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a b s t r a c t

Electrically conducting fibers based on coconut fibers (CF) and polyaniline (PANI) were
prepared through in situ oxidative polymerization of aniline (ANI) in the presence of
CF using iron (III) chloride hexahydrate (FeCl3.6H2O) or ammonium persulfate (APS) as an
oxidant. The PANI-coated coconut fibers (CF-PANI) displayed various morphologies, elec-
trical conductivities and percentages of PANI on the CF surface. For both systems, a PANI
conductive layer was present on the CF surface, which was responsible for an electrical
conductivity of around 1.5 � 10�1 and 1.9 � 10�2 S cm�1 for composites prepared with
FeCl3.6H2O and APS, respectively; values that are similar to that of pure PANI. In order to
modify the structure and properties of polyurethane derived from castor oil (PU) both CF-
PANI and pure PANI were used as conductive additives. The PU/CF-PANI composites
exhibited higher electrical conductivity than pure PU and PU/PANI blends. Additionally, the
PU/CF-PANI composites showed a variation in electrical resistivity according to the
compressive stress applied, indicating that these materials could be applied for pressure-
sensitive applications.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Intrinsically conducting polymers (ICPs) offer very
attractive electrical, optical and magnetic properties which
can be used to expand scientific knowledge and develop
technological applications. However, poor mechanical
properties and processing difficulties have hampered their
commercial use [1]. In the past three decades, several
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techniques have been developed to overcome these limi-
tations. One of the most successful approaches is the
coating of conducting polymers such as polypyrrole (PPy)
or polyaniline (PANI) onto fiber surfaces. ICP-coated fibers
can be commonly prepared through the in situ oxidative
polymerization of pyrrole or aniline in the presence of a
suitable fiber using an electrochemical technique [2] or an
appropriate oxidant [3]. The deposition of an ICP onto a
fiber surface provides the possibility of obtaining a new
hybrid material displaying the functional properties of the
fiber as well as the properties associatedwith the ICP [4e6].
The resulting conducting fibers can be of potential interest
for several technological applications [3,7,8] or they can be
incorporated into insulating polymer matrices to produce
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conducting polymer composites with a low percolation
threshold [4e6,9].

Different fibers have been employed to prepare con-
ducting composites, for example, electrospun polymer
fibrous mats [10], bacterial cellulose nanofibers [11,12],
banana fibers [4], silk [13], polyester [14], viscose, lyocell
[15], lycra [16], wool [17], cotton [2,3] and short amorphous
silica fibers [9]. However, less attention has been dedicated
to vegetal fibers for this purpose. These materials are good
candidates because they are obtained from renewable
sources and sometimes from residues generated during the
transformation of natural resources into finished products
[4,18]. Among plausible candidates, coconut fibers (Cocos
nucifera L.) constitute an interesting alternative because
they are available throughout the tropical regions and can
be extracted from the fruit after the consumption of coco-
nut water (a natural drink very popular in Brazil). Some
publications in the literature have reported the preparation
of ICP-coated vegetal fibers and their use for different ap-
plications. Kumar et al. [8] reported the preparation of
PANI-coated jute through in situ aniline polymerization in
the presence of jute fibers. The resulting composite was
used as an absorbent material to remove hexavalent chro-
mium (Cr(VI)). Araújo et al. [19,20] have employed PANI-
coated curau�a fibers as either a reinforcement or conduc-
tive filler to improve the electrical conductivity and me-
chanical properties of polyamide-6. According to the
authors, the polyaniline-coated curau�a fibers act simulta-
neously as antistatic additive and reinforcing filler for the
polyamide-6 matrix. Souza et al. [7,21,22] have reported
three studies concerning the in situ preparation of PANI
nanoparticles in the presence of curau�a and coconut fibers.
According to the authors, the PANI-coated curau�a or coco-
nut fibers showed adequate compression sensitivity and
they can be used as a pressure-sensing material. However,
to the best of our knowledge, no studies on the use of PANI-
coated coconut fibers as conductive filler in polymer
matrices for pressure-sensitive applications, for instance,
have been reported in the literature. Furthermore, all
studies reported in the literature on the preparation of
PANI-coated vegetal fibers have employed ammonium
persulfate (APS) as an oxidant. On the other hand, iron (III)
chloride hexahydrate (FeCl3.6H2O) is also a good oxidant
for producing these conducting fibers because, in aqueous
solutions, iron (III) creates aquo-hydroxyl complexes some
of which can be adsorbed onto a cellulose surface [23,24].
Under these conditions, the polymerization takes place
preferentially on the fiber surface to form a conducting
polymer layer that fully coats the cellulose fibers
[4e6,11,25,26].

