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Polypyrrole-coated amorphous silica short fibers (PPy-ASF) were obtained through in situ
oxidative polymerization of pyrrole (Py) on the ASF surface by using ferric chloride (FeCl3)
as oxidant. These conducting fibers were constituted of PPy particles packed close together
to form a continuous conductive layer on the ASF surface which was responsible for
electrical conductivity of 0.32 S.cm�1, similar to that found for pure PPy. The PPy-ASF were
blended with polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene copol-
ymer (SEBS) through solution casting at room temperature to form conductive rubbery
(SEBS/PPy-ASF) composites. The electrical conductivity and percolation threshold of SEBS/
PPy-ASF films were evaluated and also compared with PPy filled SEBS blends (SEBS/PPy)
prepared under the same processing conditions. SEBS/PPy-ASF displayed lower percolation
threshold and higher electrical conductivity values than those found for SEBS/PPy blends
at the same conductive filler concentration. The high PPy-ASF aspect ratio (length to
diameter ratio, L:D) and their good electrical conductivity allow production of conductive
polymer composites at very low percolation threshold. The results obtained in this study
reveal that PPy-ASF materials are promising candidates to be used as conductive filler for
developing conducting polymer composites.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

For over three decades, intrinsically conducting poly-
mers (ICP’s) have been extensively studied because of their
interesting properties for a number of applications,
including solar cells, sensors, electromagnetic shielding
paint, electrochromic devices, light weight rechargeable
batteries, neural probes, drug-delivery devices and scaffold
for tissue engineering [1–5]. Polypyrrole (PPy) is a prom-
ising ICP due to its environmental stability, ease of
synthesis and electrical conductivity that can be controlled
Merlini), guiga@emc.

. All rights reserved.
03
by changing the doping degree. However, its use in
commercial applications has been hampered because of the
poor processability and inadequate mechanical properties.
Several techniques have been studied in the literature to
overcome these problems [5–7].

Methods based on the dispersion of polypyrrole in an
insulating polymer matrix have been reported to be quite
efficient due to the possibility of combining the rheological
and mechanical properties of the polymer matrix with the
ICP properties. These materials are normally characterized
by an insulator-conductor transition at an appropriate
conducting polymer weight or volume fraction, known as
the percolation threshold point. Low percolation threshold
is required to minimize processing problems and depletion
of the mechanical performance of the host polymer. The
properties and percolation threshold of conducting
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polymer blends depend greatly on the processing condi-
tions, properties of the matrix and disperse phase; and also
the characteristics of the conducting polymer, such as
particles shape, orientation, aspect ratio and its distribution
and dispersion in the polymer matrix [1,4].

Several methods have been used to reduce the perco-
lation threshold and improve the electrical, mechanical and
rheological properties in conducting polymer blends. Most
published scientific research papers have been employed
compatibilizers, such as block copolymers, ionic polymers
or functionalized protonic acids inserted into ICP chains,
making it possible to form compatible conducting polymer
blends at very low conducting polymer content [8–11].
These blends can be normally obtained by mixing both
components in solutions or melts [1,4,9,11].

On the other hand, the development of polypyrrole or
polyaniline deposited on the fiber surface, such as wool
[12], cotton [13], polyester [14], polyamide [15], bacterial
cellulose nanofibers [16,17] provide the possibility to
combine the tensile strength, light weight and high surface
area of fibers with the electrical, optical and magnetic
properties of conducting polymers. Moreover, the resulting
fiber-conducting polymer can then be incorporated into
insulating polymer matrices to produce conducting poly-
mer composites with the lowest conductive filler loading. It
is well known that the conductive filler geometry, such as
aspect ratio (length-to-diameter), plays an important role
in the formation of a conductive network in the insulating
polymer matrix. Thus, by increasing the aspect ratio of
conductive filler the percolation threshold can be
decreased, i. e., lower filler concentration is necessary to
ensure physical contact between fibers when compared
with sphere particles, as illustrated in Fig. 1.

Based on the above, the focus of this study was to
develop a novel polypyrrole-coated amorphous silica short
fibers through in situ oxidative polymerization of pyrrole
(Py) on the surface of natural amorphous silica short fibers
(ASF) by using ferric chloride (FeCl3), as an oxidant. The ASF
used in this study were produced by processing “spongol-
lite” which is a mineral derived from the skeleton of
sponges found in the bottom of lakes and other regions in
Brazil [18–21]. Deposits of more than 5 million tons in
Brazil have been evaluated, which is an additional moti-
vation for the use of this material [18,19]. The synthesized
polypyrrole nanoparticle coated natural amorphous silica
short fibers (PPy-ASF) were characterized by Fourier
Transform Infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and thermogravimetric analysis (TGA),
Fig. 1. Illustrative scheme of two hypothetic polymer composites with different
while electrical conductivity was measured using a four-
probe method. PPy-ASF were then blended with
polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene (SEBS) through the solution casting process.
The electrical conductivity and percolation threshold
values of SEBS/PPy-ASF composites were evaluated and
compared with PPy filled SEBS blends.

