitrogen flux (2 mL min−1). 

 

Thermogravimetric Analysis (TGA) 

A thermal analyzer (TGA 2, Mettler Toledo) was used to perform a temperature 

sweep from RT to 600 °C under a nitrogen atmosphere, and then up to 800 °C in an 

oxygen atmosphere at a heating rate of 10 °C min−1. 
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2.3.4. Mechanical Properties 

Abrasion Resistance 

Abrasion resistance index (ARIA) was calculated according to Equation 2.10 and 

following the standard procedure in ASTM D5963 (2015), using Method A (non-

rotating). An abrasion test was performed using an Abrasimeter DIN. Three samples 

of each compound were prepared directly via compression molding. 

𝐴𝑅𝐼) =
∆𝑚(𝑑.
∆𝑚.𝑑(

 Equation 2.10 

where Δm1 is the mass loss of Standard Rubber #1 test piece in mg, d1 is the density 

of Standard Rubber #1 in mg m−3, Δmt is the mass loss of the test rubber piece in 

mg, and dt is the density of the test rubber in mg m−3. 

 

Compression Fatigue Testing 

The compressive fatigue response was studied using a tabletop testing system (858, 

MTS) employing cylindrical samples with a diameter of 16 mm and height of 

12.5 mm. A sinusoidal oscillation with an amplitude of 3.1 mm (25 % compressive 

strain) at a frequency of 10 Hz was set. All experiments were performed for up to 

10000 cycles at RT. The final heights were recorded after 5 min and 30 days. 

 

Cyclic Tensile Testing 

Cyclic tensile tests were conducted using the same type of samples and equipment 

as the tensile tests, but with an extension rate of 500 mm min−1 to 300 % strain up 

to ten times. To simplify the plots, only the curves of the first three loading and 

unloading cycles are shown; thereafter, the changes were negligible. 
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Hardness 

Hardness is defined as the resistance to indentation and is influenced by the stiffness 

and viscoelastic characteristics of the elastomer. This parameter is one of the most 

commonly assessed in the rubber sector. The hardness was measured using a Shore 

A durometer (Bareiss, Neurtek). The indentation was held for 15 s at RT in 

accordance with the ISO 7619-1 standard. Tests were conducted on three distinct 

samples for each rubber composite. 

 

Tensile Measurements 

Tensile tests were conducted on dumbbell-shaped specimens in accordance with the 

UNE-ISO 37:2013 standard using a universal testing machine (4204, Instron) 

equipped with a 50 kN load cell. The tests were performed at an extension rate of 

200 mm min−1 and initial gauge length of 35 mm. All reported magnitudes are the 

mean values of the five samples tested and their corresponding standard deviations, 

while the shown stress-strain curves are the most representative of the mean values. 

Figure 2.4 shows the theoretical stress-strain curve of elastomers and Table 2.4 

summarizes the mechanical parameters. 

In the Rubber Science and Technology field [15–17], the stress values recorded at 

specific strain levels, such as 100 % (M100), 300 % (M300) and 500 % (M500), are 

often referred to as “modulus”. While these terms provide an analogous insight into 

the stiffness of a material at these deformation levels, they are not moduli in the 

classical sense, such as Young’s modulus. Although the latter magnitude can be 

calculated using different available models. 
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Figure 2.4. Theoretical stress-strain curves of elastomers. 

 

Table 2.4. Properties obtained from the stress-strain curves of elastomers. 

Property Description 

Stress at 100 % strain, M100 (MPa) Correlated with the stiffness. 

Stress at 300 % strain, M300 (MPa) Correlated with the stiffness. 

Stress at 500 % strain, M500 (MPa) 
Correlated with the stiffness and the 

reinforcement index (RI)(1). 

Tensile strength, TS (MPa) Stress at the breaking point (σb). 

Elongation at break, EB (%) Strain at the breaking point (eb). 

(1) In filled rubbers. 
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2.3.5. Dynamic Properties 

Broadband Dielectric Spectroscopy (BDS) 

Frequency sweeps ranging from 10−1 Hz to 106 Hz were performed on a high-

resolution dielectric analyzer (ALPHA, Novocontrol Technologies) from −100 °C to 

150 °C in increments of 5 °C. The complex dielectric function in the frequency 

domain e*(w) was obtained as expressed in Equation 2.11 [18,19]: 

𝜀∗(𝜔) = 𝜀0(𝜔) − 𝑖𝜀00(𝜔) Equation 2.11 

where e'(w) is the real part and is proportional to the energy stored reversibly in the 

system and e''(w) is the imaginary part and is proportional to the dissipated energy 

(also known as dielectric loss). 

For a supplemental visualization of the effects over the complex dielectric function, 

the reciprocal of the complex permittivity, 1/e*(w), known as the complex electric 

modulus M*(w), can be used and is expressed as seen in Equation 2.12: 

𝑀∗(𝜔) = 𝑀0(𝜔) + 𝑖𝑀00(𝜔) 

 

𝑀0(𝜔) =
𝜀0(𝜔)

K𝜀0(𝜔)L' + K𝜀00(𝜔)L'
 

𝑀00(𝜔) =
𝜀00(𝜔)

K𝜀0(𝜔)L' + K𝜀00(𝜔)L'
 

Equation 2.12 

The analysis of the dielectric spectra and each dielectric relaxation process requires 

the use of different model functions. One of the most general functions is the 

Havriliak-Negami function (HN-function) according to Equation 2.13: 

𝜀∗12(𝜔) = 𝜀3 +
∆𝜀

(1 + (𝑖𝜔𝜏12)4)5
 Equation 2.13 
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where α and β are two parameters related to the symmetric and asymmetric 

broadening of the complex dielectric function, respectively, with 0 < α and αβ £ 1, 

Δe = e0 − e¥ is the dielectric strength, where e0 is the relaxed (w = 0) and e¥ the 

unrelaxed (w = ¥) dielectric constant values, respectively; and, finally, τHN is the 

HN relaxation time, related to the position of maximal loss in the HN-function. α 

and β are also related to the overall position of each maximal loss (τmax = 1/wmax), 

according to Equation 2.14: 

𝜏678 = 𝜏12 Nsin -
𝛼𝜋

2 + 2𝛽.P
&(4
Nsin -

𝛼𝛽𝜋
2 + 2𝛽.P

(
4
 Equation 2.14 

Typically, different relaxation processes and contributions from conductivity are 

combined. If the latter has an electronic origin (such as in electrode- or Maxwell-

Wagner-Sillars-polarization), it does not contribute to e' but e'' is directly 

proportional to the dc-conductivity of the sample (σ0) and inversely proportional to 

w−s, where s < 1. Therefore, a secondary power law (PL) function is required to 

properly fit the complex dielectric function, as shown in Equation 2.15: 

𝜀∗(𝜔) = −𝑖𝑎 -
𝜎9
𝜀:𝜔-. + 𝜀

∗
12(𝜔) Equation 2.15 

where ev is the dielectric permittivity of vacuum (a constant value, 

ev = 8.854 × 10−12 A s V−1 m−1). 

The analysis of dielectric data sometimes requires prior use of the first-order 

approximation of the Kramers-Kronig relation. Different relaxation processes, 

especially at high temperatures, can be complex to analyze because their 

contribution and ionic conductivity can overlap in e''(w). An elegant way to remove 

Ohmic conduction from the measured loss spectra is to use a logarithmic derivative, 

which transforms the real part e'(w) into an imaginary part e''der that is solely based 

on relaxation phenomena [20–22]. Thus, e''der lacks an Ohmic conduction term. This 

approximation is based on Equation 2.16: 
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𝜀00%$# = −
𝜋
2
𝜕𝜀0(𝜔)
𝜕 ln𝜔 ≈ 𝜀00 Equation 2.16 

 

Dynamic Mechanical Analysis (DMA) 

Temperature sweeps from −100 °C to 150 °C were performed using a DMA analyzer 

(DMA Q800, TA Instruments) in tension mode over rectangular specimens (20 ´ 4 

´ 2 mm). A constant amplitude of 20 µm and frequency of 1 Hz were set at a heating 

rate of 2 K min−1. 

 

2.4. Recycling Protocol 

Mechanical recycling involved a two-stage protocol. The first stage comprised the 

reduction of the vulcanized sheet into small fragments by cutting, roughly measuring 

an area of 1 cm2. These portions were then placed inside a mold in an automatic hot 

press at 160 °C and 200 bar for an hour to proceed with the (re)molding process. 

This sequence of actions is termed as one recycling cycle (R1), resulting in the 

transformation of the material into a new solid sheet with a thickness of 2 mm. This 

process was repeated for up to three cycles (R3). Figure 2.5. shows a schematic of 

the two-step recycling protocol. 

 

2.5. Self-healing Protocol 

The healing protocol consists of two primary steps, as shown in Figure 2.6. First, a 

rectangular sample was damaged using a razor blade. In the next step, the 

repairability of the induced damage was explored. For this purpose, the two surfaces 

resulting from the damage were manually repositioned in a mold that matched the 

dimensions of the pristine sample. Subsequently, at 200 bar, different temperature 

and time conditions were applied. 
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Figure 2.5. Schematic representation of the recycling protocol. 

 

 

Figure 2.6. Schematic representation of the self-healing protocol. 
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The mechanical properties of the healed compounds were measured, and the healing 

efficiency (η) was calculated using Equation 2.17: 

𝜂(%) =
𝑃;$7<$% − 𝑃%767=$%
𝑃>#"-."?$ − 𝑃%767=$%

100 =
𝑃;$7<$%
𝑃>#"-."?$

100 Equation 2.17 

with selected properties before healing (Ppristine), after damage (Pdamaged), and after 

healing (Phealed). As the serious damage of cutting a sample in two pieces leads to a 

loss of property after damage (Pdamaged = 0), the equation can be simplified into the 

ratio between the property before and after the healing protocol. 

 

2.6. Manufacturing of Soft Robotic Gripper 

As it is not a transversal method to the whole doctoral thesis, the procedure related 

to the assembly and validation of the soft robotic gripper with the prepared ionic 

elastomers, will be described in the specific chapter where this topic is presented 

(Chapter 5). 

 

2.7. Summary 

As previously illustrated, the process of developing rubber products and their 

accurate characterization is complex. Therefore, reducing the number of steps 

involved and the ingredients used is crucial for real-world scalability. As a summary 

of Chapter 2, Figure 2.7 provides a comprehensive overview of the journey of the 

developed ionic elastomers, from the initial recipe to the final application 

development. 
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Figure 2.7. Schematic of the manufacturing of ionic elastomers. 
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Chapter 3. Rubber Networks 

Chapter 3 discusses the molecular dynamics of various crosslinked XNBR 
networks to understand their impact on critical rubber properties. Several 
compounds were prepared using different crosslinking systems: purely ZnO-based 
ionic networks, purely S-based covalent networks, and dual networks combining 
both. Rheometric analysis showed that the ionic network exhibited faster curing 
times, while the dual networks exhibited higher torques. Chemical resistance tests 
revealed that this property was not affected by the nature of the crosslinks. 
Equivalent values were obtained for the purely covalent and purely ionic 
compounds at equal crosslink densities. In contrast, abrasion resistance is 
susceptible to the type of crosslinking. Compounds with an ionic phase 
(individual or combined) exhibited better performance. Overall, the purely ionic 
networks exhibited an optimal balance of higher curing efficiency and mechanical 
performance, good chemical and abrasion resistance, and distinct recyclability, 
making it a suitable sustainable alternative to traditional crosslinked rubbers. 

 

3.1. Motivation 

Most of the available studies in XNBR crosslinked networks have explained their 

behavior using DMA, with a strong focus on the mechanical performance. Powerful 

BDS, which offers precise and complementary insights for a better understanding of 

these complex systems across broad frequency and temperature ranges [1–6], has 

been less explored. However, beyond the in-depth characterization of these networks, 

the field of Rubber Science and Technology has largely neglected a crucial aspect of 

the development of crosslinked elastomers: sustainability. The commercial focus for 

industrial applications is predominantly on maximizing performance using non-

dynamic covalent networks, often at the expense of neglecting the balance with 

environmental impacts. This research gap, in the author’s experience, could be 
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attributed to the limited studies on application-oriented ionic elastomers, aligning 

with CE principles. Therefore, the motivation behind Chapter 3 is to lay the 

groundwork for a new perspective in the study of ionic elastomers, emphasizing 

sustainability. 

Chapter 3 discusses the molecular dynamics of various networks to understand 

their impact on rubber properties. Initially, different purely ionic compounds were 

prepared, with a focus on optimizing the curing temperature and ZnO content to 

investigate their baseline properties. This sets the foundation for subsequent 

assessments. A covalent compound solely vulcanized with S was developed to match 

the crosslink density of one of the ionic compounds, enabling meaningful comparison 

between the two types of networks. Subsequently, dual networks combining ionic 

(ZnO-based) and covalent (S-based) crosslinks have been developed. ZnO served as 

both an ionic vulcanization agent and an activator for S vulcanization. Special 

attention was given to two main properties of XNBR: chemical and abrasion 

resistance. An in-depth study using BDS was conducted to correlate the molecular 

dynamics of different networks with their performance, thereby complementing the 

existing knowledge on carboxylated elastomers. The chapter concludes by situating 

the prepared vulcanizates within the broader context of sustainability. The focus 

was particularly on the recyclability of the developed compounds, highlighting 

rubber with the optimal balance of physical properties and recyclability as the 

starting point for this doctoral thesis. 

 

3.2. Results and Discussion 

The most important parameter in the vulcanization of rubber is the curing 

temperature. This value is decisive for the reaction rate. In the ionic networks, 

crosslinking of the XNBR matrix was carried out according to Equation 3.1: 
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2 R–COOH + ZnO  ® [2 R–COO−]	Zn2+ + H2O Equation 3.1 

The incorporation of metal ions yields crosslinking bonds between the rubber chains, 

defined as ionic pairs, and originates from the association of the anionic groups 

COO− and Zn2+. The selected XNBR had 7 wt. % of carboxyl groups (–COOH); 

hence, according to Equation 2.7, which considers tetracoordinated ionic crosslinking 

points, the necessary amount of ZnO to obtain the saturation of these groups in 

100 g of XNBR is 6 g. In this context, a base compound of 100 phr XNBR ionically 

crosslinked with 6 phr ZnO was prepared. This compound was labeled as 6ZnO, and 

vulcanized at different temperatures (100 °C, 130 °C, 160 °C, and 190 °C) to select 

the optimum value. Figure 3.1a shows the curing curves obtained and Table 3.1 

summarizes the values of the different rheometric parameters. 

 

 

Figure 3.1. (a) Curing curves for 6ZnO at different temperatures and (b) 6ZnO impeller 
obtained at different temperatures. 

 

The motivating factors behind the selection of the optimum temperature were the 

DM and t90 values. As discussed in Chapter 2, DM, also known as the extent of 

cure, correlates with the crosslink density, and, consequently, the mechanical 

performance of the vulcanizate. For the first three temperatures (100 °C, 130 °C, 
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and 160 °C), the DM value hovers around 6 dNm, with minor differences among the 

samples (less than 0.7 dNm). This similarity suggests that vulcanization at their 

respective t90 values yields an equivalent mechanical performance for the three 

systems. 

 

Table 3.1. Rheometric properties of 6ZnO at different curing temperatures. 

Property  100 °C 130 °C 160 °C 190 °C 

Scorch time, ts1 (min) 10.6 3.8 1.6 1.2 

Curing time, t90 (min) 53.1 17.1 8.3 3.3 

Minimun torque, ML (dNm) 2.0 1.0 0.6 0.4 

Maximun torque, MH (dNm) 8.5 6.9 6.4 5.4 

DM = MH − ML (dNm) 6.5 5.9 5.8 5.0 

Cure rate index, 

CRI = 100 / (t90 − ts1) (min−1) 
2.4 7.5 14.9 47.6 

Peak cure rate, PCR (dNm min−1) 0.1 0.4 0.9 1.2 

 

The focus then shifted to the t90 value, which indicated the duration of the reaction. 

Typically, higher temperatures are expected to reduce the reaction time. However, 

the vulcanization process does not follow a linear relationship. The reaction time 

started at nearly 1 h for the sample cured at 100 °C and was reduced by more than 

threefold to 17.1 min at 130 °C. A further increase to 160 °C nearly halves t90 to 8.3 

min, a reaction time close to that of more commonly used commercial systems. 

Although a lower t90 was achieved at 190 °C, the corresponding DM value was also 

lower than that at the other temperatures. This lower degree of cure could be because 

the high temperature adversely affects the rubber chains and ionic pair stability, 
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making it less suitable (as evidenced by the coloration of the impeller in Figure 3.1b. 

Therefore, 160 °C appears to offer a balanced compromise between a sufficient extent 

of curing and reduced curing time, enhancing the efficiency of the vulcanization. 

 

3.2.1. Unraveling the Rubber Networks: Rheometric and Chemical Characterization 

The effect of oxide content was subsequently evaluated at a curing temperature of 

160 °C. Three compounds were prepared using increasing amounts of ZnO (2.5 phr, 

5 phr and 10 phr). For comparison, a pure covalent compound with 1 phr of S (the 

common vulcanization agent in commercial rubber recipes) was prepared. Table 3.2 

summarizes the rubber recipes of the prepared compounds. 

 

Table 3.2. Rubber compound recipes (in phr). 

 Ionic crosslinks 
S-based 

crosslinks 
Dual crosslinks 

Ingredient 2.5ZnO 5ZnO 10ZnO 1S 1S-2.5ZnO 1S-5ZnO 1S-10ZnO 

XNBR 100 100 100 100 100 100 100 

ZnO 2.5 5 10 0 2.5(1) 5(1) 10(1) 

SA(2) 0 0 0 0 1 1 1 

CBS(2) 0 0 0 0.25 0.25 0.25 0.25 

S 0 0 0 1 1 1 1 

(1) ZnO acts as an activator (for the S-based network) and vulcanization agent (for 

the ionic network). 

(2) CBS acts as an accelerator and SA as an activator for S vulcanization. 
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The curing curves (Figure 3.2a) show that each network exhibits a different behavior 

during vulcanization; the S-based covalent network draws a less pronounced curve, 

showing a slow vulcanization rate. In contrast, ionic networks exhibit a much faster 

vulcanization rate. In addition, instead of reaching a plateau, the ionic networks 

curves exhibit a characteristic slightly upward trend (marching modulus) [7,8]. 

 

 

Figure 3.2. (a) Curing curves and (b) crosslink densities of prepared compounds. 

 

Table 3.3. summarizes the data obtained from the curing curves. As expected, the 

MH value increases with the amount of ZnO as a consequence of two main factors: 

the hydrodynamic effect of a rigid solid in a soft material, and the increase in the 

ionic crosslink points in the matrix, i.e. higher crosslink density, which causes a 

greater resistance to shear deformation [9]. Regarding the crosslink density, Figure 

3.2b summarizes the obtained values. There is a noticeable trend of increasing 

crosslink density with the content of ZnO varying from 2.5 × 10−5 mol cm−3 with 

2.5 phr of ZnO to 3.7 × 10−5 mol cm−3 with 10 phr of ZnO. This increase is 

attributed to the rise in the number of ionic aggregations, promoted by the higher 

oxide content in the matrix. Additionally, the results of 1S and 10ZnO stand out 

because of their similarity; thus, they can be considered equivalent crosslinked 

networks. 
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Table 3.3. Rheometric properties of ionic and covalent systems. 

