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a b s t r a c t

Bacterial cellulose/polyaniline nanocomposite film was prepared by the chemical oxidative polymeri-
zation of aniline with bacterial cellulose. Polyaniline conducting polymer nanocomposite films with
bacterial cellulose fibers was prepared and characterized. In nanocomposite film, the bacterial cellulose
was fully encapsulated with polyaniline by direct polymerization of the respective monomers using the
oxidant and dopant. These bacterial cellulose/polyaniline nanocomposite films materials exhibited the
inherent properties of both components. The deposition of a polyaniline on the bacterial cellulose surface
was characterized by SEM. XPS revealed a higher doping level of the nanocomposite films doped with
p-TSA dopant. From the cyclic voltammetry results, the polyaniline polymer was thermodynamically
stable because redox peaks of electrochemical transitions in the voltagrams were maintained in bacterial
cellulose/polyaniline nanocomposite films.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Cellulose fibers are secreted extracellularly by certain bacteria
belonging to the genera Acetobacter, Agrobacterium, Alcaligenes,
Pseudomonas,Rhizobium,orSarcina [1]. Themostefficient producer
of bacterial cellulose (BC) is Acetobacter xylinum (or Gluconaceto-
bacter xylinus), a gram-negative strain of acetic-acid-producing
bacteria [2,3]. There are important structural differences between
bacterial cellulose and, for example, wood cellulose. Bacterial cellu-
lose is secreted as a ribbon-shaped fibril, less than 100 nm wide,
which is composed of much finer 2e4 nm nanofibrils [4,5]. In
contrast to theexistingmethods forobtainingnanocellulose through
mechanical or chemo-mechanical processes, bacterial cellulose is
producedby bacteria bycellulose biosynthesis and thebuilding upof
microfibril bundles [6]. These microfibril bundles have excellent
intrinsic properties owing to their high crystallinity (up to 84e89%;
[7]), including a reported elastic modulus of 78 GPa [8], which is
higher than that generally recorded formacro-scale naturalfibers [9]
and in the same order as the elastic modulus of glass fibers (70 GPa;
omposites, Program in Envi-
y, Seoul 151-921, Republic of
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[10,11]). In addition, bacterial cellulose is produced as a highly
hydrated and relatively pure cellulose membrane. Hence, no chem-
ical treatments are needed to remove lignin andhemicelluloses, as is
the case for plant cellulose [12,13].

Among the family of conjugated polymers, polyaniline is one of
the most useful because it is air- and moisture-stable in both its
doped, conducting form and de-doped, insulating form. Compared
to other conducting polymers, polyaniline has the advantages of
easy synthesis, low-cost, structure complex and special proton
doping mechanism, as well as physical properties controlled by
both the oxidation and protonation state. These unique properties
give polyaniline an important position in the field of conducting
polymers. polyaniline has a wide variety of potential applications
including anticorrosion coatings, batteries, sensors, separation
membranes and antistatic coatings.

Chemical polymerization of conducting polymer on cellulose
fiber has attracted attention recently for the manufacturing of
conducting composite films and applications based on such mate-
rials. However, there are few reports on nanocomposite films
composed of bacterial cellulose and conducting polymers.

This study focuses on manufacturing nanocomposite films with
bacterial cellulose and conducting polymers, such as polyaniline.
The morphological changes occurring during the polymerization
process were monitored by field emission-scanning electron
microscopy (FE-SEM). In addition, fourier transform infrared (FTIR)
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spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS) measurement were used for characterization.
Electrically conductivity and cyclic voltammetry were used to
examine the electrically properties and electrochemical perfor-
mance of BC/polyaniline nanocomposite films.
2. Experimental

2.1. Materials

Bacterial cellulose was cultivated using the cultivation method
reported below. Aniline monomer was purchased from Sigma
Aldrich. Ammonium persulfate (APS) as the oxidant were
purchased from Duksan Pure Chemical Co., LTD. p-Toluenesolfonic
acid as the dopant was purchased from Sigma Aldrich. All chemical
reagents were used as received.
2.2. Bacterial cellulose cultivation

