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Abstract
The surface functionalization of CNCs and the construction of strong interfacial adhesion between CNCs
and rubber matrix are effective way to achieve high performance rubber/CNCs nanocomposites. Herein,
carboxylation of sulphated cellulose nanocrystals (CNC-OSO3H) was conducted in aqueous medium by
using citric acid as modi�er. Large amount of carboxyl groups was successfully grafted on the surface of
CNC-OSO3H, which endows the carboxylated CNC-OSO3H (abbreviate as CNC-CA) with higher chemical
reactivity and thermal stability. Subsequently, carboxylated styrene butadiene rubber (XSBR)/CNC-CA
nanocomposites with dual crosslinking design were prepared by using polyethylene glycol diglycidyl
ether (PEGDE) as the crosslinking agent and CNC-CA as the reinforcing �llers. FTIR investigation found
that in the obtained nanocomposites, the carboxyl groups on CNC-CA and XSBR formed hydrogen bonds
(physical crosslinking) with each other, and the carboxyl groups formed covalent bond with the epoxy
group on PEGDE simultaneously. The coexistence of physical and chemical crosslinking improved the
interface compatibility between CNC-CA and XSBR matrix, accelerated the homogenous dispersion of
CNC-CA and realized the crosslinking of the matrix itself. As expected, XSBR/CNC-CA nanocomposites
with dual crosslinking network showed remarkable enhancement in tensile strength (up to 500%),
modulus (up to 151%), work of fracture (up to 348%). This work provides both a facile and green
approach to obtain carboxylated CNCs and a convenient method for the preparation of high-performance
rubber nanocomposites with multiple interactions.

Introduction
By loading reinforcing �llers, the mechanical properties of composites can be improved largely compared
to the neat matrix (Bitinis et al. 2011; Chen et al. 2008; Ramorino et al. 2009; Rooj et al. 2010). With the
development of nanoscience, the application of various nano-reinforcing �llers in the �eld of composite
materials has attracted increasing attention (Ding et al. 2019; Iwatake et al. 2008; Potts et al. 2012;
Sengupta et al. 2011; Tang et al. 2012; Wu et al. 2018). Cellulose is the most abundant biopolymer
resource on the planet and has some nanosized and hierarchical structure. As one kind of nanocellulose,
cellulose nanocrystals (CNCs) are considered as a promising “green” �ller for composite materials owing
to the various advantages, such as large speci�c surface area, high tensile strength, high aspect ratio,
high Young’s modulus, plenty of surface hydroxyl groups, biocompatibility and biodegradability
(Kargarzadeh et al. 2018; Klemm et al. 2018; Thomas et al. 2018; Dufresne et al. 2018; Habibi et al. 2010).
In 2011, the preparation of CNCs was industrialized via sulfuric acid hydrolysis, and this further promotes
the application of CNCs in the �eld of composite materials. The CNCs prepared by this method have
sulfonate groups on the surface and is abbreviated as CNC-OSO3H. Due to the merits of fast reaction
speed, simple process, high yield and good dispersion of CNC-OSO3H in aqueous solution, sulfuric acid
hydrolysis is the only industrialized preparation method at present. CNCs were �rst adopted to reinforce
rubber in 1995 by Favier et. al, since then plenty of reports about rubber/CNCs composites emerge
(Eslami et al. 2020; Flauzino Neto et al. 2016; Jiang and Gu 2020; Kargarzadeh et al. 2017; Nunes 2017;
Parambath Kanoth et al. 2015; Peng et al. 2018; Peng et al. 2019; Tian et al. 2017; Favier et al. 1995).
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Rachel Blanchard et. al reported that the incorporation of CNC-OSO3H effectively improved the
crosslinking density, tensile strength and modulus of the rubber latex for the application in dipped goods
(Blanchard et al. 2020). However, the poor heat resistance of CNC-OSO3H caused by sulfonate group and
relatively low chemical reactivity remain a problem which cannot be ignored (Jiang et al. 2010;Wang et al.
2007; Roman et al. 2004). Compared with CNC-OSO3H, CNCs prepared by citric acid have higher thermal
stability, and the surface carboxyl groups endow CNCs higher reactivity. Yet, due to the weak acidity of
citric acid, the yield of CNCs prepared by citric acid alone is quite low (Ji et al. 2019). A large amount of
citric acid is needed when mixed with other inorganic acids to prepare CNCs, and it is not only the
preparation process is time-consuming but also di�cult to realize the recycling of citric acid (Yu et al.
2016).

