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Abstract Polyaniline (PANI) has been blended with
cellulose triacetate (CTA) to obtain both good mechanical
properties and good electrical properties. The effects of
PANI weight percentage on the optical, structural, morpho-
logical and electrical properties in the blend films of
polyaniline and cellulose triacetate (PANI/CTA) have been
investigated. The phenomenon of percolation was observed
in these blend films. It is found that the electrical
conductivity of the blend films increases with the increase
of polyaniline content up to a value of 10−4 S cm−1 at 84
weight percentage of PANI. The experimental percolation
threshold of the dried blend films is obtained at 9.5 wt% of
polyaniline. The values of Mott’s temperature, density of
states at the Fermi level [N (Ef)], hopping distance (Rhop),
and barrier height (Whop) for PANI/CTA blend films are
calculated. By applying Mott’s theory, it is found that the
PANI/CTA blend films obey the three dimensional variable
range hopping mechanism.

Keywords Conducting polymers . Polyaniline . Cellulose
triacetate . Blend . hopping mechanism

Abbreviations
PANI polyaniline
CTA cellulose triacetate
N (Ef) density of states at the Fermi level
Rhop hopping distance
Whop barrier height
EB polyaniline base
DBSA dodecylbenzene sulfonic acid
w weight percentage of polyaniline
wc critical weight percentage of polyaniline
σo conductivity at room temperature
T the temperature
k Boltzman constant
Ea activation energy
σm the bulk conductivity
ρ resistivity
R electrical resistance
A area of electrode
d thickness of the sample
σh conductivity of the conductive filler
t critical exponent
To Mott temperature
L localization length
R2 squared correlation coefficient

Introduction

Since the discovery of polyacetylene as an electrical
conductive polymer, many conjugated double-bond poly-
mers have been investigated [1–4]. The conducting poly-
mers based on aromatic or heterocyclic monomers like
aniline, pyrrole, thiophene, and their derivatives have been
attracted a great attention in recent years due to their good
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environmental stability [5–7]. Polyaniline (PANI) is now
regarded as one of the most technologically promising
electrically conductive polymers due to its ease of synthe-
sis, low cost, high yield, and relatively stable electrical
conductivity [8].

However, the major drawback of these conducting
polymers is the unprocessability and intractability which
has made their processing into the desired form is rather
difficult. The discovery of counter-ion of functionalized
doping acid strongly influences the solubility and conse-
quently induced processability of the PANI [9]. Therefore
PANI can be processed without altering its structure by
blending it with some other conventional polymers. These
blends are designed to combine the desired properties of
both components, i.e. good electrical conductivity of PANI
with processability and physical properties of the matrix
polymer. In most studies of electrically conductive PANI
blends, the blends are performed using solution technique
where the two constituents of the blend (conductive and
insulating) dissolve in a common solvent followed by
evaporation of this solvent [10]. By proper selection of the

functionalized doping acid, the solvent, and the insulating
polymer, blends of PANI and insulating polymer have been
made that posses excellent mechanical, optical and electri-
cal properties. PANI-cellulose acetate blend films have
been reported in many articles [11–14]. To the best of our
knowledge, there were no previous studies on blended films
prepared from PANI/CTA. CTA is known to have a better
hydrolytic stability and a great resistance to free chlorine
and biodegradation compared with cellulose diacetate. CTA
have wide range of applications such as hemodialysis,
reverse osmosis membrane, and liquid crystal displays [15].
In this article, optical, FTIR, morphological and electrical
properties of PANI/CTA blend films are carried out. The
conductivity measurement and conduction mechanism of
these blend films at low temperature (70–300 K) are studied
based on the Mott’s theory.