Glucoacetobacter xylinum BRC-5 used to produce the bacterial
cellulose pellicles. The bacteria were cultured in Hestrin and
Schramm (HS) medium. The medium was sterilized by heating to
120 �C for 15 min in an autoclave. The active bacteria were injected
into a 1000 mL Erlenmeyer flask containing 300 mL of the HS
medium. The flasks were incubated statically at 30 �C for 10 days.
The cellulose pellicle produced in the Erlenmeyer flask was
immersed repeatedly in a 0.25M aqueous NaOH solution for 24 h at
room temperature to remove of the residual bacteria and culture
medium in the cellulose. The pH was then decreased to 7.0 by
repeated washing with distilled water. The purified cellulose
pellicles were stored in distilled water at 4 �C to prevent drying.
2.3. Polymerization of polyaniline polymer on the bacterial
cellulose surface

Bacterial cellulose with HCl aqueous solution was used as
a source for the BC/polyaniline nanocomposite films. Aniline was
added to distilled water containing bacterial cellulose. An aqueous
HCl solution (35 wt%) was added dropwise to the above-prepared
solution until the pH of the solution was 3, and stirred for 1 h
under vigorous stirring. APS as an oxidant and p-TSA as a dopant
dissolved in distilled water was added to the aniline/bacterial
cellulose solution. The monomer: oxidant: dopant molar ratio was
kept at 4:1:2. The polymerization of aniline was carried out at room
temperature for 2 h. After polymerization, the BC/polyaniline
nanocomposite films were obtained. BC/PANi1 was composed of
bacterial cellulose and polyaniline with p-TSA (dopant). BC/PANi2
was made up of bacterial cellulose and polyaniline without p-TSA.
2.4. Polyaniline powder polymerization

Polyaniline in the emeraldine salt (ES) form was chemically
synthesized according to themethod described byMacDiarmid and
Epstein [14]. In a typical procedure, 10 mL of aniline was dissolved
in 150 mL of a 1 mol/L HCl solution below 5 �C. The oxidant,
ammonium persulfate, which had been previously dissolved in
100 mL of an HCl solution (1 mol/L), was cooled and dropped into
the reaction medium over 20 min. After 2 h, the resulting dark
green solid was filtered several times with a HCl solution. The
abbreviation name for the conducting polymer powder with the
same nanocomposite films composition except for bacterial cellu-
lose is (PANi1 and PANi2).
2.5. Characterizations

2.5.1. Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) measurements

The FTIR-ATR spectra of the polyaniline sepcimens were
obtained using a JASCO 6100 FTIR spectrophotometer from Japan.
The specimens were analyzed over the range, 650e4000 cm�1,
with a spectrum resolution of 4 cm�1. All spectra were averaged
over 30 scans. This analysis was performed at the point-to-point
contact with a pressure device.

2.5.2. Thermal analysis
Thermogravimetric analysis (TGA) measurements of the poly-

aniline and BC/polyaniline sepcimens were carried out using a TGA
(TA Instruments, TGA Q5000) on about approximately 2e4 mg
samples over the temperature range, 25 �Ce600 �C at a heating rate
of 10 �C/min under a nitrogen flow of 20 ml/min. TGA was
measured with the nanocomposite films placed in a high quality
nitrogen (99.5% nitrogen, 0.5% oxygen content) atmosphere to
prevent unwanted oxidation.

Differential scanning calorimetry (DSC) was used to analyze the
conducting polymer at temperatures ranging from�80 to 450 �C at
a heating rate of 10 �C/min using a TA Instruments (DSC Q 1000).

2.5.3. Field emission-scanning electron microscopy (FE-SEM)
FE-SEM (SUPRA 55VP, Carl Zeiss, Germany) was used to char-

acterize the polymerization surface of polyaniline and BC/polyani-
line. The acceleration voltage was 2 kV. Prior to analysis, the
specimens were coated with platinum (purity, 99.99%) to eliminate
electron charging.

2.5.4. X-ray diffraction (XRD)
Wide-angle X-ray scattering (WAXS) analysis of the polyaniline

and BC/polyaniline were conducted with a D8-Advance (Bruker
Miller Co) apparatus. CuK a radiation with a wavelength of
l ¼ 1.54 Å was used with a nickel filter in 0.02� (2q) steps.