2. Experimental

Amorphous silica fibers treatedwith silane agent (Silexil
PU), with density of 1.80 g cm�3, were kindly supplied by
the Cerâmica São Caetano LTDA. Pyrrole (Aldrich; 98%) was
distilled under vacuum and stored in a refrigerator. Iron (III)
Chloride Hexahydrate (FeCl3$6H2O) (analytical grade,
Vetec) was used without further purification. Polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene
copolymers commercially designated Kraton G1650 was
kindly supplied by Kraton Polymers of Brazil. The number
of average molecular weight of SEBS G 1650 is
54,000 g mol�1 (according to the supplier), with a poly-
styrene block content of 30 wt.%.

Natural amorphous silica short fibers (ASF) were coated
with PPy through in situ oxidative polymerization. Firstly,
5 g of ASF were dispersed in 0.125 L of distilled water under
stirring at 25 �C, and 0.1 mol$L�1 of pyrrole was added.
After 10 min, 0.05 mol of iron (III) chloride hexahydratate
(FeCl3$6H2O) dissolved in 0.1 L distilled water was slowly
added. The polymerization reaction was maintained for at
least 4 h. The dark powder was then precipitated in ketone
in order to extract the byproducts and dried under vacuum
at room temperature. The pure polypyrrole was also
synthesized under the same procedure.

SEBS/PPy-ASF composites were prepared through
solution casting. Firstly, an appropriate amount of SEBS
toluene solution and ASF dispersion were stirred using an
ultrasonic probe (50 W and 60 Hz) for 10 minutes. After
that, the mixture was cast onto a glass plate to evaporate
the solvent at room temperature, resulting in conducting
polymer films with thickness lower than 200 mm.

3. Characterization

Attenuated Total Reflectance-Fourier Transform
Infrared spectroscopy (ATR-FTIR) was performed in
a Bruker spectrometer, model TENSOR 27, in the range of
4000 to 600 cm�1 by accumulating 32 scans at a resolution
of 4 cm�1.
conductive fillers geometry: a) spheres and b) fibers (high aspect ratio).
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Micrographs of the ASF, PPy-ASF and fractured SEBS/
PPy-ASF samples were analyzed by using scanning elec-
tron microscopy (SEM), Jeol model JSM-6390LV. ASF and
PPy-ASF samples were coated with gold and observed
using an applied tension of 10 Kv, while the solution cast
specimens were fractured in liquid nitrogen and coated
with gold before the cross-section was observed in SEM at
an accelerating voltage of 10 kv.

Optical micrographs of the SEBS/PPy-ASF composites
and SEBS/PPy blends were analyzed using a Bioval L2000C
microscope.

The amount of PPy deposited on silica fibers was deter-
mined by thermogravimetric analysis (TGA) using a STA 449
F1 Jupiter� (Netzsch) thermogravimetric analyzer. The
analysiswas performedat 10 �Cmin�1 from25 to 700 �C and
the nitrogen flow was maintained at 50 cm3 min�1.

The electrical conductivity of the PPy, PPy-ASF and low-
resistivity polymer composites were measured using the
four probe standard method with a Keithley 6220 current
source to apply the current and a Keithley Model 6517A
electrometer to measure the potential difference. For pure
SEBS and high-resistivity polymer composites, the
measurements were performed using a Keithley 6517A
electrometer connected to a Keithley 8009 test fixture.
Sample measurements were performed at least five times
at room temperature.

4. Results and discussion

The FTIR spectra of ASF, PPy and PPy-ASF are shown in
Fig. 2. The absorption bands in the 1050 cm�1 and 788 cm�1

region for pure ASF refer to the antisymmetric and
symmetric Si–O–Si stretching vibrations, respectively
[20,21]. The spectrum of PPy exhibits absorption bands at
1540 cm�1 and 1458 cm�1, assigned to the C–C and C–N
stretching vibration of pyrrole ring, respectively [22]. The
broad band at 1290 cm�1 is attributed to C–H or C–N in-
plane deformation modes while the bands at 1158 and
1030 cm�1 are assigned to the C–H bending modes. The
FTIR spectrum of PPy-ASF exhibited overlapped absorption
Fig. 2. Infrared spectra of: (a) silica fiber (ASF), (b) polypyrrole (PPy) and (c)
PPy-ASF composites.
bands of both PPy and ASF, indicating that PPy was
deposited on the silica fiber surface.

