Science Bulletin 65 (2020) 889-898

ELSEVIER

Contents lists available at ScienceDirect
Science Bulletin

journal homepage: www.elsevier.com/locate/scib

Science

www.scibull.com

Article

Design of next-generation cross-linking structure for elastomers toward

green process and a real recycling loop

Ganggang Zhang?, Haoran Feng?, Kuan Liang?, Zhao Wang?, Xiaolin Li?, Xinxin Zhou **, Baochun Guo"*,

Liqun Zhang **

2 Beijing Advanced Innovation Center for Soft Matter Science and Engineering, State Key Laboratory of Organic-Inorganic Composites, Beijing University of Chemical

Technology, Beijing 100029, China

b Department of Polymer Materials and Engineering, South China University of Technology, Guangzhou 510640, China

ARTICLE INFO ABSTRACT

Article history:

Currently adopted cross-linking methods in rubber industry are suffering from variable persistent issues,
including the utilization of toxic curing packages, release of volatile organic compounds (VOCs) and dif-
ficulties in the recycling of end-of-life materials. It is of great importance to explore a green cross-linking
strategy in the area. Herein, we report a new “green” strategy based on hydrolyzable ester cross-links for
cross-linking diene-typed elastomers. As a proof of concept, a commercial carboxylated nitrile rubber
(XNBR) is efficiently cross-linked by a bio-based agent, epoxidized soybean oil (ESO), without any toxic
additives. ESO exhibits an excellent plasticization effect and excellent scorch safety for XNBR. The cross-
linking density and mechanical properties of the ESO-cured XNBR can be manipulated in a wide range by
changing simply varying the content of ESO. In addition, zinc oxide (ZnO) performs as a catalyst to accel-
erate the epoxide opening reaction and improve the cross-linking efficiency, serving as reinforcement
points to enhance the overall mechanical properties of the ESO-cured XNBR. Furthermore, the end-of-
life elastomer materials demonstrate a closed-loop recovery by selectively cleaving the ester bonds,
resulting in very high recovery of the mechanical performance of the recycled composites. This strategy
provides an unprecedented green avenue to cross-link diene elastomers and a cost-effective approach to
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further recycle the obtained cross-linked elastomers at high efficiency.
© 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The covalent cross-linking of elastomers is one of the most
important steps for achieving high elasticity and proper mechani-
cal properties of the product. This process occurs by forming cross-
links among elastomer chains, resulting in the formation of a
three-dimensional network. Since Charles Goodyear discovered
sulfur cross-linking technique in 1839, sulfur cross-linking system
has been the dominant way to cross-link polyolefin elastomers. To
date, various cross-linking additives, such as activators and accel-
erators, have been developed to improve the cross-linking rate
and efficiency of sulfur cross-linking system [1]. However, there
is an increasing concern over the negative environmental problems
caused by the sulfur cross-linking system [2]. For example, some
commonly used accelerators have been classified as dangerous
substances [3]. In addition, some cross-linking additives tend to
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release some toxic volatile organic compounds (VOCs) during the
cross-linking process, which simultaneously give off an unpleasant
smell. As another commonly used cross-linking method, peroxide
cross-linking system can also lead to the releases of volatile by-
products during the cross-linking process [4]. Nowadays, these
two cross-linking systems are mainly used for elastomers. The sul-
fur cross-linking system yields S-S and C-S covalent cross-links
while the peroxide system yields C-C covalent cross-links in the
elastomer networks. Hence, the covalently cross-linked elastomers
are inherently difficult to be recycled and reprocessed, resulting in
serious environmental problems and resource waste at their end of
life. Some recycling methods, such as desulfurization, have been
developed as promising strategies for elastomer recycling. How-
ever, the current recycling methods cannot selectively break the
cross-linking bonds without destroying the main chains during
the recycling process. Therefore, it is highly desirable but challeng-
ing to explore an effective cross-linking strategy for the elastomers
toward green cross-linking process and high-efficiency recycling of
end-of-life elastomers.