Property  2.5ZnO 5ZnO 10ZnO 1S 

Scorch time, ts1 (min) 6.7 3.0 1.8 13.4 

Curing time, t90 (min) 12.7 9.9 5.7 85.0 

Minimun torque, ML (dNm) 0.4 0.4 0.4 0.3 

Maximun torque, MH (dNm) 2.6 4.5 5.1 5.3 

DM = MH − ML (dNm) 2.2 4.1 4.7 5.0 

Cure rate index, 

CRI = 100 / (t90 − ts1) (min−1) 
16.7 14.4 25.6 1.4 

Peak cure rate, PCR (dNm 
min−1) 

0.1 0.4 1.1 0.02 

Crosslink density, ν 

(×10−5 mol cm−3) 
2.5 ± 0.1 3.1 ±0.2  3.7 ± 0.1 3.9 ± 0.1 

 

The chemical structure of each matrix was verified using FTIR spectroscopy (Figure 

3.3). The FTIR spectral analysis provided further insight into the crosslinking 

process and its impact on the chemical structure of the rubber compounds. Figure 

3.3a shows the ATR spectra of a selected sample before and after vulcanization, with 

pure XNBR as a reference. Every band related to the chemical structure of the 

rubber backbone is clearly discerned. At high wavenumbers, 2922 cm−1 and 

2849 cm−1, the doublet corresponding to the vibration of the methylene (–CH2) in 

the polymer backbone was identified, while the medium-intensity band at 2237 cm−1 

was correlated with the cyano group (–CN) in the acrylonitrile monomer. The bands 
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at 967 cm−1 and 916 cm−1 were attributed to the out-of-plane vibrations of the –CH 

near the double bonds (–CH=CH–) of the trans configuration of butadiene and –

CH=CH2, respectively.[10] These bands remained constant after vulcanization, 

indicating the structural integrity of the rubber. 

Of particular interest in ionic elastomers based on carboxyl groups is the band at 

1698 cm−1, which corresponds to the carbonyl (C=O) stretching of the acid. This 

band is directly related to the vulcanization process with metal cations. Depending 

on the vulcanization system used, any shift in this signal indicates the successful 

formation of ionic interactions and their nature. In this case, a shift of up to 

1588 cm−1 is observed after vulcanization. This corresponds to the asymmetric 

carbonyl stretching of the coordination [11–14]. Additionally, after vulcanization, 

new peaks appeared at 1417 cm−1, associated with the symmetric carbonyl stretching 

of the coordination [15]. These results confirmed the formation of metal salts during 

vulcanization. 

 

 

Figure 3.3. (a) ATR-IR spectra of the unvulcanized and vulcanized 5ZnO. (b) ATR-IR 
spectra of the covalent and ionic compounds. 

 

Figure 3.3b shows the infrared spectra of the other compounds in the vulcanized 

state. In the covalent formulation (1S), the carbonyl signal associated with the 
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carboxyl groups appeared unchanged at 1700 cm−1, indicating that these groups 

were free in the matrix. For the 2.5ZnO compound, a small signal appeared at 

1700 cm−1, associated with free carboxyl groups that did not react because the 

amount of ZnO was below its saturation level. All this evidence confirms a clear 

difference in the nature of the networks formed with S and ZnO in the XNBR. 

Having established the basis for the chemical structure and rheometric behavior of 

compounds vulcanized purely with ionic crosslinks and those vulcanized only with 

S, the next step in this research focuses on combined networks incorporating both 

systems. An illustrative scheme of the prepared networks is shown in Figure 3.4. 

 

 

Figure 3.4. Scheme of the prepared crosslinked networks. 
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Figure 3.5 shows the curing curves  The marching modulus for the elastic component 

(S', Figure 3.5a) and the maximum in the viscous component (S'', Figure 3.5b) 

curve, are characteristics of dual networks [7,16]. In the curing curve of the dual 

compound with the highest ZnO content (1S-10ZnO) two slopes were detected in 

the early stages of vulcanization, confirming the formation of the two distinct 

networks. This effect is easily observed for S'' because of the presence of a peak. 

After the typical increase in S'’, because of the initiation of vulcanization, these nets 

do not reach a plateau but start to descend after reaching a maximum value. The 

descending zone is associated with the covalent network, which increases the elastic 

component with a corresponding decrease in the viscous component. This behavior 

was not detected in individual compounds such as 1S and 10ZnO, where S'' reached 

a plateau, indicating the end of vulcanization [16,17]. 

 

 

Figure 3.5. (a) Elastic component (S') and (b) viscous component (S'') of the curing curves 
of the combined and selected individual networks. 

 

When comparing to individual systems, it is evident that dual networks exhibited 

higher MH and extent of cure, aligning with increased crosslink density. This value 

increases from 6.6 × 10−5 mol cm−3 in 1S-2.5ZnO to 9.0 × 10−5 mol cm−3 in 1S-

10ZnO, about 2.5 times higher than the maximum value in the purely ionic and 

covalent networks. Dual compounds also exhibited a notable decline in curing 
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efficiency, with increased t90 and reduced CRI, yet maintain similar PCR values. 

PCR is linked to the highest slope of the S' curve, reflecting the efficiency of ionic 

network formation (the one that forms more quickly). Conversely, the higher t90 

values and lower CRI are indicative of the overall curing process, where the 

development of the S-based covalent portion of the network generates a slowing-

down effect. Table 3.4 summarizes the rheometric parameters from the curing curves. 

 

Table 3.4. Rheometric properties and crosslink density of dual systems at 160 °C. 

Property  1S-2.5ZnO 1S-5ZnO 1S-10ZnO 

Scorch time, ts1 (min) 0.6 0.6 0.6 

Curing time, t90 (min) 42 53 45 

Minimun torque, ML (dNm) 0.3 0.4 0.4 

Maximun torque, MH (dNm) 7.1 8.2 8.9 

DM = MH − ML (dNm) 6.8 7.8 8.4 

Cure rate index, 

CRI = 100 / (t90 − ts1) (min−1) 
2.4 1.9 2.2 

Peak cure rate, PCR (dNm min−1) 0.4 0.3 1.0 

Crosslink density, ν (×10−5 mol cm−3) 6.6 ± 0.1 8.2 ± 0.1 9.0 ± 0.2 

 

The internal structures of the dual networks were also studied by ATR-IR. Figure 

3.6a shows the spectra. Bands associated with ionic bonds appear at 1595 cm−1 and 

1419 cm−1 with increasing amounts of ZnO. In the case of 1S-5ZnO and 1S-10ZnO, 

there was enough ZnO to promote ionic vulcanization and form clusters. It is 

important to mention a band located at 1536 cm−1, which is present in all 
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compounds. This band coincides with another in the spectrum of the zinc stearate 

(ZnSt) powder (Figure 3.6b). ZnSt is a characteristic secondary product of the S-

accelerator systems. This confirms that, even at low metal oxide contents, the 

formation of the sulfur vulcanization activator complex begins and competes with 

the formation of ionic crosslinks. 

 

 

Figure 3.6. (a) ATR-IR spectra of dual network compounds. (b) ATR-IR spectra of 1S-
2.5ZnO and 1S-10ZnO with ZnSt powder. 

 

3.2.2. Assessing the Chemical and Abrasion Resistance of Rubber Networks 

Having characterized the internal structure and vulcanization characteristics of 

XNBR compounds in both individual and dual networks, the focus now shifts to an 

application-oriented analysis. Emphasis is placed on evaluating two critical 

properties of XNBR: chemical resistance and abrasion resistance. These properties 

are of relevance, especially when considering practical applications of the chosen 

rubber in the automotive industry, particularly for the manufacture of gaskets and 

hoses [18]. 

XNBR, with its intrinsic chemical structure enriched by nitrile (–CN) and carboxyl 

(–COOH) functional groups, shows high resistance to non-polar solvents, which 

makes it invaluable in the automotive industry for the manufacture of critical 
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components such as seals and hoses in contact with oils and fuels. To 

comprehensively evaluate this chemical resistance, specimens of each formulation 

were immersed in two liquids: (1) motor oil and (2) gasoline, which are critical 

solvents in the applications of this rubber. The results of this test are shown in 

Figure 3.7. 

 

 

Figure 3.7. Chemical resistance in (a) motor oil and (b) gasoline, and (c) abrasion 
resistance index (ARIA) of covalent, ionic, and dual-network compounds. 

 

Both types of individual crosslinked matrices showed similar chemical resistances, 

regardless of the solvent. In general, it was observed that all compounds had less 

mass change in the case of motor oil, followed by gasoline. Thus, their resistance to 

oil was higher. At equal crosslink densities (1S and 10ZnO), it was observed that the 

type of ionic or covalent system did not affect the chemical resistance of the material. 

In contrast, an increase in chemical resistance was observed with increasing ZnO 
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content. This behavior may be correlated with an increase in the crosslink density, 

which restricts the diffusion of the solvent into the matrix [19,20]. Therefore, the 

crosslink density appears to be a more decisive factor in the chemical resistance of 

the prepared compounds than the nature of the crosslinking system itself. 

This can be confirmed by examining the results of dual networks. The combination 

of crosslinking systems yielded the highest chemical resistance, with reductions of 

up to 26 % in compound swelling. This can be ascribed to the synergistic effect of 

the presence of the two types of networks, which significantly increase the crosslink 

density, further hindering the diffusion of the solvent into the matrix. A similar 

effect can be observed in other systems with certain similarities, such as 

Interpenetrated Polymeric Networks (IPN), in which two crosslinked nets are mixed 

and physically interlaced on a molecular scale [21]. 

The second property followed was abrasion resistance (AR). AR is the ability of a 

material to maintain its structure and shape after suffering damage from erosion 

and/or surface wear. This characteristic is important in the case of materials that 

require a use in which the shape is essential; therefore, the surface resistance would 

facilitate shape retention and, thus, its functionality. In XNBR, the functional 

groups of the matrix promote secondary interactions that form strong bonds, causing 

high abrasion resistance compared with other rubbers [18]. Even though the chemical 

resistance appears to be more dependent on the crosslink density than on the type 

of crosslinked network, it is in the abrasion resistance where their differences are 

indisputable. 

Figure 3.7d shows that the individual ionic compound had a higher abrasion 

resistance index (198 ± 8 %) than its covalent counterpart (106 ± 7 %). This 86 % 

increase was correlated with bond strength. In the case of an ionic network, the 

bonds have greater intensity and are stronger than those in the case of a S-based 

network [9,22]. In this case, the dual networks yielded slightly higher abrasion 

resistance values than pure ionic compounds. A maximum is reached for the 1S-5ZnO 
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compound with an ARIA of 229 ± 4 %. This represents increments of just 15 %, 

even when the crosslink density of the dual systems was significantly higher. 

This outcome is encouraging because it suggests that for applications demanding 

robust AR, opting for purely ionic networks may be a viable choice. Specially after 

careful consideration of other factors related to scalability and sustainability. These 

include the benefits of using fewer additives in simpler yet efficient recipes, and the 

thermoformable nature of ionic clusters, which could enhance recyclability or enable 

self-healing capabilities. These aspects will be explored in the upcoming sections. 

Before proceeding with tests on recyclability and self-healing capabilities, a 

fundamental aspect crucial for these applications is examined: mobility. In this 

context, the focus now shifts to molecular dynamics. 

 

3.2.3. Revisiting the Molecular Dynamics of Rubber Networks 

This section provides a comprehensive exploration of the molecular motion of 1S, 

10ZnO, and 1S-10ZnO using DMA and BDS. This analysis is crucial for revealing 

the underlying mechanisms governing the physical characteristics of rubber, such as 

its glass transition temperature and segmental relaxation behavior, and not only 

contributes to the fundamental understanding of these compounds, but also informs 

practical applications, such as recyclability and self-healing. 

A preliminary assessment of the dynamics of the 1S, 10ZnO and 1S-10ZnO 

compounds was performed using DMA. Figure 3.8a shows two common relaxation 

zones in the normalized tan(δ) curve. The α relaxation or segmental relaxation is 

related to the motions of chain segments and is associated with the Tg (around 

−1.09 °C for 1S, −0.92 °C for 10ZnO and 4.43 °C for 1S-10ZnO). This relaxation 

exhibits changes in the shape of the peak, being slightly wider for the ionic (10ZnO) 

and dual compound (1S-10ZnO), versus the covalent one (1S), as well as being 

shifted to higher temperatures (see Figure 3.8a inset). This could be associated with 

a greater restriction of the ionic domains as a consequence of the trapped chains in 
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the clusters and the performance of these clusters as reinforcing points [23], as well 

as the higher crosslink density in the dual network. 

 

 

Figure 3.8. (a) tan(δ) curve (at 1 Hz) from DMA and (b) DSC spectra of the prepared 
compounds. 

 

A complementary analysis of the glass transition was performed using DSC (Figure 

3.8b). The values obtained for the thermal Tg corroborate the trend of DMA, in 

which the purely ionic (10ZnO) and dual (1S-10ZnO) networks are presented as 

more restricted systems than the purely covalent (1S) one. The thermal Tg by DSC 

was found at −18.8 °C for 1S, −17.4 °C for 10ZnO and −16.8 °C for 1S-10ZnO (all 

the values reported refer to the mid-points, however, the trend is maintained both 

at the onset and endpoint). 

Besides α relaxation, a second process was detected using DMA (Figure 3.8a). At 

higher temperatures, the ionic relaxation, α', around 50 °C, which is not present in 

the covalent compound (1S), is irrefutable proof of the presence of ionic clusters 

[2,4,8,11,18] in the purely ionic compound and in the dual one. As introduced in 

Chapter 1, according to the Eisenberg model [24,25], ionic pairs in the matrix are 

capable of forming associations called multiplets. If the proportion of multiplets is 

high, the ionic domains create clusters that reduce the mobility of polymeric chains. 
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This association is caused by electrostatic interactions and is affected by the elastic 

shrinkage forces of rubber macromolecules. The restricted mobility of elastomer 

chains in the vicinity of ionic groups results in the formation of a hard phase 

immersed in a polar matrix. This heterogeneity results in a distinct "ionic domain" 

with its own "glass/ionic transition". This zone would be more restricted owing to 

the higher density of crosslinks and the presence of a second network of sulfur bonds 

(in 1S-10ZnO), which would shift its maximum towards higher values compared to 

10ZnO. All these factors could have a noticeable effect on the mechanical properties 

of the prepared materials. Figure 3.9 shows the stress-strain curves of the three 

selected compounds. 

 

 

Figure 3.9. Stress-strain curves of the selected compounds. 

 

The presence of ionic domains resulted in a noticeable difference in the tensile 

performance. Thus, compound 1S exhibited high deformability and low maximum 

strength owing to the higher lability of its bonds. In contrast, it is evident that the 

ionic domains have a strengthening effect. This behavior can be related to the bond 

energy. In covalent bonds, such as monosulfide (–S–), disulfide (–S–S–), polysulfide 
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(–Sx–), and carbon-carbon (–C–C–), among others, the weaker bond tends to give 

higher TS owing to a mechanism of stress dissipation; however, in ionic bonds, the 

strength of the electrostatic interactions and the formation of clusters that trap 

polymer chains (stiffening it) have a greater effect on the performance of the 

material, generating a considerable increase in mechanical resistance with a 

detriment to the deformability [8,22]. 

The differences between 1S-10ZnO and 10ZnO, on the other hand, are interesting. 

As expected, the higher crosslink density of the dual network (Table 3.4) resulted in 

lower deformability and higher stiffness (higher M100 and M300), but not higher 

mechanical strength. These differences could be associated with the compromise 

between the role of ZnO as a vulcanizing agent (for the ionic network) and S 

activator (for the covalent network). While in the ionic network all the ZnO goes to 

create ionic clusters, in the dual network, part of the ZnO is consumed in the creation 

of the activator complex and the secondary products (ZnSt) in the crosslinking 

reaction with sulfur. Thus, the density of ionic crosslinks (i.e., the number of clusters) 

in the dual array is lower than that in the ionic array, resulting in a lower TS. In 

this way, one can corroborate that not all ZnO in 1S-10ZnO contributes to ionic 

bonds, as it does in 10ZnO. 

A systematic analysis was further performed using BDS to gain a deeper 

understanding of the dynamics of the three compounds under study. In theory, 

dielectric and dynamic mechanical analyses should reflect the same motions of the 

chains and chain segments if the referred motion implies a dipole motion. However, 

some differences in the intensities and frequencies of the relaxations could be 

distinguished. In this study, a third weaker relaxation at low temperatures can be 

detected, β relaxation, which is associated with short-range cooperative motions in 

the polymeric chain. By DMA it was only detected in 10ZnO (Figure 3.8a), but here 

it can be corroborated that it is common to all three networks. Figure 3.10 shows 

the dielectric loss spectra of the β and α relaxations at different temperatures over a 

wide frequency range. These two relaxations can be confirmed as thermally activated 
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processes, as evidenced by their shift towards higher frequencies with increasing 

temperature. 

 

 

Figure 3.10. β and α relaxations in (a,b) 1S, (c,d) 10 ZnO, and (e,f) 1S-10 ZnO. 

 

At high temperatures and low frequencies, both the electrode polarization (EP), 

which partially blocks the charge exchange between the sample and the electrodes, 
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and the accelerated movement of ions generate long capacitances that translate into 

high dielectric constants and into a considerable increase in conductivity. This 

behavior partially masks the third relaxation (ionic relaxation) in the permittivity 

spectrum (ε''). To unmask this effect two ways can be followed: (1) the use of the 

modulus formalism or (2) the calculation of e'' from the derivative of e' (e''der lacks 

the Ohmic conduction term). In this Chapter 3, the modulus (M'') formalism was 

chosen [26] (Figure 3.11a and Figure 3.11b). 

 

 

Figure 3.11. α' relaxation determined by means of modulus (M'') in (a) 10ZnO and (b) 
1S-10ZnO and by means of dielectric loss (ε'') in (c) 10ZnO and (d) 1S-10ZnO at 35 °C. 
The dashed lines in (c) and (d) indicate the fitting of HN and the PL functions. 

 

Both variables (e'' and M'') describe the same electrical relaxation phenomenon; 

however, under different conditions, a specific form offers more information with 
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respect to the physical processes that occur. The M'' formalism “converts” 

conductivity into a peak associated with the ac conduction and suppresses the effects 

of dc conduction and EP. The frequency range below the peak in M'' corresponds to 

the zone dominated by EP and the movement of charge carriers over long distances. 

With the suppression of the contribution of EP, the second effect can be detected 

from changes in the size and shape of the peak. This physical process, called long-

range ionic hopping, is related to large-scale molecular motions between ionic 

domains, that is, relaxation of the clusters [27]. 

The individual ionic compound 10ZnO exhibits an irregular and asymmetric peak 

with an observable shoulder in the low frequency range (1 Hz to 10 Hz) (Figure 

3.11a). This shoulder indicates the presence of a third α' relaxation attributed to the 

hard ionic domains [2,4,28,29], as observed by DMA. In the dual-network 1S-10ZnO, 

this shoulder is less notorious (with respect to 10ZnO) because of the dual role of 

ZnO in the compound, as a vulcanizing agent for ionic network and as activator for 

S-based network (Figure 3.11b). 