Scanning electron micrographs of ASF and PPy-ASF
surfaces are compared in Fig. 3. As shown in Fig. 3a and
b, ASF are tubular and have a central holewith a diameter of
about 1 mm, which is related to the space previously
occupied by silicatein, an enzyme used by sponges to
capture silicate during silica formation [18]. Moreover, ASF
exhibit a needle-like shape with one sharp extremity and
their surface is smooth. The pure natural amorphous silica
fibers show average length of about 451 mm and aspect
ratio of about 70 which are higher than found for ASF by
Barra et al. [21]. On the other hand, MEV micrographs
revealed that PPy-ASF (Fig. 3c and d) were comprised of
polypyrrole nanoparticles with a mean size of 50 nm
packed close together to form a conducting polymer layer
which homogeneously coated the amorphous silica fibers
surface. Similar morphology has been observed for silica
nanoparticles coated with conducting polyaniline, as re-
ported by Liu et al. [23].

ASF and PPy show electrical conductivity values of
3.00 � 10�10 and 0.53 S.cm�1, respectively. The PPy-ASF
showed electrical conductivity of 0.32 S.cm�1, similar to
that found for pure PPy. This result ratifies the formation of
the conducting network layer on the ASF surface.

The EDS analysis (Fig. 4) was performed on the ASF
surface, where the white layer corresponds to the poly-
pyrrole coated amorphous silica fiber (1) and the black
region is the uncoated ASF surface (2). The EDS elementary
analysis of uncoated ASF (Table 1) shows that these natural
fibers are mainly composed of silicon and oxygen related to
the chemical nature of silicon dioxide (SiO2). Carbon and
nitrogen are also observed on the ASF surface due the
presence of amino silane coupling agent [22]. The white
region related to PPy layer has a considerable amount of
carbon and nitrogen with the presence of chloride content,
as counter-ion. Iron (Fe) was also observed probably due
the presence of oxidant residue.

Fig. 5 shows TGA thermograms of the silica fiber, PPy
and PPy-ASF. The silica fibers present a weight loss of 9.15%
at 300 �C which is attributed to the dehydration of hydro-
philic silica surface [22]. For the pure polypyrrole, the first
weight loss starts below 100 �C due the elimination of
absorbed water, and above 280 �C corresponds to the
polymer chain degradation. The amount of polypyrrole
deposited on the silica fibers surface was calculated from
TGA curves, comparing the amount of residue of PPy-ASF
with those assigned to the ASF and PPy. For this purpose,
it was assumed that ASF and PPy in the composite are the
origins of an amount of residue proportional to the amount
of each pure component. Thus, according to the rule of
mixtures, a theoretical relationship for the PPy-ASF was
built, considering the amount of residue of pure compo-
nents and simulating their proportion in the fibers [17]. The
PPy deposited ASF surface was about of 17 wt.%.

Fig. 6 shows the variation in the electrical conductivity
as a function of PPy for SEBS/PPy-ASF composites prepared
through solution casting. As expected, the electrical
conductivity increases with increasing amount of PPy in
the insulating SEBSmatrix due the formation of conducting
polymer network. Analogous behavior was observed for



Fig. 3. Scanning electron micrographs of: ASF (a), (b) and PPy-ASF (c), (d).

Fig. 4. EDS analysis of PPy-ASF composites (pt1) and silica fiber (pt2).

Table 1
Surface composition of silica fiber and silica coated with PPy (Weight %).

Filler C N O Si Cl Fe

PPy-ASF (1) 40.1 � 1.5 10.3 � 2.0 19.2 � 0.6 27.3 � 0.2 2.4 � 0.2 0.7 � 0.2
ASF (2) 16.5 � 1.5 4.4 � 1.6 32.3 � 0.6 46.8 � 0.3 – –
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Fig. 5. TGA thermograms of (a) silica fiber, (b) PPy-ASF and (c) PPy.

Table 2
Percolation parameters of PPy-ASF and PPy loaded SEBS mixtures.

