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Abstract A polyaniline interface had been designed and built
between multi-walled carbon nanotubes (MWCNTs) and
polyamide 66 (PA66) in order to help in the dispersion of
MWCNTs in PA66 and improve the interfacial combination
between them. Transmission electron microscopy character-
izations indicated that functionalizedMWCNTs (f-MWCNTs)
could be well-distributed in PA66 matrix and the interfacial
boundary between them was indiscernible. The mixing con-
ditions, such as f-MWCNT content, temperature, and mixing
speed, played important roles in determining the formation of
the conductive network and the electrical conductivities of
PA66/f-MWCNT composites synthesized. A continuous con-
ductive network was formed at 10 wt% f-MWCNT content,
and the corresponding PA66/f-MWCNT composite exhibited
an electrical conductivity of 8 orders of magnitude higher than
pure PA66. The conducting mechanism agreed well with a
thermal fluctuation-induced tunneling model.
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Introduction

In recent years, carbon nanotubes (CNTs) have been con-
sidered as ideal fillers in polymer composites owing to their

high aspect ratio, nanosize in diameter, very low density,
and, more importantly, excellent mechanical and electrical
properties [1, 2]. However, uniform dispersion of CNTs in
polymer matrix is restricted presumably due to (a) strong
inter-tube van der Waals interaction and (b) lack of interfa-
cial interaction between polymer and CNTs. One of the most
widely used approaches for effective dispersion of CNTs in
polymer matrix is to introduce functional groups covalently
on the surface of CNTs. A common approach to covalent
modification of CNTs requires harsh reaction conditions in
strong acids such as nitric acid and sulfuric acid or their
mixtures at elevated temperatures. A significant damage to
the molecular framework of CNTs, such as sidewall open-
ing, breaking, and turning into amorphous carbon, is inevi-
table. Thus, developing efficient chemical modification
methods without or with little damage to the surface of
CNTs are very important for the development of the ultimate
CNT composites [3, 4].

Polyamide 66 (PA66), an important engineering thermo-
plastic material with outstanding properties such as high
toughness, high tensile strength, high abrasion resistance,
low density, and low frictional coefficient, is widely used in
many applications, such as tire cord, rope, air bag, conveyer
belt, bearing, and gear [5]. However, similar to most poly-
mers, PA66 has a high volume resistivity of 1015Ωcm,
which will bring electrostatic accumulation in its usual
applications. The releases of the electrostatic charges may
result in damages to machines, pilling of clothes, and even
explosion and fire disaster may happen. From this point of
review, much attention should be paid to the modification of
PA66 by conductive components, and then, the wide range
of applications of nylon can be further extended to antistatic
packages, electronic component, MEI shielding materials,
and so on. As reported, Jo et al. [6] synthesized a new
compatibilizer, poly(vinylbenzyloxymethylnaphthalene)-g-
poly(t-butylmethacry-late-co-methacrylicacid), to improve
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the mechanical and electrical properties of PA66/multi-
walled carbon nanotube (MWCNT) composites. Kodgire
et al. [7] presented the key role of sodium salt of 6-
aminohexanoic acid in assisting in debundling of the
MWCNTs through specific interactions leading to homoge-
neous dispersion within polyamide 6 matrix during melt
mixing. Winey [8] adapted interfacial polymerization for
PA66, in which single-walled CNTs were incorporated in
purified, functionalized, or surfactant-stabilized forms.