Carboxylated styrene butadiene rubber (XSBR), a copolymer of styrene, butadiene and a small amount of
acrylic acid, is widely used in paper and board coating industry. Cao et. al utilized CNC-OSO3H to improve
the mechanical properties of XSBR matrix by XSBR latex/CNC-OSO3H co-sedimentation and two-roll mill
blending (Cao et al. 2013). Even though the addition of CNC-OSO3H improved the mechanical properties
of XSBR/CNC-OSO3H nanocomposites to a certain extent, there are still some unsolved problems: the
poor thermal stability of CNC-OSO3H, the agglomeration of CNC-OSO3H in matrix and inadequate
interaction between �llers-rubber (Chen et al. 2015). In order to improve the compatibility and interfacial
strength between CNCs and matrix, a lot of efforts have been made. Cao et al. used maleic anhydride
grafted tunicate cellulose nanocrystals (t-CNs) to reinforce the epoxidized natural rubber by the
construction of dual cross-linked network. The interfacial chemical reaction between carboxyl groups on
modi�ed t-CNs and epoxy groups on ENR chains formed covalent crosslinking network, and the hydrogen
bonds between hydroxyl groups on t-CNs and epoxy groups on ENR chains served as physical
crosslinking network. It is worth mentioning that, even though the covalent bond formed between
modi�ed t-CNs and ENR chains effectively improve the interface compatibility and adhesion between
�ller and matrix, the uncrosslinking matrix still leads to the limited improvement of the mechanical
properties of the composites (Cao et al. 2018). Tao et al. designed a novel double-network composite
system of reducing end-modi�ed CNCs (mCNC) enhanced thermoplastic elastomer with click reaction
and bulk crosslinking. Though, the combination of �ller-matrix, �ller-�ller and matrix-matrix interaction
effectively realized the mechanical enhancement of the composites, the modi�cation process of CNCs
and the preparation of composites were quite tedious (Tao et al. 2019). The above works demonstrate
that the construction of dual crosslinking network is an effective way to improve the properties of rubber
composites. As the reactive functional carboxyl group of XSBR provides the possibility for the formation
of hydrogen bond and covalent bond between XSBR and reinforcing �llers. The key point is to activate
and desulfonate the surface of CNC-OSO3H, subsequently design a strong XSBR-CNCs and XSBR-XSBR
interaction network.

In this work, CNC-OSO3H were �rstly carboxylated by reaction with citric acid in aqueous phase under a
mild condition, the reaction solvent and ethanol used for centrifugal washing could be recycled. Then
XSBR/CNC-CA nanocomposites with dual crosslinking network were constructed by using polyethylene
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glycol diglycidyl ether (PEGDE) as crosslink agent and 2-methylimidazole (2-mIm) as catalyst. FTIR
investigation con�rmed that the hydrogen bonds (physical crosslinking) formed among the carboxyl
groups on CNC-CA and XSBR, the covalent bonds (chemical crosslinking) formed between the carboxyl
groups and the epoxy group of PEGDE. Bene�ting from the dual crosslinking structure, the interface
compatibility between CNC-CA and XSBR matrix is improved, the homogenous dispersion of CNC-CA is
accelerated and the crosslinking of the matrix itself is realized. Compared with XSBR/CNC-CA
nanocomposites without PEGDE crosslinking, the tensile strength, modulus and work of fracture of
XSBR/CNC-CA nanocomposites with PEGDE crosslinking are signi�cantly improved.