Considering the reported advantages of FeCl3.6H2O and
the possibility of using PANI-coated coconut as conducting
filler in polymer matrix for pressure-sensing applications,
the objective of this study was to develop conducting fibers
through in situ oxidative polymerization of aniline (ANI)
onto the surface of coconut fibers (CF) using iron (III)
chloride hexahydrate. In order to evaluate the influence of
the oxidant on the structure and properties of the
polyaniline-coated coconut fiber (CF-PANI), APS was also
employed in the ANI polymerization on the CF surface. The
resulting CF-PANI was incorporated in a thermosetting
polyurethane (PU) derived from castor oil in order to pro-
duce a conducting polymer composite with suitable prop-
erties for pressure-sensing applications.

2. Experimental

2.1. Materials

Coconut fibers (CF) were kindly supplied by a rural
research agency in Santa Catarina, southern Brazil (EPAGRI-
Empresa de Pesquisa Agropecu�aria e Extens~ao Rural de Santa
Catarina). Aniline (ANI) (analytical grade, Merck) was
distilled under vacuum and stored in a refrigerator. Iron (III)
chloride hexahydrate (FeCl3.6H2O) (analytical grade, Vetec)
and ammonium persulfate (APS) (NH4)2S2O8 (Nuclear)
were used without purification.

The polyol derived from castor oil (IMPERVEG® UG 132
A) with molar mass of 928 g mol�1 and the pre-polymer
(IMPERVEG® UG 132 B) were acquired from IMPERVEG®

Com�ercio e Prestaç~oes de Serviço Ltda.

2.2. Preparation of PANI-coated coconut fibers (CF-PANI)

PANI-coated coconut fibers (CF-PANI) with a length of
10 mm were prepared through in situ oxidative polymeri-
zation. The reactions were performed in the presence of
HCl aqueous solution using iron (III) chloride hexahydrate
(FeCl3.6H2O) or ammonium persulfate (APS) (NH4)2S2O8 as
oxidants. The samples were denominated as CF-PANI.FeCl3
and CF-PANI.APS, respectively. Firstly, 0.5 g of CF was
immersed in 0.028 L of HCl aqueous solution (0.1 mol L�1)
under stirring at room temperature and aniline
(0.2 mol L�1) was then added. After 10 min the oxidant,
FeCl3.6H2O or APS, dissolved in 0.028 L of distilled water,
was slowly added. The polymerization was carried out
using FeCl3.6H2O/ANI and APS/ANI molar ratios of 3/1 and
1/1, respectively. After 6 h, the CF-PANI composites were
washed with the aqueous HCl solution in order to extract
the byproducts and residues of the reaction and vacuum
dried at room temperature. For comparison, pure PANI
samples were also synthesized using similar methodolo-
gies, with FeCl3.6H2O (PANI.FeCl3) and APS (PANI.APS).

2.2.1. Preparation of PU/CF-PANI and PU/PANI composites
Polyaniline-coated coconut fibers synthesized from

FeCl3.6H2O were used as conductive filler in polyurethane
derived from castor oil. The prepolymer and polyol (mass
ratio of 1/2), and CF-PANI.FeCl3 were blended in a reactor
under vacuum for 5 min. This mixture was poured into a
metallic mold and subjected to compression molding at
10.7 MPa at room temperature for 4 hours. Composites
with randomly-oriented CF-PANI.FeCl3 (denominated as
PU/CF-PANI.FeCl3) with weight fractions of 5, 10, 15, 20 and
25 wt.% were obtained. Composites containing only pure
PANI were also prepared using the sameweight fractions of
PANI.FeCl3 (namely PU/PANI.FeCl3).

