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A co-coagulation process was utilized to prepare carboxylated butadiene–styrene rubber (xSBR)/hal-
loysite nanotube (HNT) nanocomposites. The interfacial interaction, morphology, and the mechanical
performance of the nanocomposites were investigated. Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) results indicate the
formation of hydrogen bonding between xSBR and HNTs. Lower content of HNTs tends to delay the
vulcanization of xSBR/HNT compounds, while higher HNT loading promotes the vulcanization. It is
shown that HNTs are dispersed individually and uniformly in the matrix with strong interfacial bonding.
The mechanical properties, especially the modulus and hardness, are significantly increased by the
inclusion of HNTs. The significant reinforcing effects of HNTs are correlated to the co-coagulation process
and strong interfacial interactions via hydrogen bonding.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites incorporated with inorganics have
drawn much attention during past decade due to their unprece-
dented performance compared with the conventional polymer
composites [1–3]. It is generally believed that the interfacial
interactions are important in determining the final performance of
polymer nanocomposites incorporated with inorganics. The inter-
facial interactions between polymer matrix and inorganics mainly
include van der Waals force, hydrogen bonds, covalent bonds and
ionic bonds [4–7]. Many approaches have been developed to
improve the interfacial interactions of the nanocomposites,
including the modification of inorganics [8–10] or matrix [11]. So
far, new effective approaches to improve the interfacial interaction
of nanocomposites are still being focused.

Recently, halloysite nanotubes (HNTs), a type of naturally occur-
ring silicates with nanotubular structures were disclosed to reinforce
polymers and unique reinforcing effects to different polymers such as
epoxy resin, polypropylene, polyamide, natural rubber, etc. have been
demonstrated [12–15]. As reported [16,17], HNTs are aluminosilicates
with predominantly tubular structure at nanoscale and the surface of
HNTs is composed of siloxane and has only a few hydroxyl groups,
which indicates that HNTs possess much better dispersion property
than other natural silicates such as montmorillonite and kaolinite and
potential ability for the formation of hydrogen bonding. xSBR is
a copolymer of styrene, butadiene and a small amount of acrylic acid
: þ86 20 22236688.
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and it is expected the carboxyl groups introduced by acrylic acid are
also potential functionality for the formation of hydrogen bonding.
Actually, tailoring the structures and performance of the polymer
blends or composites through the formation of hydrogen bonding in
the systems have been widely reported [18–26]. In the present work,
HNTs and xSBR are utilized to prepared nanocomposites with strong
interfacial interactions via hydrogen bonding. The interfacial
hydrogen bonding in xSBR/HNT nanocomposites was fully charac-
terized and its effect on curing characteristics, morphology and the
mechanical properties was investigated.

2. Experimental section

2.1. Materials

xSBR latex, with solid content of 50%, was manufactured by
Guangzhou Juntai Materials Co. Ltd. The xSBR is a copolymer of
styrene, butadiene, acrylic acid and the chemical structure of xSBR
is shown below.
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Chemical structure of xSBR (x/y/z=42.0/56.4/1.6)
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The HNTs were mined from Hubei Province, China and purified
according to the reported procedure [15]. The Brunauer–Emmett–
Teller (BET) specific surface area was determined as 50.45 m2/g.
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Table 1
Composition of xSBR/HNT nanocompositesa

Sample code xSBR xSBR2H xSBR5H xSBR10H xSBR20H xSBR30H

xSBR 100 100 100 100 100 100
HNTs 0 2 5 10 20 30

a Rubber intergradient: zinc oxide, 5 phr; stearic acid, 1 phr; 2-mercapto benzo-
thiazole (M), 0.1 phr; dibenzothiazole disulfide (DM), 1.3 phr; diphenyl guanidine
(DPG), 0.3 phr; tetramethyl-thiuram monosulfide (TS), 0.2 phr; N-isopropyl-N0-
phenyl-p-phenylenediamine (4010NA), 1.5 phr; sulphur (S), 1.5 phr.

Fig. 2. ATR-FTIR spectra of HNTs and xSBR/HNT compounds.
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Sulphur, zinc oxide, stearic acid, accelerators, and other addi-
tives were of industrial grade and used as-received.

2.2. Preparation of xSBR/HNT nanocomposites

HNTs aqueous suspension (10 wt.%) and xSBR latex were mixed
and stirred for 30 min. Then the mixture was co-coagulated by
adding calcium chloride aqueous solution (1 wt.%). The co-coagu-
lated compound was washed with de-ionized water for several
times until no chlorine ion was detected. Then the compound was
vacuum dried at 80 �C for 5 h. The dried compound was com-
pounded with rubber additives with a two-roll mill and then
compression molded at 150 �C. The composition of xSBR/HNT
nanocomposites is tabulated in Table 1.