Experimental

Materials
XSBR latex with 50 wt % solid content was obtained from Shandong Xing Yu gloves Co., Ltd. (Gaomi,
China). Cotton linter pulps (CLP) were provided by Silver Hawk Co. Ltd. (Gaomi, China). Citric acid
anhydrous (CA, 99.5%) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Polyethylene glycol diglycidyl ether (PEGDE, 99%) was purchased from Macklin reagent company
(Shanghai, China). 2-methylimidazole (2-mIm, 98%) was purchased from Aladdin Industrial Corporation
(Shanghai, China). Sodium hydroxide, sulfuric acid, toluene and dimethylformamide are general
commercial products. All regents are analytical grade.

Preparation of sulfonic cellulose nanocrystals (CNC-OSO3H)
CNC-OSO3H was extracted from CLP via sulfuric acid hydrolysis as described in our previous work (Wang
et al. 2020). In brief, raw CLP was �rst immersed in 4 wt% NaOH solution for 24 h at room temperature.
Then, the obtained slurry was thoroughly washed and dried in a vacuum oven. After that, the pretreated
CLP was hydrolyzed in 64 wt% sulfuric acid at 50°C with continuous vigorous stirring, a large amount of
water was used to dilute the mixture and terminate the acid hydrolysis process. Finally, the suspension
was centrifuged repeatedly and washed until the pH of the centrifugal solution was close to 3, followed
by dialyzing against deionized water until neutral pH was achieved. The resultant CNC-OSO3H
suspension was concentrated to ca. 2 wt% by rotary evaporation at 40°C, and carefully collected for the
following experiment.

Preparation of citric acid grafting CNCs (CNC-CA)
First, 20 ml of CNC-OSO3H aqueous solution (20 mg/ml) was added to a �ask and ultrasonic treated for
10 min, then 10 g anhydrous CA was added to the �ask and ultrasonic treated for another 10 min.
Subsequently, the �ask was assembled to a distillation device, and the oil bath temperature was set at
120°C. The water in the mixture was gradually evaporated with oil temperature increases. After the oil
bath temperature reached 120°C, the CNC-OSO3H surface esteri�cation was performed for 15 h. After the
reaction, the obtained CNC-CA was puri�ed from unreacted CA by 4 times dispersion-centrifugation with a
large excess of ethanol at room temperature. Then CNC-CA was dispersed in deionized water and dialysis
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against deionized water for one week. The CA dissolved in the washing ethanol were recycled by
distillation of the solvent in a rotavapor. The content of carboxyl group in CNC-CA was conducted by
potentiometric titration and the value is 0.679 mmol/g, the test method is in accordance with our previous
work (Zhou et al. 2018).

Preparation of XSBR/CNC-CA nanocomposites
The carboxyl content of XSBR was 2.59 mmol/g, the speci�c test methods are presented in the
supporting information. XSBR/CNC-CA nanocomposites �lms were prepared by a solution casting
method. For the preparation of XSBR/CNC-CA nanocomposites with dual crosslinking networks, XSBR (3
g) and the desired amount of CNC-CA, PEGDE, 2-methylimidazole were mixed together, ultrasonically
treated for half an hour and then stirred for one hour. The obtained mixture was cast on a glass petri dish
and dried by solvent evaporation at 60°C temperature for 12 h, the samples were then further treated at
110°C for six hours to ensure complete crosslinking. The dual crosslinked XSBR/CNC-CA
nanocomposites with 1%, 3%, 5%, 7%, 9% CNC-CA were prepared, the resulting sample is marked as
X/mC-D (m represents the content of CNC-CA in nanocomposites, X, C, and D are the abbreviations of
XSBR, CNC-CA and dual crosslinking network, respectively). The mole of PEGDE is equal to the carboxyl
content of CNC-CA in XSBR/CNC-CA nanocomposites. The mass ratio of 2-methylimidazole to PEGDE
was 1:1. For comparison, the XSBR/CNC-CA nanocomposites without PEGDE and 2-methylimidazole
were also prepared according to the above method, and the resulting sample is marked as X/mC-H (H is
the abbreviation of hydrogen bonded crosslinking network).

Characterizations
FTIR spectra were conducted on a Bruker tensor 70 spectrometer equipped with a DTG detector under the
transmission mode in the wavenumber range 4000 to 400 cm− 1 or under the ATR mode in the
wavenumber range 4000 to 600 cm− 1 with the resolution of 2 cm− 1 and 32 scans.

