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This paper reports on the characterization techniques performed to evaluate the suitability
of three different samples of a polyaniline (PANI) complex (PANIPOLTM) for the production
of composites exhibiting a phase separated morphology with continuous elongated
structures of PANI embedded in the bulk of an insulating polymer matrix by following an
in-situ deformation process. The characterization techniques included rheometry,
differential scanning calorimetry and thermogravimetry. In addition, X-ray diffraction,
gravimetry, infrared spectroscopy, conductivity measurements, and optical and scanning
electron microscopy were used to fully characterize the samples. The thermal limitations
and stability of the samples were determined. At the same time, their flow properties in the
molten state under different levels of shear were also analysed. The experimental results
assisted in the identification of the samples’ components and revealed that the PANI
particles were 7 µm in diameter or smaller. C© 2004 Kluwer Academic Publishers

1. Introduction
Polyaniline is one of the most promising conductive
polymers due to its excellent chemical stability com-
bined with relatively high levels of conductivity [1, 2].
The emeraldine salt, ES (i.e., the electrically conduc-
tive form of PANI), obtained when the neat polymer is
doped with a specific functionalized protonic acid, can
be used to prepare melt processable blends with low
percolation limits [3–6]. Recently, we have established
the feasibility of processing this type of blend, follow-
ing an in-situ deformation process, to produce extru-
dates exhibiting a morphology of continuous elongated
structures of PANI embedded in an insulating polymer
matrix [7, 8]. This type of composite could have po-
tential applications as an antistatic in the textile, carpet
and packaging industries. In an in-situ process, electro-
conductive fibres would be generated during the ac-
tual forming process of the component. This topic has
been the subject of extensive investigation [5, 9–13] and
it has been shown that under appropriate conditions,
the dispersed phase can deform during processing to
produce elongated structures, for example ellipsoids or
even short fibres. Accordingly, in this paper we report
on the characterization techniques performed to evalu-
ate the suitability of three different samples of a PANI
complex (PANIPOLTM) for the production of this type
of composite following an in-situ deformation process.

Theoretical and experimental studies indicate that the
morphology of a polymer blend is determined by pa-
rameters such as interfacial tension, viscosities of the
materials, composition, and processing conditions, in-
cluding temperature, residence time, flow patterns and
shear rate levels [10, 14, 15]. However, among these

parameters, the ratio of the viscosity of the dispersed
phase to that of the matrix (that is, the viscosity ratio,
p), can be used initially to suggest the size and, what
is more relevant in this case, the shape of the dispersed
phase. For example, it has been shown experimentally
that when p is less than or near unity, the dispersed
phase easily deforms into elongated structures [10]. On
the other hand, when p is greater than one, the deforma-
bility is reduced. Initially, this can be used as a general
principle, when experimenting with different materi-
als, to select the system most likely to exhibit a final
morphology of fibres embedded in a continuos phase.

Great effort was put into the characterisation of the
three samples of PANIPOLTM as it was important to
have more detailed information on their inherent limi-
tations, especially those related with their thermal pro-
cessing. Regarding this, the company supplying the
samples provided some technical information but it was
incomplete for our needs. Therefore, it was necessary
to characterize the samples in more detail and corrob-
orate the information available. Significant findings in-
clude differences in the thermal behaviour and stability
of the samples, together with differences in their rhe-
ology. Accordingly, these analyses served to establish
the basis for selecting the processing conditions. An-
other important result was finding out about the chem-
istry of the samples. This was elucidated by means
of a combination of analysis techniques including in-
frared spectroscopy, X-ray diffraction and gravimetry.
The morphology was also analysed by using optical
and scanning electron microscopy techniques, and was
correlated with the chemistry of the samples. Finally,
the level of electrical conductivity in the samples was
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also evaluated and compared to that reported by the
supplying company.

2. Materials
The electrically conductive polyaniline complexes
(PANIPOLTM CX) were provided by NESTE Oy
Chemicals (nowadays Panipol Ltd.) and they are iden-
tified as PANIPOL 1 (code CX100X23), PANIPOL 2
(code CX100X03) and PANIPOL 3 (code CX300X33).
The samples, whose approximate composition was 25
weight% (wt%) of ES and 75 wt% of a metal organic
compound of zinc, were supplied in the form of dark-
green-coloured cylindrical compressed pellets. The ba-
sic chemistry is the same in all the samples, whereas
their typical density, volume conductivity and max-
imum recommended processing temperature are, re-
spectively, 1100 kg/m3, 1×10−4 S/cm and 230◦C. The
samples are hygroscopic and the recommended pro-
cessing temperatures range from 100 to 225◦C.

