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ABSTRACT: Carbon nanotubes (CNTs), with their high
aspect ratio and exceptionally high mechanical properties,
are excellent fillers for composite reinforcement if they are
uniformly dispersed without aggregation. Combining the
latex compounding and self-assembly techniques, we pre-
pared a novel natural rubber (NR)/multiwalled carbon
nanotube (MWCNT) composite. Before self-assembly, the
MWCNTs were treated with mixed acid to ensure that the
MWCNTs were negatively charged under an alkaline envi-
ronment. The structure of the MWCNTs was tested with
Fourier transform infrared spectroscopy. The properties of
composites with different MWCNT loadings were charac-
terized with transmission electron microscopy, scanning
electron microscopy, thermogravimetric analysis, and
tensile testing. The results indicate that the MWCNTs

were homogeneously distributed throughout the NR
matrix as single tubes and had good interfacial adhesion
with the NR phase when the MWCNT loading was less
than 3 wt %. In particular, the addition of the MWCNT
led to a remarkable reinforcement in the tensile strength,
with a peak value of 31.4 MPa for an MWCNT content
of 2 wt %, compared to the pure prevulcanized NR
(tensile strength ¼ 21.9 MPa). The nanocomposites rein-
forced with MWCNTs should have wide applications
because of the notable improvement in these important
properties. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000:
000–000, 2012
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INTRODUCTION

Nanoparticles are widely used in many polymers,
endowing nanocomposites with unique mechanical,
thermal, optical, and electromagnetic properties,
because of their special surface, size, and quantum
effects.1–3 Carbon nanotubes (CNTs) are constructed
with a high length-to-diameter ratio, which is signifi-
cantly larger than that of any other material. These
cylindrical carbon molecules have novel properties,
including an extraordinarily high strength and good
electrical and thermal conductivities; these proper-

ties make them potentially useful in many applica-
tions.4,5 However, CNTs without surface modifica-
tion are not easily evenly dispersed in polymer
materials. For single-walled CNTs, the surface func-
tionalization of CNTs mainly includes covalent and
noncovalent modification (Fig. 1).6 Acid oxidation is
one of the most effective modification methods, if
the vent gas can be disposed well.
Natural rubber (NR), as one of the most important

biosynthesized polymers with excellent chemical
and physical properties, is playing a very important
role in a number of industries and has a broad range
of applications.7,8 The sol–gel process, intercalation,
and physical blending are the main conventional
methods used to synthesize NR/inorganic nanocom-
posites.9 However, there are some weaknesses in
these methods. For example, NR/inorganic nano-
composites prepared with the sol–gel method
possess an awful reliability and repeatability.10 The
intercalation process is only suitable for clay-based
nanocomposites and not for NR/inorganic compo-
sites with higher specific surfaces, despite the fact
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that inorganic nanoparticles of high specific surfaces
have a better enhancement effect on the polymers.11

As to physical blending, inorganic nanoparticles
tend to self-aggregate during the assembling process
because their high surface potential energy leads to
strong particle–particle interaction.12 Consequently, to
further extend NR applications, it is critical to explore
a new approach to enhance the properties of NR.

In this article, a novel NR/multiwalled carbon nano-
tube (MWCNT) composite was prepared by the combi-
nation of self-assembly and latex-compounding techni-
ques; this has not been previously reported in the
rubber composite research. In previous work, a process
was developed that incorporates the latex compound-
ing and self-assembly techniques to prepare poly(vinyl
alcohol)/silica and rubber/silica nanocomposites.13,14

The results show that the chemical and physical prop-
erties of the nanocomposites, compared to those of the
polymer host, were significantly improved. In this
work, this self-assembly process was extended to
prepare NR/MWCNT composites and to investigate
the self-assembly mechanism between MWCNTs and
NR particles. An in-depth study of the relationship
between the morphology and properties of the compo-
sites was also undertaken.

EXPERIMENTAL

Materials

NR latex with a total solid content of 60% was pur-
chased from Qianjin State Rubber Farm (Zhanjiang,
China) and was prevulcanized. MWCNTs (average

diameter ¼ 10–30 nm, average length ¼ 5–15 lm,
purity � 95%) were obtained from Tannamigang Co.
(Shenzhen, China). The surfactant used for the dis-
persal of MWCNTs was sodium dodecyl sulfate
(SDS; 90%, Merck Chemical Co. Poly(diallyldimethy-
lammonium chloride) (PDDA; molecular weight
� 100,000–200,000, 20 wt % in water) was bought
from Sigma-Aldrich (St. Louis, MO). All of the inor-
ganic acids were analytical-reagent grade.