2095-9273/© 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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To tackle the above-mentioned inherent issues, researchers
have focused on the design of introducing new type of cross-
linking structures into the cross-linked elastomer networks. In
one demonstration, based on the reaction between epoxy groups
and carboxyl groups, an epoxy-functionalized elastomer was effi-
ciently cross-linked by dicarboxylic acids, producing exchangeable
p-hydroxy ester cross-linkages among the elastomer chains [5-7].
The p-hydroxy ester cross-linking bonds endowed the elastomer
with a recycling ability in the presence of a catalyst at high temper-
ature [8-11]. Additionally, this cross-linking strategy avoided the
use of toxic cross-linking agents and release of VOCs. However,
the reactions between epoxy groups and carboxyl acids are rather
complex because of several side reactions, which have a significant
influence on transesterification reactions [12]. Although a stoi-
chiometry of one acid to one epoxide ring can partly avoid the side
reactions, it is detrimental to the regulation of the cross-linking
density and mechanical properties of the elastomers [13]. Some
other cross-linking strategies have also been developed based on
exchange reactions, such as imine exchange [14-16], transamina-
tion [17-19], transcarbamoylation [20,21], and olefin metathesis
[22]. However, these strategies are mainly applied toward tailor-
made elastomers, inhibiting their application in industry at a large
scale [23-25]. In addition, only a limited number of exchange reac-
tions can be adopted to achieve the precise control of the exchange
kinetics, so it is highly challenging to enable fast processing at high
temperatures yet low creep at the service temperature [18,26-30].
Furthermore, the polyolefin elastomer chains containing a large
number of double bonds would easily undergo irreversible cross-
linking or oxidative degradation at high temperature, which is
detrimental to the reprocessing ability of the cross-linked
elastomers.

Carboxyl-functionalized elastomers are a common class of com-
mercial elastomers, which are synthesized by a free-radical copoly-
merization using a relatively small amount of acrylic or
methacrylic acid as the carboxyl-containing monomer [31]. It is
reported that carboxyl-functionalized elastomers can be neutral-
ized by metal oxides such as zinc oxide (ZnO) and magnesium
oxide (MgO) to form an ionic cross-linked network [32-34]. The
ionic cross-linked elastomers are considered as thermoplastic elas-
tomers because of their thermo-reversible nature, endowing them
with a recycling ability [35-39]. However, there are some perfor-
mance shortages for the ionic cross-linked elastomers, such as poor
flexible properties, thermal stability, and scorch safety [37,40]. Fur-
thermore, the poor thermal stability of the ionic cross-linked net-
work leads to a high compression set and poor mechanical
properties at elevated temperatures, limiting the potential applica-
tions of the elastomers [37]. There is no doubt that these cross-
linking methods have achieved a great process and exhibited
potential as alternatives to the conventional cross-linking ones;
however, further investigation is still required to achieve a feasible
and green industrial technology.

Our goal is to develop a facile and green approach to prepare
cross-linked elastomers and initiate a real recycling loop toward
practical use. To achieve this goal, the rational design of cross-
linking reactions and structure is a promising strategy. Recently,
based on the reactions between the elastomer macromolecules
with functional groups and the green organic molecules with di-
or multi-functionality, we have proposed that an effective and
green cross-linking strategy was put forward [41]. Moreover, our
previous study [10] has demonstrated that the epoxy-acid reaction
could be used to design a green cross-linking system. What's more,
the preparation of carboxyl-functionalized elastomers and epoxy-
functionalized elastomers is very easy to implement, which is con-
ducive to large-scale practical use. As is well-known, carboxylated
nitrile rubber (XNBR) and carboxylated butadiene styrene rubber
(XSBR) are commercially available. Hence, the cross-linking strat-

egy based on the epoxy-acid reaction is an appropriate choice for
designing next-generation cross-linking systems. Because of the
existence of ester bonds, an efficient chemical recycling strategy
could be developed by selective cleavage of the cross-linking
bonds. Recently, it was found that the ester bonds of unsaturated
polyester could be selectively cleaved into carboxyl groups and
hydroxyl groups under mild conditions [42-45]. Inspired by these
findings, we set out to explore a facile and green cross-linking
strategy and a chemical recycling method by selective cleavage
of the ester cross-linking bonds, aiming to develop green chemistry
and achieve a real recycling loop of the elastomers.