2.3. Characterizations

2.3.1. Determination of specific surface area and pore width
distribution

To characterize the absorbing ability of HNTs toward rubber
accelerators, a model compound of HNTs/DM (weight ratio of 30/2)
was prepared by vigorously mixing the components at 10 000 rpm
for 3 min. The Brunauer–Emmett–Teller (BET) specific surface area
and the Barrett–Joyner–Halenda (BJH) pore width distribution
were determined with specific surface area and porosity analyzer,
ASAP 2020 of Micromeritics.

2.3.2. Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) and X-ray photoelectron
spectroscopy (XPS)

To characterize the possible interactions between xSBR and
HNTs, the co-coagulated xSBR/HNT compounds (weight ration of
50/50) without any other additives were processed with a two-roll
mill into a thin sheet for ATR-FTIR analysis. The ATR-FTIR analysis
was conducted by a Bruker Vector 33 spectrometer. Spectra were
taken from 4000 cm�1 to 400 cm�1. XPS spectra of HNTs and xSBR/
HNT compounds were recorded by using an X-ray photoelectron
Fig. 1. Scheme of preparation process of xSBR/HNT nanocomposites.
spectrometer (Kratos Axis Ultra DLD) with an Aluminum (mono) Ka
source (1486.6 eV). The Aluminum Ka source was operated at 15 kV
and 10 mA. For all the samples, a high-resolution survey (pass
energy¼ 48 eV) was performed at spectral regions relating to
silicon and aluminum atoms.

2.3.3. Determination of curing characteristics
The curing characteristics of the xSBR compound were deter-

mined at 150 �C by a U-CAN UR-2030 vulcameter, Taiwan.

2.3.4. Scanning electron microscopy (SEM)
The fracture surfaces of tensile samples were plated with a thin

layer of gold before any observations. The SEM observations were
then performed using a Philips KL 30 SEM machine.

2.3.5. Transmission electron microscopy (TEM)
The specimens of vulcanizates were ultramicrotomed into thin

pieces of about 120 nm in thickness with Leica EM UC6. Then the TEM
observations were done using a Hitachi H-7500 electron trans-
mission microscope machine at an accelerating voltage of 30 kV.

2.3.6. Mechanical performance
Tensile tests were performed following ISO standard 37-2005 at

25 �C. Tensile strength, modulus and elongation at break were
measured using U-CAN UT-2060 (Taiwan) instrument. Shore A
hardness was performed following ISO standard 7619-1986 using
an XY-1 sclerometer (Shanghai).

3. Results and discussion

3.1. Interfacial interaction between xSBR and HNTs

In order to obtain well dispersion of HNTs in xSBR, a co-coag-
ulation process of xSBR latex and HNT aqueous solution was
Fig. 3. Crystalline structure of HNTs.



Fig. 5. Curing behavior of xSBR/HNT compounds.
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utilized and the process is depicted in Fig. 1. In the process, with the
addition of co-coagulation agent into the xSBR/HNT aqueous
suspension, the emulsified particles of xSBR coagulated promptly
and consequently the HNTs among the particles were embedded in
the coagulated xSBR. The co-coagulation process effectively
prevents HNTs from aggregation and ensures the uniform disper-
sion of HNTs in xSBR matrix.

FTIR technique is often utilized to characterize the formation of
hydrogen bonding [27–31]. Fig. 2 shows the ATR-FTIR spectra of
HNTs and xSBR/HNT compounds. The absorption around
1030 cm�1 and 914 cm�1 is assigned to the absorptions of Si–O
stretching vibrations and Al–OH librations in HNTs respectively.
However, for the FTIR spectra of xSBR/HNT compound, there’s
a blue shift of about 21 cm�1 for the absorption of Si–O stretching
vibrations, whereas the blue shift of the absorption of Al–OH
librations is only about 7 cm�1. Typical crystalline unit of HNTs, as
shown in Fig. 3, consists of two-layer structure and contains two
types of hydroxyl groups, outer hydroxyl groups and inner hydroxyl
groups, which are situated in the unshared plane of tetrahedral
sheet (silicon and oxygen) and shared octahedral sheet (aluminum
and oxygen) respectively. As a consequence, the outer side of HNTs
is siloxane and only a few of Si–OH groups are located in HNT ends
and surface defects. However, most of Al–OH groups are situated in
the inner side. It is believed that the formation of hydrogen bonding
Fig. 4. High-resolution XPS spectra of silicon and aluminum in HNTs and xSBR/HNT
compound (50/50).
results in the blue shift of the FTIR absorption of Si–O stretching.
Because most of the Al–OH groups are situated in the inner side of
the crystalline structure as described above, the blue shift for the
absorption of aluminols is much smaller than that for the Si–O.