Preparation of the acid-treated multiwalled
carbon nanotubes (a-MWCNTs)

A typical procedure was as follows: a certain
amount of pristine multiwalled carbon nanotubes
(p-MWCNTs) was added to a 250-mL flask charged
with H2SO4–HNO3 (3 : 1 v/v) solution.15 The

Figure 1 Surface-functionalized single-walled CNTs (SWNTs): (A) defect-group functionalization, (B) covalent sidewall
functionalization, (C) noncovalent exohedral functionalization with surfactants, and (D) noncovalent exohedral functionali-
zation with polymers.6

Figure 2 Infrared spectra of (A) p-MWCNTs and (B)
a-MWCNTs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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mixture was heated for 1.5 h and then diluted in a
1000-mL beaker with 800 mL of deionized water.
After it was cooled to room temperature, the mix-
ture was filtered through a 200-nm pore diameter
membrane and washed with deionized water until it
was neutral. The resulting black solid was then
dried in a vacuum freeze dryer for 48 h.

Preparation of positively charged MWCNTs

MWCNTs treated with SDS (MWCNT/SDS ¼
2/1 w/w) were dispersed in 100 mL of water and
were treated with an ultrasonic vibrator for 0.5 h.16

Their pH value was then adjusted to 10 with 0.2M
KOH to obtain a negatively charged MWCNT disper-
sion. A fixed amount of positively charged PDDA
solution (0.5 wt %, pH 10) was dropped into the
MWCNT dispersion (MWCNT/PDDA ¼ 10 : 1 w/w)
with magnetic stirring for 0.5 h.

Preparation of the NR/MWCNT composites

NR latex was prevulcanized by the addition of a
curing system for 2 h at 60�C, and finally, the total
solid content was 50%. MWCNTs modified by a
PDDA aqueous dispersion (MWCNT–PDDA)
were dropped into negatively charged NR latex (pre-
vulcanized, pH 10) with different mixture rates
(NR/MWCNT ¼ 99.5/0.5, 99/1.0, 98/2.0, 97/3.0,
and 95/5.0 w/w) with gentle magnetic stirring at
room temperature for 24 h. Finally, the mixture was
cast onto glass plates and dried at 50�C to obtain the
NR/MWCNT composite films. A reference sample
was prepared with the same process with MWCNTs
that were not treated with acid, SDS, and PDDA.

Characterization

Surface functional groups of the MWCNTs after oxi-
dation were investigated on a PerkinElmer Spectra
GX-I Fourier transform infrared (FTIR) spectroscope
(Fremont, CA) with a resolution of 4 cm�1 in the
transmission mode. The f potential analysis of the
MWCNTs and NR was performed with a Nano-ZS
MPT f-size analyzer (Malvern, United Kingdom).
The NR/MWCNT dispersion was dragged up by a
copper network and then observed with transmis-

sion electron microscopy (TEM; JEOL, Peabody,
MA) at an accelerating voltage of 100 kV. Scanning
electron micrographs of the nanocomposites were
taken with a Philips XL30-EDAX instrument (Phi-
lips, Eindhoven, The Netherlands) at an acceleration
voltage of 10 kV. We obtained the fracture surface
by splitting bulk samples being quenched in liquid
nitrogen. A PerkinElmer TGA-7 thermogravimetric
(TG) analyzer was used for thermal and thermooxi-
dative decomposition measurements. In nitrogen,
the measurement of the films (ca. 10 mg) was
carried out from 100 to 600�C at a heating rate of
20�C/min. Tensile tests were conducted on an
Instron Series IX automated materials testing system
(Acton, MA) at room temperature with a crosshead

Figure 3 f potential distribution of the MWCNTs, NR,
and composites: (a) MWCNTs aqueous solution (pH 10,
�60.9 mV), (b) MWCNT–PDDA aqueous solution (pH 10,
41.5 mV), (c) pure prevulcanized NRL (pH 10, �54.4 mV),
and (d) NR/MWCNT–PDDA (MWCNT–PDDA/NR ¼
2/100, �49.2 mV).

