
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Preparation and characterization of conductive nanostructured particles
based on polyaniline and cellulose nanofibers

U.M. Casado, M.I. Aranguren, N.E. Marcovich ⇑
Institute of Materials Science and Technology (INTEMA), National University of Mar del Plata – National Research Council (CONICET), Av. Juan B. Justo 4302,
7600 Mar del Plata, Argentina

a r t i c l e i n f o

Article history:
Received 11 September 2013
Received in revised form 12 March 2014
Accepted 13 March 2014
Available online 21 March 2014

Keywords:
Polyaniline
Nanocellulose
Conductive nanoparticles
Stable suspensions

a b s t r a c t

Conducting polyaniline (PANI) and cellulose coated PANI (PANI-NC) nanostructures with sizes of about
80–100 nm, doped with hydrochloric acid were synthesized by a sonochemical method. Both type of
particles resulted electrically conductive (direct current conductivity of 0.059 and 0.075 S/cm for PANI
and PANI-NC structures, respectively) and could be dispersed easily in water, leading to green colored
suspensions that remain stable for more than 4 h. The morphology, crystallinity, electrical conductivity
(r) and thermal stability of the obtained PANI based structures were investigated and compared.
Furthermore, UV–Vis spectroscopy and rheology of water suspensions were used to explain the measured
properties. Although the concentration of cellulose fibers used to synthesize the PANI-NC structures was
very low, important differences respect to the neat PANI fibers regarding the microstructure, electrical
conductivity and suspension behavior were found.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The controlled synthesis of nanometer-scale materials is a fasci-
nating objective in modern material science. Recently, much atten-
tion has been paid to the synthesis of micro/nanostructured
conducting polymers for their unique properties and promising po-
tential applications in nanodevices [1–3]. Among the conducting
nanostructured polymers, polyaniline (PANI) nanostructures have
received much attention for their applications in novel opto-
electronic devices, sensors and actuators, and conducting polymer
composites [4–6] because of their low cost, ease of preparation,
environmental stability, and reversible acid/base doping/dedoping
characteristics [7]. PANI nanostructures, including nanowires,
nanorods, nanotubes and nanofibers (NFs), have shown superior
performance over other forms of the polymer [8]. Among their
many advantages, the large interfacial area between PANI nano-
structures and their surrounding [5] improves the dispersibility
in the hosting matrices. Various strategies, including template
synthesis, self-assembly, electrospinning, electrochemical meth-
ods, rapid mixing polymerization, sonochemical synthesis and
interfacial polymerization have been developed for the synthesis
of PANI nanofibers and nanotubes [9,10].

In recent years, it has been investigated the possibility of PANI
coatings on fillers like clay, silica, silicates, carbon black,

poly(methyl methacrylate) [11,12]. In particular, PANI was poly-
merized in the presence of BaTiO3 nanoparticles to produce nano-
hybrid conductors [13], as well as SnO2 nanoparticles to produce
gas sensors [14], and Ag2Te to produce core–shell nanoparticles
[15]. Also, PANI-Ag hybrid has attracted considerable interest be-
cause of its potential in technological applications in the field of
the electronic industry: transducers, actuators, sensors, batteries
and biomaterials [16,17]. PANI has poor mechanical properties,
but it is possible to improve and modify it through the incorpora-
tion of micro and nanosized particles. However, there are very few
papers that report the utilization of PANI as the polymeric matrix
and nano-/microsized fillers as reinforcement for improving
mechanical properties [12]. Cellulose is one of the most abundant
materials in nature; it can be extracted from different plants and it
is naturally present as ordered and well-packed aggregates of
nanofibrils. Cellulose nanofibrils possess several advantages such
as low cost, low density, non-toxicity, renewable nature, biode-
gradability, capability of forming stable aqueous suspensions and
remarkable mechanical properties that allows improving the
mechanical performance of polymers at quite low fiber concentra-
tions [6,18,19]. Thus, carrying out the polymerization of aniline in
presence of nanocellulose fibers seems to be an obvious alternative
to prepare conductive particles with improved mechanical proper-
ties. In fact, the existent literature demonstrates these hybrid
particles present several benefits, as compared with neat PANI
structures. Mattoso et al. [20] prepared polyaniline coated cellu-
lose by in situ polymerization of aniline onto ‘‘never-dried’’ nano
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cellulose fibers and demonstrated that the resulting aqueous
suspensions were much more stable than PANI ones and thus,
shining films with interesting electrical conductivities were
obtained. Casado et al. [6] found that PANI-NC fibers resulted more
conductive than neat PANI ones and the same behavior was found
for the resulting shape memory composite films. Li et al. [21]
prepared PANI-coated conductive paper by in situ polymerization
of aniline, indicating that the pulp fibers promoted the dispersion
of the PANI particles generated, preventing their aggregation in
the reaction system, which was favorable for the doping of PANI
with p-toluenesulfonic acid. However, these research works were
focused on the final composite or conductive paper and thus, the
relationship structure–properties of the neat and hybrid PANI
particles was not systematically studied. Thus, the main goal of
this work is to obtain and characterize hybrid particles with similar
or higher conductivity than that of PANI using nanocellulose
fibersas nucleating/reactive particles during the sonochemical
synthesis.