XPS survey was performed in order to further substantiate the
formation of hydrogen bonding between HNTs and xSBR. It is
believed that the formation of hydrogen bonding will lead to the
variation of the chemical environment for the hydrogen bonding
functionalities, which can be characterized by the variation of
bonding energy of the atoms related to the hydrogen bonding via
XPS survey [32–34]. Fig. 4 shows the high-resolution XPS spectra of
silicon and aluminum atoms in HNTs and xSBR/HNT compound
respectively. As shown in Fig. 4, there’s some decrease in the
bonding energy of silicon atom and aluminum atoms, which are
connected to the oxygen atom in the hydrogen bond. One can see
that the decreases in bonding energy for silicon and aluminum are
0.7 eV and 0.1 eV respectively. The more significant decrease for the
bonding energy of silicon atoms is ascribed to the fact that most of
the hydrogen bonds in the system are formed between Si–O and
carboxyl groups of xSBR. As discussed above, most of Al–OH groups
are situated in the inner side and consequently it is much difficult
to participate in the formation of hydrogen bonding between Al–
OH and carboxyl groups of xSBR. Consequently, the bonding energy
variation of silicon atoms is much obvious than that of aluminum
atoms. This further confirms the formation of hydrogen bonding in
the xSBR/HNT compound.

3.2. Curing characteristics of the xSBR/HNT compounds

Generally, as reported by many other literatures [35–37],
incorporation of silicates in rubber matrix delays the vulcanization
of rubber matrix, which usually is ascribed to the adsorption
Table 2
Curing characteristics of xSBR/HNT compounds

Compound
codes

Scorch time
(Tc10), s

Curing time
(Tc90), s

Equilibrium
torque, kN m

xSBR 296 583 18.0
xSBR2H 464 680 18.3
xSBR5H 458 624 18.9
xSBR10H 374 589 20.5
xSBR20H 249 396 21.4
xSBR30H 190 311 21.6



Fig. 6. BJH pore volume distribution curve of HNTs (a) and HNTs/DM mixture (30/2) (b).

Fig. 8. SEM photos of xSBR/HNT nanocomposites a) xSBR5H; b) xSBR20H.
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between silicates and vulcanization additives such as accelerators.
However, as shown in Fig. 5, when incorporating HNTs, xSBR
exhibits exceptional vulcanization behavior. Lower content of HNTs
tends to delay the vulcanization of xSBR/HNT compounds, while
higher HNT loading promotes the vulcanization. The characteristics
of the vulcanization of xSBR and xSBR/HNT compounds are
summarized in Table 2. As indicated in Table 2, with the inclusion of
2 phr of HNTs, both the scorch time and optimum curing time are
increased substantially. However, with the increase of inclusion of
HNTs, the vulcanization of xSBR/HNT compounds is promoted
significantly. Generally, natural silicate is a class of mesoporous
materials, which tend to absorb organics via different mechanism
such as acid–base interaction, hydrogen bonding or charge transfer,
etc. [38–40]. The delayed vulcanization of rubber by silicate such as
kaolinite and montmorillonite has been widely reported. HNTs
belong to kaolinite class, their absorbing ability toward a number of
chemicals has also been studied [41]. To verify the adsorption
capacity of accelerator such as DM by HNTs, the determination of
BJH pore distribution of HNTs and HNTs/DM mixture was con-
ducted and the results are shown in Fig. 6. For HNTs, the pore width
around 2 nm and 25 nm is assigned as the mesopores due to the
surface defects, and inner diameter of the tubes respectively.
However, for the HNTs/DM mixture, in which a certain amount of
DM was absorbed onto the surface of HNTs during vigorously
mixing, the two peaks are decreased obviously, suggesting the
adsorption of DM on the surface and in the lumen of HNTs.
Consequently, it is believed that the delayed vulcanization of the
compounds with lower content of HNTs is attributed to the
adsorption of accelerators on the surface and in the lumen of HNTs.

Apart from the adsorption effects, it is believed that another
mechanism influences the vulcanization of the nanocomposites,
which is illustrated in Fig. 7. As shown, the hydrogen bonds
between Si–O on HNTs and carboxyl groups on xSBR chain actually
act as efficient crosslinks in the vulcanizates. More HNTs present,
Fig. 7. Physical crosslink via hydrogen bonding between xSBR and HNTs.
more hydrogen bonds (crosslinks) result. This effect tends to
accelerate the vulcanization of the nanocomposites. When the HNT
content is relatively low, the effect of adsorption of the accelerators
onto the surface of HNTs plays the leading role, resulting in delayed
curing behavior. However, when the HNT content is high enough,
the effect of the formation of hydrogen bonds (crosslinks)
dominates, resulting in accelerated vulcanization. Although the
equilibrium torque of the compound during curing shows slightly
increasing trend, the formation of hydrogen bonding in the nano-
composites has significant effects on the mechanical performance
of the nanocomposites, which will be discussed below.