The wide-angle X-ray diffraction (WAXD) patterns were recorded on a Rigaku mart Lab diffractometer
with Cu Kα radiation (λ = 0.154 nm) in the range 2θ = 5–40° with a scan rate of 5 °/min.

Thermogravimetric analysis (TGA) measurements were carried out using a thermogravimetric analyzer
(NETZSCH TG 209F1 Libra) under nitrogen gas �ow at a rate of 100 mL/min. Samples were heated from
30 to 600°C at 10°C /min.

Dynamic light scattering (DLS) was used to characterize the average particle size of CNC-CA and CNC-
OSO3H in suspension. DLS was performed on a Malvern Nano ZS90 light scattering instrument.

The transmission electron microscopy (TEM) was conducted to observe the morphological differences of
CNC-CA and CNC-OSO3H. The aqueous solution of CNC-CA and CNC-OSO3H was treated by ultrasonic to
obtain a uniform suspension. A small drop of 0.1 wt% solution was deposited on a carbon-coated copper
grid. TEM observations were carried out on a JEM-2100 electron microscope operated at an acceleration
voltage of 300 kV.
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SEM images were recorded with a Quanta FEG 250 scanning electron microscope. The cryogenically
fractured surfaces of neat XSBR and XSBR/CNC-CA nanocomposites specimens were sputtered with gold
before observations.

The tensile test was performed by Instron 5943 with a tensile rate of 50 mm/min. Before testing, neat
XSBR and XSBR/CNC-CA nanocomposite �lms were cut into rectangle with dimensions of 30×5×0.2
mm3. At least 5 specimens were measured for each sample.

The dynamic mechanical analyses (DMA) of neat XSBR and X/mC-D nanocomposites were determined
with a TA Q800 at the oscillation frequency of 1.0 Hz and the heating rate of 3°C/min. The experiment
was conducted in the tensile mode at temperature range of -100 to 100°C.

The swelling behaviors in water and toluene were measured according to the following procedure: three
preweighed (m0) specimens of X/mC-D nanocomposites were immersed in deionized water or toluene at
60°C for 72 h, respectively. Then the weights of the samples after swelling were recoded as m1. The
swelling ratios were calculated according to the following formula.

The solubility of neat XSBR and XSBR/CNC-CA nanocomposites was conducted by immersing a certain
weight of specimens into toluene/DMF mixed solution at 60°C for 72 h, then ultrasound for an hour.

Results And Discussion

Preparation and characterization of CNC-CA
The preparation route and reaction mechanism of CA modi�ed CNC-OSO3H are presented in Scheme 1.
Large amount of hydroxyl group on the surface of CNC-OSO3H reacted with carboxyl group of CA and
sulfonate of CNC-OSO3H was replaced by carboxyl group during the reaction. The FTIR spectra of CNC-
CA and CNC-OSO3H were provided in Fig. 1a. It is worth noting that all CNC-CA were washed thoroughly
to eliminate all residual reactants before analysis. As shown in Fig. 1a, in the FTIR spectra of CNC-CA,
there is a new band appeared at 1725 cm-1 which corresponds to the C = O vibration from the ester
groups of the carboxylic acids (Yu et al. 2014). Compared with the spectrum of CNC-OSO3H, the band at

812 cm-1 which corresponds to C-O-S vibration disappeared in CNC-CA (Wang et al. 2020). Those
evidences suggest that the CA have been grafted successfully on CNC-OSO3H and most of the sulfonate
on the surface of CNC-OSO3H was removed during the modi�cation process. The removal of sulfonate
was also veri�ed by EDS elemental analysis, as shown in table S1, after the surface modi�cation, no
sulfur element can be detected.
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The crystalline structure of CNC-CA and CNC-OSO3H were analyzed by X-ray diffractions. Both CNC-CA
and CNC-OSO3H show diffraction peaks at 2θ of 14.8°, 16.4° and 22.7°, corresponding to the typical X-ray
diffraction pattern of form-I crystal of cellulose. Based on the above investigation, it is con�rmed that
CNC-CA has same crystalline structure as CNC-OSO3H. The application of CNC-OSO3H in polymer
compounds is limited due to the poor heat resistance. Here the thermal degradation of CNC-CA and CNC-
OSO3H was compared by thermogravimetric analysis (TGA). As shown in Fig. 1c. and d, CNC-CA displays
a markedly enhanced thermal stability compared with CNC-OSO3H. The maximum weight-loss rate
temperature of CNC-CA is 354°C, which is 143°C higher than that of CNC-OSO3H. According to the FTIR
results of the CNC-CA and CNC-OSO3H, it is deduced that removal of the sulfate groups is a crucial factor
in improving the thermal stability of CNCs.