2.3. Characterization

The electrical conductivity of the PANI, CF-PANI and
high-conductivity PU/CF-PANI and PU/PANI composites
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weremeasured using the four-probe standardmethodwith
a Keithley 6220 current source to apply the current and a
Keithley Model 6517A electrometer to measure the poten-
tial difference. For pure PU, CF and high-resistivity polymer
composites, the volumetric conductivity measurements
were performed using a Keithley 6517A electrometer con-
nected to a Keithley 8009 test fixture. Measurements of
each sample were repeated at least eight times at room
temperature.

Micrographs of the CF, CF-PANI and PU/CF-PANI were
obtained using scanning electron microscopy (SEM) on a
Jeol model JSM-6390LV microscope. The samples were
coated with gold and analyzed using an applied tension of
10 to 15 kV. The PU/CF-PANI composites were previously
fractured in nitrogen.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) was performed on a Bruker
Fig. 1. SEMmicrographs of surface at lower and higher magnification and cross-sect
the micrograph (f) the presence of the lumen (1) and the cell wall (2) is also evide
spectrometer, model TENSOR 27, in the range of wave
numbers from 4000 to 600 cm�1 by accumulating 32 scans
at a resolution of 4 cm�1.

The thermogravimetric analysis (TGA) was performed
on a STA 449 F1 Jupiter® (Netzsch) thermogravimetric
analyzer. The samples were heated from 35 to 700 �C at a
heating rate of 10 �C min�1 under a nitrogen flow of
50 cm3 min�1. The amount of PANI deposited onto the CF
was calculated from the TGA curves, comparing the
amounts of residue of CF-PANI.FeCl3 or CF-PANI.APS com-
posite with those of the CF and PANI prepared under the
same conditions, according toMerlini, Ramôa and Barra [4].

Electrical sensitivity under pressure was evaluated on
the PU/CF-PANI.FeCl3 composites in a setup that consists of
an electromechanical universal testing machine (Instron,
Model 5969) coupled with an electrometer (Keithley
6517A) to acquire the resistivity data. An RJ45 interface and
ions of pure CF (a and b), CF-PANI.FeCl3 (c and d) and CF-PANI.APS (e and f). In
nced.
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Fig. 2. FTIR of (a) uncoated coconut fibers, (b) PANI.APS, (c) CF-PANI.APS. (d)
PANI.FeCl3 and (e) CF-PANI.FeCl3.

Table 1
TGA parameters of CF, PANI and CF-PANI, percentage of PANI on the
conducting fibers and electrical conductivity.

Sample Residue
from TGA (%)

PANI
content (%)

Electrical conductivity
(S cm�1)

CF 29.95 e (3.13 ± 0.27) � 10�10

PANI.FeCl3 49.86 e 4.47 ± 0.39
PANI.APS 57.67 e 1.13 ± 0.23
CF-PANI.FeCl3 36.10 30.89 (1.5 ± 0.39) � 10�1

CF-PANI.APS 56.01 94.17 (1.9 ± 0.35) � 10�2
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a GPIB were used to connect the Instron and electrometer
to the computer, respectively. The tests were performed
according to the methodology used by Merlini, Barra,
Medeiros Araujo and Pegoretti [27]. The sample with a
diameter of 22.5 mm and 400e800 mm thickness was
placed between two circular electrodes confined in a cyl-
inder made of poly(tetrafluoroethylene). The assembly was
then placed between the testing plates of the universal
testing machine. The electrodes were connected to the
electrometer in order to measure the volume resistivity of
the composite during controlled loading and unloading
cycles. The samples were loaded up to 5 MPa at a loading
rate of 1 MPa min�1, the compressive stress was then
released at the same rate. For each sample, loading-
unloading sequences of 5 and 20 cycles were performed
on different specimens. The electrical resistivity (r) values
(in U cm) were calculated using Equation 1, where R is the
measured resistance (U), d is the sample diameter (cm) and
w is the specimen thickness (cm).