Other authors have not been able to detect ionic relaxations through dielectric 

studies, but a third relaxation (at lower temperatures than those observed by DMA, 

50 °C to 70 °C lower) has been associated with the Maxwell-Wagner-Sillars (MWS) 

relaxation [30]. This relaxation is characteristic of multiphase systems, where each 

phase has a different dielectric constant and conductivity. If one considers the ionic 

clusters as polarizable entities, they will appear as heterogeneous with respect to the 

matrix, exhibiting this physical phenomenon. In our case, the obtained data 

coincided with those observed by DMA. Hence, either way, both analyzes are 

conclusive on the presence of a distinct phase (the ionic domains, i.e. the clusters). 

For comparative purposes, and with the intention of discerning the effect of the 

molecular dynamics on the physical properties of the individual and dual crosslinked 

compounds, we selected a convenient temperature at which each relaxation was well 

resolved in the frequency domain. Figure 3.12 summarizes all the relaxations at the 



Chapter 3 

 148 

designated temperature (−30 °C for β relaxation, 0 °C for α relaxation, and 35 °C 

for α' relaxation). 

 

 

Figure 3.12. (a) β, (b) α, and (c) α' relaxation of 1S, 10ZnO, and 1S-10ZnO at selected 
temperatures and (d) M'' of the compounds at selected temperatures. The dashed lines 
indicate the fitting of HN and the dotted lines indicate the PL functions. 

 

The β relaxation is slightly affected by the type of network (individual or dual) 

because the covalent (1S) and dual compound (1S-10ZnO) seems more restricted at 

this low temperature. This relaxation can be fitted using an HN function and a 

power law for the high-frequency tail (front) of α relaxation. Table 3.5. summarizes 

the fitting parameters of all relaxations at the chosen temperature. The nature of 

the crosslinks also influences both α and α' relaxation, as also seen by DMA. A more 

restricted network was achieved in the dual system (1S-10ZnO), as evidenced by the 
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shift of the dielectric loss to lower frequencies in the segmental relaxation zone 

(Figure 3.12.b). The increase in τHN and in Δe (Table 3.5) corroborate this trend. It 

is expected that the dual system, which shows the highest crosslink density, would 

present more groups involved in the vulcanization and consequently the dielectric 

strength as well as the restrictions in the rubber chains mobility would increase. 

 

Table 3.5. HN fitting parameters of compounds at selected temperatures. 

Parameters 1S 10ZnO 1S-10ZnO 
β relaxation at −30 °C 
σ0 (S/cm) 8.26 × 10−16 4.83 × 10−16 2.32 × 10−15  

Δe 0.87 0.79 0.84 

τmax (s) 6.54 × 10−5  4.04 × 10−6  4.45 × 10−6  

τHN (s) 2.50 × 10−5 1.85 × 10−5  1.77 × 10−5 

α 0.38 0.41 0.39 

β 0.60 0.52 0.57 

α relaxation at 0 °C 
σ0 (S/cm) 3.62 × 10−13 2.30 × 10−12 1.59 × 10−12 

Δe 10.16 8.52 10.57 

τmax (s) 1.35 × 10−4 8.70 × 10−5 4.40 × 10−4 

τHN (s) 4.12 × 10−4 3.54 × 10−4 1.95 × 10−3 

α 0.53 0.44 0.42 

β 0.53 0.52 0.52 

𝛼′ relaxation at 35 °C 
σ0 (S/cm) - 2.62 × 10−10 3.30 × 10−10 

Δe - 21.36 25.25 

τmax (s) - 7.79 × 10−3 1.7 × 10−2 

τHN (s)  1.0 × 10−3 2.5 × 10−3 

α - 1 1 

β - 0.72 0.6 
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This slowing down of segmental dynamics is a consequence of growing cooperativity. 

It is evident that as the free volume decreases (owing to the crosslinks), more 

cooperation is required to accomplish segmental motions. Hence, restrictions on the 

segmental motion of the rubber chains and the lower free volume convert the 

vulcanizate into a stiffer material, which can be critical for recyclability and self-

healing. α relaxation can be fitted using an HN function and a power law for the 

contributions of conductivity and the high-frequency tail (front) of α' relaxation. 

Moreover, α' relaxation (Figure 3.12.c) confirms the formation of ionic domains in 

the dual network. These ionic domains impose greater restrictions on the trapped 

chains within the ionic clusters. At this point, the differences in the conductivity 

peaks of the compounds that have an ionic phase compared to those of the purely 

covalent phase are also interesting (Figure 3.12d). This could also be an irrefutable 

proof of the presence of multiple ions, which increases the ionic conductivity, 

reflected in a peak shift towards higher frequencies [27]. 

 

3.2.4. Assessing Recyclability of the High Performance Compounds 

Finally, a visual recyclability test was performed on the 10ZnO and 1S-10ZnO 

compounds, as the vulcanizates exhibited the best overall performance. The 

straightforward two-step mechanical recycling protocol described in Chapter 2 was 

applied to both compounds. Figure 3.13 shows images of the samples before and 

after the recycling test. The dual network compound (1S-10ZnO) presents a critical 

scenario in terms of recyclability. The coexistence of ionic (ZnO-based) and covalent 

(S-based) crosslinks in this network created a complex and rigid structure that 

impeded the recycling process. When the ionic transition temperature is exceeded, 

the polymer chains released from the clusters encounter restricted mobility imposed 

by the non-dynamic network of S crosslinks. Thus, the total mobility of the system 

cannot be guaranteed. 
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Figure 3.13. Recyclability tests for 10ZnO and 1S-10ZnO. 

 

The dual nature of crosslinks, which is beneficial for slightly improving chemical or 

abrasion resistance, results in a network that is mechanically resistant but not 

amenable to reprocessing. This limitation highlights a crucial trade-off in the design 

of vulcanized networks: the integration of non-dynamic covalent bonds for enhanced 

performance can inadvertently lead to a decrease in environmental sustainability. 

Consequently, although 1S-10ZnO exhibits commendable performance 

characteristics, its lack of recyclability is a significant drawback, especially in a world 

where the demand for sustainable and eco-friendly materials is rapidly increasing. 

In contrast, 10ZnO (a purely ionic network) showed promising results in terms of 

recyclability. The inherent nature of the ionic networks in 10ZnO, characterized by 

its rapid curing rate and significant mechanical performance, extends to an 

impressive capacity for recycling. The ionic bonds formed in this network, facilitated 

by ZnO, contribute to unique structural flexibility above the ionic transition 

temperature, which allows for effective material recovery and reuse. For all the 

reasons stated above, 10ZnO was chosen as the comparative basis for subsequent 

analysis in this doctoral thesis. Starting with recyclability, this characteristic will be 

analyzed through an in-depth characterization of multiple properties in Chapter 4. 
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3.3. Summary 

Ionic networks have emerged as a superior choice for the study of XNBR 

vulcanizates, demonstrating an optimal balance of key properties. These networks 

exhibit good mechanical performance, which is crucial for applications requiring 

strength and durability. Additionally, they are characterized by a faster curing 

process, which enhances the production efficiency. Although slightly outperformed 

by dual networks in chemical and abrasion resistance, ionic networks still maintain 

a high level of resistance, making them suitable for scenarios in which a negligible 

liquid effect is required or where surface wear is a concern. The significant advantage 

of ionic networks is their higher mobility, which is favorable for reprocessing and 

recyclability. This aligns well with current sustainability trends and environmental 

considerations, making ionic networks not only a functionally superior choice but 

also environmentally responsible. In conclusion, considering the combination of 

superior curing efficiency and mechanical performance, good abrasion and chemical 

resistance, distinct recyclability, and potential repairability, ionic networks stand 

out as the most advantageous option in the realm of XNBR vulcanizates. Figure 

3.14 shows a representative schematic that summarizes Chapter 3. 

 



Rubber Networks 

 153 

 

Figure 3.14. Schematic representation of Chapter 3. 
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Chapter 4. Recyclable Rubber 

In Chapter 3, it was shown that ionic crosslinking offers a route to rubber 
reprocessability due to the dynamism of ion pairs. Chapter 4 provides a 
comprehensive overview of the recyclability of XNBR, highlighting the changes 
in molecular dynamics through multiple recycling cycles beyond tensile tests. 
The uniquely recyclable XNBR incorporating 10 phr of ZnO as a multifunctional 
additive was designed using a simple, scalable, two-step recycling process. 
Evidence of the delicate balance between crosslink density and molecular 
entanglements that affects the dynamics of the recycled material was found. 
Recycling also restricts the molecular dynamics near the ionic domains, 
attributed to a higher crosslink density (from 3.7 × 10−5 mol cm−3 in the pristine 
sample to 6.0 × 10−5 mol cm−3 after the third cycle) caused by a decreased ionic 
cluster size (the aggregation number drops from 12.2 to 6.9). Remarkably, 
negligible differences (<10 %) in compressive fatigue behavior and enhanced 
chemical resistance in different solvents (up to a ~350 % increase in motor oil) 
were also observed, ensuring suitable performance in conditions closer to service. 
This chapter demonstrates the feasibility of XNBR recycling and provides a 
broad understanding of this material at the molecular level. 

 

4.1. Motivation 

The vast majority of studies in the area of reprocessability/recycling of elastomers 

have focused on the analysis of mechanical recovery. In the realm of ionic elastomers, 

only a few authors have attempted to go beyond tensile test evaluation to assess the 

changes in the ionic phase of this type of material with temperature (but without a 

focus on recyclability) using advanced techniques such as DMA [1], 1H low-field 

Nuclear Magnetic Resonance (NMR) [2], and Small-Angle X-ray Scattering (SAXS) 

[3]. However, to the author best knowledge, no comprehensive study has analyzed 
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the changes that occur in the material network through different recycling cycles 

and using various characterization techniques. 

The aim of Chapter 4 is to answer a critical question: Can the dynamic and 

reversible nature of ionic elastomers retain the characteristics of their network after 

each recycling cycle? The answer to this question is crucial for understanding the 

true potential of these materials in achieving sustainable rubber. For this purpose, 

two key design fronts were addressed: material composition and the recycling 

process. Chapter 3 describes the design of a uniquely recyclable XNBR using only 

a single metal oxide (ZnO). This multifunctional design accomplishes three critical 

roles: it serves as a crosslinking agent, reinforcing filler, and processing aid. 

Complementarily, a straightforward recycling methodology consisting of only two 

simple steps (cutting and (re)molding) was developed. The simplicity of this process 

design not only fosters ease of execution, but also ensures scalability, which is a 

prevailing challenge in the recycling of elastomeric materials. Here, the samples were 

recycled up to three times, and the materials obtained after each recycling cycle were 

systematically evaluated at the molecular level using DMA, XRD, and BDS. The 

changes in the molecular dynamics with recycling cycles were correlated with the 

morphology and physical (crosslink density), mechanical (tensile and compressive 

fatigue), and chemical (solvent resistance) properties of rubber. 

 

4.2. Results and Discussion 

In this chapter, the single recipe based on 100 phr XNBR and an excess of 10 phr of 

ZnO was prepared and identified as 10ZnO. This compound was chosen based on 

prior optimization, where the 10ZnO composition exhibited the most favorable 

combination of properties: high curing rate, excellent mechanical strength, good 

balance of chemical resistance, and abrasion resistance, but especially the ability to 

be recyclable. This material was recycled three times following the procedure 
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described in Chapter 2, as illustrated in Figure 4.1. Each sample obtained per cycle 

was fully characterized. 

 

 

Figure 4.1. Schematic representation of the compounding, vulcanization, and recycling 
processes of the samples prepared in this chapter. 

 

4.2.1. Looking at Recyclability Through Molecular Dynamics 

The first step was to corroborate the characteristic structure of the ionic elastomers 

after each recycling cycle using DMA. Figure 4.2 shows the temperature-dependent 

behavior of storage (E') and loss modulus (E'') for the selected system before and 

after each recycling cycle (R1, R2, and R3), respectively. The E' values exhibited 

two clear drops, one near 0 °C and a smaller one between 25 °C and 50 °C. 

Meanwhile, the E'' curve displays another broader and more diffuse peak at lower 

temperatures of approximately −35 °C, indicating the presence of a third thermally 

activated process. These three zones should correspond to the three relaxations that 

were detected in 10ZnO and discussed in the previous chapter. 
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Figure 4.2. E' and E'' for the selected system before and after each recycling cycle (R1, 
R2, and R3). 

 

To verify the nature of these zones, the tan(δ) values were plotted (Figure 4.3a), 

confirming the existence of three relaxation processes designated as β, α, and α' in 

all samples. As stated in the previous chapter, the first relaxation, β, is believed to 

be associated with short-range non-cooperative motions, but its full nature is still 

unclear, despite some attempts to explain its origin in NBR [4]. However, being a 

sub-Tg relaxation in a crosslinked rubber, it has not aroused enough scientific 

interest because no elastomeric application performs at temperatures below Tg. The 

material loses applicability due to its excessive brittleness. The second, α, is related 

to the segmental motion of the material during glass transition. The third, α', is the 

ionic relaxation, due to the chemical nature of the characteristic ionic domains, 

present in this type of elastomer [1]. It is important to note that not all types of 

ionic linkages or coordination complexes contribute to the manifestation of the high-

temperature relaxation phenomenon (above Tg). This is only observed when ionic 

linkages contribute to the formation of clusters, that is, the formation of a hard 

phase with its own glass/ionic transition [5]. In this sense, it is confirmed that the 

material can maintain its two-phase structure, formed by amorphous domains of 

rubber chains and ionic domains, represented by clusters with trapped chains. 
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Figure 4.3. (a) tan(δ) as a function of temperature, (b) inset of α relaxation, and (c) inset 
of α' relaxation by DMA. (d) Activation diagram for pristine 10ZnO and each recycled 
sample. The dashed lines represent the fit by the VFTH and Arrhenius functions. 

 

With the recycling cycles, the α relaxation exhibits a decrease in the intensity of 

tan(δ) (Figure 4.3b), which is probably related to an increase in the elastic 

component of the material and a shift towards higher temperatures. This behavior 

can be attributed to an increase in the crosslink density during recycling. The α' 

relaxation remained unchanged in intensity but shifted towards higher temperatures 

(Figure 4.3c). This trend may suggest a more restricted mobility in the vicinity of 

the ionic domains, possibly due to changes in the morphology of multiplets and 

clusters with the cycles. To gain further insight, this analysis was complemented 

with BDS. 

The activation diagram of the studied samples (Figure 4.3d) was obtained from the 

values of τmax of each relaxation. It can be concluded that recycling cycles do not 
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seem to have a considerable influence on β relaxation. This may be related to the 

local character of these motions, which are not directly affected by the overall 

elastomeric amorphous phase or by the ionic domains of the material. However, 

changes in the main relaxations (α and α') were more evident. To gain a deeper 

insight into the behavior of the material, two mathematical functions were used to 

fit the activation diagrams, providing further elucidation of the underlying 

mechanisms governing the relaxation motions. For the 𝛼  relaxation, a Vogel-

Fulcher-Tammann-Hesse (VFTH) function was used according to Equation 4.1: 

𝜏678 = 𝜏9 exp -
𝐵

𝑇 − 𝑇9
. Equation 4.1 

where T0 is the Vogel temperature and B and τ0 are empirical parameters with B 

related to the fragility strength (D), according to Equation 4.2: 

𝐵 = 𝐷𝑇9 Equation 4.2 

The classification of strong or fragile behavior is closely related to the cooperativity 

of segmental chain movements. Fragile materials are characterized by high 

cooperativity (typically with rigid backbones) and a marked departure from the 

Arrhenius behavior. Fragility results in low D and high fragility index (m) values, 

indicating a greater apparent activation energy required for their molecular motions. 

Conversely, materials with low cooperativity exhibit the opposite trend, where their 

molecular dynamics are more easily activated, leading to higher D values and lower 

m values [6], the latter of which can be estimated using Equation 4.3: 

𝑚 =
𝜕 log 𝜏 (𝑇)

𝜕 -
𝑇=
𝑇 .

_

@A@!

=
𝐷𝑇9𝑇=

ln 10 (𝑇= − 𝑇9)'
≈ 16 +

590
𝐷  Equation 4.3 

The analysis of these two parameters has significant implications for the 

development and design of polymeric materials with tailored properties because the 
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cooperativity of segmental chain movements is a crucial factor in determining their 

mechanical and thermal behavior. For α' relaxation, an Arrhenius function was used, 

as shown in Equation 4.4: 

𝜏678 = 𝜏9 exp -
−𝐸7
𝑅𝑇 . 

Equation 4.4 

where Ea is the activation energy and R is the universal gas constant 

(8.314 J K−1 mol−1). Table 4.1 lists all parameters obtained from the fittings. 

The results of the polymer relaxation analysis are quite revealing. Although the 

short-range motions between the dipoles (β relaxation) remained unaffected by the 

recycling process, the effects on the segmental dynamics (α relaxation) and ionic 

relaxation (α' relaxation) were significant. All obtained values showed an initial 

effect during the first recycling cycle (R1). For α relaxation, the higher values of T0 

and m (lower B and D) reflect an apparent increase in the stiffness of the polymer 

chains after the first cycle, i.e. a more fragile polymer backbone. The same trend 

was also observed for α', which reached Ea values of 101 kJ mol−1 compared to 

85 kJ mol−1 for the original sample. However, the subsequent recycling cycles (R2 

and R3) reversed this trend in α relaxation. A priori, these results seem to be 

inconsistent with the shift towards higher temperatures, as seen in the tan(δ) values 

obtained by DMA. Nevertheless, these results may indicate that factors other than 

the pure value of the crosslink density can influence the molecular dynamics. For 

further analysis, the crosslink density values were calculated using the Flory-Rehner 

and Mooney-Rivlin methods. The latter is particularly useful because it considers 

two contributions, the first from the chemically crosslinked network product of 

vulcanization (µ 2C1); and the second from the intrinsic molecular entanglements 

between polymer chains (µ 2C2) [7]. Table 4.2 shows the mean values. 
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Table 4.1. VFTH and Arrhenius fitting parameters for each dielectric relaxation. 

Parameter 10ZnO R1 R2 R3 

β relaxation     

Activation energy, Ea (kJ mol−1) 45 ± 1 44 ± 1 45 ± 1 46 ± 1 

α relaxation     

B 1574 ± 29 1466 ± 45 1657 ± 40 1699 ± 54 

Vogel temperature, T0 (K) 204 ± 1	 210 ± 2 203 ± 2 202 ± 2 

Fragility strength, D 7.7 ± 0.1 7.0 ± 0.3 8.2 ± 0.3 8.4 ± 0.3 

Fragility index, m 93 ± 4 101 ± 4 88 ± 3 86 ± 2 

α' relaxation     

Activation energy, Ea (kJ mol−1) 85 ± 2 101 ± 2 100 ± 3 116 ± 5 
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Table 4.2. Mooney-Rivlin constants and crosslink density values. 

Sample 2C1(1) 2C2(2) 
νMooney-Rivlin(3) 

(× 10−4 mol cm−3) 

νswelling(4) 

(× 10−5 mol cm−3) 

10ZnO 0.31 ± 0.01 0.91 ± 0.05 1.2 ± 0.1 3.7 ± 0.1 

R1 0.45 ± 0.06 1.23 ± 0.12 1.8 ± 0.2 4.8 ± 0.1 

R2 0.49 ± 0.05 1.15 ± 0.10 2.0 ± 0.2 5.8 ± 0.1 

R3 0.55 ± 0.06 1.04 ± 0.15 2.2 ± 0.2 6.0 ± 0.6 

(1) C1 represents the contribution of the crosslinking units. 