Herein, we report a facile and green method for cross-linking
commercial XNBR. The carboxyl groups on the elastomer chains
serve as cross-linking sites, while the bio-based epoxidized soy-
bean oil (ESO) serves as a plasticizer and cross-linking agent. We
demonstrate that ESO has a good plasticization effect on XNBR/car-
bon black (CB) compounds before the cross-linking reaction occurs.
Based on the epoxy-acid reaction, XNBR was successfully cross-
linked by the ESO without additional additives, producing ester
cross-links between the XNBR chains. The mechanical properties
and cross-linking density of the XNBR/CB composites can be regu-
lated by manipulating ESO content. Additionally, ZnO was selected
as a catalyst to accelerate the cross-linking reaction. Meanwhile,
due to the addition of ZnO, the formation of ion pairs and clusters
serves as additional ion cross-links and reinforcing points to
enhance the overall mechanical properties of the ESO-cured
XNBR/CB composites. Hence, the cross-linking and mechanical
properties of the XNBR/CB composites can also be regulated by
manipulating the ZnO content. Furthermore, the ester-based
cross-links of the XNBR could be selectively cleaved into carboxyl
groups and hydroxyl groups under mild conditions, resulting in a
recycling ability of the XNBR. Hence, this work provides a facile
and green chemical method for high-efficiency recycling and reuse
of end-of-life elastomers.

2. Experimental
2.1. Preparation of XNBR/CB composites

First, the chamber temperature and the rotor speed of a Haake
mixer were set to 100 °C and 60 r/min, respectively. Then, XNBR,
antioxidant 4020 and CB were successively mixed in the Haake
mixer for about 10 min to obtain the XNBR/CB compounds. Finally,
the compounds were taken out, cooled and kneaded with the ESO
on a 6 in. two-roll mill for 6 min at room temperature. The com-
pounds contain 2.0 phr (parts per hundreds of rubber) of antioxi-
dant 4020, 40.0 phr of CB, x phr of ESO (x = 4.0, 8.0, 12.0, 16.0,
20.0), and y phr of ZnO (y = 0, 0.5, 1.0, 2.0). According to their opti-
mum curing time (tg9) determined by a rotorless rheometer (GT-
M2000-A, Gotech Testing Machines Inc.), the XNBR/CB compounds
were subjected to a compression molding to prepare the XNBR/CB
composites under a pressure of 15 MPa at 180 °C. To verify the
occurrence of the cross-linking reaction, Fourier transform infrared
spectroscopy (FTIR) was performed on a Bruker Tensor 27 spec-
trometer equipped with a heating cell. An average of about 32
scans with a resolution of 2 cm™! was recorded for each
measurement.

XNBR composites were also fabricated with the use of the sulfur
curing systems and served as a control group. The preparation pro-
cedure was the same as that for the ESO-cured XNBR/CB compos-
ites, and the recipe was as follows: XNBR 100.0 phr, antioxidant
4020 2.0 phr, CB 40.0 phr, ZnO 3.0 phr, stearic acid 1.0 phr, accel-
erator CZ 1.0 phr and sulfur 1.0 phr. The sulfur-cured sample was
cured at 150 °C.
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2.2. The typical procedure for chemical recycling of ESO-cured XNBR

To perform the chemical recycling process, the ESO-cured XNBR
sample was cut into small pieces. Typically, ESO-cured XNBR (5 g)
was swollen in tetrahydrofuran (THF, 100 g) for 24 h. Afterwards,
the H,SO,4 (1.5 g) diluted in deionized water (5 g) was added to
the solution and used as the catalyst for cleaving of the C-0O bonds.
The chemical recycling reaction was carried out in a round bottom
flask with a reflux unit for 12 h at 70 °C. The obtained homoge-
neous mixture solution was coagulated in water, and then thor-
oughly washed with and then soaked in deionized water for
24 h. Finally, the obtained recycled XNBR was dried to constant
weight under vacuum at 60 °C. Similarly, the ESO-cured XNBR/CB
sample was recycled at 80 °C for 24 h. Then, the recycled XNBR/
CB composite was cross-linked by ESO again. The detail informa-
tion for materials and characterizations for rubber process analyzer
(RPA) measurements, differential scanning calorimetry (DSC),
Fourier transform infrared spectroscopy (FTIR), mechanical proper-
ties, dynamic thermomechanical analysis (DMA), and gel perme-
ation chromatography (GPC) is shown in Supplementary
materials (online).