The key object of this work is to investigate a simple
approach that homogeneous dispersion of MWCNTs in
PA66 and strong interface force between them can be real-
ized, at the same time electrical conductive PA66 composite
materials could be fabricated. Therefore, we design and
synthesize a polyaniline (PANI)-functionalized interface
for PA66/MWCNT composites. It has been known that the
quinoid ring in the main chain of doped PANI interacts with
the surface of MWCNTs by π–π interaction [9, 10] and that
the similar polar structure of PANI with PA66 matrix is
helpful for excellent interface bonding. It is easily expected
that the PANI interface should act as an effective compati-
bilizer for dispersing MWCNTs in PA66 matrix. An easy
method, miniemulsion polymerization, was presented to
fabricate functionalized MWCNT (f-MWCNT) composites
with good core–shell structures for the first time. The π–π
interaction between MWCNTs and PANI was verified by
Fourier transform infrared spectroscopy (FT-IR), ultraviolet
spectroscopy (UV), and transmission electron microscopy
(TEM) characterizations. The effectiveness of the PANI inter-
face for PA66/f-MWCNT composites was examined in terms
of the dispersion of MWCNTs in PA66 matrix and the elec-
trical properties of PA66/f-MWCNT composites. Further-
more, the conducting mechanism was primarily studied.

Experimental

Materials

Aniline (An), sodium dodecyl sulfate (SDS), hydrochloric
acid (HCl), and ammonium persulfate (APS) were all pur-
chased from Shanghai Chemical Reagents Co., China, and
An was distilled and stored in a refrigerator before use.
MWCNTs were bought from Chengdu Organic Chemicals
Co., Ltd., Chinese Academy of Sciences and used as re-
ceived. Hexadecane (HD) was a product of Aldrich and was
also used directly.

Preparation of f-MWCNT composites

f-MWCNT composites were synthesized by miniemulsion
polymerization method. In a typical experiment, 0.5 g
MWCNTs, 5 g An, and 0.1 g HD (costabilizer) were mixed

in a three-necked flask and stirred for 20 min, followed by
sonication for 15 min to obtain well-dispersed suspensions.
After that, 20 mL water solution containing 0.1 g SDS was
added. The reaction mixture was further stirred and sonicat-
ed for 15 min, respectively, to obtain a homogeneous mini-
emulsion. An then, a 30-mL aqueous solution of 0.1 mol/L
HCl dissolving 12.25 g APS, was added dropwisely to the
miniemulsion to initiate the polymerization. The polymeri-
zation was carried out at room temperature for 6 h in
darkness, and the resulting black precipitate was filtered
and rinsed with distilled water and methanol for several
times, respectively. The remaining filters were f-MWCNT
composites, which were further dried under a vacuum at
60 °C for 24 h. And for comparison, a neat PANI specimen
was prepared by the same technique without MWCNTs
present.

Fabrication of electrical conductive PA66/f-MWCNT
composites

Electrical conductive PA66/f-MWCNT composites were
prepared by melt compounding in XSS-300 torque rheom-
eter and the products obtained were black cakes. PA66 was
dried under vacuum at 80 °C for 8 h before use.

Characterization

Powder X-ray diffraction patterns were recorded with a Japan
Rigaku D/max γA X-ray diffractometer equipped with graph-
ite monochromatized Cu Kα irradiation (γ00.154178 nm),
employing a scanning rate of 0.02°/s in the 2θ range from 20°
to 70°. TEM images were observed on a JEOL-2010 trans-
mission electron microscope with an accelerating voltage of
120 kV. For microtomed samples, the sample powder was
embedded into epoxy resin, which was then ultramicrotomed
to a thickness of ca. 70 nm. The electrical conductivity at room
temperature was measured by a four-point van der Pauw
method using a RTS-9 electrometer, and the electrical con-
ductivity at other variable temperature was measured by a
Physical Property Measurement System from Quantum De-
sign, USA. The samples were compressed at 280 °C into
rectangular shape (approximately 4×2×1.5 mm), obtained
by applying a hydraulic pressure of about 10 MPa.

Results and discussion

Fabrication of PANI-functionalized interface
by miniemulsion polymerization

Miniemulsions are aqueous dispersions of relatively stable
oil droplets with a size in the region of 50–500 nm prepared
by shearing a system containing oil, water, surfactant, and a
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highly water-insoluble compound called hydrophobe. Re-
cently, miniemulsion polymerization has attracted much
attention because of its wide applications in preparation of
particles with special morphologies, controlled radical po-
lymerization in dispersed media, encapsulation of inorganic
solids with polymers, and so on [11, 12]. It expands the
application of emulsion polymerization and provides many
advantages. However, to our knowledge, the preparation of
PANI f-MWCNTs via miniemulsion polymerization has not
been reported in literature. In order to realize homogeneous
dispersion of MWCNTs in PA66 and strong interfacial force
between them, a PANI interface had been designed and
synthesized by miniemulsion polymerization.