(2) C2 is the Mooney-Rivlin elastic constant and is related to the trapped entanglements. 

(3) Crosslink density calculated by the Mooney-Rivlin method (see Chapter 2, Section 2.3.1). 

(4) Crosslink density calculated by the swelling method (see Chapter 2, Section 2.3.1). 
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The Flory-Rehner and Mooney-Rivlin results confirmed the increase in crosslink 

density with recycling cycles, supporting the DMA observations. The Mooney-Rivlin 

values provided further insight into the trends observed by the BDS. The increase 

in 2C1 values with recycling cycles validates the increase in crosslink density, whereas 

2C2 showed a maximum value after the first recycling cycle (R1). This suggests that, 

during the first stage of recycling, there was a simultaneous increase in the crosslink 

density and molecular entanglements in the rubber chains, resulting in increased 

chain rigidity and polymer fragility. However, the subsequent cycles led to a decrease 

in the number of molecular entanglements. This may be due to increased mobility 

associated with greater exposure to ion-hopping movements and/or chain scission 

resulting from continuous cuts made during the recycling protocol, allowing shorter 

chains (with fewer topological constraints to confine them) to release such 

entanglements [8]. These results indicate that entanglements and network defects 

significantly influence the molecular dynamics of recycled materials. 

As mentioned above, the invariance in the α' relaxation intensity observed by DMA 

suggests that the nature of the ion pairs involved in rubber crosslinking is the same. 

This was evidenced by FTIR-ATR (Figure 4.4a), where no substantial changes in 

the bands corresponding to the ionic salts (at 1590 cm−1 and 1415 cm−1) were 

observed with the recycling cycles. Nevertheless, the relaxation shift towards higher 

temperatures suggests some changes in the morphology and aggregation of this 

restricted region. The XRD diffractograms (Figure 4.4b) show a shift in the 

maximum of the ionic domains’ region (q values from ~0.1 to 0.7 Å, related to 

periodic distances between ~63 and 9 Å) [9–11] towards higher q values with the 

recycling cycles. The observed shift, which indicates a reduction in the spacing 

between multiplets and clusters, may be attributed to a decrease in the size and 

number of larger aggregates and a more homogeneous dispersion of the particles 

throughout the rubber matrix. This results in a loss of electronic contrast, which 

accounts for the decrease in scattered intensity [9]. To further illustrate this 

phenomenon, the aggregation number was estimated, which is defined as the number 
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of carboxylates (or ionic pairs) associated with ionic interactions. Based on the FTIR 

results, where the band associated with the carboxyl groups completely disappeared 

(at ~1700 cm−1), it can be assumed that all the groups participated in at least one 

ionic interaction, given that the matrix was completely saturated. The theoretical 

aggregation number at RT was calculated using the ratio between the concentration 

of carboxyl groups present in the rubber matrix (~1.53 × 10−3 mol cm−3) and the 

ionic crosslink density obtained by Mooney-Rivlin [11]. The results show that the 

aggregation number decreases almost by half with the number of recycling cycles, 

from 12.2 for 10ZnO to 6.9 in R3 (Figure 4.4c). This indicates that the number of 

ion pairs involved in each higher-order structure decreases as a consequence of their 

redistribution, leading to an increase in the number of smaller aggregates and, hence, 

the crosslink density. 

 

 

Figure 4.4. (a) FTIR-ATR spectra, (b) XRD diffractograms, and (c) aggregation numbers 
for the pristine 10ZnO and recycled samples. 
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The SEM micrographs obtained in this study provided compelling evidence 

highlighting the remarkable effects of recycling on the Zn-based crosslinked XNBR 

network. Figure 4.5a shows the presence of large white dots corresponding to ZnO 

particles and aggregates that were uniformly distributed in the XNBR matrix in the 

original compound (10ZnO) and the first (R1) and third (R3) recycling cycle 

samples. The significant decrease in the number and size of these white dots in R3 

indicates that more residual ZnO was converted to Zn2+ salt [12]. It has been 

suggested that the movement of ions with increasing temperature (ion-hopping) frees 

some carboxylated groups (R–COO−) and allows the formation of smaller domains 

distributed throughout the matrix. This is in line with the redistribution of larger 

clusters and formation of smaller domains, resulting in an increase in the crosslink 

density and stiffness of the material. These findings provide a pathway for the 

tunability of recyclable ionically crosslinked XNBR through the control of excess 

ZnO and/or entanglement (with partial substitution of recycled by virgin material), 

leading to the development of sustainable materials with improved mechanical 

properties. Figure 4.5b shows a schematic representation of the proposed model of 

changes during the recycling cycles. 

 

4.3.2. Beyond Tensile Testing: How Does Recycling Affect the XNBR Performance? 

Various properties of practical interest (i.e., tensile strength, hysteresis, compressive 

fatigue behavior, and chemical resistance) and their correlation with changes at the 

molecular level were studied. Figure 4.6a and Figure 4.6b show the results of the 

uniaxial tensile tests (M300, TS, and EB). Starting with the M300 values, it can be 

seen that the material becomes stronger with recycling cycles owing to the increased 

crosslink density and stiffness. 

 



Recyclable Rubber 

 173 

 

Figure 4.5. (a) 10ZnO, R1, and R3 photomicrographs obtained using SEM. (b) Schematic 
representation of molecular changes during recycling cycles. 

 

Additionally, the compound maintained its initial properties at the breaking point 

after two cycles (~21 MPa in TS and ~590 % in EB). The subsequent decrease in 

TS and EB (~14 MPa and ~460 %, respectively) could be a consequence of the 

reduction in the molecular entanglements that provide mechanical resistance to 

rubber, as stated previously. However, although there may be a decrease in the TS 
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after multiple recycling cycles, the properties achieved in R3 are still competitive 

compared to many other available elastomeric matrices, considering only one 

additional ingredient in the rubber recipe [13–15]. It is important to note that even 

after three cycles, the material did not lose its typical hyperelastic behavior, as shown 

by the stress-strain curves in Figure 4.6c. Hence, the XNBR/ZnO system studied 

herein can be used in other mechanically demanding products, thus closing the loop 

of resource consumption. 

 

 

Figure 4.6. (a) M300 and crosslink density, (b) TS and EB, and (c) stress–strain curves of 
pristine 10ZnO and recycled materials. (d) Cyclic tensile curves at 300 % strain. 

 

From another point of view, the loss of properties at the breaking point can be 

compensated for by preparing new blends using the recycled material as a partial 

replacement for the virgin material. Thus, a compromise between the crosslink 
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density and molecular entanglements can be found, which allows the maintenance 

of the mechanical behavior at the fracture point during a greater number of recycling 

cycles. 

Hysteresis loops were also performed and the results are shown in Figure 4.6d. A 

well-known phenomenon of stress softening was observed in all the cases. Although 

this phenomenon in gums is still a subject of debate, it is generally accepted that it 

is due to the breaking of crosslinking points or chains during deformation, or 

permanent local orientation after recovery [16,17]. The hysteresis loops increased in 

area as the recycling cycles progressed, suggesting an increase in the crosslink density 

of the material. This finding reinforces previous observations that the strength of 

the material (at low and medium strains) can be improved by recycling. 

Compressive fatigue tests showed slightly different mechanical responses for the 

virgin and recycled materials. Stress decay over compression load cycling was 

observed (Figure 4.7a), with a higher stress level for the recycled rubber 

(approximately 10 %). Moreover, the sinusoidal displacement conditions (Figure 

4.7b) and measured permanent sets after 5 min (10.40 mm pristine vs 10.55 mm 

recycled, on average) highlighted the enhanced hysteresis loop after recycling (Figure 

4.7c) already at 25 % strain level and higher elastic response, respectively. In line 

with the observations in the cycled tensile mode, these results suggest a higher 

crosslink density in the recycled material. 

The study of chemical resistance is another crucial aspect for ensuring the viability 

of recycling XNBR, a highly sought-after elastomer owing to its excellent resistance 

to petroleum-derived fluids. For this reason, a study of the mass change of XNBR 

samples after immersion in two non-polar solvents (motor oil and gasoline) was 

carried out. The results obtained, as shown in Figure 4.7d, reveal an undeniable 

trend of decreasing mass change as the number of recycling cycles increases, which 

perfectly correlates with the increase in the crosslink density. 
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Figure 4.7. Compressive fatigue test results (a) stress vs fatigue cycles, (b) axial force vs 
axial displacement for 5000th loading and unloading cycle and (c) axial displacement vs 
time for 10ZnO and R3. (d) Mass change in different non-polar solvents. 

 

These observations provide straightforward evidence of the close relationship 

between the molecular structure, crosslink density, and mechanical behavior of the 

material, including its tensile and compressive fatigue strengths, as well as other 

functional properties, such as chemical resistance. These results have significant 

implications for the future development of XNBR materials with improved 

mechanical properties, increased sustainability, and enhanced chemical resistance, 

which are essential for widespread industrial application. 
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4.3. Summary 

The results discussed in this chapter mark a significant step towards sustainable 

polymers by understanding the recyclability of XNBR beyond the conventional 

uniaxial tensile analysis and provide a breakthrough in the well-known field of ionic 

elastomers. In summary, the results show that XNBR crosslinked with ZnO can be 

effectively recycled and reused through a simple and easily scalable process involving 

only two steps: cutting and (re)molding. The feasibility and practicality of this 

strategy provides a sustainable solution for rubber waste. The benefits of this process 

include 100 % recycled material to produce new samples (after the first cycle), 

leaving the door open for further optimization of the recycling methodology through 

complementary approaches such as the partial substitution of virgin material. 

Moreover, this study offers valuable insights into molecular-level changes during 

each recycling cycle, providing a comprehensive understanding of the overall 

material properties. The results demonstrated that the uniaxial tensile properties of 

the developed XNBR/ZnO compound were minimally affected after three recycling 

cycles; however, this effect was more pronounced during the third cycle, probably 

owing to a decrease in molecular entanglements in the rubber network, according to 

the Mooney-Rivlin analysis. However, the material stiffness increases owing to a 

sustained increase in the crosslink density and a decrease in the size of the ionic 

domains (a higher number of smaller ionic aggregates), causing restricted molecular 

dynamics in the vicinity of the ionic phase, as demonstrated by DMA, BDS, and 

XRD. The trade-off between molecular dynamics and entanglements allows the 

material to maintain its overall behavior, even under compressive fatigue conditions. 

These findings suggest that recycling of purely ionically crosslinked XNBR is not 

only possible but also offers significant advantages in terms of sustainability and 

performance at room temperature. These results provide a promising avenue for 

future research and development in this area, ultimately contributing to the CE. 

Figure 4.8 shows a representative schematic summarizing Chapter 4. 
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Figure 4.8. Schematic representation of Chapter 4. 
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5   Self-healing Rubber  

Part of the work described in this Chapter has been published in 
Materials Horizons, 2024, Advance Article, DOI: 10.1039/D3MH01312J 
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Chapter 5. Self-healing Rubber 

Chapter 3 and Chapter 4 delved into the advantages of ionic crosslinking for 
obtaining vulcanized rubbers with a higher cure rate, robust mechanical 
performance (including tensile and compressive fatigue), and good chemical and 
abrasion resistance. Notably, the prepared ionic elastomers are recyclable, 
preserving many of their key properties even after undergoing three recycling 
cycles. Building on this foundation, Chapter 5 aims to deepen our 
understanding of the sustainability of ionic elastomers by exploring their self-
healing capabilities. Furthermore, this chapter aims to unlock the potential of 
these materials in cutting-edge applications, specifically in soft robotics. In this 
field, current materials face challenges related to load capacity, durability, and 
sustainability. Starting from the previously optimized material (with ZnO), 
another vulcanizing agent, magnesium oxide (MgO), was explored to expand the 
availability of mechanically robust, self-healing, and recyclable ionic elastomers 
based on XNBR. The designed materials exhibited excellent mechanical 
properties, including a TS exceeding 19 MPa and remarkable deformability, with 
an EB of over 650 %. Moreover, these materials showed high self-healing 
capabilities, with 100 % recovery efficiency of TS and EB at 110 °C after 3 h to 
5 h, and full recyclability, preserving their mechanical performance even after 
three recycling cycles. Furthermore, they were also moldable and readily scalable. 
Tendon-driven soft robotic grippers were successfully developed out of ionic 
elastomers, illustrating the potential of self-healing and recyclability in the field 
of soft robotics. 

 

5.1. Motivation 

The 4th industrial revolution requires a significant increase in the use of robotic 

automation with the goal of improving productivity and efficiency. Among robotic 

automations, soft robots are particularly well-suited for applications that require real 
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and safe human-robot collaboration and manipulation of fragile or sensitive objects 

[1]. The integration of soft robotics into different sectors holds the potential to 

transform processes, ensuring not only increased efficiency, but also enhanced safety 

and versatility in industrial environments. 

 

5.1.1. A Brief Introduction to Soft Robotics 

Soft robots are robotic devices made primarily of highly flexible materials, allowing 

for movement and operation that mimics biological organisms more closely than 

traditional rigid robots. Unlike conventional robots constructed from hard materials, 

such as metals and plastics, soft robots are often made from elastomers, gels, or 

other pliable substances. 

Many soft robots are designed by drawing inspiration from biological organisms such 

as octopuses, starfish, worms, and even humans, leading to innovative solutions in 

movement and problem-solving. The outstanding compliance of soft robots allows 

them to flexibly deform and adapt their shapes upon contact with objects, making 

them ideal candidates for delicate handling tasks, such as electronic components and 

food items. Soft robots can achieve a wide range of motions such as crawling, 

bending, twisting, and squeezing, which can be challenging for traditional rigid 

robots. Figure 5.1 summarizes the key characteristics of soft robots. 

However, the load capacity of soft robots remains a significant challenge because of 

the inherent properties of soft materials, which are characterized by a Young's 

modulus below 1 GPa [2]. Several approaches have been explored to address this 

limitation, including the reinforcement of the elastic structure with high-strength 

fibers [3,4] or using variable stiffness technology, such as particle jamming [5–7], soft 

actuator coupling [8,9], and stiffness-controlled materials [10]. Unfortunately, these 

methods tend to complicate soft gripping systems and do not always provide a 

sustainable solution for soft robotics. 
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Figure 5.1. Key characteristics of soft robots. 

 

The lifetimes of soft robots and their lack of recyclability are additional key concerns 

that should be addressed before economically and environmentally viable industrial 

implementation [11,12]. As previously mentioned, soft robotic parts are 

predominantly fabricated from elastomers such as silicones and PU. These 

elastomers are vulnerable to sharp objects that cause cuts, tears, and punctures. 

Furthermore, fatigue can lead to microdamage, which can quickly amplify large-scale 

issues. Overloading is another frequent challenge due to the inherently low 

mechanical strength of these materials [12]. In addition, most commercial elastomers 
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present significant challenges in reprocessing and recycling because of their 

permanently crosslinked structures [13]. This combination of non-optimal 

recyclability and limited lifetime hampers their overall sustainability [14]. However, 

the integration of self-healing and recyclable polymers presents a viable solution, 

enabling recovery from macroscopic damage, reducing maintenance requirements, 

minimizing environmental impacts, and extending their operational lifecycle [12]. 

Figure 5.2 summarizes the main challenges in soft robotics applications. 

 

 

Figure 5.2. Challenges in soft robots applications. 
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5.1.2. Self-healing Polymers in Soft Robots 

Several self-healing polymers based on different dynamic chemistries including 

hydrogen bonding [15–17] or disulfide metathesis [18,19] and extrinsic mechanisms 

[20], have been used in soft robotics [12]. Despite these advancements, the potential 

application of well-established general-purpose self-healing rubbers remains 

unexplored. Additionally, the mechanical performance of the materials available in 

the current state-of-the-art has its limitation. This includes low moduli, low fracture 

stress, and non-negligible viscous effects. This stems from the low bond energy of 

the reversible crosslinks, which leads to the breaking of the bonds at low stresses. 

Although the resulting self-healing soft robotics can generate large deformations, 

their payload is limited. For soft robots to be competitive, they must be able to 

withstand forces comparable to those of traditional rigid robotics. In addition, they 

must be controlled in terms of the position or force. Time-dependent behaviors that 

result from viscous effects in materials largely complicate their control or make them 

impossible to control. Hence, there is a clear need for self-healing elastomers in soft 

robotics that combine excellent mechanical properties and self-healing capabilities. 

In this context, ionic elastomers based on general-purpose rubbers present a 

promising avenue in the field of soft robotics, because they are a unique class of 

polymeric materials that combine the processability of thermoplastics with the 

elasticity of rubber. In Chapter 5, three ionic elastomers based on XNBR were 

designed using a metal oxide (MO), as a crosslinking agent, semi-reinforcing filler, 

and processing aid, all at once. All the materials were thoroughly characterized to 

evaluate their rheometric, thermal, and mechanical properties, as well as their 

molecular structure and dynamics. After characterization, the material with the best 

overall performance was used for the fabrication of tendon-driven soft robotic 

grippers. The simplicity in the selection of a widely available rubber, recipe design, 

and straightforward manufacturing technique not only promotes ease of execution 

but also ensures potential scalability. 
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5.2. Results and Discussion 

Three XNBR-based compounds were prepared using ZnO and MgO as vulcanizing 

agents (Table 5.1). The recipes were designed to investigate three key parameters: 

i) increasing the content of the same MO (1.25MgO and 10MgO), ii) equal crosslink 

density (1.25MgO and 10ZnO) and iii) equal MO contents (10MgO and 10ZnO). 

 

Table 5.1. Rubber recipes based on ZnO and MgO (in phr). 

Ingredient 1.25MgO 10MgO 10ZnO Role 

XNBR 100 100 100 Rubber matrix 

ZnO - - 10 Crosslinking 
agent 

MgO 1.25 10 - 

 

5.2.1. How do Metal Cations Shape the Ionic Elastomer Properties? 

As demonstrated in the previous chapters, the XNBR/MO system promotes the 

formation of ionic crosslinks through the interaction between the carboxyl groups in 

the main chain of rubber and the divalent metal cations in the chosen MO (in this 

case, Mg2+ and Zn2+). The initial step in the characterization involved the analysis 

of the curing (Figure 5.3a) and stress-strain curves (Figure 5.3b). The elastic 

component of the torque (S') as a function of time was monitored to track the 

progress of the vulcanization reaction. Table 5.2 summarizes the curing and 

mechanical properties of the compounds. 
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Figure 5.3. (a) Curing curves (160 °C) and (b) mechanical properties of the cured ionic 
elastomers. (c) ATR spectra of the prepared samples as well as that of pure XNBR. 