The morphology of CNC-OSO3H and CNC-CA were observed by using TEM (shown in Fig. 2a and b). The
individual cellulose nanocrystals of both CNC-OSO3H and CNC-CA can be clearly distinguished.
Compared with CNC-OSO3H, the surface of CNC-CA is much more blurry because the surface of CNC-CA
is covered with small molecules of citric acid. Because of the strong hydrogen bond interaction between
the carboxyl groups of citric acid, CNC-CA is more likely to agglomerate after drying. The average particle
sizes of CNC-OSO3H and CNC-CA were estimated by dynamic mechanical analyses (DLS), the values are
around 187 nm and 161 nm, respectively. The decrease of the size of cellulose nanocrystals after
modi�cation may be due to the further etching of the amorphous region on the surface of CNC-OSO3H by
CA.

As mentioned in the experimental section, after surface modi�cation of CNC-OSO3H, un-grafted CA can
be separated and reused. To examine the effectiveness of recycled CA, CNC-CA are prepared by using
pristine CA, �rst and second recycled CA as the modi�ers. The results are shown in Fig. S1a and b. It can
be observed that all these three samples can be stably dispersed in deionized water. In addition, the
similar FTIR spectra of these three kinds of CNC-CA indicates that recycled CA can also modify CNC-
OSO3H effectively.

Mechanical Properties of XSBR/CNC-CA Nanocomposites
In order to study the effect of dual crosslinking network on the mechanical properties of XSBR
nanocomposites, the tensile tests were performed. The tensile curves and mechanical property
parameters of neat XSBR, X/mC-H and X/mC-D nanocomposites containing 1, 3, 5, 7 and 9 wt% CNC-CA
are shown in Fig. 3. For neat XSBR, the stress increased slowly until break, and achieved tensile strength
and strain at failure of 2.56 MPa and 389%, respectively. For the X/mC-H nanocomposites, even though
there are some improvement by adding CNC-CA into the XSBR matrix, the improvement is quite limited
(shown in Fig. 3a). XSBR is not crosslinked by covalent bonds in the X/mC-H nanocomposites, and the
role of hydrogen bond is very limited. The tensile strength of X/mC-H nanocomposites is far lower than
the requirement of industrial application. Therefore, covalent crosslinking of the nanocomposites is an
essential step to further improve its properties. Here, end-epoxy group PEGDE was used as crosslinking
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agent to realize chemical crosslinking of nanocomposites through the reaction between epoxy group of
PEGDE and carboxyl group of XSBR and CNC-CA. As expected, the mechanical properties of X/mC-D
nanocomposites show a signi�cant improvement compared to the X/mC-H ones (as shown in Fig. 3b).
For example, with only 5 wt% CNC-CA addition, tensile strength and strain at failure of X/5C-D
nanocomposites increase to 8.59 MPa and 456%, respectively, which are even superior to that of X/9C-H
nanocomposites. When the content of CNC-CA increases to 9 wt%, the X/9C-D nanocomposites show
tensile strength of 12.65 MPa, which are nearly �ve times that of the neat XSBR, and it’s valuable that
X/9C-D keeps same elongation at break with pure XSBR. Moreover, from the charts of Fig. 3c. and d., it
can be seen that the tensile stresses of the nanocomposites with dual crosslinking networks are nearly
double of that with only hydrogen bond, moreover, the fracture energy of the samples with dual
crosslinking networks is also signi�cantly improved.