Scheme 1 Structure of the acid-oxidized MWCNTs at a
pH value of 10.
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speed of 500 mm/min; the sample length between the
jaws was 25 mm, and the sample width was 4 mm.

RESULTS AND DISCUSSION

FTIR analysis

There were absorption bands at 3432 cm�1 from the
FTIR spectra of both the p-MWCNTs [Fig. 2(A)]
and a-MWCNTs [Fig. 2(B)]; these were assigned to
the stretching vibrations of hydroxyl groups (AOH).
This might have been caused by the residual water
absorbed on the surface of the MWCNTs. More-
over, the absorption band centered at 3432 cm�1 for
the a-MWCNTs [Fig. 2(B)] was stronger than in the
spectra of the p-MWCNTs; therefore, a certain
number of AOH groups were introduced onto the
surface of the MWCNTs. Compared with the
p-MWCNTs, new bands appeared at 1724 and
1403 cm�1 in the spectra of the a-MWCNTs; these
were assigned to the stretching vibrations of car-
bonyl groups (AC¼¼O) and carboxylic acid groups
(ACOO�), respectively. So, it was proven that
ACOOH groups were successfully introduced onto
the surface of the MWCNTs. With these hydrophilic
groups, the a-MWCNTs disperses better in water
than the p-MWCNTs.17

Self-assembly mechanism between the
MWCNTs and NR particles

In the current work, self-assembly technique first
introduced by Decher et al.18 was employed to pre-
pare NR/MWCNT composite. Interactions such as
electrostatic attraction, hydrophobic interaction,19

charge transfer interaction,20 H bonding, coordina-
tion bonding,21 and covalent bonding are the most
widely used forces for self-assembly. In this study,
electrostatic attraction was used as the driving force.
Because the p-MWCNTs were very stable and

their surface was chemically inert and hydrophobic,
it was hard to disperse them in NR latex, a water-
based latex. Therefore, acid was used to treat the
MWCNTs before the self-assembly process. The acid
treatment successfully introduced carboxylic and
hydroxyl groups onto the surface of the MWCNTs,

Figure 4 Schematic of the self-assembly process.

Scheme 2 Structure of PDDA at a pH value of 10.
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which greatly improved the water solubility of
the CNTs and made it possible for the CNTs to be
negatively charged at pH 10 (Scheme 1). After
the acid treatment of the MWCNTs, the f potential
of the a-MWCNT solution (pH 10) was �60.9 mV
[Fig. 3(a)].

Generally speaking, the self-assembly process of
the NR/MWCNT composites involved two steps
(Fig. 4). In the first step, PDDA, a universally used
self-assembly material, was positively charged at pH
10 (Scheme 2)22–24 and was assembled onto the sur-
face of negatively charged MWCNTs with electro-
static adsorption as a driving force. However, there
were numerous differences in rigidity between the
MWCNTs and PDDA, and the charge density of
PDDA was significantly larger than that of the
MWCNTs, so all of the former charges could not
form short-distance ion pairs with the surface
charges of the rigid MWCNTs. Therefore, the posi-
tive charge on PDDA could not completely be neu-
tralized by the negative charge on the MWCNTs
during the assembly, and the MWCNT–PDDA par-
ticles became positive and were ready for the second
assembly with negatively charged NR particles. As
shown in Figure 3(b), the f potential of the
MWCNT–PDDA solution (pH 10) was 41.5 mV.

It was the high electrostatic energy barrier outside
the MWCNTs that slowed down the self-aggregation
of the MWCNTs. As protein particles, the NR par-
ticles contained carboxyl and amino functional
groups. If the pH is higher than the isoelectric point
of NR latex (4.5–5.0), such as the pH used in the
experiment (pH 10), acidic ionization will occur, and
NR particles will be negatively charged in the
second step (Scheme 3).14 As shown in Figure 3(c),
the f potential of the pure prevulcanized latex
(pH 10) was �54.4 mV.

Driven by electrostatic adsorption, MWCNT–
PDDA was adsorbed onto the surface of the NR
particles. Finally, the MWCNTs were uniformly dis-
persed in the NR matrix to form a nanocomposite.
Because MWCNT–PDDA accounted for a small
proportion in the composites [Fig. 3(d)], the f poten-
tial of the composite was negatively charged. The
proportion of MWCNTs, PDDA, and latex was well

Scheme 3 Charged mechanism of the NR particle.

