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ABSTRACT: The search for suitable strategies to manufacture self-healable nitrile rubber (NBR) composites is the most promising
part in the industrial field of polar rubber research. In recent years, some important strategies, specifically, metal−ligand coordination
bond formation, ionic bond formation, and dynamic hydrogen bond formation, have been utilized to develop duly self-healable NBR
composites. This paper reviews the continuous advancement in the research field related to self-healable NBR composites by
considering healing strategies and healing conditions. Special attention is given to understand the healing mechanism in reversibly
cross-linked NBR systems. The healing efficiency of a cross-linked NBR network is usually dependent on the definite interaction
between functional groups of NBR and a cross-linking agent. Finally, the results obtained from successful studies suggest that self-
healing technology has incredible potential to increase the sustainability and lifetime of NBR-based rubber products.

1. INTRODUCTION

Currently, one of the most serious issues concerning environ-
mental damage is the unswerving disposal of industrial rubber
waste materials into the environment without appropriate
reprocessing.1,2 In the present decade, the quantity of waste
rubber products has increased day by day due to the unregulated
growth of the automotive industry.1,2 In this respect, successful
design of self-healable rubber composites for the extension of
product lifetime is themost commonly adopted and popular way
exercised by rubber scientists.1−14 Self-healing indicates the self-
repair of damage in a product with or without the presence of
healing materials. The healing ability of rubber compounds in
the absence of any externally added healingmaterials is known as
an intrinsic self-healing property. So far, emphatic focus was
given by rubber scientists on understanding the self-healing
mechanism of intrinsic self-healable rubber composites. As
reported by various rubber scientists, intrinsic self-healing
occurs via several factors, like hydrogen bonds,3−6 disulfide
bonds,7−9 metal−ligand bonding interactions,10 Diels−Alder
reactions,11 transesterification reactions,12−14 etc. In some cases,
external stimulus, like temperature or pressure, plays a vital role
to improve the healing efficiency of self-healable rubber

composites. However, it is possible to achieve autonomous
self-healing, that is, healing without external stimulus in rubber
composites.1 Now, both cross-linking systems and filler
structures make a significant contribution to the self-healing
efficiency of rubber composites in the presence of a particular
filler. On one side, a three-dimensional irreversible covalent
cross-linking system has the tendency to prevent the healing of
rubber materials. Thus, a reversible cross-linking system is
necessary to cause effective self-healing of rubber materials. On
the other side, the interfacial interaction between surface
functional groups of rubber and filler is another influential aspect
regarding the preparation of self-healable filled rubber
composites. Thus, rubber researchers have to properly select
the cross-linking system and filler material in order to develop a
self-healable filled rubber system. In reality, the challenges lying
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with the design of autonomous self-healable filled rubber
composites for industrial engineering are intricate and
variegated in nature.
Nitrile rubber (NBR) is an important rubber due to its

successful application in oil-resistant materials, such as hoses,
seals, gaskets, O-rings, and gloves. In the last 2−3 years, some
research groups have reported different interesting mechanistic
studies related to the development of self-healable NBR
composites. The main aim of the present review is to explore
the recent progress and future prospects of self-healable
advanced NBR composites.

2. MEASUREMENT OF SELF-HEALING EFFICIENCY
For the measurement of self-healing efficiency, initially,
dumbbell-shaped test samples were cut into two different
parts.10,15 Then, fracture surfaces of rubber samples were placed
together to start the healing process. In an alternative way, the
broken parts of each tested sample were put into contact under a
minimum pressure in order to start the healing process.16 After
completion of the healing process, the mechanical properties of
the rubber composites were retested. Healing efficiency can be
calculated by comparing the tensile strength of the healed
sample (Mhealed) with the tensile strength of the original or virgin
sample (Moriginal).

16 In a simplest way, the healing efficiency can
be calculated as follows:16

= M Mhealing efficiency (%) 100( / )healed original

During the self-healing study, different healing conditions, like
temperature and pressure, were optimized for better self-healing
efficiency.15