Dynamic mechanical performance of XSBR/CNC-CA
Nanocomposites
The temperature dependence of the storage modulus (E’) and the loss tangent (tan δ) for neat XSBR and
X/mC-D nanocomposites with different CNC-CA contents are shown in Fig. 4a and Fig. 4b. A successive
increase of the E’ values can be observed by increasing the amount of CNC-CA (as shown in Fig. 4a.). For
example, the storage modulus at -70°C increases from ∼1049 to 3083 MPa with the addition of CNC-CA
from 0 to 9 wt% in the XSBR matrix. The enhancement in modulus below glass transition temperature is a
good evidence for the strong reinforced tendency of CNC-CA in the XSBR matrix. Meanwhile, the
improvement of crosslinking degree brought by the dual crosslinking network (the covalent bond
networks and the H-bond networks) also contributes to the improvement of the modulus.

Figure 4b. shows the variation of tanδ as a function of temperature for the neat XSBR and X/mC-D
nanocomposites. XSBR exhibits a peak tanδ value at a temperature around − 3°C, which corresponds to
the glass transition temperature (Tg) of XSBR. While the Tg of X/mC-D nanocomposites gradually
decreases to lower temperature (to -6°C) with the increase of CNC-CA content. Two effects might
decrease the Tg value: one is, as reported by Cao et. al, the hydrogen bond formed between �ller particles
and matrix may act as an internal plasticization resulting in the shifting of Tg to a lower temperature with
increasing �ller content (Cao et al. 2013); another is, excessive 2-methylimidazole might act as plasticizer
in the X/ mC-D nanocomposites because the amount of 2-methylimidazole used is proportional to the
CNC-CA content in the nanocomposite. However, further research is needed to clarify this question.
Besides, the intensity of tan δ, which indicates the damping properties, decreases with the increase of
CNC-CA content, which is mainly due to the decrease of matrix content and the enhancement of �ller’s
restriction effect on the chain mobility of rubber matrix.

The dispersion of CNC-CA in XSBR/CNC-CA
Nanocomposites
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The uniform dispersion of �llers in the matrix plays a key role on improving the properties of
nanocomposites. The aggregation of �llers in the matrix forms stress concentration points and has
adverse effects on the properties of the nanocomposites.

Figure 5a-f. illustrate the SEM images of cryogenically fractured surfaces of the neat XSBR and X/mC-D
nanocomposites containing 1, 3, 5, 7 and 9 wt% CNC-CA, respectively. Compared to the micrograph of
neat XSBR, the morphology of CNC-CA in the XSBR matrix can be easily identi�ed. The CNC-CA appears
as white dots and their concentration on the fracture surface of the nanocomposites increases directly
with the increase of the CNC-CA loading. A uniform distribution of CNC-CA in the XSBR matrix can be
observed in all X/mC-D nanocomposites (as shown in Fig. 5b-f). It is obvious that those CNC-CA dots are
partial embedded in XSBR matrix, demonstrating good compatibility between the �llers and matrix.
Furthermore, no gaps, voids or pull-out cracks are observed on the surface, indicating excellent interfacial
adhesion between the CNC-CA and XSBR matrix. This excellent compatibility and interface adhesion can
be ascribed to the hydrogen bond between XSBR and CNC-CA and the formation of ester group among
PEGDE, XSBR and CNC-CA. This uniform distribution and excellent interfacial adhesion are anticipated to
play an important role on the improvement of the mechanical performance of the resulting X/mC-D
nanocomposites.