2. Experimental

2.1. Preparation of cellulose nanofibers

Aqueous suspensions of cellulose crystals were prepared from
commercial microcrystalline cellulose (Aldrich, cat. No. 31,069-7)
by acid hydrolysis, using an optimized procedure [18]. The micro-
crystalline cellulose was mixed with aqueous sulfuric acid
(64 wt%) in a ratio of microcrystalline cellulose to acid of
1:8.75 g/ml. The mixture was then held at 45 �C for 0.5 h under
strong stirring. The resulting suspension was diluted with an equal
volume of water and dialyzed using a cellulose dialysis membrane
(Spectra/Por 2, SpectrumLabs, Unitek de Argentina, molecular
weight cut off = 12–14,000 daltons) to pH = 5–6 to eliminate the
excess of acid. The final suspension was stabilized by ultrasonic
treatment (0.5 h, Elmasonic P 60H, Elma). The concentration of this
suspension was determined by drying aliquots of known volume
and determining the fiber weight.

2.2. Synthesis of PANI and PANI-cellulose nanofibers

PANI fibers were synthesized by the sonochemical method pro-
posed by Jing et al. [10] and adapted with small modifications. Ani-
line (ANI, Carlo Erba) was doubly distilled in presence of zinc
powders. Ammonium persulfate (APS, Anedra, RA-ACS-) and
hydrochloric acid (HCl, 36–37 wt%, Anedra, RA-ACS) were used as
received. In a typical procedure, a 0.2 mol/L solution of ANI in
aqueous HCl (1 mol/L) was prepared in a beaker and sonicated by
placing the beaker in an ultrasonic cleaning bath (Elmasonic P
60H, Elma), using a power of 160 W and operated at 37 kHz. Then,
0.2 mol of APS were dissolved in 100 ml HCl (1 mol/L) and drop-
wise added to the ANI containing beaker, which was kept at
25 �C during the 4 h of reaction. After that, the acid suspension
was dialyzed using the membrane until the dialyzed water became
colorless. PANI was doped in HCl solution (1 mol/L, �2 g PANI in
50 ml) for 3 h with magnetic stirring. Finally, PANI was separated
from the HCl solution by ultra-centrifugation (20 min at
12,000 rpm), washed once with distilled water and freeze-dried
to yield a green powder.

The same procedure was used to synthesize PANI coated nano-
cellulose (PANI-NC) fibers, but in this case the nanocellulose fiber
suspension (1 g/L) was previously dispersed in the ANI solution
by ultrasonication. A ratio of 9.3 g ANI/g nanocellulose particles
was used during synthesis.

2.3. Characterization techniques

2.3.1. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of PANI particles and PANI-NC hybrid particles

(prepared as KBr pellets) were recorded using a ThermoScientific
Nicolet 6700 FTIR spectrometer in transmission mode at 32 scans
with a resolution of 4 cm�1.

2.3.2. Thermogravimetric analysis (TGA)
Thermogravimetric tests were performed in a TGA-50 Shima-

dzu Thermogravimetric Analyzer at a heating rate of 10 �C/min
under nitrogen atmosphere.