Experimental work

Materials and synthesis

Aniline (Loba Chemie, India) was purified by vacuum
distillation before using. Cellulose triacetate was purchased
from Aldrich. Dodecylbenzene sulfonic acid (DBSA) was
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Fig. 1 FTIR spectra of pure PANI (a), CTA (b) and PANI/CTA blend
films with 5.52 (c) and 9.5 (d) weight percentage of PANI
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Fig. 2 UV-visible spectra of pure PANI, pure CTA and PANI/CTA
blend films with 1.75 and 9.5 weight percentage of PANI
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obtained from Oil Extractor Company (Egypt). The
chloroform, methanol, diethyl ether, and ammonium per-
sulphate were bought from El-Gomhorrya Chemical Com-
pany (Egypt).

The chemical polymerization of aniline was carried out
in an aqueous acidic solution where ammonium persulphate
(54 g) was dissolved in 900 ml of 1.2 M HCl previously
cooled to 0 °C. Aniline (80 ml) was also dissolved in
1000 ml of precooled 1.2 M HCl. Acidic solution of the
ammonium persulphate (oxidant agent) was then slowly
added to aniline solution to prevent the temperature from
exceeding 5 °C. The mixture was then left for 3–4 h with
continuous stirring at 5 °C. The precipitated polyaniline
hydrochloride was filtrated and washed consecutively with
distilled water, methanol, and diethyl ether. The polyaniline
hydrochloride was dried at 50 °C for 48 h.

Ammonia solution (3%) was added to the polyaniline
hydrochloride for 2 hour with continuous stirring in order
to obtain the polyaniline base (EB). Deprotonated polyani-
line was then separated, washed and dried.

Preparation of polyaniline/cellulose triacetate blend films

The polyaniline base (EB) was pasted with DBSA with
1:2.5 weight ratio and then dissolved in chloroform. The
CTA also was dissolved in chloroform. The blend films of
PANI/CTA with different weight percentage of polyaniline
were casted at 60 °C in Petri dishes.

Characterization

For the FTIR measurements, pure PANI, pure CTA, and
blended films of PANI/CTA were inserted onto KBr disks.
Spectra were carried out in a (Shimadzu 8400S) FTIR
spectrophotometer. UV-visible spectra were obtained using
a LABOMED spectrophotometer. Optical micrographs of
the prepared blend films were obtained at magnification of
500 using Olymus Bx61 microscope.

The DC conductivity was measured at different temper-
atures (70–300 K) using cryogenic system. The blend films
painted with silver past were mounted between two copper

a b

c d

Fig. 3 The optical micrographs
of PANI/CTA blend films with
different weight percentage of
PANI: a 0 %, b 9.5 %, c 14.9 %,
and d 30 %
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electrodes for dc conductivity measurements. The bulk
conductivity (σm) was calculated using the following
equation:

σm ¼ 1=ρ ¼ 1= RA=dð Þ ð1Þ
where ρ is the resistivity, R is the electrical resistance, A is
the area of electrode, and d is the thickness of the sample.

Results and discussion

FTIR and UV-visible spectra

Figure 1 represents the FTIR spectra of pure PANI (a), pure
CTA (b) and PANI-CTA blend films for 5.52 (c) and 9.5 (d)
weight percentage of PANI. The characteristic broad band
for O–H group of CTA appears around 3,500 cm−1 and a
band around 2,950 cm−1 because of C–H presented in
CH2OH group has been observed in Fig. 1a. The presence
of C–O–C stretching vibration band can be detected at
1,232 cm−1, accompanied by weaker bands in the region
1,164–1,124 cm−1. The band corresponding to the ester
carbonyl group (C=O) stretching vibration of the acetate
appears around 1,735 cm−1 [16–18].

On the other hand, the bands around 3,235, 1,575, 1,487,
and 806 cm−1 correspond to polyaniline in the blend films
as shown in Fig. 1b and c. The band corresponding to out
of plane bending vibration of C–H bond of p-substituted

benzene ring appears at 806 cm−1. The bands
corresponding to stretching vibrations of N–B–N and
N=Q=N structures appear around 1487 and 1575 cm−1,
respectively (where –B– and =Q= stand for benzenoid and
quinoid moieties in the polyaniline backbone) [17, 19]. The
peak detected at 3,235 cm−1 may be attributed to –NH–
group.