Swelling properties and solubility of XSBR/CNC-CA
Nanocomposites
The water and toluene uptake ratios of X/mC-D nanocomposites containing 1, 3, 5, 7 and 9 wt% CNC-CA
were conducted to investigate the hydrophilicity and crosslinking degree. The X/mC-D nanocomposites
were immersed in deionized water or toluene for 72 h at 60°C and weighed. Figure 6. shows the water
uptake ratios of neat XSBR and X/mC-D nanocomposites. The water uptake ratios of X/mC-D
nanocomposites with CNC-CA content ≤ 7 wt% was much lower than that of neat XSBR. This may be
attributed to the dual crosslinking network which makes the components of nanocomposites compact
more densely and restricts the chain mobility of the rubber matrix, subsequently inhibits the diffusion of
water in the nanocomposites effectively. But, the hydrophilicity of X/mC-D nanocomposites increases
with the increase of hydrophilic CNC-CA content, especially when the CNC-CA content > 7 wt%, there is a
dramatic increase of water uptake ratios with increase of CNC-CA content. As can be seen from Fig. 6, the
water uptake ratios of X/9C-D is almost twice that of neat XSBR. This phenomenon is due to the dual role
of CNC-CA in X/mC-D nanocomposites. On one hand, the formation of hydrogen bond between CNC-CA
and XSBR molecular chains inhibits the movement of XSBR molecular chains and reduces the possibility
of hydrogen bond formation between XSBR molecular chains and water, resulting in the decrease of
hydrophilicity of X/mC-D nanocomposites. But, due to hydrogen bonds have saturability, when CNC-CA
content reaches a certain level, the number of hydrogen bond between CNC-CA and XSBR molecular
chains remains unchanged with increase of CNC-CA. So, the effect of hydrogen bond on the
hydrophilicity of X/mC-D nanocomposites doesn’t increase when CNC-CA content reaches a certain level.
On the other hand, CNC-CA has the inherent hydrophilicity, more CNC-CA, more hydrophilicity is introduced
in the X/mC-D nanocomposites. As a result of the above two aspects, water uptake ratios of X/mC-D
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nanocomposites increase with increase of CNC-CA content and has an interrupt increase when the
content of CNC-CA > 7%. On the contrary, the toluene absorption ratios decrease with the increasement of
CNC-CA content, which should be attributed to the increased hydrophilicity caused by the introduction of
CNC-CA and the dual crosslinking network restricts the chain mobility of XSBR.

In order to con�rm the formation of dual crosslinking network, the X/mC-D and X/mC-H nanocomposites
were immersed in DMF/toluene mixed solution for 72 h at 60°C and ultrasound treating for 1h to check
the swelling and dissolution behavior. As shown in Fig. S2, all the X/mC-H nanocomposites sheets
(upper) and neat XSBR disintegrated and dissolved in the DMF/toluene mixed solvent. In sharp contrast,
the shape of all the X/mC-D nanocomposites sheets (below) keep well. The above experimental
phenomena further prove that PEGDE has an effective crosslinking effect on the XSBR/CNC-CA
nanocomposite.

Structural Characterization and proposed dual crosslinking
networks of XSBR/CNC-CA nanocomposites

Structural Characterization of XSBR/CNC-CA
nanocomposites
FTIR is a powerful tool for studying the intermolecular interactions, hydrogen bonds and chemical
reactions. The FTIR spectra of neat XSBR, PEGDE, XSBR/PEGDE, CNC-CA, and CNC-CA/PEGDE are shown
in Fig. 7. In order to make the results clear, here, the mass ratios of XSBR to PEGDE and CNC-CA to PEGDE
were set to be 1:1, and the samples were treated at 110°C for six hours. As shown in Fig. 7, the three
peaks of 3055, 1252, 854cm− 1 in the FTIR spectrum of PEGDE are the characteristic peaks of epoxy
group. Compared to the FTIR spectra of single XSBR and PEGDE, a new band at 1725 cm− 1, which
corresponds to the C = O vibrations of ester group, appeared in the XSBR/PEGDE blends as shown in Fig.
7a. This reveals that the carboxyl groups of XSBR reacted with the epoxy groups of PEGDE and formed β-
hydroxyl esters. The spectra of CNC-CA/PEGDE blends, is shown in Fig. 7b. The three characteristic peaks
of PEGDE disappeared in the FTIR spectrum of CNC-CA/PEGDE blends, which means that the carboxyl
group of CNC-CA and the epoxy group of PEGDE are esteri�ed. From the above analysis results, we
con�rmed that the epoxy group on PEGDE can react with carboxyl group of both XSBR and CNC-CA,
therefore, PEGDE can effectively crosslink XSBR/CNC-CA nanocomposites.