3. Results and discussion

3.1. Design of novel cross-linking strategy based on epoxy-acid
reaction

As mentioned in the introduction, the epoxy-acid reaction is an
appropriate choice for designing next-generation cross-linking sys-
tems. Hence, a novel cross-linking strategy based on epoxy-acid
reaction is put forward to cross-link carboxyl-functionalized elas-
tomers. As is well-known, the carboxyl-functionalized elastomers,

such as XNBR, are a common class of commercial elastomers. The
carboxyl groups on the elastomer chains could serve as cross-
linking sites, while the bio-based ESO was selected as a green,
non-toxic and cost-effective cross-linking agent in place of sulfur.
As illustrated in Scheme 1, the cross-linked network structure con-
taining -hydroxyl ester bonds are formed based on the chemical
reactions between the carboxyl groups in XNBR chains and the
epoxy groups in ESO. Moreover, the bio-based ESO as a derivative
of plant oils may have a good plasticization effect on XNBR before
the cross-linking reaction occurs. Finally, the ester bonds in the
cross-linked structure are expected to be selectively cleaved off,
and the linear XNBR could be achieved again. In other words, the
recycling method for a closed-loop recovery of the end-of-life elas-
tomer materials could be provided.

3.2. Plasticizing effect of ESO on XNBR

As is well-known, the nonvolatile compounds with low molec-
ular weight are widely used as plasticizers to reduce the viscosity
of elastomers and improve the processability of elastomers in rub-
ber industry. At present, the petroleum-based and coal-based com-
pounds with low molecular weight, such as aromatic oils and
aliphatic oils, predominate as the plasticizers in rubber industry.
However, the aromatic oils generally contain polycyclic aromatic
hydrocarbons (PAHs) which have carcinogenic effects on human
health. Therefore, it is of great importance to explore environmen-
tally friendly and renewable substitutes for replacing these
petroleum-based and coal-based plasticizers. Due to their low cost,
sustainability and non-toxicity, plant oils have been found to be
very desirable substitutes for conventional plasticizers. As a
derivative of the plant oils, ESO may have a plasticizing effect on
XNBR. Thus, the plasticizing effect of ESO on XNBR/CB compounds
was studied. As shown in Fig. 1a, the XNBR/CB compound without
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Fig. 1. (Color online) Mooney viscosities (a), G'-strain curves (b), and DSC curves (c) of XNBR compounds plasticized by various contents of ESO.

ESO exhibits the highest Mooney viscosity because of the strong
molecular polarity of XNBR. It can be observed that the addition
of ESO results in a significant reduction in Mooney viscosity,
demonstrating that ESO exhibits an excellent plasticizing effect
on the XNBR/CB compounds, and could improve the processability
of XNBR. In order to further demonstrate the plasticizing effect of
ESO, the rheological measurements of the XNBR/CB compounds
by RPA are shown in Fig. 1b. At low strains (less than 10%), the stor-
age modulus (G') of the XNBR/CB compounds decreases with the
increase of the ESO content, which may be due to the reduction
in the filler-filler and filler-elastomer interaction by the lubrication
action of the plasticizer. In addition, because the presence of a plas-
ticizer usually causes a decrease in glass transition temperature
(Tg) of the elastomer compounds, the T, of the ESO-plasticized
XNBR/CB compounds were determined by DSC. As shown in
Fig. 1c, the Ty of the XNBR/CB compounds decrease slightly with
the increase of the ESO content, which could be attributed to that
the addition of ESO causes the decrease of the interactions among
the XNBR chains.

The excellent plasticizing effect of ESO on XNBR could be attrib-
uted to good compatibility between ESO and XNBR chains. On the
one hand, the compatibility may be attributed to forming hydrogen
bonds between the carboxyl groups in XNBR chains and the epoxy
groups in ESO. To verify the formation of hydrogen bonds, in situ
FTIR was carried out at various temperatures (Fig. S1 online). With
the increase of temperature from 40 to 140 °C, the absorption
related to the C=0 groups in the bonded carboxyl groups shifts
from 1699 to 1702 cm™!, together with the decrease in the inten-
sity. Simultaneously, the absorption related to the C=0 groups in
free carboxyl groups shifts from 1736 to 1739 cm™! together with
the decrease in the intensity as well. Besides, the FTIR spectra of
the XNBR/ESO compound were collected during the cooling pro-
cess, and the results are almost identical to those collected during
the heating process. These results indicated the formation of
hydrogen bonds between epoxy and carboxyl groups. Moreover,
the solubility parameter, which is a powerful tool to predict the
compatibility of materials, was calculated by Materials Studio
(MS) simulations to gain a better insight into the compatibility of
ESO with XNBR. The solubility parameter values for XNBR and
ESO at 298 K are 19.48 and 18.24 (J/cm?)®5, respectively. The
results suggest that the mixtures of XNBR and ESO are thermody-
namically compatible because of their similar solubility parameter
values [46].