r ¼ pRd2

4w
(1)
Fig. 3. TG curves for (a) uncoated coconut fibers, (b) FC-PANI.FeCl3, (c)
PANI.FeCl3 (d) FC-PANI.APS and (e) PANI.APS.
3. Results and discussion

3.1. Characterization of polyaniline-coated coconut fibers

SEM micrographs of the surfaces and cross-section of
the uncoated coconut fiber, CF-PANI.FeCl3 and CF-PANI.APS
are shown in Fig. 1. CF was characterized by a slightly rough
surface (Fig. 1 (a)) while on the CF-PANI surface the pres-
ence of PANI particles can be detected (Fig. 1 (c) and 1 (e)).
More detailed morphologies of CF, CF-PANI.FeCl3 and CF-
PANI.APS are shown in Fig. 1 (b), (d) and (f), respectively.
The micrograph on CF-PANI.FeCl3 revealed that the poly-
aniline formed a compact and uniform layer completely
covering the fiber coconut surface. On the other hand, CF-
PANI.APS showed a uniform layer consisting of PANI par-
ticles lying close together. The cross-section morphology of
the coconut fibers (Fig. 2 (f)) reveals the presence of a
lumen (1) surrounded by the cell walls (2). The cell walls
are made of crystalline cellulose microfibrils embedded in a
hemicellulose and lignin matrix which links the cellulose
microfibrils through hydrogen bonds, forming a three-
dimensional network [28].

Fig. 2 shows the FTIR spectra of the coconut fiber,
PANI.FeCl3, PANI.APS, CF-PANI.FeCl3 and CF-PANI.APS. The
FTIR spectrum of the coconut fibers reported in Fig. 2 (a) is
typical of a lignocellulosic material, with broad absorption
bands at 3340 cm�1 and 2922 cm�1 due to the stretching
vibrations of the hydroxyl and CeH groups, respectively
[4,28]. The bands at 1730 and 1605 cm�1 can be ascribed to
the C¼O groups of the hemicellulose and lignin, respec-
tively. The bands at 1240 cm�1 and 1022 cm�1 can be
Fig. 4. Electrical conductivity as a function of conductive filler content (by
weight) in the composites: (a) PU/CF-PANI.FeCl3 and (b) PU/PANI.FeCl3.



Table 2
Percolation parameters of CF-PANI.FeCl3 and PANI.FeCl3-loaded PU
mixtures.

Conductive
filler

fp (wt.%) Critical
exponent (t)

Linear correlation
coefficient (R)

PANI.FeCl3 14.0 5.4 0.99
CF-PANI.FeCl3 4.2 4.9 0.97
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assigned to the CeO stretching vibration of the acetyl group
of hemicelluloses and plane deformation of the aromatic
CeH groups, respectively [29e32]. PANI.APS (Fig. 2 (b))
exhibits characteristic absorption bands at 1554 cm�1 and
1440 cm�1, assigned to the stretching vibrations of the
quinoid and benzoid structures, respectively [33]. These
bands for PANI.FeCl3 (Fig. 2 (d)) are located at 1537 cm�1

and 1425 cm�1. The spectra for the CF-PANI.APS (Fig. 2 (c))
and CF-PANI.FeCl3 (Fig. 2 (e)) show overlapped absorption
bands related to the corresponding PANI, however, these
bands are blue-shifted, probably due to the site-specific
interaction of eNeH and eOeH groups of polyaniline and
CF, respectively [25]. Additionally, the bending modes of
the OH groups present on the CF disappear, suggesting that
the coconut fibers were completely coated by a polyaniline
layer.