The existence of hydrogen bonds in X/mC-D nanocomposites was also con�rmed by FTIR. As shown in
Fig. S3, the intensity of the band between 3500 − 3250 cm− 1 corresponding to the hydrogen bond became
stronger after compounding the CNC-CA with XSBR, indicating there is a strong hydrogen bond
interaction between XSBR and CNC-CA. According to the above results, it can be concluded that dual
crosslinking networks of the covalent bond networks and the hydrogen bond networks have been formed
in XSBR/CNC-CA nanocomposites, both contribute to improve the mechanical properties of XSBR/CNC-
CA nanocomposites.
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The proposed model of dual crosslinking networks for
crosslinked XSBR/CNC-CA nanocomposites
Based on the above discussion, it can be concluded that dual crosslinking networks featured of hydrogen
bonds network and covalent bonds network have been formed in X/mC-D nanocomposite. The
esteri�cation of epoxy group of PEGDE with carboxyl group of XSBR and CNC-CA is shown in Scheme S1,
the illustration of hydrogen bonds network and dual crosslinking network is shown in Scheme 2.
Compared with the ionic bond and covalent bond, hydrogen bond is much weaker so that its ability on the
improvement of the mechanical properties of XSBR/mC-H is very limited. By further constructing covalent
bonds in the X/mC-D nanocomposites using PEGDE as crosslinking agent, the rubber chains and CNC-CA
are held together tightly. The combination of the two networks can effectively improve the compatibility
and interface adhesion between CNC-CA and XSBR, as well as the interactions between XSBR-XSBR,
which is bene�cial to the improvement of the physical and mechanical properties of XSBR/CNC-CA
nanocomposites.

Conclusions
In this work, a green and environment friendly method of CA grafting CNC-OSO3H was provided. As-
prepared CNC-CA has higher thermal stability and excellent compatibility with XSBR. Meanwhile the dual
crosslinking networks in XSBR/CNC-CA nanocomposites were constructed. By using PEGDE as the
crosslinker, covalent bonds which serves as the chemical crosslinking network were formed between the
XSBR and CNC-CA and PEGDE. The hydrogen bond formed between XSBR and CNC-CA serves as the
physical crosslinking network. Besides, 2-methylimidazole the catalyst for esteri�cation acts as
plasticizer to endow the XSBR/CNC-CA nanocomposites with better ductility. The combination of dual
crosslinking networks and excessive 2-methylimidazole is bene�cial for the improvement of the strength
and ductility of XSBR/CNC-CA nanocomposites. As CNC-CA content reaches to 9 wt%, the tensile strength
of the X/mC-D nanocomposite is �ve times that of the neat XSBR with the same elongation at break.
Beyond that, the addition of CNC-CA improves the solvent resistance of XSBR nanocomposites. This
research provides a facile way to the surface modi�cation of CNC-OSO3H and the fabrication of dual
crosslinking XSBR nanocomposites with superior properties.
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Figure 1

(a) FTIR spectra, (b) XRD patterns of CNC-CA and CNC-OSO3H, (c) TGA thermograms, (d) Derivative
thermogravimetry of CNC-CA and CNC-OSO3H.

Figure 2

TEM micrographs of (a) CNC-OSO3H and (b) CNC-CA.
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Figure 3

The tensile stress-strain curves of (a) neat XSBR and X/mC-H nanocomposites, (b) neat XSBR and X/mC-
D nanocomposites, (c) the tensile strength and (d) fracture energy as a function of �ller contents.
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Figure 4

The temperature dependence of the storage modulus (E’) (a) and the loss tangent (tan δ) (b) for neat
XSBR and X/mC-D nanocomposites.

Figure 5

SEM images of the cryogenically fractured surfaces of neat XSBR and X/mC-D nanocomposites: (a)
XSBR, (b)X/1C-D, (c) X/3C-D, (d) X/5C-D, (e) X/7C- D, (f) X/9C-D.



Page 20/21

Figure 6

Toluene and water uptake ratios of neat XSBR and X/mC-D nanocomposites.
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Figure 7

FTIR spectrum of (a) neat XSBR, PEGDE, XSBR/PEGDE and (b) CNC-CA, PEGDE, CNC-CA/PEGDE.
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