3.3. Covalent cross-linking of XNBR with bio-based ESO

To verify the occurrence of the epoxy-acid reaction, the FTIR
spectra of XNBR, ESO, XNBR/ESO compound and ESO-cured XNBR
composite were monitored (Fig. 2a). Moreover, the evolutions of
the absorption peaks of ester and epoxy groups involved in the

reaction were also monitored by FTIR spectra at 180 °C (Fig. S2
online). The absorption peaks at 1700 cm™! are due to the C=0
stretching vibration of carboxyl groups in XNBR chains. In the FTIR
spectra of the XNBR/ESO compound, due to the addition of ESO, the
characteristic peak at 824 cm™! appears, which is related to the
asymmetric epoxide ring stretching deformation vibration of
epoxy groups in ESO. Besides, the absorptions related to ester
bonds appear at 1740 cm™". After the cross-linking reaction occurs,
the peaks related to epoxy groups gradually disappear. Simultane-
ously, the intensity of characteristic peaks related to ester bonds
increases, while that related to carboxyl groups decreases. These
results demonstrate the chemical reactions between carboxyl
groups and epoxy groups, resulting in p-hydroxyl esters.

In order to further investigate the cross-linking process, the
cross-linking behavior of the XNBR/CB compounds was monitored
by measuring the torque in a rheometer. Fig. 2b shows the curing
curves of the XNBR/CB compound under different temperature. It
can be obviously observed that the torque value increases first
and then reaches equilibrium over time, which should be attribu-
ted to the formation of cross-linking structures based on the
epoxy-acid reaction. With the increase of cross-linking tempera-
ture, the cross-linking rate increases consistently. In addition, the
value of the maximum torque (My) almost keeps as the same at
different temperature, indicating that the cross-linking reactions
are all completed in this typical range of temperatures. The curing
characteristics of various XNBR/CB compounds with different ESO
content are analyzed on an oscillating disk rheometer at 180 °C
and the characteristic parameters are summarized in Table 1. As
shown in Fig. 2c¢, all curing curves exhibit a classic curing behavior,
indicating the occurrence of cross-linking reactions. With the
increase of the ESO content, the value of torque difference (AM)
between the minimum torque M; and the maximum torque My
significantly increased. These results indicate that the cross-
linking density increased, which is in accordance with the equilib-
rium swelling tests (Fig. 2d). Additionally, the low sol fraction for
ESO-cured XNBR composites indicates their high cross-linking
density. As the ESO content increases, more effective cross-
linking points could be provided, resulting in the increase of the
cross-linking density of the XNBR/CB composites. Besides, the
increase of ESO content could also lead to a slight increase in tgq,
indicating that longer period of time was required for achieving
an equilibrium to the cross-linking reaction. Additionally, the
epoxy-acid cross-linking system shows excellent scorch safety to
the obtained composites, which another important characteristic
related to the cross-linking process (Fig. S3 online).

3.4. Mechanical properties of ESO-cured XNBR/CB composites

The influence of ESO content on the tensile properties of XNBR/
CB composites was investigated. Fig. 3a shows the typical stress-
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compound with different contents of ESO. (d) Cross-linking density of XNBR/CB composites with different contents of ESO.