2.5.5. Electrical conductivity
All specimens (at least 5 mm in diameter) used for the

conductivity measurements were obtained by the polymerized
nanocomposite films as described in an earlier section. A four-
probe conductivity apparatus (SYD-2, Guangdong, China) was
used for the conductivity tests. The conductivity was calculated
using the following equation:

s ¼ LRVS

where s, L, RV, and S are the conductivity, thickness, volume
resistivity and the surface area of the sample, respectively.

2.5.6. X-ray photoelectron spectroscopy (XPS)
XPS of the BC/polyaniline nanocomposite films specimens was

obtained with a Sigma Probe (Thermo VG, U.K.) analyzer. The
spectra were recorded using a monochromatic Al-Ka radiation
X-ray source with 50 W operating at 10 kV voltage and a base
pressure of 4 � 10�8 torr in the sample chamber. The XPS spectra
were collected in the range, 0e1200 eV, with a resolution of 1.0 eV
and a pass energy of 30 eV. The XPS spectra are analyzed using
commercial, curve fitting software. The binding energy scale was
calibrated with reference to the C1s line at 285.0 eV.

2.5.7. Cyclic voltammetry
Cyclic voltagrams were recorded on aqueous solutions and

performed in a standard three-electrode cell setup utilizing an
Autolab (PGSTAT 302N) with the nanocomposite films as the



Fig. 1. FTIR-ATR spectra of polyaniline with different oxidant and dopant.

Fig. 3. TGA curves of polyaniline with different oxidant and dopant.
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working electrode. A platinum plate and Ag/AgCl were used as
a counter and reference electrodes, respectively. The measure-
ments were carried out in a 2.0 M sodium chloride solution at
potentials ranging from �0.8 to 0.0 V for BC/polyaniline with
different scan rates.
3. Results and discussion

3.1. Polymerization of conducting polymer

3.1.1. Chemical structure of polyaniline powder
The chemical structure of the polyaniline powder oxidized by

APS with or without p-TSA as the dopant was examined by FTIR-
ATR spectroscopy. Fig. 1 shows the spectra of the polyaniline
powder. The FTIR spectra of these two polyanilines were similar.
The main peaks in the spectrum at 1560 cm�1 and 1480 cm�1

corresponded to the C]C stretching deformation of the quinoid
and benzenoid rings, respectively. The absorption peaks at
1292 cm�1 and 1240 cm�1 were assigned to the CeH stretching
vibration with aromatic conjugation [15].
Fig. 2. XRD spectra of polyaniline with different oxidant and dopant.
3.1.2. Crystalline structure of polyaniline powder
Fig. 2 shows X-ray scattering patterns of p-TSA doped polyani-

line oxidized by APS. The degree of crystallinity of the polyaniline
powders was relatively low. Two broad peaks at 20.4� 2q, which
might be due to the periodicity parallel to the polymer chain, and
25.2� 2q, which may be caused by the periodicity perpendicular to
the polymer chain, were observed [16,17]. Other broad peaks
centered at 9.0� and 14.9� 2q were indicative of the monoclinic
space group P21 [18]. However, the crystallinity of PANi1 and PANi2
was very low. This means that the resulting polyaniline powder is
amorphous. In addition, p-TSA dopant does not affect the crystal-
linity of the polyaniline powder, probably because p-TSA is not
bulky enough.

3.1.3. Thermal degradation stability of polyaniline powder
Fig. 3 shows TGA thermograms of the polyaniline powders. In

the TGA profile, there were two main stages of weight losses for
polyaniline. The first weight loss at approximately 160 �C was
attributed to the removal of dopant molecules, HCl and the loss of
impurities, such as remainingmonomers. The secondweight loss at
approximately 400 �C indicated structural decomposition of the
polyaniline polymer. The gradual weight loss over the wide
temperature range was attributed to the good thermal stability of
the polyaniline main chain [19,20].
Fig. 4. DSC thermograms of polyaniline with different oxidant and dopant.