Figure 2 shows the UV-visible spectra of pure PANI,
pure CTA (transparent) and PANI/CTA blend films (1.75
and 9.5 weight percentage of PANI). The characteristics
peak at 348 nm may be due to a π→π* transition of the
benzenoid structure of PANI. The two peaks observed at
425 and 780 nm may be attributed to the formation of
delocalized polarons [10].

Optical morphology

Figure 3 shows that optical micrographs of PANI/CTA
blend films with different weight ratios of PANI with a
magnification of 500×. The CTA image shows a regular
smooth surface with granular structural. With the incorpo-
ration of PANI, the surface morphology is modified and the
phase contrast is very distinct for the conductive PANI.
With low weight percentage of PANI (9.5%), the PANI
coagulated and the conduction is carried out between
PANI granules by hopping. This interprets the percolated
phenomena of PANI/CTA blend films. The percolation
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Fig. 4 Conductivity (log 10 scale) vs wt% of PANI in the blend films
of PANI/CTA (a) and σ1/t vs wt% for t=3 (b)
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Fig. 6 Ln σ versus 1/T for PANI/CTA blend films with different
weight percentage of PANI
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threshold is higher than those obtained from other works
[20]. This may be due to the coagulation of PANI particles
at low content of PANI. Further addition of PANI content in
the blend films increases the number of conducting paths
and PANI particle size becomes fine and dispersed in CTA
matrix as shown in Fig. 3c, d.

DC conductivity at room temperature

The low value of percolation threshold is an important
factor in the preparation of the conductive blend of
polyaniline and insulating polymer because the desired
mechanical properties of the host polymer can be retained
with a small weight of PANI [11].

The dc electrical conductivity of the PANI/CTA blend
films versus the weight percentage of PANI is plotted in
Fig. 4a. In general, the conductivity behavior of the blend
films can be explained using the morphology of the
conductive phase. This behavior can be divided into two
regions. When the conductive PANI phase is dispersed, the
conductivity of the blend films is low. As the conductive
PANI phase is modified from dispersive to the continuous
phase, the blend conductivity increases abruptly. This sharp
increase in the conductivity of the PANI/CTA blend films
with the addition of PANI may be due to the formation of
more elongated and connected domains. Once the conduc-
tive component forms a continuous phase, the addition of

more PANI will has a small effect on the conductivity of the
blend.

This type of dependence can be explained in terms of the
percolation theory which predicts that, the conductivity of
the composite materials obeys the following power-law
equation [20]:

sm ¼ sh w� wcð Þt ð2Þ
where σh is the conductivity of the conductive filler, w is
the weight percentage of the conductive filler, wc is the
critical weight percentage of the conductive filler (percola-
tion threshold), and t is the critical exponent.

These parameters can be determined by using linear
regression analysis fit to the following straight line [21]:

σ1=t
m ¼ σ1=t

h w� σ1=t
h wc ð3Þ

The σ1=t
m is plotted vs w as shown in Fig. 4b for different

values of the critical exponent t and a linear regression
analysis was applied to find the plot with the maximum
value of the squared correlation coefficient, R2. The maxi-
mum value of R2 (i.e., 0.9762) was obtained for t equal to 3,
and the corresponding value of wc was 1.5%. This value of
wc obtained theoretically is significantly less than the
experimental value (9.5 %) as shown in Fig. 4a. In general,
wc depends on several factors, such as the shape of filler
particles, the interaction between filler and host polymer
and the spatial filler distribution [22].

The value of critical exponent (3) is higher than that
predicted from percolation theory (t=1 for two dimensions
and t=2 for three dimensions) [20, 23]. Therefore, the
conductivity behavior of PANI/CTA blend films deviates
from percolation law. This may be due to the formation of
PANI granule structure and absence of fibril and network
structures.