 

The curing curves revealed that increasing the MgO content from 1.25 phr to 10 phr 

resulted in a slight increase in ML from 0.35 dNm to 0.42 dNm. However, a 

significant increase was observed in the MH, from 2.76 dNm to 9.48 dNm, as well as 

in the CRI and the PCR. A higher MgO content provided a higher probability of 

encountering carboxyl groups for the ion pair, leading to a more efficient curing 

process and a faster cure rate. This enhanced curing efficiency resulted in increased 

torque, viscosity, and crosslink density, and improved mechanical performance with 

higher stress at low (M100) and medium strains (M300), an increase in TS from 

19 MPa to 39 MPa, with a minor reduction (~4 %) in EB. 

When comparing compounds with equal crosslink densities, it was found that 10ZnO 

exhibited higher MH, CRI, and PCR than its 1.25MgO counterpart. This was 
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attributed to the excess ZnO in the recipe. As stated previously, according to 

stoichiometric calculations, 6 phr of ZnO are required to saturate all carboxyl groups 

in XNBR. This could result in an excess of ZnO, which acts as a semi-reinforcing 

filler. The reinforcing character of ZnO has been widely reported in rubber-related 

literature [21,22]. Long before its recognition as a S vulcanization activator in the 

early 1920s, ZnO was already used as a non-black filler in rubbers [23]. Its semi-

reinforcing characteristics have been described in NR [24], chlorinated NR (Cl-NR) 

[25], and SBR [26]. This explains why 10ZnO behaves as a stiffer material with 

higher M100 and M300. However, the TS remained close to approximately 19 MPa 

for 1.25MgO and 21 MPa for 10ZnO, because of their equal crosslink densities. 

With similar MO contents, MgO exhibited superior mechanical properties compared 

to ZnO, as evidenced by the ultimate state of cure (∆M), M100, M300, and TS, but 

a slower cure rate. The improved mechanical performance can be attributed to the 

nature of the cations. Smaller cations (lower ionic radii, r), such as Mg2+, can form 

stronger bonds due to electrostatic attraction (higher forces, F) between charged 

ions (Coulomb’s law, F µ−1 r2). The generally accepted smaller ionic radius of Mg2+ 

(0.65 Å) compared to that of Zn2+ (0.74 Å) [27–29] results in stronger ionic 

interactions and better mechanical performance. Another important consideration in 

this context is the electronic configuration of both cations. The electronic 

configuration of Mg2+ is [He] (1s22s22p6), whereas that of Zn2+ is [Ar]3d10 

(1s22s22p63s23p63d10). Although both cations have their outermost orbital filled, in 

the case of Zn2+, the ligands bind to an outer shell of the ions, leading to a reduced 

electrostatic strength due to the greater distance from the nucleus. Similar effects 

were described for XNBR modified with 2,6-diaminopyridine (DAP) by Das et al. 

[30] The effect of several metal salts, such as cobalt(II) nitrate hexahydrate 

(Co(NO3)26H2O, Co2+), nickel(II) nitrate hexahydrate (Ni(NO3)26H2O, Ni2+), and 

zinc(II) nitrate hexahydrate (Zn(NO3)26H2O, Zn2+), was explored. With smaller 

ionic radii, such as Ni2+ (0.69 Å), double TS was achieved compared to Zn2+. This 

outcome was attributable to the electronic configuration and size of the cations. 
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Table 5.2. Curing and mechanical properties of the ionic elastomers. 

Property 1.25MgO 10MgO 10ZnO 

Scorch time, ts1 (min) 15.2 2.6 1.8 

Curing time, t90 (min) 44.9 26.4 7.3 

Minimun torque, ML (dNm) 0.4 0.4 0.4 

Maximun torque, MH (dNm) 2.8 9.48 4.8 

ΔM = MH − ML (dNm) 2.4 9.01 4.4 

Cure rate index, CRI = 100 / (t90 − ts1) (min−1) 3.4 4.18 18.2 

Peak cure rate, PCR (dNm min–1) 0.068 0.84 1.1 

Stress at 100 % strain, M100 (MPa) 0.5 ± 0.2 3.9 ± 0.6 1.7 ± 0.1 

Stress at 300 % strain, M300 (MPa) 1.5 ± 0.3 10.5 ± 0.5 4.0 ± 0.1 

Tensile strength, TS (MPa) 19 ± 2 39 ± 1 21 ± 5 

Elongation at break, EB (%) 741 ± 24 705 ± 12 664 ± 45 

Crosslink density, ν (× 10−5 mol cm−3) 3.57 ± 0.02 7.8 ± 0.2 3.7 ± 0.1 
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In contrast, the faster curing of the compounds with ZnO could be attributed to the 

higher affinity of the carboxyl groups to form interactions with divalent cations. 

Similar results were reported by Dudev and Lim [31], who computed the formation 

free energies of Zn2+ and Mg2+ using different gas-phase ligands. They found that 

the formation free energies of compounds with Zn2+ were always lower (by 

24−77 kcal mol−1) than those of compounds with Mg2+. This implies that ligands 

(in which carboxylate groups are included) prefer Zn2+ to Mg2+. However, they also 

claimed that Zn complexes are more stable than Mg compounds, but this seems to 

differ from our initial observations based on the better mechanical performance of 

MgO compounds. 

The FTIR spectra analysis provided further insight into the crosslinking process and 

its impact on the chemical structure of the rubber compounds. Figure 5.3c shows 

the ATR spectra of the prepared samples as well as that of XNBR (without 

additives) as a reference. Every band related to the chemical structure of the rubber 

backbone was clearly discerned and were already explained in detail in Chapter 3. 

These bands remained constant after vulcanization, indicating the structural 

integrity of the rubber. 

Of particular interest in ionic elastomers based on carboxyl groups is the band at 

1698 cm−1, which corresponds to the carbonyl (C=O) stretching of carboxylic acid. 

This band is directly related to the vulcanization process with metal oxides. 

Depending on the vulcanization system used, any shift in this signal indicates the 

successful formation of ionic interactions and their nature. In this case, a shift of up 

to 1586 cm−1 was observed in 10MgO, i.e., in the presence of the Mg2+ cation 

(magnesium carboxylate salt), and up to 1588 cm−1 in 10ZnO, i.e., in the presence 

of the Zn2+ cation (zinc carboxylate salt). This change corresponds to the 

asymmetric carbonyl stretching of the coordination [32–35]. Interestingly, in the case 

of 1.25MgO, a new broad band centered at 1616 cm−1 was observed, with a shoulder 

peak at 1580 cm−1. This suggested the coordination with the metal cation, even 

though the MgO content was below stoichiometric saturation (~3.25 phr, 1:2 ratio). 
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This indicates the possibility of higher-order coordination, such as hexacoordinated 

coordination (1:3 ratio), which would explain the saturation effect even at a lower 

MgO content [34]. Additionally, after vulcanization, new peaks appeared at 

1420 cm−1 for the compounds with MgO and at 1417 cm−1 for those with ZnO, 

associated with the symmetric carbonyl stretching of the coordination [36]. These 

results confirmed the formation of the metal salts during vulcanization with both 

vulcanization agents. 

To gain further insight into the structural differences and their impact on the 

performance of the ionic elastomers, BDS was performed. Figure 5.4 show the 3D 

plots of the conduction-free dielectric loss with respect to temperature and frequency. 

 

 

Figure 5.4. 3D plots of conduction-free dielectric loss (e''der) with respect to temperature 
and frequency for (a) 1.25MgO, (b) 10MgO) and (c) 10ZnO. (d) Activation plot. 
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Three distinct relaxations were revealed: 1) b, at low temperatures, associated with 

short-range motions; 2) a, or segmental relaxation, associated with cooperative 

motions of the polymer chains as a result of the glass transition, and 3) a', or ionic 

relaxation, at high temperatures, associated with the separated phase formed by the 

ionic clusters and the trapped rubber chains. The three identified relaxations can be 

well described by the HN formalism, as shown in Chapter 2. This approach enabled 

the generation of an activation plot (Figure 5.4d). To analyze the activating 

behavior, the data points were fitted using two distinct functions: a Vogel-Fulcher-

Tammann-Hesse (VFTH) for the a and a' relaxations, and Arrhenius for the b 

relaxation. The dashed lines in each dataset point represent the fitting results 

obtained using these functions, as described by Equation 4.1 (VFTH) and Equation 

4.4 (Arrhenius). Table 5.3 summarizes the parameters obtained. 

The results of this study revealed some interesting findings. In terms of the b 

relaxation, no substantial variation in the activation energy value (46 kJ mol−1, 

48 kJ mol−1 and 45 kJ mol−1) was observed. b relaxation is not usually reported or 

discussed in recent studies on XNBR-based ionomers [32,37–40], neither by DMA 

nor by BDS. However, the limited available research attributes its origin to the 

rotational motions of side groups [41]. Additionally, recent investigations on non-

carboxylated nitrile rubber (NBR) have associated its behavior with the local non-

cooperative motions of the macromolecule [42]. In this context, Fritzsche et al. [41] 

reported an increase in the activation energy of b relaxation with increasing the filler 

content in rubber composites (i.e., with increasing constraints); however, no further 

explanation was given beyond the uncertainties inherent to the linear region. In our 

case, it seems that the intramolecular and/or intermolecular interactions within the 

polymer chains (i.e., van der Waals forces, electrostatic forces, and hydrogen bonds) 

were not affected by the presence of agglomerates (increasing MO content). Further 

exploration is required to gain a deeper understanding of this relaxation behavior. 
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Table 5.3. Fitting parameters from the activation plot of ionic elastomers. 

Parameter 1.25MgO 10MgO 10ZnO 

β relaxation    

Activation energy, Ea (kJ mol−1) 46 ± 1 48 ± 1 45 ± 1 

α relaxation    

B 1477 ± 30 1552 ± 30 1574 ± 29 

Vogel temperature, T0 (K) 204 ± 1 204 ± 1 204 ± 1 

Fragility strength, D 7.2 ± 0.1 7.6 ± 0.2 7.7 ± 0.1 

Fragility index, m 98 ± 1 94 ± 2 93 ± 1 

α' relaxation    

B 1932 ± 36 1843 ± 24 1743 ± 14 

Vogel temperature, T0 (K) 183 ± 2 191 ± 2 189 ± 1 

Fragility strength, D 10.6 ± 0.2 9.6 ± 0.2 9.2 ± 0.1 

Fragility index, m 72 ± 1 77 ± 2 80 ± 1 
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For the a relaxation, no significant variations in the parameters derived from the 

VFTH fit were observed, indicating that the segmental relaxation, which involves 

the mobility of rubber segments that neither participate in the ionic interaction nor 

are in its vicinity, remains unaltered. This supports the model of a separate ionic 

phase with its own thermal transition. The results for a' relaxation showed a stark 

contrast. To gain further insight into the analysis, the fragility index (m) was 

calculated as a measure of the stiffness of the polymer backbone associated with each 

relaxation, according to Equation 4.3. 

An increase in the Vogel temperature (T0) was observed in the compounds 

containing higher MO contents (10MgO and 10ZnO). This observation corresponds 

to a decrease in flexibility attributable to excess oxides, a hallmark of materials 

exhibiting fragile behavior. These materials are characterized by increased 

cooperativity, lower D values, and high m values, which are related to the higher 

apparent activation energy necessary for their molecular motions. Instead, 1.25MgO 

demonstrated a behavior with lower cooperativity, where the activation of its 

molecular dynamics was more readily facilitated. This was reflected in the higher D 

values and diminished m. These results hold significant implications, as they may 

aid in predicting the self-healing behavior. When subjected to identical conditions, 

1.25 MgO is expected to exhibit a superior healing response, achieving higher 

efficiencies than 10ZnO and 10MgO, owing to its enhanced flexibility and mobility. 

These findings highlight the critical interplay between the composition, molecular 

dynamics, and self-healing in the development of advanced functional rubbers. 

A more nuanced investigation was carried out using BDS. This step forward in the 

examination involved identifying the a' relaxation process at a constant frequency 

of 100 Hz in the temperature-sweep domain, as shown in Figure 5.5a. This approach 

allowed the identification of the temperature associated with the maximum ionic 

relaxation, that is, the ionic transition temperature. This critical value sets the lower 

limit of the temperature employed in the self-healing protocol, thereby providing a 

crucial parameter for efficient material healing. According to the acquired data, the 
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ionic transition temperature was identified to be ~55 °C for the compounds with 

equivalent crosslink density (1.25MgO and 10ZnO). However, a higher temperature 

around ~65 °C was observed for 10MgO. At this frequency, the relaxation 

temperature seems to be predominantly influenced by the crosslink density and, 

consequently, the number of ionic interactions. 

 

 

Figure 5.5. (a) Conduction-free dielectric loss (e’’der) with respect to temperature at 
100 Hz. (b) Time of ionic dissociation of the prepared compounds. 

 

From these observations, a subsequent analysis was performed, plotting the variation 

in ionic dissociation time (obtained from the tmax values associated with each a' 

relaxation) against temperature, as shown in Figure 5.5b. This led to the discovery 

that the first temperature at which the ionic dissociation times among all composites 

approach each other equivalently (with negligible differences of around 1-2 ´ 10−3 s 

between them) is 110 °C. Based on these BDS findings, an insightful turn towards 

self-healing optimization was made. By embracing this approach, the traditional 

trial-and-error optimization process was avoided, offering a thorough analysis of the 

ionic dissociation times of the compounds. The insights derived from the BDS 

determined 110 °C as the minimum temperature for the self-healing process. This 

temperature selection is grounded not in conjecture but in the understanding of the 

molecular dynamics of the materials under specific conditions. This represents a 
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potentially transformative approach for optimizing healing protocols in future 

studies. Thus, the focus has now shifted to the study of the healing process. 

 

5.2.2. Unveiling the Self-Healing and Recyclability of Ionic Elastomers 

The healing capabilities of the compounds were calculated with respect to M300, 

TS, and EB at 110 °C for 3 h (Figure 5.6a). All ionic elastomers were able to fully 

recover their M300 values after the healing protocol. This is an interesting result 

from the point of view of recovering functionalities, as most commercial applications 

of these materials usually operate at lower to medium strains. 

 

 

Figure 5.6. (a) Healing efficiency at fixed temperature (110 °C) and time (3 h). (b) 
Optimization of healing efficiency of (b) TS and (c) EB at different times. (d) Healing 
efficiencies calculated using conventional and new procedures. 
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The behavior of the properties at the breaking point was different. As the MgO 

content increased, there was a marked decrease in repairability [43–46]. This 

demonstrates an antagonistic relationship between the MgO content and healing 

capability. Specifically, 10MgO exhibited a lower efficiency of 46 % in TS and 59 % 

in EB compared to 1.25MgO, which achieved values above 100 % in both cases, 

surpassing its pristine state. This effect correlates well with the stiffness of the 

compounds. 

To further elaborate this, the study was complemented by DMA measurements. 

Figure 5.7 shows the E' and E'' moduli of the three prepared ionic elastomers. At 

the healing temperature (110 °C), a remarkable increase (over a decade) in the E' 

values of 10MgO was observed, indicating higher stiffness and low diffusivity (i.e., 

constraints). This high stiffness and low diffusivity would be responsible for the 

considerable decrease in self-healing efficiency. Similar results were reported by 

Tierney and Register [47] for ethylene-methacrylic acid (E/MAA) ionomers with 

Na+ cations. They found that excess acidic groups (below the stoichiometric ratio) 

accelerated the ion-hopping mechanism through a plasticizing effect of the ionic 

units, resulting in a reduction in viscosity. This implies that the diffusivity of the 

ionic group decreases significantly as the level of neutralization increases. All these 

factors will be key to the study of phenomena such as self-healing and recycling. 

 

 

Figure 5.7. E' and E'' for the three prepared ionic elastomers. 
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At equal crosslink densities, 10ZnO reached healing efficiencies of 61 % in TS and 

76 % in EB. The presence of excess ZnO could decrease the free volume available 

for the motions of the XNBR chains, acting as barriers to mobility and reducing 

repair efficiency, due to a slowing down of the ion-hopping mechanism. This finding 

highlights that the crosslink density alone is not the sole influence on the molecular 

dynamics in the self-healing process. Factors such as the free volume, steric 

hindrance, neutralization degree, and binding energy also play pivotal roles. 

Comparing the two compounds with equal MO contents (10MgO and 10ZnO), a 

better self-repairing capacity was observed for the compound with ZnO, which could 

be explained by its lower crosslink density and ionic interaction nature (higher ionic 

radius, lower ionic interaction), requiring less intense conditions to achieve higher 

efficiencies. Similar results have been previously reported. Hirasawa et al. [48] 

studied the effects of different cations on the ionomer structure of poly(ethylene-co-

methacrylic acid) (EMAA). The ionic interaction strengths of different cations (Na+, 

K+, Mg2+, Zn2+, Co2+, Cu2+, and Mn2+) were correlated with the melt flow rate 

(MFR) at different degrees of neutralization. The MFR decreased (viscosity 

increased) with increasing neutralization (i.e., crosslink density). This decrease was 

considerably higher for alkaline and alkaline earth metal salts than for the transition 

metal salts. This result shows that the ionic interactions in the ionomers are stronger 

in Mg2+ than in Zn2+, as evidenced by the increase in viscosity in the molten state. 

In this context, a higher viscosity results in lower chain interdiffusion and thus a 

lower self-healing capacity, as demonstrated by the results of this investigation. 

Figure 5.8a and 5.9b provide a schematic summary of the differences observed 

between the ionic networks and a simplified depiction of the Eisenberg model applied 

to the MO (assuming equal coordination numbers). 

Considering these findings and the requirement to determine the optimal healing 

time, 10MgO was excluded from the subsequent stage of time optimization. Figure 

5.6b and Figure 5.6c present the efficiency results with respect to TS and EB by 

extending the healing protocol time to 5 and 7 h. The results reveal that at 5 h, 
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10ZnO is capable of fully heal (efficiencies up to 100 % in TS and EB). Concurrently, 

1.25MgO can achieve complete repair (efficiencies above 100 %) at all time intervals 

studied. 

 

 

Figure 5.8. Scheme of (a) different networks and (b) Eisenberg model for each MO. 
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At this point in the study, one intriguing aspect to be discussed relates to the 

possibility of achieving healing efficiencies exceeding 100 %. This raises a compelling 

question: How can a material that has undergone total macroscopic damage and 

subsequent repair exhibit performance surpassing that of pristine samples? The 

influence of the healing protocol, notably the applied temperature, on material 

properties plays a significant role beyond healing. To understand the extent of this 

effect, a new procedure was proposed [46], whereby pristine specimens were subjected 

to heat treatment under the same healing protocol but without inducing macroscopic 

rupture with a razor blade. The application of temperature to the pristine material 

induced an increase in the crosslink density, potentially leading to an enhancement 

in the mechanical properties of the material, as demonstrated with the recycling 

cycles in Chapter 4. Bearing this in mind, from a physical and comparative 

standpoint, it could be considered reasonable to employ the heat-treated material 

rather than the pristine material as the reference point for calculating the healing 

efficiency. The newly calculated efficiency value was more realistically focused on 

the damage, thus suppressing the effect of the temperature. Nevertheless, in the 

aforementioned study, the repair mechanism was based on disulfide bond exchange, 

which is a dynamic but covalent mechanism that is inherently different from ionic 

interactions. This brings us to an interesting question: does temperature influence 

ionic interactions in the same way as it affects sulfur bonds? To answer this question, 

the new procedure was applied to the samples prepared in the current study. The 

efficiencies of 1.25MgO and 10ZnO (at 110 °C for 3 h) were recalculated (Figure 

5.6d). In the case of TS, 79 % (1.25MgO) and 66 % (10ZnO) were obtained, and for 

EB, 95 % (1.25MgO) and 71 % (10ZnO) were obtained, respectively. This is still an 

outstanding (successful repair) but more realistic numerical result for the damage 

recovery process, without considering the thermal effect. 