3. DIFFERENT STRATEGIES FOR THE PREPARATION
OF SELF-HEALABLE NBR COMPOSITES
3.1. Metal−Ligand Coordination Bond Formation. The

formation of a metal−ligand coordination bond is the most
interesting and simple approach for the development of self-
healable NBR material. Zhang et al.10 investigated the self-
healing ability of coordination-cross-linked NBR composites
using an organometallic compound, namely, cobalt neocaprate,
as cross-linking agent. Figure 1 represents the mechanism of the

cross-linking reaction between cyano (−CN) groups of NBR
chains and cobalt neocaprate to form the cross-linked NBR
network. The formation of metal−ligand coordination bonds
between −CN groups of NBR and cobalt neocaprate was
confirmed from differential scanning calorimetry (DSC),
swelling, and stress−strain experiments. The tensile strength
of cross-linked NBR samples increased consistently with
increasing the amount of cobalt neocaprate, which indicated
an effective coordination cross-linking in the NBR network. In
the present review, the NBR composite with 30 phr (parts per
hundred parts of rubber) cobalt neocaprate is designated as
NBR/30-Co. The tensile strength of the NBR/30-Co composite
was slightly higher than that of a conventional sulfur-cured NBR
composite. As suggested by the authors,10 this type of metal−
ligand coordination bond is dynamic and reversible in character.
The self-healing property of damaged NBR/cobalt neocaprate
composites depends on the destruction and regeneration of the
metal−ligand coordination bond under different healing
conditions. The authors measured the healing efficiency of the
NBR/30-Co sample at different healing temperatures. The
damaged NBR/30-Co sample was able to recover its actual
tensile strength after healing at 160 °C for 1 h. More
interestingly, the damaged NBR/30-Co sample was also capable
of recovering its actual tensile strength after healing at 190 °C for
only 10 min. It was possible to effectively reduce healing time by
increasing the healing temperature for the cobalt neocaprate-
based NBR composite, which suggested the enhancement of
molecular chain mobility with increasing healing temperature.
On the other hand, the conventional sulfur cross-linked NBR
composite showed very poor healing efficiency after healing at
190 °C for 10 min.
Das et al.15 utilized the combination of 2,6-diaminopyridine

(DAP) and metal salts for the design of self-healable
carboxylated nitrile rubber (XNBR) composites. In this study,
three types of metal salts, namely, cobalt(II) nitrate hexahydrate,
nickel(II) nitrate hexahydrate, and zinc(II) nitrate hexahydrate,
were used to produce a metal−ligand coordination bond in
XNBR composites. Different stepwise reactions for the
successful development of metal−ligand coordination bonds
in metal-ion-based XNBR/DAP complexes are represented
schematically in Figure 2. The formation of coordination bonds
between different metal ions and the DAP ligand in XNBR/
DAP/metal ion composites was ensured from Fourier transform
infrared (FTIR) spectroscopy. As reported by the authors, the
XNBR/DAP/cobalt(II) composite showed higher tensile
strength as compared to that of either the XNBR/DAP/
nickel(II) composite or the XNBR/DAP/zinc(II) composite.
An excellent metal−ligand cross-linking reaction was observed
between cobalt(II) and DAP, which dramatically increases the
mechanical properties of the XNBR/DAP/cobalt(II) compo-
site. On the other hand, XNBR/DAP/zinc(II) showed the
lowest tensile strength among the threemetal-ion-based XNBR/
DAP composites. Thus, the mechanical performances of
coordination-cross-linked XNBR composites were strongly
dependent on the electronic configuration of the metal ion.
Moreover, due to the absence of a metal−ligand cross-linking
network, the XNBR/DAP composite without a metal ion
showed very poor tensile strength. The healing efficiency of
different XNBR/DAP/metal ion composites was varied notice-
ably with healing temperature and healing time. The healing
efficiency of various metal−ligand cross-linked XNBR compo-
sites has shown an increasing tendency with increasing healing
temperature from room temperature to 80 °C. XNBR/DAP/

Figure 1. Formation of coordination-cross-linked NBR/cobalt neo-
caprate composites.10 Adapted with permission from ref 10. Copyright
2019 Springer Nature.
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Figure 2. Formation of coordination-cross-linked XNBR/DAP/M2+ composites.15 Adapted with permission from 15. Copyright 2020 BME-PT
Hungary.