It has been known that the quinoid ring in the main chain
of doped PANI interacts with the MWCNTs by π–π inter-
actions [13–17]. Both FT-IR and UV spectra have proved
this fact (see supporting information). TEM characteriza-
tions are applied to study the structures of f-MWCNTs. As
indicated in Fig. 1b, c, well-dispersed f-MWCNT compo-
sites show uniform core–shell structures with a PANI shell
of around 10 nm, while the pristine MWCNTs are clearly

evident (Fig. 1a) as endless tangled hollow ropes. The
formation mechanism of f-MWCNT composites with the
core–shell structures is believed to involve strong π–π inter-
actions between PANI and MWCNTs, which overcome the
van der Waals interactions between MWCNTs [18]. Such
strong interactions ensure An monomers adsorbing on the
surface of MWCNTs, which serve as the core and self-
assembly templates during the formation of f-MWCNTs
by miniemulsion polymerization.

To further confirm the validity of the TEM image, the
electrical conductivities of PANI and f-MWCNTs are mea-
sured according to the standard four-point probe technique.
As Table 1 shows, when MWCNT content is 3 %, the
electrical conductivity of the composite is 0.03 S/cm, which
is five times higher than that of the pure PANI measured
under similar conditions. If the MWCNT amount reaches
55 %, the electrical conductivity of f-MWCNTs rises even
beyond the pressed pellet of pure MWCNTs (7.41 S/cm).
This improvement of electrical conductivity should be at-
tributed to the charge transfer from PANI to MWCNTs,
which provides further evidence for the strong π–π interac-
tion between PANI and MWCNTs. In addition, due to the
large aspect ratio and surface area of MWCNTs, they may
serve as conductive bridges connecting PANI-conducting
domains and increase the electrical conductivities of the
composites.

Preparation of electrically conductive PA66/f-MWCNT
composites

To fabricate electrically conductive PA66/f-MWCNT com-
posites, the major challenge is to achieve a uniform disper-
sion of MWCNTs in the PA66 polymer matrix. The PANI
interface had been built as described above, and the obtained
f-MWCNT composites were melt mixed with PA66 using
XSS-300 torque rheometer at given conditions.

Dispersity of f-MWCNTs in PA66 matrix

In order to study the distribution and the electrical conduc-
tive network of f-MWCNTs in PA66 matrix, pristine
MWCNTs were also melt mixing with PA66 using the
same procedure as comparison. It is clear that PA66/pris-
tine MWCNT system has poor MWCNT dispersion and the
aggregates can be seen with naked eye and TEM and SEM
images (see Fig. 2 a, b), while PA66/f-MWCNT systems
have better dispersions that f-MWCNTs are homoge-
neously dispersed, and the interfacial boundary between
f-MWCNTs and PA66 matrix is practically indiscernible
(see Fig. 2 c, d). As expected, the fabrication of PANI
interface not only improves the dispersion of MWCNTs
in PA66, but also increases the binding force between
MWCNTs and PA66.Fig. 1 a–c TEM characterizations of the structures of f-MWCNTs
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The electrical conductivity of PA66/f-MWCNT composites

Variation of f-MWCNT content

Figure 3 shows data of electrical conductivity versus filler
content for PA66/f-MWCNTs, which exhibits a sharp tran-
sition from an insulator to a semiconductor. PA66/0.5 wt%
f-MWNTs show insulator characteristic with an electrical
conductivity of 10−14S/cm, at the same order of magnitude
with pure PA66. When the f-MWCNT content reaches
1 wt%, the electrical conductivity of PA66 composites rises
rapidly to 10−10S/cm, 4 orders of magnitude higher than the
pure PA66. Still adding f-MWCNTs, the electrical conduc-
tivity goes up slowly and reaches a value of 10−5S/cm at
10 wt% f-MWCNT amount.