To contextualize the significance of these outcomes, it is important to compare the 

present results on mechanical properties and self-healing efficiency with recent 

studies (last 3 years) on healable ionic elastomers. However, it is crucial to point 
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out that making direct comparisons between self-healing studies is not always 

entirely fair because there are no international standards. As noted in Chapter 1, 

this is one of the major issues to be resolved in this field [49]. Objective assessments 

require that vulcanization processes, self-healing mechanisms and protocols (time, 

temperature, pressure, etc.), and variables in mechanical tests (sample size and 

shape, crosshead speed, temperature, etc.) be equivalent. 

In light of these considerations, in terms of the mechanical properties and self-healing 

efficiency, the designed ionic elastomers exhibited competitive values when compared 

to the available literature. However, beyond the numerical results, the simplicity of 

the process introduced, the use of low-cost ingredients, and the optimization of repair 

conditions place this development in an advantageous position. Zainol et al. [50] 

developed XNBR compounds using the same zinc-carboxylate metal-ligand 

interaction but with ZT and dicumyl peroxide (DCP) in their recipes. Employing a 

considerably higher amount of ZT (30 phr), a TS of up to 8 MPa was achieved, 

coupled with a healing efficiency of 98 %, at a higher temperature (150 °C), but with 

a reduced repair time (just 10 min). 

Naskar et al. [51] prepared self-healable and extremely stretchable ionic elastomer 

based on the dynamic metal–ligand coordination between 1-(3-aminopropyl) 

imidazole (API ligand) and Zn2+ metal ion moieties incorporated onto the XNBR 

rubber backbone, with zinc chloride (ZnCl2). With 3 phr of Zn2+, an excellent healing 

performance of 91.2 % was achieved at RT after 24 h, with a TS of 5.7 MPa. 

Recently, Das et al. [52] investigated the ionic crosslinking of XNBR with Ni-cysteine 

and Zn-cysteine complexes. Compared to the Ni-cysteine compound, the XNBR 

cured with the Zn-cysteine complex exhibited outstanding extensibility, 

recyclability, and TS of 3.8 MPa, which is distinctly lower than that of the ZnO- 

and MgO-based compounds prepared in the present study. However, they reported 

an impressive healing efficiency of 89.5 % after 24 h at RT. This stands in contrast 
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to the present doctoral thesis, which requires considerably shorter times but higher 

temperatures. 

In contrast to zinc-carboxylate metal-ligand coordination, Wagje and Das [53] 

investigated alternate metal cations. In their study, XNBR was crosslinked through 

a copper (I)-carboxylate metal-ligand interaction using anhydrous copper chloride 

(CuCl). Employing 20 phr of CuCl, the best mechanical performance was obtained, 

with a TS of 5.41 MPa and 251 % EB. However, this blend could not self-repair 

under the tested conditions. Conversely, at a lower CuCl content (5 phr), TS was 

reduced to 1.95 MPa, while the self-healing efficiencies reached up to 75 % following 

a 70 °C and 48 h protocol. This underscores the balance between the mechanical 

strength and self-healing ability. 

In this doctoral thesis, this trade-off is addressed, producing materials with both 

superior mechanical properties and high self-healing efficiencies resulting from 

meticulously optimized repair conditions. 

It is a fact that the studies mentioned highlight the multifaceted nature of 

approaches in the field of ionic elastomers and the versatility of methodologies that 

can be employed. The available research underscores the critical importance of 

content optimization to ensure the best balance between mechanical strength and 

self-healing efficiency. Moreover, while these recent investigations offer a vast wealth 

of knowledge, a key distinction is evident: their focus was not predominantly 

application-oriented. In contrast, this doctoral thesis prioritizes this aspect for soft 

robotics applications, ensuring not only scientific rigor, but also practical 

applicability. Furthermore, as evident from the variety of crosslinking agents and 

their costs, it is imperative to consider the feasibility of scalability in material 

designs. The present work addresses this by striving for simplicity and cost-

effectiveness; however, a comprehensive LCA for these compounds is still necessary 

to gain a clearer understanding of the sustainability of the material and the devised 

process. 
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The recyclability of the developed compounds was also analyzed to provide 

sustainability to the soft actuator. The evolution of different mechanical properties 

(M300, TS, and EB) and crosslink densities with the number of recycling cycles was 

followed. Figure 5.9 shows the obtained values. 

 

 

Figure 5.9. Evolution of the mechanical properties (M300, TS, and EB) and crosslink 
densities of (a, b) 1.25MgO, (c, d) 10MgO, and (e, f) 10ZnO over three recycling cycles. 
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The results of 10ZnO were discussed in detail in the previous Chapter 4. With each 

recycling cycle, an increase in the crosslink density was determined by swelling, with 

a notable decrease in the volume of the solvent absorbed in the recycled samples. 

This could be associated with the redistribution of ionic aggregates into smaller 

structures around the matrix, as previously explained. Compounds with the same 

crosslink density (1.25MgO and 10ZnO) showed promising behavior, with 10ZnO 

retaining approximately 75 % of its initial properties and 1.25MgO successfully 

retaining both properties (TS and EB) even after R3. Nonetheless, 10MgO exhibited 

a limited recyclability. A noticeable decrease in TS recovery with recycling cycles 

was observed, and 300% elongation was not reached at R2 and R3. However, its net 

TS and EB recovery values remained above 12 MPa and 200 % strain, respectively, 

which may be useful in several rubber applications. 

 

5.2.3 Assembly and Validation of the Soft Robotic Gripper 

To complete the study from an application-oriented perspective, the next step has 

been the implementation of the developed materials in an advanced application, such 

as soft robotics. A tendon-driven soft robotic gripper prototype that imitates a 

human hand was designed. This part of the study involved two main stages: 

assembly and validation testing. The assembly and actuation process consisted of 

five steps. Figure 5.10 shows a schematic representation of this procedure. 

Step 1: Design and molding of the fingers (actuators). The rubber compound with 

optimal mechanical strength, self-healing efficiency, and recyclability was selected 

for compression molding of the five actuators using a hydraulic press and an 

aluminum mold at 160 °C and 15 bar. An additional time of 8 min was added to t90 

to ensure proper vulcanization (+1 min for each mm of thickness in addition to the 

curing curve impellers). Two sizes were prepared: a smaller with three phalanges for 

thumb simulation and a larger with four phalanges for the other fingers. 
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Figure 5.10. Schematic representation of soft robotic gripper assembly. 
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Step 2: Design and manufacture of the hand base. The base, corresponding to the 

palm of the hand and a portion of the forearm, was designed using the commercial 

CAD/CAE engineering software, Autodesk Inventor. This piece was subsequently 

produced using additive manufacturing techniques with black poly(lactic acid) 

(PLA) filaments on a fused filament fabrication 3D printer (Ultimaker 2). 

Step 3: Integration of tendon-driven actuation mechanism. The tendon-driven 

actuation mechanism was then embedded in the five actuators. A commercial nylon 

cord with a diameter of 0.5 mm was threaded through small PTFE tubes with an 

inner diameter of 1 mm, which were inserted into each phalanx. The cords were 

fixed to the top of the finger by using a manually tied knot. 

Step 4: Assembly of actuators and hand base. Both parts were assembled and firmly 

affixed to a wooden base. The cords of the tendon-driven actuation mechanism were 

connected to servo motors (Dynamixel) that pulled the strings to generate the 

bending motion. The elastic energy stored in the actuators facilitates the return to 

its original position upon the release of pressure on the cords. 

Step 5: Code and actuation. Instructions for finger movements were controlled using 

an Arduino Uno. The Arduino code contains different predefined finger movements. 

After the assembly and code development, the second phase involved validation 

testing. An RGBD camera tracked the deformation of five marks placed on the side 

of a larger actuator (four phalanges). The camera recorded the position of each mark 

according to different movement instructions, thus generating a bending angle-time 

graph. For movement tracking, the actuator was positioned horizontally with the 

top tip facing right, and actuation was executed in the direction towards a 90° angle 

with respect to the horizontal. Figure 5.11 shows a schematic representation of this 

phase. 

The final choice for manufacturing soft robotic grippers considers the balance 

between mechanical performance, healing capability, and recyclability. While 

10MgO exhibited exceptional mechanical performance, its limitations in self-healing 
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and recycling make it less suitable for long-term durability and sustainability. The 

high stiffness of 10MgO may also hinder its use for handling delicate products. 

10ZnO showed good mechanical performance and healing ability, but longer healing 

times and recycling difficulties after the third cycle may pose challenges in 

applications where quick repairs and consistent recyclability are crucial. However, 

this can be compensated by its shorter vulcanization time. 1.25MgO is another 

suitable choice. Despite having a slightly lower mechanical performance than other 

compounds, it still possesses competitive values when considering the most 

elastomeric materials used in soft robotics. One of the main disadvantages is its low 

curing rate; however, its short healing time and ability to maintain its properties 

through multiple recycling cycles can significantly extend the lifespan of the robotic 

hand, reduce maintenance costs, and improve sustainability. Figure 5.12 shows the 

final assembly of the soft robotic gripper developed using the optimized compound 

in this study. 

 

 

Figure 5.11. Schematic representation of the validation testing. 
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Following the assembly process detailed earlier, the precision of the soft robotic 

gripper in performing intricate movements was confirmed. It was successfully 

actuated to form distinct gestures like the universally recognized "pointing", "ok", 

"rock!" and "peace" signs. These positions not only show the ability of the soft robot 

to mimic human hand movements but also underscore the efficacy of using the ionic 

elastomer with its optimum flexibility and elastic response for adequate performance. 

 

 

Figure 5.12. (a) Final assembly of gripper and (b) actuation of four programmed positions 
(pointing, ok, rock, and peace signs). 

 

For the validation stage, two experimental tests were conducted using a motion-

tracking setup. These tests included a response test (Figure 5.13a) and a stress 

relaxation test (Figure 5.13b) at the system level, where the bending angle was 

followed as a function of time. In the response test, the actuator was initially bent 
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to an angle of 50 °, after which the tension on the tendon was completely released 

(Figure 5.13c). Next, the response of the actuator was investigated by tracking how 

quickly it recovered to its initial (unbent) position. This test provides information 

regarding the dynamics of the selected material in soft robotics applications. It can 

be observed that only after 80 ms, the actuator reaches back its initial position. 

Quick responses such as these are crucial in soft robotic grippers, as they guarantee 

rapid grasping actions, ultimately resulting in increased throughput in industrial 

applications. 

 

 

Figure 5.13. Bending angle vs time for the (a) response and (b) stress relaxation tests of 
the selected ionic rubber. (c) Images of the validation process. 

 

In the second experiment, a stress relaxation test was performed on the soft bending 

actuator level by placing it at a 55° bending angle by tensioning the tendon. 

Subsequently, the bending angle was monitored over time, while maintaining the 
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tendon in a fixed position. Due to stress relaxation in the material, the bending angle 

is slightly reduced over time. After 250 ms, this angle was reduced to 40°. Although 

this dynamic effect can be partially mitigated by the adaptability of the soft gripper, 

it is undesirable in gripper applications where a high position accuracy is required. 

This effect results from the viscoelastic behavior of the ionic elastomers. 

Reversible/dynamic polymer networks, in general, suffer from viscoelastic behavior, 

which impacts their applications. Although the materials have a relatively low loss 

modulus at RT, experiments at the actuator level indicate that the viscous 

component is far from negligible. Therefore, future work should focus on minimizing 

these viscous effects, as they can affect the controllability of soft robotic systems. 

However, the approach introduced in this doctoral thesis aids in the sustainable 

creation of soft robotic parts using healable and recyclable materials and ensures 

that they have the capability to perform quickly with precision, a key requirement 

in practical real-world applications. 

 

5.3. Summary 

Chapter 5 discusses the potential of XNBR-based compounds employing ZnO and 

MgO as vulcanizing agents, effectively demonstrating how a single ingredient can 

drastically influence the mechanical and physical properties of rubber, while 

concurrently addressing issues of sustainability and recyclability. The research found 

that a higher MO content increases the vulcanization efficiency, leading to a higher 

cure rate and degree of crosslinking, and thus enhanced mechanical performance. A 

comparative analysis of the equal crosslink densities revealed that excess ZnO 

imparts stiffness owing to its function as a semi-reinforcing filler. In contrast, equal 

MO contents induced superior mechanical properties in the MgO compound 

compared to ZnO, owing to the stronger electrostatic attraction of its smaller 

cations. A significant innovation of this study is the use of BDS to determine the 

optimal temperature for a self-healing protocol, diverging from the traditional trial-
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and-error approaches typically employed for optimization. The compound with just 

1.25 phr of MgO boasts the highest self-healing performance, achieving a healing 

efficiency of up to 79% for TS and up to 95% for EB at 110 °C within 3 h using an 

updated and fairer method for determining the repair efficiency. The ionic rubber 

also maintained full recyclability (100 % recovery of the maximum mechanical 

properties) over three recycling cycles. Despite exhibiting the lowest TS among the 

prepared compounds, 1.25MgO still delivered an impressive 19 MPa of TS, coupled 

with an EB exceeding 700 %, which are outstanding values in the field of soft matter. 

These findings have significant implications for the selection of elastomeric materials 

in areas such as soft robotics, where the load capacity, sustainability, resilience, self-

healing, and recycling abilities are crucial. A soft robotic gripper was successfully 

assembled, demonstrating the practical application of these findings. These outcomes 

significantly advance our understanding of the behavior and properties of XNBR-

based compounds, particularly within the scope of ionic elastomers. It unlocks the 

potential of this behavior in advanced applications, such as soft robotics, where the 

use of conventional ionic rubbers is no longer just a possibility, but a tangible reality. 

Figure 5.14 shows a representative schematic summarizing Chapter 5. 
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Figure 5.14. Schematic representation of Chapter 5. 
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Part of the work described in this Chapter has been published in 
(1) Composites Science and Technology, 2023, 244, 110292 and 

(2) Polymer, 2023, Submitted. 
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Chapter 6. Rubber Composites 

Chapter 6 delves into a comparative analysis of ionically crosslinked XNBR 
reinforced with both conventional and sustainable fillers. A key focus is placed 
on understanding the impact of traditional fillers like carbon black (N234 and 
N330) and silica, and sustainable options such as cellulose and GTR, on the 
mechanical, thermal, self-healing and recyclability properties of the rubber. All 
fillers are examined at a fixed content of 10 phr to ensure a fair comparison, 
set against a standard matrix base on 100 phr XNBR and 5 phr ZnO. 
Additionally, a novel approach involving the incorporation of toner cartridges 
waste as an integral additive in the rubber recipe was explored. This provided 
insights into the challenges and opportunities of revaluing waste from electrical 
and electronic equipment (WEEE) in new rubber composites, with an upcycling 
perspective. This chapter not only uncovers the nuanced effects of various fillers 
on different properties but also underscores the potential and environmental 
significance of utilizing sustainable and recycled materials in the rubber industry, 
contributing to the advancement of eco-friendly ionic elastomers. 

 

6.1. Motivation 

As the demand for mechanical performance and environmental sustainability 

increases, the development of eco-friendly reinforced rubbers is gaining ground. A 

key challenge in this area is the dichotomy faced when incorporating reinforcing 

fillers into rubbers [1]. These additives, while enhancing certain properties, can 

significantly restrict the mobility of macromolecular chains, adversely affecting 

recyclability and self-healing capabilities [2]. Achieving a trade-off between 

reinforcement and repair efficiency remains a persistent challenge in the design of 

sustainable rubbers [3–7]. 

Chapter 6 provides a comparative analysis of several reinforcing fillers in XNBR-

based ionic elastomers. Two main approaches have been followed to revisit the 
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intricate balance between the strength of the reinforced ionic elastomer and its 

inherent recyclability and self-healing. These approaches are centered on: (1) the use 

of conventional and sustainable reinforcing fillers into the rubber recipe and (2) the 

full integration of a waste product both as matrix and reinforcement, resulting in a 

ionic elastomer-based thermoplastic vulcanizate (TPV). Figure 6.1 shows a 

schematic representation of the two approaches. 

 

 

Figure 6.1. Schematic representation of the approaches in Chapter 6. 
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In the context of the first approach, in ionic elastomers the incorporation of fillers 

often compete with the ionic cluster formation due to reduced free volume within 

the matrix, implying a decrease in the crosslink density. Lower crosslink density 

means lower mechanical performance [8]. Several studies have tried to address this 

limitation with conventional fillers from a mechanical performance perspective; 

however, sustainability aspects (recyclability and/or repairability) have often been 

largely overlooked [9–11]. This means that the effects of incorporating different 

reinforcing fillers on the overall recyclability, self-healing ability and mechanical 

performance of ionically crosslinked XNBR is a question mark. 

The second approach is driven by the escalating issue of toner cartridge waste 

disposal. A substantial portion of the approximately 370 million inkjet cartridges 

and 135 million toner cartridges sold annually in the EU are not recycled [12]. 

However, the reuse of WEEE, including waste toner, has been promoted in a wide-

range of materials and applications such as asphalt binders [13,14], asphalt cement 

[15], foamed concrete [16], as a carbon source for the production of ferrous 

components [17] useful in lithium-ion batteries [18], supercapacitors [19], and 

pigments [20], as well as other carbon by-products such as graphene oxide quantum 

dots [21] and carbon electrodes for perovskite solar cells [22]. But their use in 

polymeric materials remains limited. 

The reuse of other electronic wastes such as scrap computer plastics (SCP) (i.e., 

monitors, keyboards, and other hardware), mainly consisting of acrylonitrile-

butadiene-styrene co-polymers (ABS), have been explored in NBR blends [23,24], 

but no formal studies have been found in the recent literature on the use of toner 

cartridge waste as an active ingredient in rubber recipes. 

By addressing these research gaps, the approaches presented in Chapter 6 are 

intended to contribute to the development of sustainable materials that uniquely 

combine robust mechanical properties with environmental viability, a challenging 

yet crucial goal in the realm of crosslinked rubbers. 
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6.2. Results and Discussion 

6.2.1. Reinforcing Fillers in Ionic Elastomers 

The impact of three conventional fillers, CB (N234 and N330) and silica, and three 

sustainable fillers, cellulose and GTR (cryo and WJ), was examined. Both Cryo-

GTR and WJ-GTR were chemically modified by a sulfuric acid (H2SO4) treatment 

previously optimized in the research group and reported in the literature [25]. In 

previous chapters of this doctoral thesis, it has been established that excess ZnO 

plays different roles in ionic elastomers. One of these roles is interesting to bring up: 

the effect as a reinforcing additive. Recognizing this, an opportunity was identified 

to further optimize the recipe by substituting that function of ZnO with sustainable 

fillers. Therefore, this initial approach is grounded in a unfilled compound with a 

reduced ZnO content (5 phr). To provide a robust comparative basis, conventional 

fillers were also included. Table 6.1 summarizes the prepared recipes. 
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Table 6.1. Recipes for reinforced ionic elastomers (in phr). 

  
Conventional fillers Sustainable fillers 

Ingredient 5ZnO 10N234 10N330 10Sil 10Cel 10Cryo 10WJ 

XNBR 100 100 100 100 100 100 100 

ZnO 5 5 5 5 5 5 5 

N234 - 10 - - - - - 

N330 - - 10 - - - - 

Silica - - - 10 - - - 

Cellulose - - - - 10 - - 

Cryo-GTR - - - - - 10 - 

Cryo-WJ - - - - - - 10 
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The first step in the characterization of the rubber composites was to obtain the 

curing curves. Figure 6.2 shows the S' and S'' components of the torque derived 

from the curing curves for all the composites prepared. Table 6.2 summarizes the 

rheometric properties and the crosslink density obtained after the vulcanization. 