Figure 5 TEM micrographs of the NR/MWCNT compo-
sites: (A) p-MWCNT (1 wt %) dispersed in NRL, (B)
MWCNT–PDDA assembled with NR particles, and (C)
partly enlarged view of part B.
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maintained for all experiments; no significant floccu-
lation was observed.

Morphology of the NR/MWCNT composites

The interaction between fillers and polymers can
directly affect the performance of a matrix, and it has
rarely been reported that agglomerations of fillers can
significantly increase the properties of composites as
a good distribution of fillers is almost imperative for

effective reinforcement.25 Because it is hydrophobic, it
is impossible for p-MWCNTs to be dispersed as indi-
vidual CNTs in a high-viscosity polymer matrix.26

The p-MWCNTs were in an aggregated and twisted
form in the NR matrix [Fig. 5(A)].
However, MWCNT–PDDA prepared with the self-

assembly technique was more intimate with the NR
matrix [Fig. 5(B)] and could be individually attached
to the NR particles like a little worm [Fig. 5(C)]. This
led to a significant increase in the mechanical

Figure 6 SEM micrographs of the NR/MWCNT composites: (A) p-MWCNT (1 wt %) dispersed in an NR matrix, (B)
a-MWCNT (1 wt %) dispersed in an NR matrix, (C) MWCNT–PDDA (0.5 wt %) dispersed in an NR matrix, (D)
MWCNT–PDDA (2 wt %) dispersed in an NR matrix, and (E) MWCNT–PDDA (5 wt %) dispersed in an NR matrix.
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properties17 because of the favorable dispersion of
the MWCNTs.

The morphology of the nanocomposites with dif-
ferent MWCNT loadings was also studied with scan-
ning electron microscopy (SEM; Fig. 6), where the
dark phase represented NR, and the light phase rep-
resented the MWCNTs. The p-MWCNTs aggregated
in NR and were incompatible with NR, as demerit
or incompact structures were clearly observed
around the NR interface [Fig. 6(A)], whereas the
a-MWCNTs, which were in a boscagelike form
[Fig. 6(B)], were obviously dispersed in NR as a
much improved individual phase compared to the
clewlike structure of the p-MWCNTs. In addition,
the interface between the PDDA-modified MWCNTs
and NR seemed very smooth; this indicated that the
severe self-aggregation or twisting of p-MWCNTs
was greatly depressed, and the interfacial adhesion
between the MWCNTs and NR was remarkably
enhanced. This was in good agreement with TEM
observation [Figs. 6(C–E)]. PDDA, used as a bridge,
played a critical role in the preparation of the CNT
nanocomposites to facilitate the incorporation of

MWCNTs with the NR particles, to prevent the
aggregation or twisting of the MWCNTs, and to
enhance the interfacial adhesion between the
MWCNTs and NR matrix.
However, a further increase in the MWCNT con-

tent had an unfavorable effect on its dispersion in the
NR latex. When the MWCNT content was less than
3 wt %, almost all MWCNTs were homogeneously
distributed throughout the NR matrix as individual
CNTs [Fig. 6(C,D)], but the MWCNTs tended to
aggregate when the MWCNT content was increased
further [Fig. 6(E)]. The effect of the MWCNT disper-
sion in NR on the properties of nanocomposites will
need to be examined further in the future.

Thermal degradation of the NR/MWCNT
composites

Figures 7 and 8 present the TG and derivative ther-
mogravimetric (DTG) curves, respectively, of the NR
and NR/MWCNT composites in nitrogen with a
heating rate of 20�C/min. In this study, TG analysis
provided information on the various degradation
parameters and degradation kinetic factors. For both
the NR and NR/MWCNT composites, there was
only one turn in the TG curves and one correspond-
ing weight loss peak in the DTG curves; this indi-
cated that there was only one obvious decomposi-
tion step in the NR molecular chains, which was
primarily initiated by thermal scission of the CAC
chain bonds accompanied by a transfer of hydrogen
at the site of scission.27 The degradation curve of the
NR/MWCNT composites with different amounts of
fillers showed a slight shift to higher temperature.
The initial degradation temperature (T0) and final

degradation temperature (Tf) were calculated with a
bitangent method from the TG curves, and the peak
degradation temperature (Tp), the temperature at
maximum degradation rate, was obtained from the
DTG curves. The various degradation temperatures
of the NR/MWCNT composites were slightly higher
than those of the NR (Table I). During thermal
decomposition, T0, Tp, and Tf of the NR/MWCNT

Figure 7 TG curves of the NR and NR/MWCNT compo-
sites in N2.