Table 1

The curing characteristic parameters of XNBR/CB compounds with different contents of ESO.
ESO content (phr) My (dN m) M (dN m) AM = My-M (dN m) too (min)
4.0 49 0.7 4.2 25.5
8.0 9.9 0.7 9.2 26.7
12.0 14.0 0.6 134 29.6
16.0 18.0 0.5 17.5 33.0
20.0 20.6 04 20.2 35.5

strain curves of XNBR/CB composites, and their mechanical proper-
ties are summarized in Table S1 (online). It can be found that the
increase of ESO content leads to remarkable improvements on
the modulus of the XNBR/CB composites while the elongation at
break is compromised, which should be ascribed to the increased
cross-linking density. Specifically, the modulus at 300% strain is
regulated over a wide range from 2.4 to 14.1 MPa, which could
meet the mechanical requirements for a range of applications.
Besides, the tensile strength of the XNBR/CB composites increases
firstly, then reaches to a maximum value with the incorporation of
12.0 phr ESO, and then decreases with the further increase of ESO
content. The reason can be attributed to the fact that the increase
in cross-linking density could restrain the orientation of the elas-
tomer chains segment, and lead to reduction in the elongation at
break.

The influence of the ESO content on the dynamic behavior of the
XNBR/CB composites was further investigated by performing DMA.
The temperature dependence of the loss factor (tand) of the XNBR/
CB composites with different ESO content is displayed in Fig. 3b.

With the increase of the ESO, the value of tané decreased consis-
tently at relatively high temperatures, which can be attributed to
the enhanced restriction of chain motion due to the increased
cross-linking density. However, the peak value of tané and T,
slightly decreases, which is contrary to the increased cross-
linking density. To further explain this phenomenon, we performed
RPA to investigate the strain amplitude dependence of the storage
moduli (G’') and tané of the XNBR/CB composites with different
contents of ESO. From Fig. S4 (online), the value of tané gradually
decreases at the same strain, which is in accordance with the
results from DMA experiments. In addition, G’ decreases continu-
ously by increasing ESO content at low strains. In particular, when
the ESO content reaches 20.0 phr, the G’ is reduced to a greater
extent. Obviously, the results of the dynamic modulus are inconsis-
tent with that of the static modulus. We speculate that the results
could be attributed to the cross-linking structure. The ESO can be
considered as a three-armed molecule, which could result in the
formation of different types of cross-linked structures (Fig. S5
online). Although almost all ESO participated in the cross-linking
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reactions (Table S2 online), not each arm of the ESO could be
involved in the reactions. Therefore, the arms that are not involved
in the cross-linking reactions are present in the form of branched
chains, and the number of branched chains increases with the
increase of ESO content. The branched chains in the cross-linking
structure exhibit a plasticizing effect, leading to a decrease in
dynamic modulus and Ty.

3.5. The catalytic effect of Zn?* ion on cross-linking reaction

As is well-known, Lewis acids (e.g., zinc salts) have the catalytic
effect on the curing of epoxy resins and can accelerate the epoxide
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ring-opening reaction [47-49]. In order to improve cross-linking
efficiency, ZnO was selected to catalyze the cross-linking reaction.
The carboxylic groups incorporated in the nonpolar elastomer
main chains could be neutralized by ZnO to form ion pairs or clus-
ters, which could act as cross-links and reinforcing points. Hence,
the effect of ZnO content on the properties of the XNBR/ESO com-
pounds was investigated. Fig. 4a shows the curing curves of XNBR/
ESO compounds with different contents of ZnO, and the character-
istic parameters are summarized in Table S3 (online). It is found
that a relatively small amount of ZnO could lead to a significant
reduction in tgo, and the cross-linking rate further increases consis-
tently with the increase of ZnO content. Meanwhile, the AM value
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increased, which may be ascribed to the increase in the extent of
cross-linking reaction and additional ionic cross-links. Moreover,
the curing behaviors were also examined under different curing
temperature (Fig. S6, Tables S4 and S5 online). It can be concluded
that the addition of ZnO could lead to a decrease in the curing tem-
perature. For example, in the presence of 1.0 phr ZnO, the curing
temperature of the XNBR/ESO compounds was decreased by
20 °C. Besides, the XNBR could not be effectivity cross-liked by
ZnO in the absence of ESO (Fig. S7 online). This phenomenon could
be attributed to the following two reasons. On the one hand, Zn**
has a catalytic effect on the cross-linking reaction and accelerates
the epoxide opening reaction (Fig. 5a). On the other hand, the exis-
tence of ion pairs or clusters results in the formation of domains
with high carboxyl group concentration (inhomogeneity), so the
collision between the carboxyl groups in XNBR chains and the
epoxy groups in ESO molecules is more prone to form valid cross-
links relative to the case in the absence of ZnO. Furthermore,
although the addition of ZnO could lead to the reduction in scorch
time, the scorch time of the epoxy-acid cross-linking system is still
longer than that of the sulfur cross-linking system (Figs. S8 and S9
online).