 

 

Figure 6.2. (a, b) S' and (c, d) S'' of the curing curves of the ionic elastomers reinforced 
with conventional and sustainable fillers. 

 

All the fillers used, conventional and sustainable, have a reinforcing character. This 

is evidenced by an increase in the ΔM value. Within the conventional fillers, the 

two CB show the highest reinforcing character. The MH value increases from 

4.5 dNm for the unfilled composite (5ZnO) to 5.6 dNm and 5.7 dNm for N234 and 

N330. This would be related to better heat dissipation, a characteristic of reinforcing 

fillers. 
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Table 6.2. Rheometric properties and crosslink density of the filled ionic elastomers (in phr). 

  Conventional fillers Sustainable fillers 

Property  5ZnO 10N234 10N330 10Sil 10Cel 10Cryo 10WJ 

Scorch time, ts1 (min) 3.0 3.3 3.4 2.5 3.1 1.0 1.1 

Curing time, t90 (min) 9.9 11.5 11.7 10.5 8.4 2.7 3.9 

Minimun torque, ML (dNm) 0.4 0.4 0.4 0.4 0.4 0.5 0.5 

Maximun torque, MH (dNm) 4.5 5.6 5.7 5.1 5.2 5.0 5.4 

DM = MH − ML (dNm) 4.1 5.2 5.3 4.7 4.8 4.5 5.0 

Cure rate index, 

CRI = 100 / (t90 − ts1) (min−1) 
14.4 12.2 12.0 12.5 18.9 58.8 35.7 

Peak cure rate, PCR (dNm min−1) 0.4 0.5 0.5 0.5 0.7 1.8 2.1 

Crosslink density, ν 

(×10−5 mol cm−3) 
3.1 ± 0.2 10 ± 1 9.2 ± 0.9 11.0 ± 0.1 7.7 ± 0.3 9.7 ± 0.5 11.0 ± 0.1 
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The ΔM value also increases from 4.1 dNm to 5.2 dNm (10N234) and 5.3 dNm 

(N330), respectively. For the sustainable fillers, the greatest reinforcing effect is 

observed with the incorporation of GTR-WJ (10WJ), reaching MH values of up to 

5.4 dNm and ΔM of 5.0 dNm, close to those obtained by CB. Positively, the 

incorporation of fillers does not have a negative effect on the viscosity of the 

composites. In all cases, the ML value remains constant around 0.4 – 0.5 dNm. This 

is a positive result, since in rubbers it is expected that the incorporation of any 

additive of reinforcing character generates an increase in the viscosity of the sample, 

with the inherent difficulties of highly viscous composites during the processing 

stage. 

In terms of curing efficiency, conventional fillers do not seem to have significant 

effects on ts1, t90, CRI and PCR values. In the case of t90 the differences are less 

than 2 min, while PCR remains practically constant. For sustainable fillers the effect 

is completely opposite. The incorporation of sustainable fillers seems to show an 

increase in curing efficiency. The t90 values decrease notably and the CRI and PCR 

increase both for 10Cel and for the two composites with GTR (10Cryo and 10WJ), 

this effect being notably higher in the latter. This could be associated with the 

functional groups present in the surface. Both cellulose and chemically modified 

Cryo-GTR and WJ-GTR are characterized by many oxygenated groups on their 

surface [25,26]. In polar rubbers (such as XNBR) these groups can have an 

accelerating effect on vulcanization [27]. 

The behavior of the viscous torque component curve (S'') confirms the formation of 

a single network, in this case, the one formed by the ionic bonds characteristic of 

the XNBR/ZnO system. On the other hand, the increase in the plateau value of S'' 

is consistent with the incorporation of the filler. Any additive added to a rubber 

contributes to the viscous response in the viscoelastic behavior of the crosslinked 

polymer [28,29]. 
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As for the crosslink density, all the fillers increase this value compared to the unfilled 

system (5ZnO), increasing from 3.1 × 10−5 mol cm−3 to 11.0 × 10−5 mol cm−3, 

corresponding to 10Sil and 10 WJ. In the case of silica, its behavior is particularly 

interesting. The hydrophilic character of this filler makes it incompatible with most 

non-polar general-purpose rubbers, such as NR, SBR, and BR [30]. Coupling agents 

are usually required to improve compatibility and unlock the full reinforcing power 

of this filler [31–33]. In general-purpose but polar rubbers, such as CR, NBR or 

XNBR, no coupling agents are required as the filler is naturally compatible with the 

matrix [34,35]. This superior compatibility would be causing higher interactions 

between the filler and the rubber, which partially disrupts the formation of ionic 

clusters [36]. For this reason, the MH and ΔM values do not increase to the same 

level as the CB, but the crosslink density does reach a maximum value, not due to 

a higher effective formation of chemical crosslinks, but probably to physical 

crosslinking points resulting from the filler-rubber interactions. This effect would 

extend to both types of GTR. 

The next step in the characterization of the prepared composites was the study of 

the crosslinked structure. For this purpose, the samples were analyzed by DMA. As 

continually mentioned in previous chapters, ionic elastomers based on XNBR/ZnO 

are characterized by the formation of a separate phase, i.e. the ionic clusters, with 

their own thermal transition (Ti). In this sense it is interesting to know the effect of 

fillers on this transition, since this value is key for the self-healing and recyclability 

of the material. Figure 6.3 shows the results of E', E'' and tan(δ) for composites 

with conventional and sustainable fillers. 

The reinforcing effect of the fillers is confirmed by the increase in the value of E' at 

RT (see inset in Figure 6.3a and 6.2b) for both types. Two notable drops are 

visualized in the E' curve, associated with two thermal transitions, while the E'' 

curves confirm the third transition at subzero temperatures (Figure 6.3c and 2d). As 

described in previous chapters, these three transitions correspond to β relaxation, α 
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relaxation and α' relaxation with increasing temperature. Being α and α' particularly 

relevant as they are associated to Tg and Ti, respectively. 

 

 

Figure 6.3. E', E'' and tan(δ) of the prepared ionic elastomers reinforced with conventional 
and sustainable fillers. 
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To follow the changes in the two main transitions caused by both types of fillers, 

tan(δ) was plotted as a function of temperature (Figure 6.3e and 6.2f). Table 6.3 

summarizes the temperature values of both transitions (Tg and Ti) determined at 

the maximum of the peak corresponding to tan(δ). 

 

Table 6.3. Thermal properties of the unfilled and filled ionic elastomers (in phr). 

Compound 
Tg DMA 

(°C)(1) 

Ti DMA 

(°C)(1) 

Tg DSC 

(°C)(2) 

Td 

(°C)(3) 

5ZnO −1.3 44.9 −21.5 402.9 

Conventional fillers 

10N234 −0.2 52.4 −17.9 423.3 

10N330 −0.2 52.2 −18.6 423.5 

10Sil −1.0 45.7 −18.8 394.0 

Sustainable fillers 

10Cel −1.1 50.0 −19.3 422.3 

10Cryo −1.1 54.1 −17.4 419.3 

10WJ   0.4 48.1 −16.6 417.5 

(1) Maximum of the relaxation (Maximum of tan(δ) by DMA). 

(2) Thermal Tg (Midpoint by DSC). 

(3) First degradation zone (Onset by TGA). Td pure XNBR: 391.4. 

 

In the case of α relaxation, a slight increase in Tg is observed in presence of the 

fillers. This effect is more evident in the composites with CB and WJ-GTR. Tg 

increases from −1.3 °C in 5ZnO to −0.2 °C in 10N234 and N330, and to 0.4 °C in 

10WJ. This change is consistent with the higher values of MH and ΔM reported for 
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these composites, which implies that the reinforcing character of these fillers is higher 

and would be imposing some minor restrictions on the mobility of the amorphous 

polymeric chains. For α' relaxation all fillers have a more restrictive effect on the 

mobility of the ionic phase, except silica. With increases between 4 °C and 10 °C of 

Ti. This effect is again particularly important for CB, N234 and N330, going from 

44.9 °C to 52.4 °C and 52.2 °C, respectively. 10Sil, on the other hand, remains 

constant, with a difference of less than 1 °C. As for the sustainable fillers, they 

generate a restriction on both relaxations, but the secondary interactions that could 

form between the functional groups on the surface of this fillers and the different 

functional groups of XNBR (carboxyl and nitrile), as well as the filler-filler 

interactions themselves (agglomerates), could make it difficult to analyze the 

behavior of the material. 

DSC and TGA scans were performed to further investigate the effects of the fillers 

on the thermal properties of the prepared composites. Figure 6.4 shows the results 

obtained and Table 6.3 summarizes the values of the thermal Tg (Tg determined by 

DSC) and the main degradation temperature (Td). The effects of the fillers on 

thermal Tg are evident. In this case, all types increase the Tg between 2 °C and 

5 °C, which would be associated with the increase of the restrictions on the mobility 

of the macromolecular chains, due to the reinforcing character previously mentioned. 

This effect would be higher in the fillers that reported the highest values of MH and 

ΔM (CB and WJ-GTR) and lower for the fillers that reported the lowest values 

(cellulose and Cryo-GTR), correlating very well the three parameters. 

Regarding the thermal stability of the material, almost all fillers improve the 

degradation temperature of 5ZnO up to 15 °C and above. 10Sil, on the other hand, 

decreases this value by almost 8 °C. This is probably another indicator of a decreased 

ionic phase, due to an increase in filler-rubber interactions. 
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Figure 6.4. (a, b) DSC spectra and (c, d) thermogravimetric curves of the prepared ionic 
elastomers reinforced with conventional and sustainable fillers. 

 

The complete characterization of the prepared composites required the analysis of 

the tensile mechanical properties as well as the hardness of the prepared materials. 

Figure 6.5 shows the stress-strain curves for composites filled with conventional and 

sustainable systems. Table 6.4 summarizes all the properties that can be obtained 

from these curves. 

The incorporation of fillers has a remarkable effect on the mechanical properties of 

the unfilled ionic elastomer (5ZnO). All the modulus values at different strain rates 

(M100, M300 and M500) and, consequently, the hardness increase. As a measure of 

the reinforcing capacity, a tensile reinforcement index (RI) was calculated as the 

ratio between the M500 values of the filled and the unfilled composites. The 
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reinforcing character of conventional fillers (N234, N330, Silica) and the sustainable 

WJ-GTR was evident, with about a two-fold increase in M500 values. 

 

 

Figure 6.5. Stress-strain curves of the prepared ionic elastomers reinforced with (a) 
conventional and (b) sustainable fillers. 

 

This effect was also manifest in the values at the breaking point. Conventional fillers 

reached equivalent TS between 21 MPa and 25 MPa, and equivalent EB between 

1260 % and 1341 %. On the other hand, WJ-GTR achieves reinforcement values 

close to silica, increasing the TS up to 17 MPa (10WJ), in addition to a slight 

increase in EB. Ionic elastomers reinforced with cellulose and cryo-GTR (10Cel and 

10Cryo) exhibit a more modest reinforcing character but increase the TS of the base 

composite more than twofold to 8.9 MPa and 7.0 MPa, respectively, without a 

detriment in the deformability of the material. This reinforcing character was further 

explored through the Payne effect. 
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Table 6.4. Mechanical properties of the filled ionic elastomers (in phr). 

  Conventional fillers Sustainable fillers 

Property  5ZnO 10N234 10N330 10Sil 10Cel 10Cryo 10WJ 

Stress at 100 % strain, M100 (MPa) 0.5 ± 0.1 0.7 ±0.2 0.8 ± 0.3 0.8 ± 0.2 0.9 ± 0.2 0.9 ± 0.1 1.0 ± 0.3 

Stress at 300 % strain, M300 (MPa) 0.8 ± 0.2 1.0 ± 0.1 1.2 ± 0.2 1.2 ± 0.2 1.1 ± 0.3 1.1 ± 0.1 1.5 ± 0.3 

Stress at 500 % strain, M500 (MPa) 1.0 ± 0.1 2.3 ± 0.6 2.2 ± 0.4 1.8 ± 0.2 1.3 ± 0.3 1.3 ± 0.1 1.9 ± 0.3 

Reinforcement index, RI 

RI = M500filled / M500unfilled 
- 2.3 2.2 1.8 1.3 1.3 1.9 

Tensile strength, TS (MPa) 3.5 ± 0.3 23 ± 5 25 ± 1 21 ± 2 8.9 ± 0.9 7.0 ± 1 17 ± 2 

Elongation at break, EB (%) 1100 ± 81 1267 ± 88 1260 ± 32 1341 ± 105 1173 ± 34 1073 ± 60 1349 ± 102 

Hardness (Shore A) 39 ± 5 46 ± 4 47 ± 2 46 ± 4 41 ± 3 41 ± 1 44 ± 1 
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Analyzing the Payne Effect in Reinforced Ionic Elastomers 

The reinforcement in filled rubbers is linked to the interaction between the matrix 

and the filler, along with the dispersion of the solid particles within the matrix. Key 

indicators of this reinforcement behavior include the bound rubber, which refers to 

polymer chains adsorbed on the filler surface, and the strain-dependence of the 

modulus. 

According to Payne's theory, rubber reinforcement is influenced by four factors: 

three are strain-independent – (i) the rubber network, linked to crosslink density, 

(ii) the hydrodynamic effect arising from the mechanical hindrance to deformation 

caused by (spherical) particles in the rubber matrix, and (iii) the filler-rubber 

interactions, where filler particles act as physical polyfunctional crosslink sites and 

immobilize parts of the rubber within the filler structure, thus contributing to 

stiffness. The fourth factor is strain-dependent, associated with (iv) the filler-filler 

interactions (filler network). Figure 6.6 illustrates the contributions. 

 

 

Figure 6.6. The Payne effect. 
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The decrease in E' with increasing strain is called the Payne effect. This reduction 

is attributed to the gradual breakdown of weak filler-filler interactions (like hydrogen 

bonds and Van der Waals forces) in a nonlinear regime. Concurrently, rubber 

trapped within the filler network, known as occluded rubber, is released, enhancing 

mobility and thereby reducing E'. The Payne effect (ΔE), representing the difference 

between the modulus at low deformations (E'0) and at very high deformations (E'¥), 

serves as an indicator of filler-filler interactions. To study this effect, strain sweeps 

from 0.01 % to 40 % were conducted using DMA at a fixed temperature of 30 °C 

and a frequency of 1 Hz. Figure 6.7 and Table 6.5 summarizes the results obtained. 

 

 

Figure 6.7. Strain sweeps by DMA of the ionic elastomers reinforced with (a) conventional 
and (b) sustainable fillers. 

 

The strain sweeps show interesting trends. With conventional fillers, a higher ΔE is 

observed for the 10N234 and N330 composites. This would accuse that the 

mechanism of CB reinforcement in these composites would be strongly influenced by 

the formation of a distributed filler network in the XNBR matrix. Such filler network 

is broken with strain, increasing the Payne effect. In contrast, the 10Sil composite 

exhibited the lowest ΔE. This could be a clear example of the above mentioned 

factor related to the compatibility of the matrix with silica, due to its polar 

characters. The increase in the filler-rubber interactions would decrease the Payne 
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effect. In this sense, the reinforcement provided by the silica in the ionic elastomer 

would be due to its interaction with the matrix, in accordance with previously 

discussed trends on rheometric properties and crosslink density. 

For sustainable systems, the 10Cel composite exhibits the highest ΔE. This may be 

caused by the large number of polar groups on the cellulose surface (essentially 

hydroxyl) that promote the formation of intramolecular hydrogen bonds [37,38]. As 

these intermolecular interactions increase, filler agglomerates increase and thus the 

Payne effect [39]. Regarding the composites with GTR, a higher Payne effect is 

observed in 10WJ. This is consistent with its superior mechanical properties and 

would be indicative that WJ-GTR is able to form a more effective filler network, 

while having better filler-rubber interactions (higher E'¥) [36]. 

 

Table 6.5. Payne effect of the reinforced ionic elastomers. 

Compound 
E'0 

(MPa) 

E'¥ 

(MPa) 

ΔE 

(MPa) 

5ZnO 6.10 1.82 4.28 

Conventional fillers 

10N234 7.81 2.02 5.79 

10N330 7.66 2.17 5.49 

10Sil 6.45 1.72 4.73 

Sustainable fillers 

10Cel 6.82 1.54 5.28 

10Cryo 6.34 1.69 4.65 

10WJ 7.13 1.97 5.16 
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Reinforcing vs Sustainability: What Happened to Self-Healing Capacity 

and Recyclability? 

Up to this point, it has been observed that the conventional fillers, as expected, are 

the ones that provide a greater reinforcing effect; on the other hand, the sustainable 

fillers are promising, being particularly relevant the WJ-GTR for its closeness to the 

performance of the conventional ones, with the advantage of its recovered waste 

character. It is now imperative to analyze how these fillers impact the sustainability 

of the prepared ionic elastomers. Starting with self-healing, Table 6.6 shows the 

results obtained under the optimized BDS protocol described in Chapter 5. 

 

 

Figure 6.8. Healing efficiency at fixed temperature (110 °C) and time (3 h) of the prepared 
ionic elastomers reinforced with (a) conventional and (b) sustainable fillers. 

 

The addition of fillers poses a challenge, as it impedes a key concept of self-healing: 

mobility [2]. Focusing on conventional fillers, a decrease in self-healing capacity is 

evident. The classic trade-off between mechanical reinforcement and repair efficiency 

becomes apparent: as one improves, the other diminishes [1,3]. Despite this, the 

repair efficiencies observed in 10N234 (76 %), 10N330 (61 %), and 10Sil (57 %) 

remain competitive, considering their substantial mechanical reinforcement. Besides, 
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all systems with conventional fillers successfully restore their deformability (EB) 

with 100 % efficiency. 

The effects of sustainable fillers are radically different and represent the major 

finding of this Chapter 6. Despite the reinforcing character of cellulose and the two 

GTR, the healing efficiency is not substantially affected. In the particular case of 

10Cel, a TS efficiency of 83 % is achieved, which, although slightly lower than 5ZnO, 

represents a very good result (> 80 %) in the context of self-healing materials; but 

the most outstanding results are obtained with the GTRs. Both 10Cryo and 10WJ 

can fully restore TS and EB (efficiencies of 100 %). This is particularly interesting 

considering that 10WJ exhibited a reinforcement index almost equivalent to 

conventional systems. In this sense, this prepared recipe represents a great 

accomplishment, having achieved the desired trade-off between reinforcement and 

healing efficiency, so elusive in the context of reinforced rubbers using sustainable 

fillers. This healing capability could be due to the presence of polar groups on its 

surface caused by the previously optimized chemical treatment [25]. These polar 

groups offer new sites (healing moieties) for the ion-hopping mechanism, which 

would favor the dynamics of the ionic transition, in addition to the formation of 

sacrificial secondary interactions, such as hydrogen bonds, which is another intrinsic 

healing mechanism widely used in rubber-based self-healing materials. 