Figure 3. Different steps for the formation of an ionically cross-linked rubber network.
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metal ion complexes showed optimum healing efficiency after
healing at 80 °C for 24 h. XNBR/DAP/zinc(II) samples had a
healing efficiency better than that of either XNBR/DAP/
cobalt(II) or XNBR/DAP/nickel(II) samples under different
healing conditions. Again, the self-healing ability of metal-ion-
based XNBR/DAP complexes is closely related to the electronic
configuration of a particular metal ion. Due to the presence of a
completely filled outer d orbital in zinc(II), metal−ligand
coordination bonds are very weak and dynamic in the case of the
XNBR/DAP/zinc(II) sample. However, due to the presence of
an incompletely filled d orbital in metal ions, metal−ligand
coordination bonds are strong and less dynamic in the case of
XNBR/DAP/cobalt(II) and XNBR/DAP/nickel(II) samples.
The dynamic nature of the metal−ligand coordination bond has
contributed significantly to facilitate the self-healing perform-
ance of XNBR/DAP/metal ion composites. Thus, the XNBR/
DAP/zinc(II) composite was able to achieve 100% self-healing
efficiency after healing at 80 °C for 24 h. Under same healing
condition (at 80 °C for 24 h), the XNBR/DAP/cobalt(II)
composite was able to achieve 88% self-healing efficiency. Thus,

only the XNBR/DAP/cobalt(II) composite exhibited both
excellent tensile strength and rationally good self-healing ability.

3.2. Ionic Bond Formation.The formation of ionic clusters
is another straightforward strategy for the creation of self-
healable XNBR composites. The general concept regarding the
formation of an ionically cross-linked rubber network via ionic
interactions is represented in Figure 3. Utrera-Barrios et al.16

reported a pioneering way for the development of an ionically
cross-linked XNBR compound using zinc oxide (ZnO) as cross-
linking agent. As claimed by the authors, the ionic interaction
between the Zn2+ group present in ZnO and the COO− group of
XNBRwas the key factor for the preparation of adequately cross-
linked XNBR material.16,17 The formation of effectual ionic
cross-linking in XNBR/ZnO compounds was confirmed from a
rheometric study. The optimum value of maximum torque was
obtained for the XNBR compound with 6 phr ZnO (XNBR/
6ZnO). Healing properties of different broken samples were
measured after healing at 100 °C for 10 min. The XNBR/6ZnO
sample showed very poor healing efficiency. In order to improve
healing efficiency, surface-modified ground tire rubber (MGTR)

Figure 4. Formation of ionically cross-linked XNBR/ZnO/MGTR composites via ionic interaction.16 Adapted with permission from ref 16. Copyright
2020 Elsevier.

Table 1. Mechanical and Healing Properties of Different XNBR Compounds16

formulations
amount of ZnO

(phr)
amount of MGTR

(phr)
amount of GTR

(phr)
tensile strength

(MPa)
cross-link density ×104

(mol/cm3)
healing efficiency

(Mhealed/Moriginal) ×100

XNBR/6ZnO 6 20 8.6 ∼15
XNBR/6ZnO/5MGTR 6 5 12.2 5.9 ∼65
XNBR/6ZnO/6MGTR 6 6 10.4 6.0 ∼70
XNBR/6ZnO/8MGTR 6 8 16 6.5 ∼25
XNBR/6ZnO/6GTR 6 6 19 5.6 ∼10
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was added to the XNBR/6ZnO compound. In this study, the
surface of ground tire rubber (GTR) was modified with
poly(acrylic acid) through a free radical polymerization
reaction.18 Figure 4 represents the formation of the ionically
cross-linked XNBR/6ZnO/MGTR compound via interaction
between ionic groups. This type of ionic interaction is dynamic
in nature, which can make the cross-linked XNBR into a self-
healable material. The formulations and properties of different
ionic XNBR composites are given in Table 1. The mechanical
properties of filled rubber composites are closely related to the
nature of interfaces between the rubber matrix and filler.19 As
shown in Table 1, the mechanical properties and cross-link
densities of MGTR filled XNBR/6ZnO composites were lower
than those properties of unfilled XNBR/6ZnO composites. This
result was attributed to the shielding effect of the oxide present
in the structure of MGTR, which considerably reduces the
possibility of the ionic cross-link formation in the XNBR/
6ZnO/MGTR network.20 Interestingly, the healing efficiencies
of XNBR/6ZnO/MGTR compounds were far better than those
of XNBR/6ZnO compounds. In a more advanced way, Utrera-
Barrios et al.16 confirmed that the healing efficiency of ionically
cross-linked XNBR compounds is dependent on two important
factors, namely, cross-link density and molecular mobility.
However, cross-link density had an opposite effect to that of
molecular mobility in controlling the overall self-healing
performance of XNBR materials. Actually, increment in the
cross-link density indicates lowering of themolecular mobility in
a cross-linked rubber network. More importantly, the molecular
mobility can facilitate the regeneration process of ionic bonds in
damaged XNBR compounds after the healing operation. Again,
the self-healing behavior of ionically cross-linked XNBR systems
depends on destruction and regeneration of ionic bonds
between Zn2+ and carboxyl groups. The XNBR/6ZnO
compound showed an excellent cross-link density value, which
causes reduction in the molecular mobility in the rubber
network, that is, decrease in the healing efficiency of the XNBR/
6ZnO sample. On the other hand, XNBR/6ZnO/MGTR
composites showed much lower cross-link density as compared
to that of the XNBR/6ZnO sample. As a result, healing
efficiencies were more satisfactory for XNBR/6ZnO/MGTR
composites than for XNBR/6ZnO composites. Also, surface
modification played a vital role in the healing ability of XNBR/
6ZnO/MGTR composites. It was found that the healing
efficiency of the XNBR/6ZnO compound remained unaffected
due to the addition of GTR. As explained by the authors,16