3. Characterization techniques
3.1. X-ray diffraction
A Philips 1050 Goniometer X-ray diffractometer, op-
erated at 36 kV and 26 mA, was used to carry out
wide-angle X-ray diffraction experiments on the three
PANIPOL samples. Nickel-filtered Cu Kα radiation
with a wavelength of 0.15406 nm was used. A few of
the as-received PANIPOL pellets were powdered with
a pestle and mortar for the experiments. The diffraction
pattern was obtained by scanning the powder in an in-
terval of 2θ = 6 to 80 degrees at a rate of 0.02 degree/s.
Experiments were also carried out on the pyrolysed pel-
lets. About 25 g of the pellets were placed in a crucible
and the pyrolysis was performed in a Lenton furnace
at 850◦C for 2 h. Afterwards, the crucible containing
the pyrolysis product was cooled down in a desiccator
where it was kept to await further analysis.

3.2. Gravimetry
The main purpose of the analysis was to confirm the
amount of ES in the as-received pellets. In addition, a
first insight on the identity of the doping agent used
was also provided. As has been mentioned, the basic
chemistry was the same in all the samples. Therefore,
the analysis was concentrated on only one of the com-
plexes (PANIPOL 2). Four suspensions of the powdered
pellets (ca. 2 g) in an excess (ca. 12 × 10−6 m3) of
acetone (C3H6O, 99% purity, from Aldrich) were soni-
cated in a Kerry’s LTD ultrasonic bath for 15 min. The
suspensions were afterwards centrifuged using a MSE
centrifuge for 15 min at 3000 rpm. The resultant so-
lutions were decanted and a sample was collected for
further examination. An excess of clean acetone was
further added to the remaining sediments and the sus-
pensions so obtained were subjected to the same sonica-
tion, centrifugation and decanting processes. This was
carried out several times until the decanted solution
was clean and transparent, suggesting that the process
of dissolution in acetone of any additives susceptible
to dissolution, and originally present in the sample had

been completed. After the conclusion of seven disso-
lution cycles, the remaining sediments were placed in
a Gallenkamp vacuum oven at 40◦C where they were
kept overnight to evaporate any possible remains of
acetone. After cooling down to room temperature in a
desiccator, the remaining sediments were weighed and
the wt% in each sample was calculated.

3.3. Infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy exper-
iments were performed on the three as-received sam-
ples. Similarly, the same analysis was performed on
the decanted solutions obtained from each of the seven
dissolution cycles in acetone. The samples are identi-
fied as solutions 1 to 7, where solution 1 is the sample
collected after the first dissolution cycle and solution 7
is the sample collected after the last cycle. The FTIR
spectrum of the PANIPOL complexes and solutions 1
to 7 was measured at room temperature with a Nico-
let 710 FT-IR spectrometer in a spectral range of 4000
to 400 cm−1. The PANIPOL specimens were prepared
by grinding the powered pellets with potassium bro-
mide (KBr) powder and then pressing the mixture into
a tablet. The solutions were analysed by placing them,
with the help of disposable micropipettes, between al-
ready prepared KBr discs.

3.4. Thermal analysis
A Perkin-Elmer TGS-2 thermogravimetric analyser
(TGA) was used to investigate the thermal stability
of the PANI complexes within the temperature range
from 40 to 750◦C. The powdered pellets were anal-
ysed at a heating rate of 10◦C/min. The thermal be-
haviour of the complexes over the range of temperature
from 325 to 680◦K (52 to 407◦C) was initially investi-
gated using a Perkin-Elmer DSC-2C Differential Scan-
ning Calorimeter (DSC). For each complex, the pow-
dered pellets were analysed at a rate of 10◦K/min. The
thermal behaviour of the complexes during exposure
to a heating-cooling-heating cycle was also analysed.
For this, the analysis was performed in a Perkin-Elmer
DSC-7 Differential Scanning Calorimeter. The pow-
dered complexes were heated at rate of 10◦C/min from
35 to 110◦C. The samples were kept for 10 min at the
maximum temperature, after which they were cooled
down to 35◦C at a rate of 5◦C/min. The samples were
kept at this temperature for 0.5 min and afterwards they
were heated up again to the maximum temperature at a
rate of 10◦C /min. All the experiments were performed
in duplicate under a nitrogen atmosphere using samples
with a weight of about 5 mg.