The influence of ZnO content on the mechanical properties of
ESO-cured XNBR/CB composites was investigated. As shown in
Fig. 4b and Table S6 (online), the tensile strength and modulus of
the ESO-cured XNBR/CB composites increase obviously with the
increase of ZnO content. Besides, the mechanical properties of
ZnO-cured XNBR/CB composites are poor in the absence of ESO
(Fig. S10 online). These results may be ascribed to two reasons.
First, the addition of ZnO could lead to an increased extent of
cross-linking reactions. Second, the presence of ion pairs or clus-
ters could provide additional ionic cross-links and act as reinforc-
ing points (Fig. 5b). As shown in Fig. 4c, tansé of ESO-cured XNBR/
CB composites with various ZnO content were measured from
DMA under temperature sweep conditions. Compared with that
of the sample in the absence of ZnO, the peak value of tané is sig-
nificantly suppressed and gradually shifts to a higher temperature
with the increase of ZnO content. This phenomenon suggests that
the segmental relaxation of XNBR is restricted by the remarkably

waane ()

Ionic cluster Ionic pair

00707
ﬁ/ é\; Zn?** Catalysis
4

enhanced cross-linking density, which is accounted from the
increase in the extent of cross-linking reaction and additional ionic
cross-links. In addition, a broad peak of tané at around 60 °C are
observed in the dual-cross-linking XNBR/CB composites, especially
for the sample in presence of 2.0 phr ZnO, indicating an additional
relaxation process of the breaking of ionic bonds [35]. To verify the
existence of the ionic bonds, cyclic uniaxial tension tests are per-
formed. As shown in Figs. S11 and S12 (online), the ESO-cured
XNBR/CB composites exhibit obvious hysteresis loop in the first
cycle, arising from the Mullins effect and the rupture of the ionic
bonds. With the increase of the ZnO content, the increased ionic
cross-links mainly contribute to the irreversible stress softening
upon the initial extension. Additionally, the addition of ZnO could
also lead to an increase in the extent of chemical cross-links, which
would also have an influence on the hysteresis. Hence, it can be
concluded that hysteresis energy is increased with the increase
of ZnO content, suggesting that the number of ionic bonds is
increased. Based on the above discussion, the ionic bonds behave
in a sacrificial manner to dissipate energy during stretching, which
can remarkably contribute to the enhancement of the overall
mechanical properties of the ESO-cured XNBR/CB composites
[50,51]. Furthermore, the curing and mechanical properties of
ESO-cured XNBR/CB composite are compared to that of sulfur-
cured XNBR/CB composite. As shown in Fig. S13a and Table S7 (on-
line), the cross-linking rate of ESO-cured XNBR/CB composite is
slower than that of sulfur-cured XNBR/CB composite; but the value
is still acceptable for practical application. Besides, the tensile
strength of ESO-cured XNBR/CB composite is comparable to that
of the sulfur-cured XNBR/CB composite (Fig. S13b and Table S8
online).

3.6. Chemical recycling by selective cleavage of ester bonds

Because of the formation of ester bonds in the cross-linked
structure, we envision that the selective cleavage of the ester
bonds could be one of the most promising and advantageous meth-
ods for recycling and reutilization of end-of-life elastomer materi-
als. Scheme 2 illustrates the process of the chemical recycling of

(b)
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]
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Fig. 5. (Color online) Schematic illustrating the catalytic effect of Zn®* ion on the enhancement of the epoxide ring opening reaction (a), and proposed dual-cross-linking

structure in ESO-cured XNBR/CB composites in the presence of ZnO (b).