2.3.3. X-ray diffraction (XRD)
XRD patterns were recorded between 2� and 60�, at a scanning

rate of 1�/min by using a PANalytical X’Pert Pro diffractometer
equipped with Cu Ka radiation source (k = 0.1546 nm), operating
at 40 KV and 40 mA as the applied voltage and current,
respectively.

2.3.4. UV–Visible spectroscopy (UV–Vis)
UV–Visible spectra of diluted suspensions of PANI and PANI-NC

fibers (10 ppm) in 0.1 mol/L aqueous HCl solution and 0.1 mol/L
aqueous NaOH solution, in the wavelength range 300–1000 nm,
were obtained using an Agilent UV–VIS spectrometer, model 8453.

2.3.5. Field emission scanning electron microscopy (FESEM)
The surface morphology of PANI and PANI-NC fibers films was

investigated using a field emission scanning electron microscope
(Zeiss, model Leo 982 Gemini) at 3 kV. Sample specimens were
prepared by depositing a very diluted drop of filler suspension in
water onto a FTO glass, followed by spreading with nitrogen flow
and finally drying at room conditions.

2.3.6. Transmission electron microscopy (TEM)
Internal morphology of PANI-NC particles was analyzed using a

transmission electron microscope (Philips CM 200 UT, with ultra-
twin lens for high resolution images) at 200 keV, using a dilute
aqueous dispersion of particles deposited onto carbon grids.

2.3.7. Rheological tests
The complex viscosity curves of diluted fiber suspensions

(3 wt%) as a function of the angular frequency were obtained using
an Anton Paar, Physica MCR rheometer. Frequency sweeps from 0.1
to 500 s�1 using cone and plate geometry (25 mm diameter) were
performed at 25 �C. The applied deformation was kept at 10%.

2.3.8. Electrical properties
A Keithley 199 System DMM/Scanner multimeter was used to

measure the DC electrical conductivity on PANI and PANI hybrids
pellets. The multimeter automatically calculates resistance in the
four-point probe configuration. Conductivity was calculated using
the relationship:

r ¼ L
RA

where R is the resistance of the pellet calculated by the instrument,
A the electrode surface, and L the electrode spacing (about 1.7 mm
in this work). The pellets were prepared using about 0.6 g of parti-
cles, applying a pressure of 5 ton/m2 and then were gold sputtered.
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3. Results and discussion

3.1. Physical and thermal characterization

In this work, the sonochemical method was selected based on
previous results reported in the literature [10,22]. In summary, Jing
et al. demonstrated that at the early stage of polymerization, the
polymers formed by both methods, mechanical stirring and ultra-
sonication, take the form of nanofibers. However, as the reaction
progresses, these primary nanofibers grow and agglomerate into
irregular shaped PANI particles in the mechanically stirred system,
while in the case of the ultrasonic irradiation, the growth and
agglomeration are effectively prevented, preserving thus the PANI
nanofibers in the final product. Since avoiding secondary growth
and particle agglomeration is one of the main goals of this paper,
the selection of the synthesis by the sonochemical method was
obvious.

On the other hand, and according to Stejskal et al. [3], colloidal
PANI nanoparticles are produced by the polymerization of aniline
in the presence of suitable water-soluble polymers or nanopartic-
ulate stabilizers, as in the present case when we included nanocel-
lulose in the reaction media. However, we found that both of the
nanoparticles obtained after the freeze–drying step (green colored
powders) could be re-dispersed easily in water and polar solvents
like as MIBK [6] and DMF [23] by ultrasonication (1 h), leading to
green colored suspensions that remain stable and translucent for
280 min (PANI) or 295 min (PANI-NC), as shown in Fig. 1. After that
period, a clear particle agglomeration took place, followed by
sedimentation.