In respect to CNTs/polymer composites, a well-formed
conducting network is critical in deciding their conductivi-
ties. In order to explore the formation of the conducting
network for PA66/f-MWCNTs, TEM images of the micro-
tomed composites were observed at different f-MWCNT
contents and shown in Fig. 4. The micrographs indicate that
f-MWCNTs are well-dispersed in the polymer matrix for
each concentration, as no significant agglomeration of the
inclusions is observed. It is obvious that MWCNTs could
not connect each other and the conducting network has not
formed at a low 0.5 wt% f-MWCNT content. More conduct-
ing component, 1 wt% f-MWCNT, has induced one

nanotube to begin to contact another, as Fig. 4b shows. Still
adding f-MWCNTs, the conducting network is optimized
and the electrical conductivity of the composite increases
correspondingly. When 10 wt% f-MWCNTs are introduced
to the composite, three-dimensional continuous connected
network structures are generated through nanotube–nano-
tube and nanotube–matrix interactions resulting in an elec-
trical conductivity of 10−5S/cm, which is 8 orders of
magnitude higher than the pure PA66.

Variation of mixing temperature

It is well-known that the melt mixing conditions play an
important role in determining the distribution of MWCNTs
in MWCNTs/polymer composites [19]. Therefore, the syn-
thesized parameters were studied to optimize the properties
of PA66/f-MWCNT composites. First, the influence of mix-
ing temperature was investigated at fixed mixing conditions
for PA66/5 wt% f-MWCNTs. The mixing temperature was
varied in the range between 270 and 300 °C at a rotation
speed of 100 rpm and a total mixing time of 35 min. The
electrical conductivity shows a significant dependence on
the mixing temperature. It increases up to more than twice
with temperature increasing from 270 to 290 °C and then
decreases when the temperature further increased to 300 °C
(Fig. 5). Torque moments of PA66/5 wt% f-MWCNTs show
a decreasing trend at higher temperature, which indicates a

Table 1 Electrical conductivities of f-MWCNT composites versus MWCNT content

MWCNTs (%) 0 3 10 20 30 50 55 65 70 100

Conductivity (S/cm) 0.006 0.03 0.20 0.55 3.05 6.93 10.31 12.62 14.29 7.41

Fig. 2 TEM images of PA66
(a, b) and PA66/10 wt%
f-MWCNTs (c, d) at two
magnification levels. The melt
mixing was conducted at
280 °C/100 rpm and the total
mixing time was 35 min
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decrease in complex viscosity at higher temperature that
endues better dispersion of f-MWCNTs in PA66. However,
when the melting temperature reaches as high as 300 °C, the
viscosity may be too low so that MWCNTs have the possi-
bility to be disrupted, as a result, the conductivity should
decrease.

Variation of mixing speed

The composites of PA66/10 wt% MWCNTs were mixed at
280 °C for 15 min, and the rotation speed was varied in the
range between 25 and 100 rpm. Figure 6 shows the electrical
conductivity in dependence on rotation speed. Increasing
values of electrical conductivity with rising rotation speed
are found. For the material melting mixed at 25 rpm, a

conductivity of 10−6S/cm is measured; whereas, the con-
ductivity of composites processed at 40∼150 rpm is 1 order
of magnitude higher. In order to understand the changes of
the electrical conductivity, the dispersion of f-MWCNTs
was visualized and quantified using TEM (see Fig. 7). For
the PA66 composite mixed at 25 rpm, it is obvious in Fig. 7a
that the nanotubes appear to be severely agglomerated in the
polymer matrix. When the mixing speed increases to
50 rpm, the dispersion of f-MWCNTs is slightly improved
that many agglomerations begin to be broken. With an
increased speed at 75 or 100 rpm, significant differences
in the appearance of f-MWCNT dispersion (Fig. 7 c, d)
could be observed that f-MWCNTs are well-dispersed in
PA66 matrix and a conductive network has formed, which
induces a higher conductivity of PA66/f-MWCNTs at 10−5

S/cm magnitude.