Filler fp (wt.%) Critical
exponent (t)

Linear correlation
coefficient (R)

PPy 6.0 5.1 0.99
PPy-ASF 1.0 6.1 0.97
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SEBS/PPy blends prepared under the same conditions.
However, SEBS/PPy blends displayed lower electrical
conductivity than SEBS/PPy-ASF composites in all compo-
sitions studied. For 10 wt.% of conductive filler, the
Fig. 6. The effect of conductive filler concentration on the electrical conductivity of S
PPy-ASF (10 wt.%) and (B) PPy (20 wt.%) incorporated into SEBS matrix.
electrical conductivity of SEBS/PPy-ASF composite was
1.4 � 10�3 S.cm�1, which is about 103-fold higher than the
value found for the SEBS/PPy blend. For high concentration
of PPy, the electrical conductivity for SEBS/PPy blends (75/
25) wt.% is still lower than SEBS/PPy-ASF composites (90/
10) wt.%. These results are consistent with the morpho-
logical features of the composites, as illustrated in Fig. 6.
The microstructure of mixtures revealed typical phase
separation morphology with the presence of conductive
filler (the dark regions seen in the optical micrograph).
SEBS/PPy-ASF composites (Fig. 6A) presented disperse
fibers comprised of conducting pathways, with the
disperse phase better interconnected when compared to
the SEBS/PPy blend (Fig. 6B). The microstructure of the
SEBS/PPy-ASF composite indicates that the geometry
modification of the conductive filler (PPy particles to PPy-
EBS/PPy-ASF composites and SEBS/PPy blends. Optical micrographs of the (A)



Fig. 7. Scanning electron micrographs of the composites with the matrix SEBS and differents weight fraction of PPy: (a,c) 5 wt.% and (b,d) 10 wt.%.
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ASF fibers) was able to improve the formation of the con-
ducting network in the SEBS matrix and, consequently,
increase the electrical conductivity values.

The data presented in Fig. 6 was fitted to the scaling law
of percolation theory [24], as observed in Eq. (1); inwhich c
is a constant, t a critical exponent, sf the conductivity, f the
fraction of the conductive medium and fp the fraction at the
percolation threshold, expressed as a weight fraction.

sf ¼ c
�
f � fp

�t (1)

The percolation threshold (fp), critical exponent (t) and
linear correlation coefficient (R) values calculated by the
plot of log s versus log (f � fp) are listed in Table 2. The
lower fp value for the SEBS/PPy-ASF composite than SEBS/
PPy blend and others reported polymer systems [5,8,10,11]
probably reflects the high aspect ratio of PPy-ASF fibers
dispersed in the SEBS matrix. Critical exponent values are
higher than those predicted from classical percolation
theory and can be explained by tunneling-percolation
process, as proposed by C. Grimaldi et al. [24].

The effect of the PPy-ASF addition on the morphology of
SEBS/PPy-ASF composites was investigated through scan-
ning electron microscopy (SEM). Fig. 7 illustrates the SEM
micrographs of cryogenically fractured surfaces of the
SEBS/PPy-ASF composites containing 5 and 10 wt.% of the
PPy deposited on the amorphous silica fibers surface
(Fig. 7a and b), respectively. As observed in Fig. 7, PPy-ASF
are uniformly dispersed in the SEBS matrix and the con-
ducting network is evident. In addition, the presence of
fiber break and fiber pull out suggests some degree of
interaction between PPy-ASF and matrix. A more detailed
morphological analysis of SEBS/PPy-ASF composites is
shown by high magnification (Fig. 7c and d). The micro-
graphs revealed that the polypyrrole coating was adhered
on ASF, and a network comprised of a conducting polymer
layer on the fibers surface was responsible for the high
electrical conductivity values of the polymer composite.
5. Conclusions

New conducting amorphous silica short fiber coated
with conducting polypyrrole was obtained through in situ
oxidative chemical polymerization of pyrrole. SEM micro-
graphs and FTIR spectroscopy revealed that amorphous
silica short fibers (ASF) were successfully coated with PPy.
PPy-ASF were comprised of PPy nanoparticles that form an
uniform layer on the fiber surface. The amount of PPy
deposited on ASF determined by thermogravimetric anal-
ysis was about 17 wt.%. Both PPy-ASF and PPy fillers were
incorporated separately in the SEBS matrix through solu-
tion casting. The geometry of conductive fillers used to
prepare conducting polymer mixtures with SEBS strongly
affected the electrical conductivity and percolation
threshold of SEBS/PPy-ASF composites and SEBS/PPy
blends. SEBS/PPy-ASF composites displayed lower perco-
lation threshold and higher electrical conductivity values
than those found for PPy filled SEBS blends. Optical analysis
revealed that the SEBS/PPy-ASF composites exhibited
a conducting phase better interconnected in the SEBS
matrix when compared to the SEBS/PPy blends, due the
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high aspect ratio of conductive fibers. The results obtained
in this study reveal that PPy-ASF materials are promising
candidates for developing conducting polymer composites
at very low percolation threshold.
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