The FTIR spectra of the PANI and PANI-NC doped nanostruc-
tures are shown in Fig. 2 and revealed the presence of all of the
characteristic absorption bands expected for the polyaniline: the
band at 3220–3225 cm�1 is the result of different types of intra-
and intermolecular hydrogen-bonded N–H stretching vibration
and indicate that these PANI structures are highly hydrogen
bonded [2,24]; the signals at 1562 and 1483 cm�1 correspond to
the C@C stretching modes of the quinonoid rings and benzenoid
rings in the polyaniline chain, respectively [2,25] and confirm that
the structures are doped (i.e. after HCl doping, the bands at 1587
and 1494 cm�1 undergo a shift of about 20–30 cm�1 to lower
wavenumbers, as indicated by Kebiche et al. [9]). Moreover, the
quinonoid band at 1562 cm�1 has a visible shoulder at

1612 cm�1, which is more noticeable in the PANI-NC spectrum
than in that corresponding to PANI particles, attributed to a
Raman-active AC@CA ring-stretching vibration which becomes
infrared-active when the protonation induces conformational
changes in the polymer chain [26]. The peak at 1302 cm�1 is the re-
sult of the stretching vibrations of C–N [2,25,27] while the band
characteristic of the conducting protonated form is observed at
1244–1250 cm�1 and interpreted as a C–N+� stretching vibration
in the polaron structure [28]. The 1140–1144 cm�1 band is as-
signed to a vibration mode of the –NH+@ structure, which is
formed during protonation [28]. Moreover, the band at about
1142 cm�1, has been used by Chiang and MacDiarmid [12,29] as
a measure of the extent of electron delocalization in the polymer,
thus, the intensity of this peak is, therefore, to be considered as a
measure of the degree of doping of the polymer backbone
[12,28,29]. The region 900–700 cm�1 corresponds to the aromatic
ring and out-of-plane deformation vibrations [12,25,26]. As can
be noticed, no important differences are found in both spectra,
which means that no additional peaks, attributed exclusively to
the cellulose, are noticed in spectrum of the PANI-NC particles. This
observation was explained by three main factors [6]: (i) the low
concentration of cellulose in the hybrid sample (9.71 wt% respect
to the total weight of ANI + cellulose), (ii) the fact that cellulose
fibers are expected to be completely coated by PANI and (iii) the
fact that the intensity of the signals coming from the polyaniline
are much more stronger than those expected from the NC, which
is probably the result of the electromagnetic shielding of the PANI
to the NC core. This ‘‘masking effect’’ was also noticed and tried to
explain in other works. For example, Langkammer [30] presented
the same conclusions in the discussion of the FTIR spectra obtained
from nanocellulose and PANI/nanocellulose sheets. He indicated
that even the most noticeable peak of the nanocellulose (O–H
stretching vibration) could not be observed in the PANI/nanocellu-
lose spectrum due to the large amount of PANI that was deposited
on the cellulose sheet, making the OH groups almost invisible be-
cause the nanofibers were fully covered by the polymer. Another
example can be found in the paper of Mo and coworkers [31],
who prepared cellulose/PANI composites, and examined them by
FTIR. They presented the spectrum of the composite sample con-
taining 11.5% PANI and 88.5% nanocellulose and compared it with
those of neat PANI and neat cellulose. They observed that the rel-
ative intensity around the 3431 cm�1 band of the composite is
much weaker than expected.

Fig. 3 shows the TGA curves of the PANI and PANI-NC
nanostructures. The curve for the PANI particles has three weight
loss stages. The first stage from room temperature to 150 �C isFig. 1. Colloidal dispersions of PANI and PANI-NC in water (50 ppm).

Fig. 2. FTIR spectra of PANI and PANI-NC particles.
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attributed to the release of the moisture. The second stage between
250 and 350 �C is caused by the dedoping and a gradual decompo-
sition initiated by dopants. The third stage arises from rapid
thermal degradation of the main PANI chains. The thermal decom-
position pattern of the PANI nanofibers is very similar to those of
conventional PANI previously reported [5,25,32]. However, the
degradation pattern of PANI-NC structures is more complex and
at least four stages can be identified. The onset decomposition
temperatures of the two first steps are slightly increased (from
51.5 to 61.5 �C and from 230 to 244 �C) for the hybrid structures
probably due to the increased crystallinity of PANI-NC respect to
neat PANI fibers, since the cellulose core is highly crystalline. It
would need more energy for the water/acid to be removed from
the polymer chains if they are well arranged in a more crystalline
structure, as reported by Zhang et al. [5]. Thus, the second weight
loss stage of PANI-NC, shifted to higher temperature, overlap with
the third weight loss stage, with maximum degradation rate at
330 �C, which was identified as the thermal degradation of cellu-
lose [33]. However, it is noticed that the last degradation step of
the hybrid PANI fibers, attributed to the degradation of PANI back-
bone, exhibited its maximum degradation rate at lower tempera-
ture (545 �C vs. 633 �C) than in the neat PANI structures, which
clearly indicates that there are interactions between both constit-
uents of the composite fibers that affect its thermal degradation
pattern. Similar results were reported by Nyström et al. [34] for
polypyrrole-microfibrillated cellulose composites.