Regarding the recyclability of the composites, Figure 6.9 and Figure 6.10 show the 

stress-strain curves after a recycling cycle for all the reinforced ionic elastomers, with 

conventional and sustainable filler, respectively. The first notable outcome is that 

all the composites can maintain the hyperelastic behavior characteristic of 

crosslinked rubbers. Moreover, except for the 10N330 and 10Sil, it can be stated that 

each sample is capable of fully recycling, recovering about 100 % of their properties 

at the breaking point. 
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Figure 6.9. Stress-strain curves of the prepared ionic elastomers reinforced with 
conventional fillers before and after the recycling protocol. 

 

Figure 6.10. Stress-strain curves of the prepared ionic elastomers reinforced with 
sustainable fillers before and after the recycling protocol. 
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This approach presents a significant breakthrough: the identification of a sustainable 

filler that almost matches conventional fillers in performance, yet far surpasses them 

in terms of sustainability. WJ-GTR not only reinforced the unfilled ionic elastomer 

but also excels in critical aspects of recyclability and self-healing. These 

advancements have been realized while concurrently reducing the ZnO content, 

perfectly aligning with our initial motivation to develop more sustainable and 

efficient elastomer solutions. This discovery marks a pivotal step forward in the field, 

offering a path to more environmentally responsible rubbers without major effects 

on mechanical performance, and indeed, enhancing sustainability. 

 

6.2.2. Toner Cartridge Waste as an Additive in Ionic Elastomer Recipe 

This section turns its attention to the second approach: utilizing toner cartridge 

waste as an integral additive in ionic elastomers. For the preparation of the 

materials, the black thermoplastic cartridge components, identified as high-impact 

polystyrene (HIPS), and toner powder, were selected. The objective is that the 

thermoplastic components blend with the XNBR as a combined matrix, while the 

toner powder serves as a reinforcing filler. This resulted in a ionic elastomer-based 

TPV. 

A constant XNBR/thermoplastic ratio of 90/10 was selected since higher 

thermoplastic contents significantly impair the elasticity of the material [40]. The 

following analysis delves into the recipe, mechanical properties, and self-healing 

abilities of these unique composites, aiming to unfold the potential of toner waste in 

rubber manufacturing. Table 6.6 summarizes the prepared recipes. 

The curing curves and parameters are shown in Figure 6.11a and Table 6.7, 

respectively. According to the curing parameters, a decrease in ΔM value was 

observed with the incorporation of the TP. This reduction could be attributed to 

two phenomena. First, the thermoplastic nature of some of the components in TP. 

with a softening point far below 160 °C. TP usually contains a blend of polyester 



Rubber Composites 

 249 

resin or styrene acrylic copolymers, waxes, and other additives at low concentrations 

[41]. These small fractions allows it to remain in a state of maximum mobility at the 

curing temperature, thereby reducing the viscosity and torque of the system. Similar 

results were reported by Pichaiyut et al. [42] on blends of epoxidized natural rubber 

(ENR) with thermoplastic polyurethane (TPU). A viscosity reduction of almost half 

a decade was observed when the ENR/TPU content was varied from 50/50 to 40/60 

(i.e., by increasing the thermoplastic phase). Second, the presence of an additive 

(TP) that does not participate in the formation of crosslinking points with ZnO. 

 

Table 6.6. Recipes of the prepared TPV (in phr). 

Ingredient Unfilled T5 T10 T20 

XNBR 100 100 100 100 

Thermoplastic 11.2 11.2 11.2 11.2 

ZnO 10 10 10 10 

Black toner powder 
(TP) - 5 10 20 

 

 

Figure 6.11. (a) Curing curves and (b) healing efficiency of the TPV. 
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Table 6.7. Rheometric properties and crosslink density of the TPV. 

Curing parameters Unfilled T5 T10 T20 

Scorch time, ts1 (min) 3.1 1.5 1.4 1.6 

Curing time, t90 (min) 18.1 19.9 18.7 14.1 

Minimun torque, ML (dNm) 0.5 0.4 0.4 0.4 

Maximun torque, MH (dNm) 4.7 4.4 4.1 3.7 

DM = MH − ML (dNm) 4.2 3.9 3.7 3.3 

Cure rate index, 
CRI = 100 / (t90 − ts1) (min−1) 

6.7 5.4 5.8 8.0 

Peak cure rate, PCR (dNm min−1) 0.73 0.89 0.85 0.70 

Crosslink density, ν 
(×10−5 mol cm−3) 

1.6 ± 0.2 1.7 ± 0.1 1.23 ± 0.01 1.54 ± 0.03 
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A noticeable change in the t90 at high black toner powder content (20 phr) (a 

decrease of more than 4 min) was also detected. In addition, ts1 of the filled 

composites were shorter than those of the unfilled one. This phenomenon may be 

due to the presence of CB, silica, and iron oxide in the toner, which is more 

accentuated at higher toner contents, as discussed below. The presence of these 

additives tends to promote higher heating rates in the sample, thereby increasing 

the curing degree and decreasing curing time [1]. The mechanical tensile 

performance, hardness, and crosslink density of the prepared materials were 

evaluated, and the results are listed in Table 6.8. 

It is evident that at higher black toner contents, the modulus at low and medium 

deformations, hardness, and TS increased. This is because of the typical rubber 

reinforcing fillers in the powder (such as CB, iron oxide or silica), which improve the 

mechanical performance of the material [41]. Although the specific composition of 

the toner powder of this HP product is protected by trade secrets, some studies on 

other generic brands have shown, for example, that the CB, silica and iron oxide 

content can vary between 1 % and 40 % [43]. These broad range depend greatly on 

the quality of the toner and printing capacity. In this way, the reinforcing character 

of black toner powder in rubber composites at medium and high proportions was 

demonstrated. 

It should be noted that the mechanical properties do not follow a linear trend when 

the powder content is varied because when 5 phr were added, there was a drop in 

all mechanical parameters with respect to the unfilled material. These values were 

increased only by increasing the content to 10 phr and 20 phr. As commented before, 

TP usually contains a blend of polyester resin or styrene acrylic copolymers, waxes, 

and other additives at low concentrations [41], which can have a degrading, diluent, 

or plasticizing effect, with a greater effect at lower concentrations. Nonetheless, this 

effect can be compensated at higher contents by the presence of CB, silica, and iron 

oxide. 
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Table 6.8. Mechanical properties and crosslink density of the TPV. 

Parameters Unfilled T5 T10 T20 

Stress at 100 % strain, M100 (MPa) 0.6 ± 0.3 0.8 ± 0.1 0.9 ± 0.2 1.1 ± 0.4 

Stress at 300 % strain, M300 (MPa) 1.2 ± 0.3 0.9 ± 0.1 1.2 ± 0.1 1.1 ± 0.3 

Tensile strength, TS (MPa) 6.6 ± 0.2 3.4 ± 0.1 7.7 ± 0.9 9.9 ± 0.8 

Elongation at break, EB (%) 1111 ± 57 1034 ± 34 1251 ± 46 1285 ± 41 

Hardness (Shore A) 55 ± 1 52 ± 1 61±1 65 ± 1 
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Regarding the self-healing capacity, all the filled composites exhibited TS and EB 

healing efficiencies higher than 85 % (Figure 6.11b). The recipe with 20 phr of toner 

stood out, in which evident mechanical reinforcement was achieved with an increase 

of 50 % in the TS without affecting the EB and self-healing efficiency, with a value 

of 112 %. This result is particularly promising because the dichotomy between the 

repairability and mechanical properties has been again overcome. 

The healing capacity of the prepared materials was the result of two combined 

mechanisms: intrinsic and extrinsic (Figure 6.12). The intrinsic self-healing 

mechanism is due to the dynamic nature of the ionic clusters. This dynamic character 

has been demonstrated in previous chapters and extensively discussed in the 

literature [40,44–46]. When subjected to temperatures above the Ti, these clusters 

gain mobility and participate in ion-hopping [47,48]. This allows for system-wide 

rearrangement of ions, which in turn enables damage repair. Simultaneously, an 

extrinsic repair mechanism was promoted by the incorporation of a thermoplastic 

into the blend. This process is thermally activated at temperatures around the 

thermoplastic softening point (120 °C). When exposed to the healing protocol, the 

thermoplastic diffused within the elastomeric matrix, restoring the damaged areas 

by creating new molecular entanglements due to the randomization of the polymeric 

chains. 

 

 

Figure 6.12. Self-healing extrinsic and intrinsic mechanisms. 
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The thermal stability of the composites at high temperatures was also studied. 

Figure 6.13 shows the thermogravimetric curves, demonstrating that the 

incorporation of the filler, regardless of its content, did not affect the thermal 

stability of the developed materials, despite the concentration of thermoplastics, 

waxes, and other low and medium molecular weight substances in the typical TP 

composition [43]. 

 

 

Figure 6.13. Thermogravimetric curves of the TPV. 

 

To further extend the reach of this sustainable approach, the study did not limit 

itself to black toner powder recovery alone but also included the analysis of colored 

toners, effectively widening the range of waste utilization. In this context, an overall 

comparison of black and red toners was made at a fixed content of 20 phr. Unlike 

black toner, which is known for its CB and silica content and acts as an effective 

reinforcing filler, red toner contains different substances that confer its color [49]. 

Figure 6.14a and 13b show the results. The impact of red toner (R20) on the 

mechanical properties was evidenced, yielding a TS of 8.4 ± 0.4 MPa and an EB of 
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1372 ± 3 %. After the thermal protocol, healing efficiencies of 85 % in the TS and 

75 % in the EB were determined. The reinforcing capability of the red toner was 

found to be less effective than that of the black toner (T20) (approximately 27 % 

increase, compared to + 50 % for black powder). Despite this, the self-healing values 

attained were positive (>70 %), thus demonstrating that color cartridges could also 

be effectively used within the same strategy for applications with other mechanically 

demanding requirements. 

 

 

Figure 6.14. (a) TS and (b) EB healing efficiency of the ionic elastomers filled with black 
(T20) and red (R20) toner powders. 

 

6.3. Summary 

Delving into two distinct approaches, this Chapter 6 first examines a variety of 

fillers, both conventional and sustainable. The selected fillers demonstrated their 

reinforcing capacity, notably increasing the mechanical performance of the unfilled 

ionic elastomer. Moreover, the composites demonstrated complete recyclability, 

preserving their characteristic hyperelastic behavior, as evidenced in the stress-strain 

curves. The most significant variations emerged in the self-healing capacity, which 

was notably reduced in the composites with conventional fillers, thus affecting their 

overall sustainability. However, the integration of sustainable options like cellulose 
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and GTR led to a favorable balance between repair efficiency, recyclability, and 

mechanical performance. Notably, the composite with 10 phr of WJ-GTR (10WJ) 

stood out, showing reinforcement levels on par with conventional composites (10Sil) 

while simultaneously maintaining 100 % self-healing and recycling efficiencies. 

The second approach pivots towards a more unconventional path, exploring the 

feasibility of utilizing toner cartridge waste as an integral additive in a rubber recipe. 

The potential of black toner powder, a by-product of cartridge waste, as a reinforcing 

filler was also confirmed, with an increase of up to 50 % in TS when 20 phr of the 

powder were incorporated into the sustainable blend, composed of rubber and 

thermoplastic scrap obtained from the cartridge casing. Additionally, without 

affecting the outstanding healing performance. The successful incorporation of 

colored toner powder illustrates the possibility of harnessing the full spectrum of the 

cartridge waste. This approach introduces a new way of looking at waste 

management and sustainable materials, not only considering a strategy for the reuse 

of waste, but also enhancing the mechanical performance of ionic elastomers with 

an upcycling perspective. Figure 6.15 shows a representative schematic summarizing 

Chapter 6. 
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Figure 6.15. Schematic representation of Chapter 6. 
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Chapter 7. Final Remarks 

7.1. Conclusions 

In the current context of environmental consciousness, the sustainable use of 

resources and the adoption of responsible consumption practices are crucial for 

advancing towards a CE. This doctoral thesis introduced two fundamental concepts 

that are pivotal to ecological transition: Repair and Recycle. To achieve this, ionic 

elastomers based on XNBR have been developed, which uniquely combine superior 

mechanical performance and sustainability. This development successfully addressed 

the traditional trade-off between these properties, promoting an extended service 

life, reducing the demand for finite resources, and minimizing rubber waste. The key 

to this innovation lies in the dynamic nature of the ionic crosslinks, thermally-

responsive structures, which facilitate rubber reprocessing. The following conclusions 

were drawn from this study: 

An in-depth comparison between the covalent, ionic, and dual (combined) 

crosslinked networks was performed. It was demonstrated that ionic elastomers not 

only offer robust mechanical performance, which is essential for demanding 

applications, but also benefit from an expedited curing process that boosts 

production efficiency. Although slightly outperformed by dual networks in terms of 

chemical (+26 %) and abrasion resistance (+15 %), ionic networks still provide good 

performance, making them suitable for situations where minimal liquid effects or 

surface wear is a concern. 

A straightforward and scalable two-step recycling process (cutting and remolding) 

specifically designed for XNBR was used to study the recyclability of ionic 
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elastomers. This recyclability was qualitatively and quantitatively demonstrated for 

up to three recycling cycles. 

A deep dive into the molecular dynamics changes during recycling was provided, 

revealing a minimal impact on the overall performance during the first two recycling 

cycles. The most significant changes, essentially observed in mechanical strength 

after the third cycle, were attributed to changes in molecular entanglements, 

crosslink densities, and ionic domain structures. 

The effects of different metal oxides on the formation of the ionic networks were 

investigated. These findings revealed that increasing the oxide content enhanced the 

vulcanization efficiency, leading to a higher cure rate and degree of crosslinking. This 

results in an improved mechanical performance. A comparative analysis with equal 

crosslink densities indicated that excess ZnO contributes to the stiffness owing to its 

role as a semi-reinforcing filler. Conversely, in composites with equal metal oxide 

content, MgO outperformed ZnO in terms of mechanical properties, which was 

attributed to the stronger electrostatic attraction of its smaller cations. 

BDS was employed to optimize self-healing protocols, a marking a significant shift 

away from conventional resource-consuming trial-and-error methods was confirmed. 

By studying the molecular dynamics of compounds with different metal oxides, it 

was possible to determine the minimum temperature required (110 °C) to ensure the 

complete mobility of the polymeric chains, which guarantees good self-healing 

capability and recyclability. 

An important milestone in rubber applications was the unlocking of the potential of 

ionic elastomers in the manufacture of soft robotic grippers. These exhibited 

excellent accuracy and a fast response during actuation by recovering after 

deformability in just 80 ms (quick-release test). 

Ionic elastomer-based composites reinforced with sustainable fillers have been 

developed using two approaches: in the first approach, the reinforcing character of 

cellulose and GTR as sustainable fillers was evidenced, increasing in both cases the 
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overall mechanical performance of the unfilled material and obtaining excellent 

healing efficiencies higher than 80 % after an optimized protocol of 110 °C for 3 h. 

The incorporation of 10 phr of GTR as a waste-based filler, allowed the obtention 

of a material capable of full repair and recycling (100 % efficiency) with mechanical 

properties close to those of a conventional filler, such as silica (modulus  ~2 MPa, 

TS >17 MPa, and a long deformability >1000 %). An enhanced effect between filler-

filler and filler-rubber interactions was key to this result. 

In the second approach, a radically different strategy was explored, in which toner 

cartridge waste was incorporated as an integral additive in the rubber recipe, i.e. as 

part of the matrix and as part of the reinforcing system. The feasibility of developing 

a TPV composed of a blend of a thermoplastic phase (based on HIPS from a waste 

cartridge carcass) and XNBR selectively vulcanized with an ionic system was tested. 

A toner-powder-reinforced TPV was successfully developed. The reinforcing 

character of the toner powder was demonstrated, which increased the mechanical 

performance of the unfilled material by 50 % without affecting its thermal stability. 

The composite could repair macroscopic damage with an efficiency of 85 %. This 

approach introduces a new way of looking at waste management and sustainable 

materials, not only considering a strategy for the reuse of waste but also enhancing 

the mechanical performance of ionic elastomers from an upcycling perspective. 

 

7.2. Outlook and Future Work 

This doctoral thesis has presented important advances that unlock the potential of 

ionic elastomers to achieve the long-awaited circularity of crosslinked rubbers. The 

promising results reported herein have enabled the visualization of self-healing and 

recyclable nitrile rubber as a pathway to sustainability. However, certain pending 

issues and challenges must be addressed. The following are five recommended future 

research lines: 
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Exploring the practical applications of reinforced ionic elastomers: 

Sustainable filler-reinforced ionic elastomers, particularly those incorporating GTR, 

have shown significant benefits over traditional systems in terms of sustainability. 

However, their practical application requires further exploration. To fully realize the 

potential of the composites developed in Chapter 6, their application in soft 

robotics must be examined. Additionally, investigating a broader spectrum of 

sustainable filler combinations at higher contents could yield more finely tuned 

composites that would not only possess diverse properties but also embody a robust 

commitment to sustainability. 

Design and analysis of rubber recipes for specific applications: The diverse 

applications of crosslinked elastomers require specific considerations in the 

formulation of rubber recipes. High-performance applications, such as tires, often 

require substantial filler contents (> 40 phr), demanding the use of plasticizers as 

processing aids. Products, such as sporting-goods or toys, may require the addition 

of colorants or odorants. In cases where rubber interfaces with metals, the addition 

of rubber-to-metal bonding agents is essential. The range of possibilities is endless. 

Each additive, as a chemical entity, can interact with rubber in multiple ways. 

Therefore, assessing the impact of specific ingredients on the self-healing and 

recyclability properties of ionic elastomers is an intriguing avenue for future 

research. 

Advancing 3D printing technologies with ionic elastomers: By taking 

advantage of the dynamic character of ionic crosslinks, temperature-driven additive 

manufacturing strategies, such as 3D printing, can be explored. This area remains a 

frontier in Rubber Science and Technology, which can be approached with the proper 

optimization of the viscosity and printing conditions applied to ionic elastomers. 

Evaluation of ionic elastomers as stimuli-responsive materials: In addition 

to temperature, a variety of stimuli can be investigated to determine their effects on 

the reversibility of ionic crosslinks. These stimuli include pH, electric fields, exposure 
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to light, specific solvents or humidity, magnetic effects, and applied pressure. 

Furthermore, exploring different environments and atmospheric conditions can 

enhance our understanding of potential applications of ionic elastomers. 

Assessing full sustainability: The developed materials in this doctoral thesis 

present an undoubtedly unique combination of improved mechanical performance, 

self-repair, and recyclability that complies with the CE principles. However, a 

comprehensive study that considers the processes involved in the production of these 

materials is lacking. In this context, Life Cycle Assessment (LCA) is a tool that 

should be applied in future studies. LCA examines the environmental impact of a 

product throughout its lifetime from cradle-to-grave (preferable from cradle-to-

cradle). This includes production, use, and recycling, self-healing, or reuse strategies 

at the end of their service life. One of the main advantages of LCA is its ability to 

identify and quantify specific steps and processes that have the greatest 

environmental impact. This will enable future developments in this area to make 

informed adjustments to the material selection, repair or recycling conditions, and 

management strategies. In doing so, the environmental impact is minimized and 

resource efficiency is improved, which is necessary in a world that must be 

increasingly aware of its environmental responsibilities. 
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‘Working hard is important. 

But there’s something that matters even more. 

Believing in yourself.’ —Harry Potter 

Harry Potter and the Order of the Phoenix 

(David Yates, 2007) 

by Michael Goldenberg & J. K. Rowling 
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