3.3. Morphology of SBR/HNT nanocomposites

Fig. 8 shows the SEM photos of the tensile fractured surface of
the xSBR nanocomposites. It is shown that HNTs with tubular
structure are uniformly dispersed in the matrix. In addition, the
interface between HNTs and rubber matrix is blurry and nearly no
debonded HNTs and cavities are observed in the fractured surface
of the nanocomposites, suggesting the very strong interfacial
bonding between HNTs and xSBR matrix. The revealed strong
interfacial bonding is attributed to the presence of the interfacial
hydrogen bonds between HNTs and rubber matrix.

Fig. 9 shows the TEM photos of nanocomposites with 5 phr and
20 phr HNT loading. The TEM photos of the nanocomposites
suggest that HNTs are dispersed uniformly and individually in xSBR
matrix, which is attributed to the virtue of the co-coagulation
process and the hydrogen bonding between HNTs and xSBR matrix.



Fig. 9. TEM photos of xSBR/HNT nanocomposites a): xSBR5H; b): xSBR20H.

Table 3
Mechanical properties of xSBR/HNT nanocomposites (Data in the parenthesis is the
standard variation)

Nanocomposites Modulus at 100%
elongation, MPa

Tensile
strength,
MPa

Tear
strength,
kN/m2

Elongation
at break, %

Hardness,
Shore A

xSBR 1.52 (0.16) 10.0 (0.44) 19.4 (1.63) 372 (20.0) 55
xSBR2H 2.37 (0.22) 10.4 (0.52) 25.2 (1.25) 236 (18.2) 62
xSBR5H 2.92 (0.30) 11.4 (0.58) 26.0 (0.31) 277 (19.2) 70
xSBR10H 3.48 (0.20) 12.9 (0.09) 32.0 (1.84) 279 (22.2) 75
xSBR20H 5.08 (0.21) 13.6 (0.62) 36.0 (2.15) 259 (21.3) 78
xSBR30H 5.56 (0.19) 15.3 (0.77) 32.0 (0.92) 267 (17.3) 80
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3.4. Mechanical performance

The tensile stress–strain curves of the xSBR/HNT nano-
composites are shown in Fig. 10. The mechanical properties of the
Fig. 10. Stress–strain curve of xSBR and xSBR/HNT nanocomposites a) xSBR; b)
xSBR2H; c) xSBR5H; d) xSBR10H; e) xSBR20H; f) xSBR30H.
nanocomposites are tabulated in Table 3. As shown in Fig. 10, not
only the ultimate stress increases with HNT loading, but also the
modulus of the nanocomposites increases significantly with HNT
loading. It can be seen from Table 3 that with the inclusion of only
5 phr of HNTs, the modulus at 100% elongation is almost doubled
compared with that of neat xSBR vulcanizate. With further
increase of HNT loading, the modulus of xSBR/HNT nano-
composites increases consistently. Because of inherently high
cohesive energy of xSBR due to the presence of intermolecular
hydrogen bonding, the neat xSBR vulcanizate shows much higher
tensile and tear strength and lower elongation at break compared
with those for the general purpose SBR. Still, the incorporation of
HNTs tends to further increase the tensile and tear strength.
Noticeably, the hardness of xSBR/HNT nanocomposites also
surprisingly increased with HNT loading. Incorporations of 2 phr
and 5 phr HNTs lead to increment of 7 and 15 degree in hardness
respectively. This increment is quite remarkable. Generally, 3–
4 phr silicate or carbon black is needed to obtain 1 degree incre-
ment in hardness [42–45]. As described above, inclusion of small
amount of HNTs may increase the physical crosslinking density via
hydrogen bonding, consequently the hardness of the vulcanizates
is steeply increased with HNT loading. It is believed that the above
significant reinforcing effects of HNTs are attributed to uniformly
dispersed nanotubes with high L/D ratio and strong interfacial
interaction due to the hydrogen bonding between the nanotubes
and the matrix.

4. Conclusion

Carboxylated butadiene–styrene rubber (xSBR)/halloysite
nanotube (HNT) nanocomposites with individually dispersed HNTs
and strong interfacial bonding were prepared by co-coagulation
method. Strong hydrogen bonding was formed in the nano-
composites. Inclusion of lower content of HNTs delayed the
vulcanization of xSBR/HNT compounds, while higher HNT loading
accelerated the vulcanization. The mechanical properties, espe-
cially the modulus and hardness, were significantly enhanced by
the incorporation of HNTs. The significant reinforcing effects of
HNTs were correlated to the co-coagulation process and strong
interfacial interactions via hydrogen bonding.
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