XRD was used to further characterize the structure of the PANI
and cellulose covered PANI nanoparticles, as shown in Fig. 4. Five
peaks centered at 2h = 6.5�, 9�, 15�, 20�, and 25� are observed for
the neat PANI microstructures. These peaks are in fact superim-
posed on a broad scattering centered at ca. 2h � 25�, which is asso-
ciated with X-ray diffraction of amorphous regions in the sample
[35]. Similar to the PANI prepared by conventional methods
[2,36], the peaks centered at 2h = 20� and 25� are ascribed to the
periodicity parallel and perpendicular to the polymer chains of
PANI, respectively, and indicates that PANI is partially crystalline
as previously reported [37]. The newly appeared sharp peak cen-
tered at 2h = 6.5� corresponds to the periodicity distance between
the dopant and the N atom on adjacent main chains which indi-
cates the ordering of the dopant molecules in tunnels between

the PANI chains [2,38] and it is attributed to the formation of
highly crystalline materials [37]. These results suggest that this
PANI microstructure has a better crystallinity than that of conven-
tional PANI. The small peak at ca. 2h � 9� as well the one at
2h � 15�, have been attributed to class I emeraldine salt doped
with HCl, which is in general formed when the polymer is obtained
from solution in the protonated form [35]. Moreover, the main
reflections observed in the PANI diffraction pattern can be indexed
in a pseudoorthorhombic cell with lattice parameters a = 4.3 Å,
b = 5.9 Å, c = 9.6 Å, and V = 245 Å3 [35].

On the other hand, the PANI-NC particles present a similar dif-
fractogram, being the main differences the higher intensity of the
2h � 9� peak and the appearance of a new one at 2h � 22.5�, which
is corresponding to the most intense peak observed in the neat
nanocellulose diffraction pattern [39].

The UV–Vis absorption spectra of PANI and PANI-NC disper-
sions (10 ppm) in aqueous HCl and NaOH (0.1 mol/L) solutions ob-
tained to study the doped and dedoped forms, respectively, are
shown in Fig. 5. These spectra show that dedoped PANI and

Fig. 3. Thermogravimetric curves of PANI and PANI-NC structures. Inset: derivative curves of PANI and PANI-NC particles.

Fig. 4. X-ray diffraction patterns of PANI and PANI-NC particles.
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PANI-NC fibers exhibit two absorption bands: the first one in the
330–350 nm range (Band I), attributed to the electronic transition
p�p⁄ in the benzenoid rings [36] and the second one in the 610–
690 nm zone (Band II), corresponding to a benzenoid to quinoid
excitonic transition. [10]. The spectra are attributed to the forma-
tion of the emeraldine base, as reported in related papers [16,40].
It is clearly seen that PANI-NC bands are centered at lower wave-
lengths and have different relative intensity than neat PANI ones.
In fact, the hypsochromic shift of the first band reflects the differ-
ence in extent of p-conjugation [41] while the second one plays an
important role in switching polyaniline from an electric insulator
to a conductor upon doping [41]. Furthermore, the intensity ratio
of band I to band II (I1/I2) is related to the relative amount of quin-
oid diimine unit in polyaniline (i.e. the higher oxidation state of
polyaniline the lower the I1/I2 ratio) [41]. Therefore, the relatively
higher I1/I2 ratio exhibited by the PANI-NC nanostructures indi-
cates that they are in a lower oxidation state than neat PANI parti-
cles. Moreover, the decreased extent of p-conjugation of the hybrid
particles respect to neat PANI ones could be attributed to an
increased phenyl ring torsion angle, which would result form steric
repulsion due to the presence of nanocellulose in the reaction
media [42] or possibly to the graphitic ordering exhibited by the
PANI-NC particles, which is discussed in the following section.