Figure 8 DTG curves of the NR and NR/MWCNT com-
posites in N2.

TABLE I
Characteristic Temperatures of Thermal Decomposition
for the Pure NR and NR/MWCNT Composites with

Different MWCNT Contents

Sample

Thermal decomposition

T0 Tp Tf DT

NR 361.5 389.0 418.1 56.6
0.5% 361.9 390.1 424.0 62.1
1.0% 363.2 390.8 425.9 62.7
2.0% 364.4 391.2 427.9 63.5
3.0% 366.2 392.5 428.0 61.8
5.0% 368.3 394.0 430.1 61.8
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composites with 5 wt % MWCNT loading increased
by 6.8, 5, and 12�C, respectively, compared to those
of the NR. As there was no chemical bond between
the NR and MWCNT particles by a self-assembly
process, it was easy for the NR and MWCNT par-
ticles to break down during heating, so the thermal
stability of the NR composite was not remarkably
improved by the addition of the MWCNTs.

A reason for the improvement in the aging resist-
ance of the NR/MWCNT composites was that inor-
ganic nanoparticles migrated to the surface of the
composites at elevated temperatures because of their
relatively low surface potential energy.28 The addi-
tion of the MWCNTs enhanced the thermal-resist-
ance properties because a strong polymeric–inor-
ganic char was formed as a result of the
nanoparticles’ migration, and the role of nanopar-
ticles in the thermal properties of nanocomposites is
commonly attributed to the barrier model.

Tensile properties

The tensile strength, tensile modulus, and elongation
at break values for the NR and NR/MWCNT com-
posites filled with different MWNCT loadings are
presented in Table II. Compared with NR, the addi-
tion of MWCNT–PDDA led to a remarkable increase
in the tensile strength and tensile modulus. Gener-
ally, the higher the a-MWCNT loading was, the
higher the tensile strength and the tensile modules
were when the loading was less than 2%. The com-
posite was the strongest when the MWCNT loading
was between 1 and 2 wt % and increased by 8–9.5
MPa, a 50% increase compared to pure prevulcan-
ized NR. This also represented a significant
improvement in the tensile strength compared with
nanocomposites reinforced with other fillers.29 How-
ever, with further addition of MWCNTs, the tensile
strength gradually decreased because of MWCNT
aggregation; this was in agreement with the struc-
tural characteristics deduced from SEM observation.

Another subtle change in the elongation at break
was also observed. The sample with an MWCNT
content of 5 wt % showed a relatively low elonga-
tion at break (854%) compared to that of the NR
(945%). This, to some extent, was attributed to the
restriction in the molecular chain slipping along the

filler surface. Therefore, the MWCNTs could carry
stress throughout the NR matrix, reduce the flexibil-
ity of NR, and play a crucial role in reinforcing the
nanocomposites.30 In conclusion, NR composites
containing 1–2 wt % MWCNTs possessed the high-
est mechanical properties. Theoretical modeling of
the relationship between the morphological and me-
chanical properties of the NR/MWCNT composites
will be investigated in the future.

CONCLUSIONS

In this study, NR/MWCNT composites were suc-
cessfully prepared by a combination of the latex
compounding and self-assembly techniques. The
morphological structures of the composites
depended on the loadings of a-MWCNTs, which
were modified with PDDA as an intermedium;
MWCNTs were dispersed well in NR when the
loading was lower than 3 wt %, but aggregation was
observed when more MWCNTs were added. These
structural and morphological effects contributed
directly to the thermal and mechanical properties of
the composites. Significant improvements in the ten-
sile strength and modulus was demonstrated when
the MWCNT loading was between 1 and 2 wt %,
whereas a further increase in the loading showed
only limited reinforcement. The MWCNT dispersion
in the composites could have implications for other
properties, such as the electrical conductivity; this
will be the focus of future research.
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