3.5. Rheometry
A Davenport extrusion rheometer was used to investi-
gate the rheological behaviour of the three PANI com-
plexes. The Poiseuille Law for capillary flow was used
to calculate apparent viscosity-apparent wall shear rate
relationships at different temperatures for each mate-
rial. No end pressure drop correction was performed
for the calculations. For the experiments, the materials
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were extruded using a capillary die with a length and
radius of 35 and 0.8 mm, respectively. The rheological
behaviour was analysed at 80, 100, 120 and 150◦C.

3.6. Conductivity measurements
The volume conductivity was evaluated at room tem-
perature on the as-received pellets of a selected complex
(PANIPOL 2). A Keithley 614 electrometer was used
for measuring the electrical resistance of the samples,
and mercury was used as electrical probes according to
the method described by Cruz-Estrada [8]. The electri-
cal resistance readings were taken after 5 min of sample
electrification. The volume conductivity was evaluated
on five specimens in accordance with Ohm’s law as-
suming that the resistance readings were performed in
an ohmic regime and that the specimens were perfect
cylinders.

3.7. Morphological analysis
The analysis was performed on only one selected com-
plex (PANIPOL 2). A small amount of the powdered
pellets was mounted on a glass slide and the analysis
was performed with a Reichert Microstar 110 optical
microscope using incident light. Scanning electron mi-
croscopy (SEM) analysis was also performed on the
powder of the complex. The analyses were performed
with a JEOL JXA-840-A electron probe microanalyzer
at 10 kV. For the analysis, the sample was previously
gold coated for 4 min in an E5000 (Polaron Equipment
Limited) SEM coating unit.

4. Results and discussion
Although fairly similar in general, slight differences
were found among the X-ray diffraction patterns of
the complexes. This suggested some differences in the
composition of the samples. For simplicity, only the
diffraction pattern of PANIPOL 2 is presented (Fig. 1).

Figure 1 X-ray diffraction pattern of PANIPOL 2.

Figure 2 X-ray diffraction pattern of the pyrolysis product of
PANIPOL 2.

As can be seen, the level of crystallinity detected is rel-
atively low. From the reflections presented only a few
can be clearly associated with crystalline regions (i.e.,
the reflections at 2θ values of about 9, 18 and 47◦).

The X-ray diffractograms of a yellow powder col-
lected from each of the pyrolysis products of the three
PANIPOL samples were identical. A selected diffrac-
togram is presented in Fig. 2. The relative intensities of
the main reflections are in good agreement with those
reported for zinc oxide (ZnO). This confirms the pres-
ence of the element zinc in the pellets, originally form-
ing part of the metal organic zinc compound.

With respect to the gravimetric analysis, it was no-
ticed that after a few minutes of being collected, the de-
canted solutions from the first dissolution cycles in ace-
tone showed a whitish precipitated solid. This colour is
reported by Kärnä et al. [16, 17] as characteristic of the
reaction product of the mixture of ZnO with dodecyl-
benzene sulphonic acid (DBSA). It is therefore believed
that the precipitate may be a Zn salt of DBSA, that is,
Zn(DBS)2 (the organic compound of zinc, Zn dodecyl-
benzene sulphonate). It was also noticed that these so-
lutions became frothy when they were put in contact
with water, which is characteristic of surfactants, for
instance DBSA or its derived salts [18, 19]. Therefore
it is very likely that the solutions decanted consisted
of acetone and ions of Zn and DBS in solution. The
average wt% corresponding to the final sediment in the
samples after the conclusion of the dissolution cycles
was about 24. As doped polyaniline does not dissolve
in acetone, it is believed that this corresponds to the
wt% composition of the ES in the original powdered
PANIPOL samples. On the other hand, the weight loss,
that is, about 76%, mainly corresponds to Zn(DBS)2.
As the powdered pellets were not previously dried for
the analysis, then it is possible that the weight loss also
includes some residual water initially absorbed from
the environment because of the hygroscopic nature of
the DBS salt. These results are in good agreement with
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the information provided by the supplying company
regarding the composition of the samples.