The thermogravimetric curves of the coconut fiber,
PANI.FeCl3, PANI.APS, CF-PANI.FeCl3 and CF-PANI.APS are
shown in Fig. 3. According to Fig. 3 (a) theweight loss of the
coconut fibers at 280 �C and 350 �C corresponds to hemi-
cellulose and lignin degradation and the decomposition of
Fig. 5. Scanning electron micrographs of the PU/CF-PANI.FeCl3 composites
cellulose, respectively [20]. PANI.FeCl3 and PANI.APS display
three main steps of weight loss. For both samples, the first
peak at around 125 �C is related to the elimination of water
and small adsorbed molecules. The stages of weight loss at
290 �C and 430 �C for PANI.FeCl3 and 250 �C and 500 �C for
PANI.APS are assigned to the release of Cl counter ions and
polymeric chain degradation, respectively. The TGA curves
of the CF-PANI.FeCl3 and CF-PANI.APS display similar
behavior to that observed for the pure coconut fibers,
however, the polyaniline-coated coconut fibers showed
lower onset degradation temperatures which can be
attributed to the loss of intermolecular hydrogen bonds of
cellulose due to the presence of PANI [11].

Table 1 shows the TGA parameters for CF, PANI and their
corresponding conducting fibers, the percentage of PANI on
the coconut fiber surface and the electrical conductivity.
The percentages of PANI on the CF surface calculated
from the TGA curves were 30.89 and 94.17 wt.%, for
CF-PANI.FeCl3 and CF-PANI.APS, respectively. It is inter-
esting to note that the electrical conductivity of the
PANI-coated coconut fibers was not influenced by the
amount of PANI incorporated on the fiber surface, since the
CF-PANI composite prepared using APS displayed a higher
amount of PANI (94 wt.%) on the fiber surface but an
electrical conductivity lower than CF-PANI prepared using
FeCl3.6H2O. Based on this result, we decided to focus the
attention on the conducting fibers prepared with
FeCl3.6H2O as a conductive filler for the polyurethane ma-
trix due to their higher electrical conductivity and lower
PANI content (31 wt.%) compared with CF-PANI.APS.
with CF-PANI.FeCl3 content: (a) 15 wt.%, (b) 20 wt.% and (c) 25 wt.%.
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3.2. Characterization of PU/CF-PANI.FeCl3 and PU/PANI.FeCl3
composites

Fig. 4 shows the electrical conductivity of PU filled
with polyaniline-coated coconut fibers (PU/CF-PAN-
I.FeCl3) and pure PANI (PU/PANI.FeCl3) as a function of the
content of conductive additive. As the CF-PANI.FeCl3
content increases, the electrical conductivity enhances
significantly due to the formation of a conducting
pathway through the PU matrix [4]. Similar behavior can
Fig. 6. Electrical resistivity as a function of compressive loading-unloading stress cy
(a) 20 wt.% and (b) 25 wt.%.
be observed for the PU/PANI.FeCl3 composites prepared
through the same process. However, the values for the
electrical conductivity are lower than those found for the
corresponding PU/CF-PANI.FeCl3 composites, probably
due to the lower aspect ratio of the PANI particles when
compared with the CF-PANI. The PU/CF-PANI.FeCl3 com-
posites show higher electrical conductivity than that
observed for PU filled with polypyrrole-coated banana
fibers reported by this research group in a previous pub-
lication [4].
cles applied to PU/CF-PANI.FeCl3 composites with CF-PANI.FeCl3 contents of
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The data shown in Fig. 4 were fitted by the well-known
percolation scaling law:

sf ¼ c
�
f � fp

�t (2)

where, c is a constant, t a critical exponent, sf the con-
ductivity, f the fraction of the conductivemedium and fp the
fraction at the percolation threshold, expressed as a weight
fraction.