Temperature dependence dc conductivity studies

To investigate the conduction mechanisms in PANI/CTA
blend films for different weight percentage of PANI, the
temperature dependence of electrical conductivity is studied
in the range 70–300 K as shown in Fig. 5. The conductivity
increases with the increase of the temperature indicating a
semiconducting behavior for all the blend films and at
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weight percentage of PANI

Table 1 Mott’s parameters of states of PANI/CTA blend films with different weight percentage of PANI

Weight % of PANI T0 (K) N(E) (eV−1cm−3) Rhop (Å) at 300 K Whop (eV) at 300 K

9.5 6.97×x106 1×1021 4.63 0.319
14.9 1.6×106 4.4×1021 3.19 0.22
46.66 0.7×106 9.2×1021 2.77 0.183
59.3 0.4×106 7.7×1021 2.648 0.191
84 0.13×106 5.3×1022 1.71 0.029
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constant temperature, the conductivity also increases with
increasing the PANI content [24].

For semiconductor, if the main conduction mechanism is
due to the carriers excited beyond the mobility edge into
nonlocalised or extended state, then the dc conductivity can
be expressed using the following equation [24]:

σdc ¼ σo exp �Ea=k Tð Þ ð4Þ

where σo is the conductivity at room temperature, T is the
temperature, k is Boltzman constant, and Ea is activation
energy. The activation energy values are calculated from
Fig. 6 and it is found that the activation energy is decreased
with the decrease of temperature and the average value of
activation energy at high temperatures is 0.45 eV whereas
at low temperatures it has an average value of 0.15 eV.

The two regions of Ln σ vs 1/T curves, as shown in
Fig. 6, indicate that PANI is in the doped state [24]. In the
intrinsic region at high temperature, the conductivity curves
can not represented by straight line, but shows a kin at
130 K. This may implies that near 130 K a transition from
one conduction mechanism to another is carried out. It is
suggested that, above 130 K the conduction associated with
polaron transport in the extended state is at the mobility
edge. With decreasing temperature, the probability of
thermal release becomes rapidly low, so that at temperature
below 130 K it is more likely that polaron hops to a
neighboring localized state [25].

According to Mott’s theory in three dimensions, the
conductivity due to hopping conduction in three dimen-
sional localized states at the Fermi level corresponds to
hopping between distant sites and is given by the following
equation [24]:

σdc Tð Þ ¼ σoT
�1=2 exp �T=Tð Þ1=4 ð5Þ

where σo is the dc conductivity at room temperature and To
is the Mott temperature. Here T0=16/ [kN (Ef) L

3], N(Ef) is
the density of states at the Fermi level, and L is the
localization length. The density of states at Fermi level [N
(Ef)] is calculated by assuming localization length of aniline
monomer unit of about 3 Å [26]. As shown in Fig. 7, PANI/
CTA blend films at different weight percentage of PANI
satisfy the hopping mechanism in three dimensions. The
value of T0 implies an effective energy separation between
localized states. As T0 decreases as shown in Table 1, the
system becomes highly conducting.

The estimated values of N(Ef) increase with increasing
the amount of PANI in the PANI/CTA blend films. The
increase of N(Ef) enhances the hopping probability between
the localized states. The average hopping distance between

two sites Rhop and the barrier height Whop are given by the
following equations [23, 24]:

Rhop ¼ 3=8ð Þ T0=Tð Þ1=4 ð6Þ

Whop ¼ 1=4ð ÞkT T0=Tð Þ1=4 ð7Þ
The localization length is an on chain property which

depends on the morphology of the disorder regions, and it
is larger for the rod-like morphologies compared to coil-like
morphologies [27]. Both the hopping distance and barrier
height decrease as the conductivity of PANI/CTA blend
films increases may be attributed to the decreasing of the
localization length. The closer approaches of hopping sites
enhance the conductivity.

Conclusions

Blends of polyaniline doped with dodecylbenzene sulfonic
acid and cellulose triacetate were successfully prepared
using cosolvent method. The percolation phenomenon was
observed in the conductivity curves in these blend films.
Experimentally the critical threshold of this blend was 9.5
weight percentage of polyaniline while the theoretically
value was 1.5 %. It was concluded that the conductivity
behavior of these blend films deviates from the percolation
law and the hopping mechanism in three dimensional is the
dominant conduction mechanism.
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