Regarding the FTIR experiments, it was found that
the three PANIPOL samples presented a very similar
spectrum. Only a selected spectrum (PANIPOL 2) is
presented in Fig. 3 for simplicity. The intensities of
the main absorption peaks are assigned as follows:
C H bending for para-substituted benzene rings at
1011 cm−1. The absorption peaks at 1184, 1130, and
1040 cm−1 can be considered as characteristic absorp-
tions of the doping band since these peaks are char-
acteristic of SO2− stretching in sulphonic acids or
their derived salts. The absorption at 1299 cm−1 is as-
signed to C N stretching vibration. The deformation
of benzene and quinone rings are assigned at 1465 and
1612 cm−1, respectively. The absorption peaks at 2853
and 2924 cm−1 correspond to CH2− stretching vibra-
tion whereas the absorption at 2956 cm−1 is assigned to
CH3-stretching vibrations. The OH band at 3564 cm−1

exists because of residual water absorbed from the envi-
ronment. These results suggest that the doping agent is
a para-substituted benzene sulphonic acid or its derived
salt. The presence of saturated aliphatic hydrocarbons
chains in the samples suggests that these may be the
substituent group in the benzene ring p-positions. De-
spite the fact that the FTIR technique cannot yield a con-
clusive estimate about the size and isomeric structure
of the hydrocarbons chain, all these results in conjunc-
tion with the results obtained from gravimetric analy-
sis, reinforce the concept about the use of DBSA as the
doping agent. The FTIR results presented in this paper
are in good agreement with those presented by Levon
et al. [20] and Hsu et al. [21] for polyaniline doped with
DBSA.

The FTIR spectrum of the solution 1 is presented in
Fig. 4. To facilitate the interpretation of the spectrum,
a sample of clean acetone was also analysed by FTIR.
The two FTIR spectra are overlapped in Fig. 4 to indi-
cate better the identity of the chemical species extracted
from PANIPOL by the solvent. The absorption peaks at
2999, 1710, 1417, 1363, 1222, 1095, 903 and 532 cm−1

are the characteristic ones for acetone, whereas the
characteristic absorption peaks corresponding to the

Figure 3 The FTIR spectrum of PANIPOL.

Figure 4 The FTIR spectra of solution 1 and acetone.

DBSA and its derived salt, also found in the spectrum
of PANIPOL, are represented by the rest of the peaks,
thus indicating the extraction of these compounds from
the original sample.

The relative intensity of the majority of the absorp-
tion peaks corresponding to the DBSA and/or its de-
rived salt decreased as the number of dissolution cycles
in acetone was increased, indicating that the ES in the
original PANIPOL sample was gradually being freed
of the initially present DBS salt. For simplicity, only
the FTIR spectrum corresponding to solution 7 (Fig. 5)
is presented to exemplify this process. As can be seen,
Fig. 5 also shows the characteristic peaks for the salt of
DBS, indicating that the sample was not totally free of
this, thus suggesting an incomplete extraction process.
However as can be observed, the absorption peaks cor-
responding to the acetone are more predominant. The
peaks at around 3500 cm−1 (OH) appear as a result of
residual water absorbed from the environment.

With respect to the thermal analysis, the TGA ther-
mograms of the complexes were similar with slight
differences among them. Again, this suggested some
differences in the composition of the samples. For

Figure 5 The FTIR spectrum of solution 7.
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Figure 6 The TGA thermogram of PANIPOL 2.

simplicity, only a selected thermogram (PANIPOL 2) is
presented in Fig. 6. The thermogram shows that there
is a small weight loss (ca. 3%) below 250◦C corre-
sponding to loss of water and low molecular weight
oligomers. Between ca. 250 and 540◦C an abrupt
weight loss is observed (ca. 69%) attributed to dopant
loss and degradation of the polyaniline and Zn(DBS)2,
in that order. Above 540◦C only about 28% of the orig-
inal weight of the sample is left, corresponding to de-
composition products, mainly containing Zn and car-
bon atoms. In general, these results, suggest that the
complexes could be safely processed up to a maximum
temperature of about 250◦C without exposing them to
severe degradation and loss of their electrically con-
ductive characteristics.