The experimental datawere used to construct a plot of s
versus log (f e fp) from which it is possible to estimate the
percolation threshold of the system [9,34]. The values of fp
and t for the composites are given in Table 2. The lower fp
value for the PU/CF-PANI.FeCl3 composite when compared
to the PU/PANI.FeCl3may be associatedwith the high aspect
ratio of the CF-PANI fibers dispersed in the PU matrix. It is
well known that by increasing the aspect ratio of the
conductive filler the percolation threshold can be
decreased, i.e., a lower filler concentration is necessary to
ensure physical contact between fibers when compared
with spherical particles. Critical exponent values are higher
than those predicted from classical percolation theory and
canbe explainedbya tunneling-percolationprocess [35,36].

The SEM pictures of the PU/CF-PANI.FeCl3 composite
surfaces fractured under cryogenic conditions are shown in
Fig. 5. In particular, in Fig. 5 (a) the fracture surface of the
composite with 15 wt.% of CF-PANI.FeCl3 clearly indicates
that a good fiber-matrix adhesion is reached in this case. On
the other hand, as the content of conducting fibers is
increased, the presence of voids in the matrix and at the
fiber/matrix interface can be observed (Fig. 5 (b) and (c)).

Fig. 6 shows the variation in the electrical resistivity of
PU/CF-PANI.FeCl3 composites with 20 and 25 wt.% of CF-
PANI.FeCl3 subjected to five consecutive compressive
loading-unloading stress cycles. Pure PU and PU/PANI.FeCl3
composites with 5, 10 and 15 wt.% of CF-PANI.FeCl3 content
showed no change in the electrical resistivity when the
compressive stress was applied. On the other hand, the
compressive stress had an effect on the electrical resistivity
of the PU/CF-PANI.FeCl3 composites containing a con-
ducting fiber concentration above 20 wt.%. When the
composites are subjected to compressive stress (loading
cycle), the resistivity value decreases by about one order of
magnitude. This behavior may be associated to the forma-
tion of new pressure-induced conducting pathways.
Moreover, it is interesting to note that the initial resistivity
value almost returns to its previous value after the sample
loading is removed.

Fig. 7 shows the hysteresis effect on the stress-strain
curves when the PU/CF-PANI.FeCl3 composite with
25 wt.% of CF-PANI.FeCl3 was subjected to 5 consecutive
loading/unloading cycles. A residual irreversible strain can
be observed after the first loading-unloading step which is
probably related to the accommodation of the sample be-
tween the electrodes.

The dependence of the electrical conductivity on the
compressive stress during 50 consecutive loading -
unloading cycles performed on the PU/CF-PANI.FeCl3 with
25 wt.% of CF-PANI.FeCl3 is shown in Fig. 8. The loading-
unloading process induces a slight difference in the rela-
tive conductivity between the first and the fiftieth cycles.
This behavior is probably due to a breakdown in the
conductive pathway and/or plastic deformation of the
insulating polymer matrix during the loading and unload-
ing cycles [10,37,38].

4. Conclusions

A conducting fiber based on CF-PANI was successfully
obtained through the in situ oxidative chemical polymeri-
zation of ANI in the presence of CF using FeCl3.6H2O or APS
as an oxidant. Scanning electron micrographs revealed that
the CF surface was completely coated with a uniform PANI
layer which led to an electrical resistivity quite similar to
that of the pure PANI. AT-FTIR spectra revealed a strong
intermolecular interaction between eNeH groups in the
PANI ring and the eOH functional group in the CF. The CF-
PANI.FeCl3 fibers were chosen as a conductive filler to be
incorporated into the PU matrix due to their higher elec-
trical conductivity and the lower PANI content on the CF
surface compared with the conducting fibers containing
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CF-PANI.APS. The PU/CF-PANI.FeCl3 composites with
20 wt.% and 25 wt.% of CF-PANI.FeCl3 content showed a
variation in the electrical resistivity when compressive
stress was applied. The results observed in this study open
new possibilities for the use of conducting coconut fibers as
a conductive filler in an insulating polymer. These results
will be useful in the development of conducting polymer
composites for sensor pressure applications.
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