Fig. 5. FE-SEM images of PANi1 (a) and PANi2 (b) powders.
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3.1.4. Thermal properties of polyaniline powder
Fig. 4 shows DSC thermograms of un-doped polyaniline and

polyaniline doped with p-TSA. The thermograms of both PANi1 and
PANi2 revealed an endotherm peaks from 0 �C to 150 �C. This was
attributed to the removal of the loosely bound water molecules
present in the polymer matrix [21]. The second endothermic peak
at approximately 230 �C was due to thermal dedoping of the p-TSA
from the polymer chains. The small broad exothermic peak at
approximately 380 �C was attributed to interchain crosslinking and
thermally effectedmorphological changes [21,22]. The thermogram
also confirms the absence of any glass transition (Tg) and melting
temperature (Tm) for the both polyaniline systems [23].

3.1.5. Surface morphology of polyaniline powder
Fig. 5 shows the typical morphology of PANi1 and PANi2. Aniline

was polymerized into spherical nanoparticles, 100e200 nm in
diameter. The particles were spherical with a comparatively
smoother particle surface in PANi1 and PANi2. The particles were
highly aggregated.

3.2. Characterization of bacterial cellulose/polyaniline
nanocomposite films

3.2.1. Surface morphology of BC/polyaniline nanocomposite films
SEM was used to evaluate the nanostructure of BC/polyaniline

nanocomposite films. As shown in Fig. 6 (a) and (b), the surfaces of
the nanocomposite films were covered completely with polyaniline
on the surface of bacterial cellulose. The polyaniline on the sample
doped with p-TSA had a similar nano -granular morphology to the
un-doped polyaniline sample. In addition, the grain size was esti-
mated to be w100 nm.
Fig. 6. FE-SEM images of (a) BC
3.2.2. Thermal degradation stability of BC/polyaniline
nanocomposite films

The TGA curve of the BC/polyaniline composites was deter-
mined at a heating rate of 10 �C/min, as shown in Fig. 7. The TGA
curves of bacterial cellulose are also shown for comparison. The
TGA curve of the BC/polyaniline nanocomposite films showed the
main weight loss in two stages. The weight loss observed within
100 �C was assigned to the removal of moisture present in the
nanocomposite films. The first stage in weight reduction at
approximately 200 �C was due to the combination result from
bacterial cellulose and the side chain or impurities of polyaniline.
The onset temperature of thermal degradation was similar in all
samples. However, the main weight loss range was different in the
pure bacterial cellulose and polyaniline based nanocomposite films.
These results are related to the absence of intermolecular hydrogen
bonds of cellulose. This suggests that the cellulose macromolecule
changed into a smaller one. Therefore, a mainweight reductionwill
occur at lower temperatures [24]. The second stage in weight loss
occurred from approximately 300 �C due to thermal-oxidative
degradation of the main polyaniline chain.

3.2.3. Surface chemical structure of BC/polyaniline
The N1s binding energy peak was studied by XPS to characterize

the degree of protonation of polyaniline in the nanocomposite
films. Table 1 lists the XPS results of the surface chemical compo-
sition of BC/polyaniline conducting nanocomposite films. Normally,
the N1s core-level spectra of polyaniline could be composed of
three distinct components, which exhibit the quinoid imine
(eN]), benzenoid amine (eNHe) and positively charged nitrogen
(eNHþe) [25,26]. The N1s envelope was deconvoluted into three
components (Table 2). The main peak at 399.6 eV was attributed to
/PANi1 and (b) BC/PANi2.



Fig. 7. TGA curves of BC/polyaniline nanocomposite films.

a

b

Fig. 8. Cyclic voltagram recorded at the displayed different voltage scan rates 20, 50,
100 mV/s of BC/PANi1 (a) and BC/PANi2 (b) nanocomposite films.
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the contribution of the benzenoid amine (eNHe) and the compo-
nent at (400.6 and 400.7) and (401.5 and 401.8) correspond to two
positively charged nitrogen atoms, respectively. The existence of
these two N þwas assigned to the existence of different protonation
environments, which leaded to the formation of a polaron (at lower
energy) and bipolaron (at higher energy) [25,27]. There were no
quinoid imine (eN]) species. This indicates the high doping level
of the polyaniline nanocomposite films. Table 2 lists the results of
XPS elemental quantitative analysis. The doping level was
confirmed by the S/N ratio, which showed that more doping anions
were incorporated into the polyaniline structure. This showed that
the BC/PANi1 nanocomposite film has a higher doping level than
BC/PANi2.