All the samples analysed by DSC over the range of
temperatures from 52 to 407◦C also presented a very
similar thermal behaviour. For simplicity, only a se-
lected DSC thermogram (PANIPOL 2) is presented in
Fig. 7, which shows a broad endotherm between about
75 and 110◦C, mainly attributed to the evaporation of
water absorbed from the environment. An exothermic
range is observed between about 140 and 150◦C (char-
acteristic of polyaniline doped with DBSA) due to a
homogeneous phase transition occurring in the doped

Figure 7 The DSC thermogram of PANIPOL 2.

complex [16, 20]. A group of endotherms is observed
between about 150 and 250◦C, possibly due to transi-
tions in the internal structure of additives present in the
sample. As in the TGA analysis, it is possible that loss
of low molecular weight oligomers also occurs in this
interval. Above ca. 250◦C, a constant rising endotherm
is observed which is attributed to the loss of the doping
agent and degradation of the polyaniline and Zn(DBS)2.
These results are in good agreement with those obtained
from the TGA experiments. None of the endotherms are
associated with the melting of polyaniline as this poly-
mer only soften and then decomposes at about 320◦C.
The presented TGA and DSC thermograms compare
well with the observations reported by Zilberman et al.
[22] on the thermal behaviour of polyaniline doped with
DBSA.

The resultant thermal behaviour of the three
PANIPOL complexes exposed to the heating-cooling-
heating cycle is presented in Figs 8–10. From these
Figures, it can be observed that the thermal behaviour
of the samples showed some differences. For example,
the first heating scan in the thermogram of PANIPOL 1
(Fig. 8) shows what seems to be a melting peak at about
88◦C. This is confirmed by the crystallisation peak at
about 70◦C in the cooling scan and further reappearance
of the melting peak at about the same temperature (ca.
88◦C) in the second heating scan. In contrast, the ther-
mograms of PANIPOL 2 and 3 (Figs 9 and 10) do not
indicate these thermal transitions in the samples during
the same analysed interval of temperature. Moreover,
the thermograms of PANIPOL 2 and 3 show some sim-
ilarities, that is, two almost imperceptible endothermic

Figure 8 The heating-cooling-heating DSC thermogram of
PANIPOL 1.

Figure 9 The heating-cooling-heating DSC thermogram of
PANIPOL 2.
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Figure 10 The heating-cooling-heating DSC thermogram of
PANIPOL 3.

regions at about 80 and 100◦C. These endotherms, as
also observed in Fig. 7, may be associated with moisture
and possible loss of low molecular weight oligomers.
It is believed that the endotherms observed in the ther-
mogram of PANIPOL 1 (Fig. 8) represent the melting
point of a certain additive present in the sample, not
used in the preparation of the samples 2 and 3.

Concerning the rheological analysis, the extrusion of
PANIPOL 2 and 3 at 80◦C was not possible even at the
lowest piston drive speed. This was initially anticipated
as the recommended processing temperature ranges
from 100 to 225◦C. However, experiments were per-
formed at this temperature because the recommended
processing range could vary depending on the equip-
ment used. Regarding PANIPOL 1, the extrusion was
accomplished at all the planned temperatures. This ini-
tially indicated that this sample was less viscous than
the other ones. As will be seen later, this was the case
at all the comparable extrusion conditions. Apparent
viscosity-apparent wall shear rate relationships for the
three complexes at 100, 120 and 150◦C are presented in
Figs 11–13. The results suggest that the samples behave
like a material obeying the power law (which is com-
monly proposed to describe pseudoplastic behaviour)
in the shear rate interval from about 4 to 717 s−1.

In general, the results indicate that PANIPOL 2 and
3 exhibit similar levels of viscosity at all comparable
extrusion conditions. However, PANIPOL 2 proved to
be the most viscous of the three samples. It is believed
that the three samples may be deformed into continuous
elongated structures following an in-situ deformation

Figure 11 Apparent viscosity-apparent wall shear rate relationships for
the PANIPOL complexes at 100◦C.

Figure 12 Apparent viscosity-apparent wall shear rate relationships for
the PANIPOL complexes at 120◦C.