Fig. 3 Electrical conductivity of PA66/f-MWCNTs versus f-
MWCNTs content

Fig. 4 TEM images of PA66/f-
MWCNT composites: a, b, c,
and d correspond to the f-
MWCNT contents of 0.5, 1, 2,
and 10 wt%, respectively

Fig. 5 Dependence of the electrical conductivity and torque moment
on temperature for PA66/f-MWCNT composites
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The electrical conducting mechanism for PA66/f-MWCNT
composite

In order to explore how MWCNTs affected the composite's
electrical conductivity, we studied the temperature depen-
dence of normalized electrical conductivity, as shown in
Fig. 8. The curves tell that the electrical conductivity
increases as the temperature increases, indicating a semicon-
ductor characteristic.

Best fitting can be achieved when the fluctuation-
induced tunneling (FIT) model is used. According to this
model, introduced by Sheng and coworkers [20, 21], elec-
trical conductivity is ascribed to tunneling through a po-
tential barrier of varying height due to local temperature

fluctuations. The temperature dependence of σ(T) is given
by the following equation:

σðTÞ ¼ σ0 exp �T1 T þ T1ð Þ=½ � ð1Þ
where T1 can be regarded as the required energy for an
electron to cross the insulating gap between CNTs, T0 is
the temperature above which the thermally activated con-
duction over the barrier begins to occur, and σ0 is a pre-
exponential factor. The coincidence of fitting curve and
experimental curve implies that Sheng's FIT model is dom-
inant for the charge transport mechanism in PA66/f-
MWCNT composites. The electrical conductivity can be
attributed to the tunneling conduction through insulating
PA66 barriers between MWCNT networks.

Fig. 6 Dependence of the electrical conductivity on mixing speed for
PA66/f-MWCNT composites

Fig. 7 TEM images of PA66/f-
MWCNT composites preparing
at different mixing speed: a, b,
c, and d correspond to the
mixing speed of 25, 50, 75, and
100 rpm, respectively

Fig. 8 Normalized temperature dependence of electrical conductivity
for PA66/f-MWCNT composites. The solid and dotted curves are
experimental curve and fitting curve, respectively
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Conclusions

PANI interface was built between MWCNTs and PA66
by miniemulsion polymerization. PANI grew using
MWCNTs as template, and finally, MWCNTs were cov-
ered by PANI uniformly. The strong π–π interactions
between the quinoid ring of the PANI and MWCNTs
were proved by FT-IR, UV, and TEM characterizations,
which might facilitate charge transfer processes between
the two components. The fabrication of PANI interface
could not only improve the dispersion of MWCNTs, but
also increase the combination between MWCNTs and
PA66. Mixing conditions influenced strongly the distri-
bution of MWCNTs and the electrical conductivity of
PA66/f-MWCNTs. With increasing mixing energy input,
remaining agglomerates were less in number and
smaller, leading to better dispersion. A good conducting
network was formed at the conditions of 10 wt% f-
MWCNT content, 280 °C, and 100 rpm, which induced
a high electrical conductivity of 10−5S/cm, 8 orders of
magnitude compared with pure PA66. Changing the
experimental conditions, the electrical conductivity of
PA66 composite could be tuned between 10−5 and
10−13S/cm. Furthermore, the conducting mechanism
agreed well with the FIT model that the electrical con-
ductivity should be ascribed to tunneling through a
potential barrier of varying height due to local temper-
ature fluctuations. The present method can be extended
to fabricate other conductive composites, such as poly-
ethylene terephthalate, polymethyl methacrylate, and so
on. These conductive/antistatic materials could find
applications in antistatic devices, capacitors, conveyer
belts for mine, and electromagnetic interference shield-
ing fields.
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