MGTR had a large amount of carboxylic acid groups in its
structure. These carboxylic acid groups of MGTR participated
predominantly to reproduce the ionic bonds in damaged
XNBR/6ZnO/MGTR compounds. Among the various XNBR
compounds, the XNBR sample with 6 phr ZnO and 6 phr
MGTR (XNBR/6ZnO/6MGTR) showed the best healing
efficiency under the same healing conditions.
3.3. Dynamic Hydrogen Bond Formation. Liu et al.21

suggested proper use of dynamic hydrogen bonding for the
preparation of self-healable XNBR composites. The authors
added polyethylenimine-modified cellulose nanocrystals (PEI/
CNC) to the XNBR latex in order to develop a supramolecular
rubber network. In this study, the key point was the ionic
hydrogen bonding interaction between amine groups of PEI/
CNC and carboxyl groups of XNBR. The authors conducted
FTIR analysis to confirm the presence of ionic hydrogen
bonding in a cross-linked XNBR system. Due to this innovative
interaction, the ionically cross-linked XNBR/PEI/CNC com-

posite showed tensile strength considerably higher than that of
the sulfur cross-linked XNBR/CNC composite. Three cutting/
healing operations were performed to check the healing
efficiency of the XNBR/PEI/CNC composite. After the first
cutting/healing operation, the XNBR/PEI/CNC composite
was able to regain 83% of its actual tensile strength. Even after
the third cutting/healing process, the ionically cross-linked
XNBR/PEI/CNC composite was able to recover 58% of its
original tensile strength. This result has been explained in view of
the successful reformation of ionic dynamic hydrogen bonding
after the healing process of XNBR/PEI/CNC composites.

4. CONCLUSIONS AND FUTURE PERSPECTIVES
In the present decade, the discovery of self-healable and
environmentally soundNBR composites is a new-fangled field in
rubber technology. The unique surface functional groups of
NBR and XNBR offer sufficient scope to develop properly self-
healable materials. In this review, we revealed some attractive
ways regarding the formation of self-healable NBR and XNBR
composites via dynamic metal−ligand coordination and ionic
bonding. In the case of the metal−ligand coordination bond, the
electronic configuration of metal can control the healing
property of XNBR composites. Cobalt neocaprate (30 phr)
can be used to prepare NBR composites with 100% healing
efficiency after healing at 190 °C for 10 min. On the other side,
the combination of DAP/zinc(II) salt has proven to be an ideal
cross-linking agent to prepare XNBR composites with 100%
healing efficiency after healing at 80 °C for 24 h. Moreoever,
MGTR and PEI/CNC are interesting cross-linking materials for
the preparation of XNBR composites with good healing
efficiency and excellent mechanical properties. Indeed, the
standardization of an optimum healing condition for a particular
cross-linked NBR system is great importance from an industrial
standpoint.
However, the research based on the preparation and

characterization of self-healable NBR compounds is still in the
preliminary stage. There are two major limitations related to the
application of self-healable NBR compounds in the industrial
area of rubber technology. Thesemajor limitations are presented
below point by point.

(a) Until now, researchers have found information about the
laboratory-scale production of self-healable NBR compo-
sites. However, the suitability of large-scale application of
self-healable NBR composites in different rubber-related
industries is a questionable matter.

(b) Most of the researchers have tried to develop self-healable
NBR composites for unfilled rubber systems. However,
the addition of different reinforcing fillers, such as carbon
black and silica, is the mandatory part to obtain the
desired mechanical properties required for the commer-
cial application of NBR. Thus, it is necessary to establish
some strategies for the development of self-healable filled
NBR composites. It will be quite a tough challenge to
achieve the proper balance between mechanical proper-
ties and healing efficiency of filled NBR composites.
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