Figure 13 Apparent viscosity-apparent wall shear rate relationships for
the PANIPOL complexes at 150◦C.

process, especially if the viscosity of the polymer ma-
trix is higher than that of the complexes. Regarding this,
experimentation has been carried out [7, 8, 23], and the
formation of a phase separated morphology with con-
tinuous elongated structures of PANIPOL embedded in
the bulk of an insulating polymer matrix of PANIPOL-
based extruded blends was indicated.

The evaluated average volume conductivity was
2.6 × 10−3 S/cm and this compares with the value of
1 × 10−4 S/cm reported by the company supplying the
materials.

With respect to the morphological analysis, Fig. 14
presents the morphology found in a granule of the pow-
dered pellets analysed under the optical microscope.
It can be observed that some areas of the photograph
are blurred indicating that those sections in the granule
were out of focus during the analysis. This is the re-
sult of irregular thickness as no special technique was
followed in the preparation of the sample other than
mere pulverisation of the pellets. However, from the
micrograph, spherical features can be seen dispersed
all over the bulk of the granule. For example, note the
features reflecting the light in the encircled area. The
observed morphology seems to suggests that the glob-
ular features are bound together by a different material,
thus indicating that the morphology of the samples con-
sists of at least two different phases, one in the form of
spherical particles and another one serving as a dispers-
ing medium. Through this analysis it was not possible
to have a clear estimate about the size of the particles
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Figure 14 Optical micrograph of a granule of the PANIPOL 2 powder.

Figure 15 SEM micrograph of a granule of the PANIPOL 2 powder.

as the photograph was taken at insufficient resolution.
This is shown better in the SEM micrograph (Fig. 15)
which indicates that the particles are about 7 µm in
diameter or of a smaller size. Fig. 15 also reveals that
the analysed granule is composed of densely packed
particles.

The morphology presented in Figs 14 and 15 re-
sembles the morphology observed by some researchers
for conducting polyaniline prepared by different routes
such as conventional chemical [24, 25] and disper-
sion [26–28] polymerisation, respectively. It is how-
ever worth pointing out that the diameters reported for
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the polyaniline particles in the aforesaid works were all
within a nanometric scale, which differ considerably
from the size of the particles observed in the samples
that were the subject of this work. However, as is also
mentioned in the references cited above, the size of the
conducting domains depends on the synthesis route of
the polymer, and what is more, diameters of about 20–
50 µm have also been reported [29, 30]. Consequently,
it is believed that the observed spherical features in the
sample dealt with in this paper correspond to the con-
ducting polyaniline particles dispersed in a continuous
phase.

5. Conclusions
The results from the X-ray diffraction experiments con-
ducted on the PANIPOL complexes revealed that the
level of crystallinity detected was relatively low. The
presence of the element Zn in the pellets was also con-
firmed through this analysis. The gravimetric analysis
confirmed the amount of the conducting polyaniline
salt in the pellets, that is, ca. 25 wt%. This analysis
also aided in establishing an initial hypothesis about
the use of DBSA and a Zn salt of DBS in the manufac-
ture of the pellets. The concept about the use of DBSA
and a Zn salt of DBS as the doping and metal organic
compounds, respectively, was reinforced by the results
yielded from the FTIR analysis.

The TGA and DSC analyses helped to establish the
thermal limitations of the PANIPOL samples. These
analyses confirmed that the samples could be safely
processed up to a maximum temperature of about
250◦C without exposure to severe degradation and loss
of their electrically conductive characteristics. How-
ever, differences in the thermal behaviour and stability
of the samples were found.

The rheometric analysis showed that PANIPOL 2
was the most viscous of the three samples.

The level of electrical conductivity measured in the
samples was 2.6 × 10−3 S/cm comparing well with the
value reported by the supplying company. The mor-
phological analysis performed on the pellets showed
the presence of spherical features surrounded by a con-
tinuous phase. These features, which are about 7 µm
in diameter (or of a smaller size), are believed to be the
particles of the conducting polyaniline.
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N E C H T S C H E I N , Synth. Met. 93 (1998) 169.
10. S . Y . L E E and S . C . K I M , Polym. Eng. Sci. 37 (1997) 463.
11. P . P A S S I N I E M I , J . L A A K S O, H. ÖS T E R H O L M and M.
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