[ Chemical recycling by selective cleavage of ester bonds \

Scheme 2. (Color online) Schematic illustration of the chemical recycling process of ESO-cured XNBR.
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Fig. 6. (Color online) The chemical recycling process of ESO-cured XNBR. (a) The original, (b) post-swelling, (c) post-recycling reaction, and (d) post-coagulating of the ESO-

cured XNBR sample.

the ESO-cured XNBR. As shown in Fig. 6, the swollen ESO-cured
XNBR pieces disappeared after the chemical recycling reaction,
and the homogeneous mixture solution was obtained. Therefore,
we could speculate that the ester bonds of ESO-cured XNBR sample
were successfully cleaved off. In addition, the molecular weights of
the original XNBR and recycled XNBR were characterized by GPC
(Table 2). It was found that the molecular weight of recycled XNBR
is almost the same to that of the original XNBR. In addition, the
recycled XNBR was characterized using FTIR spectroscopy
(Fig. 7a). The results showed that the absorptions related to ester
bonds at 1740 cm™~' disappeared, indicating that the ester bonds
of the cross-linked XNBR were cleaved off. '"H NMR spectra of the
original XNBR and the recycled XNBR are shown in Fig. S14 (on-
line), and the results are in accordance with that from FTIR exper-
iments. Similarly, the CB filled ESO-cured XNBR was also recycled
according to this method (Fig. S15 online). However, due to the
adsorption of elastomer chains on CB, the chemical recycling reac-
tion of CB filled ESO-cured XNBR requires a longer time and higher
temperature than that of unfilled XNBR. For its reutilization, the
recycled XNBR/CB composite was directly used to prepare an
ESO-cured XNBR/CB composite again. As shown in Fig. 7b, the
mechanical properties of the recycled samples are well-restored.
The strength, modulus, and elongation at break of the recycled
samples are able to recuperate most of their initial mechanical
properties. As a result, this recycling strategy is a facile and cost-
effective approach for high-efficiency recycling. What's more, this

Table 2
Molecular weights of the original XNBR and recycled XNBR.

Sample M,/10* My/10* Polydispersity index
(g/mol) (g/mol) (PDI)

XNBR 9.8 26.8 2.72

Recycled XNBR 9.1 28.9 3.16
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work provides new insight to the closed-loop recycling of end-of-
life elastomers.

4. Conclusions

In this study, we demonstrate a novel and green cross-linking
strategy for carboxyl-functionalized elastomers using renewable
bio-based ESO, a derivative of plant oils, as the cross-linking agent.
It can avoid the use of toxic cross-linking agents and prevent the
release of toxic VOCs. Due to the mixtures of XNBR and ESO with
similar solubility parameter values and the hydrogen bonds
between the carboxyl groups in XNBR chains and the epoxy groups
in ESO, the ESO exhibits excellent plasticization effect on XNBR.
The cross-linking mechanism is based on the reactions between
the epoxy groups in ESO and the carboxyl groups in XNBR chains,
producing p-hydroxyl esters. Specifically, this cross-linking strat-
egy shows excellent scorch safety, which is suitable for practical
elastomer processing. By increasing the content of ESO, the
mechanical properties of the fabricated compounds can be
improved, especially the striking improvement in modulus while
the elongation at break is compromised. Specifically, the tensile
strength of the XNBR/CB composites can reach up to 20 MPa, and
the modulus at 300% strain is regulated over a wide range from
2.4 to 14.1 MPa. Moreover, due to the catalytic effect of Zn?* ion
on the epoxide opening reaction, ZnO can catalyze the cross-
linking reaction to further improve the cross-linking efficiency.
Meanwhile, due to the formation of ion pairs and clusters as addi-
tional ionic cross-links and reinforcing points, the addition of ZnO
can enhance the overall mechanical properties of the ESO-cured
XNBR/CB composites. Hence, the cross-linking and mechanical
properties of the XNBR/CB composites can also be regulated by
manipulating the content of ZnO. What's more, the chemical recy-
cling upon the selective cleavage of ester bonds is put forward to
achieve a closed-loop recovery of the end-of-life elastomer
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Fig. 7. (Color online) (a) FTIR spectra of original XNBR and recycled XNBR. (b) Typical stress-strain curves of original and recycled XNBR/CB composite with 12.0 phr of ESO.
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materials. Meanwhile, this recycling strategy is a simple, mild, and
cost-effective approach for achieving a high-efficiency recycling.
We envision that this new green cross-linking strategy for
carboxyl-functionalized elastomers exhibits promising applica-
tions in rubber industry.
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