3.2.4. Electrical conductivity of BC/polyaniline nanocomposite films
Electrical conductivity measurements were carried out on BC/

polyaniline nanocomposite films using a four-probe method. The
calculated electrical conductivities were 1.3 S/cm (BC/PANi1) and
0.8 S/cm (BC/PANi2), respectively, whereas the bacterial cellulose
film was insulating. This considerable increase in electrical
conductivity from insulating to semiconducting is significant. It was
reported that the electrical conductivity of polyaniline depends on
the degree of doping, oxidation state, particle morphology, crys-
tallinity, interior intrachain interactions, molecular weight, etc
[15,16,28]. The conductivity of the BC/PANi1 nanocomposite film
was higher than that of BC/PANi2, whichwas not dopedwith p-TSA.
Therefore, the doping level affects the electrical conductivity.
Table 1
Results of XPS quantitative analysis of polyaniline based nanocomposite films.

C1s (at.%) N1s (at.%) O1s (at.%) S2p (at.%) S/N ratio

BC/PANi1 71.29 11.85 12.38 4.48 0.378
BC/PANi2 72.82 8.90 15.49 2.80 0.315

Table 2
N1s peak distribution (%) in polyaniline based nanocomposite films.

Samples eNHe eNþe eNþe

Peak
center
(eV)

Composition
(%)

Peak
center
(eV)

Composition
(%)

Peak
center
(eV)

Composition
(%)

BC/PANi1 399.6 60.6 400.6 23.3 401.5 16.1
BC/PANi2 399.6 52.6 400.7 27.8 401.8 19.6
3.2.5. Electrochemical stability of BC/polyaniline nanocomposite
films

Cyclic voltammetry was used to measure the electrochemical
redox properties of the nanocomposite films and to determine their
thermodynamic stability. Fig. 8 shows the cyclic voltagrams of the
BC/polyaniline nanocomposite films on Pt in 2 M NaCl. In these
voltagrams, the current was normalized to the mass of the nano-
composite films used as the working electrode in the cyclic vol-
tammetry experiments.When the scan rate of the cyclic voltagrams
for the nanocomposite films was changed from 20 to 100 mV/s, the
redox peaks of electrochemical transitions in the voltagrams were
maintained in both the BC/PANi1 and BC/PANi2 nanocomposite
films. These results indicated that the polyaniline polymer is ther-
modynamically stable [29]. The reduction and oxidation peak
potential of the PANi1 and PANi2-based nanocomposite films were
(�0.53 V, 0.08 V) and (�0.52 V, 0.05 V), respectively. However, as
shown in Fig. 8, no more redox peaks were observed in the cyclic
voltagrams, which is related to the emeraldine and pernigranile
transition peaks. This suggests that a specific transition that yields
the redox peak in the particular voltagram is either not thermo-
dynamically stable or the kinetics of the redox transition are slower
than the scan rates [29,30].
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4. Conclusions

BC/polyaniline nanocomposite films were prepared by chemical
oxidative polymerization. New hybridmaterials of bacterial cellulose
fiber with polyaniline were produced, in which the individual
bacterial cellulose fibers were fully encapsulated by polyaniline
spherical spheres. The conducting composites were characterized by
FE-SEM, TGA, XPS, electrical conductivity and cyclic voltammetry
analysis. The oxidant and dopant had a significant effect on the
electrical conductivity and thermal stability of the nanocomposite
films. FE-SEM revealed the fine globular structure of the polyaniline
on thenanocompositefilmswithaveragegrainsizes rangingfrom100
to 200 nm. XPS revealed a higher doping level of the nanocomposite
films doped with p-TSA dopant. Cyclic voltammetry was used to
measure the electrochemical redox properties of the nanocomposite
films and to determine their thermodynamic stability. From the
results, the polyaniline polymer is thermodynamically stable because
of redox peaks of electrochemical transitions in the voltagrams were
maintained in both the BC/polyaniline nanocomposite films.
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