On the other hand, in the spectra of the doped PANI based
particles two distinct bands can be noticed at 420–430 and
850–870 nm, which are attributed to polaron–p⁄ transition and
p–polaron transition [36,43], respectively. Furthermore, the peak
around 860 nm is assigned to the presence of polaron resulting
from the doping process [36,44]. The spectra are slightly different
in intensity of absorption. The more intensive absorption of neat
PANI particles indicates that it has a more compact and regular
microstructure than that of PANI-NC, hence, the conjugated degree
of PANI microstructures is greater than that of PANI-NC [36,45].
Moreover, compared with neat PANI structures, the small blue shift
of these bands from 434 to 424 nm and 867 to 849 nm indicates a
slight reduction of the conjugated length in the hybrid PANI-NC
particles. Additionally, the existence of only one absorption peak
at 420–430 nm, as opposite as the coexistence of two different
bands at about 300 and 450 nm reported in other papers
[2,36,46], and the ‘‘free carrier tail’’ in the IR region for both sam-
ples are consistent with an expanded coil-like conformation and
a delocalized polaron structure (longer conjugation length),
although the delocalization is not complete [47,48]. Expanded coil
makes it possible for the molecule to become coplanar, which al-
lows the p-electrons to delocalize easily. The delocalization is

responsible for the creation of the polaron structure of polyaniline
and thus, leads to a significant increase of conductivity [48].

3.2. Electronic microscopy characterization

Fig. 6 shows the FESEM images of PANI and PANI-NC fibers.
Particles of PANI produced by techniques of oxidative aniline poly-
merization in an inorganic acid water solution have a high surface
tension, resulting in their tendency to aggregate, and a low specific
surface, as indicated by other researchers [49]. Therefore, large
aggregates of PANI particles are formed, with sizes up to several
microns, as can be noticed from FESEM pictures. As it is reported
elsewhere [50,51,5] the basic units formed during oxidative chem-
ical polymerization of PANI are nanofibers but with the progress of
the polymerization, the formed nanofiber will serve as scaffolds for
the further growth of PANI and finally develop to a particle form.
Although the sonochemical polymerization of aniline has been re-
ported as a very good way to diminish the secondary growth
[10,22], aggregation was still important in the present case. In
addition, it has correctly been concluded [3,52] that this common
fused morphology is produced directly during the synthesis and
is not the result of mutual attraction of already formed particles.
On the other hand, other authors found microstructures similar
to those reported here by preparing PANI under ultrasonication:
Zhang et al. [5] indicated that their particles are also in the nano-
scale level, but, instead of a nanofiber structure, spherical shape
was observed, and the small nanoparticles tend to agglomerate
and form large arrangements.

In the present case, however, important differences between
the aggregates formed by PANI-NC or neat PANI particles are no-
ticed: the former seems to be formed by longer individual fibers
while the PANI ones resemble more closely arrangements of short
cylinders. Moreover, deeper observations performed by TEM on
single PANI-NC fibers (Fig. 7) indicated that these structures are
formed by a cellulose fiber core of about 20 nm in diameter with
the polyaniline grown around it in a quite ordered shell of about
40 nm. This kind of structures was already reported for silver based
fibers: in Ag2Te–polyaniline systems [15] it was found that nano-
particles (�80–100 nm) have core–shell structure, being the parti-
cles at the core crystalline a-Ag2Te and the shell amorphous PANI.
Silver nanowires coated with PANI were also prepared and charac-
terized by microscopy. Moreover, more recently Gu and Huang
[53] deposited thin PANI film coatings onto cellulose filter paper
in order to further produce nanographite sheets. These authors
indicated accurately that cellulose is composed of b-D-(1-4)-gluco-
pyranose molecular chains containing sufficient hydroxyl groups,
which form inter- and intramolecular hydrogen bonds, leading to
the formation of a multitude of crystalline domains in cellulose fi-
bers. Among them, the cellulose I type commonly exists in native
cellulose substances and consisted of triclinic (Ia) and monoclinic
(Ib) unit cells [54]. The similarity of the molecular structures be-
tween glucopyranose and aniline led to a regular packing of PANI
chains along the cellulose Ia crystalline domains [53], which is per-
fectly coherent with our observations: layers of ordered polyani-
line can be seen on the surface of the NC, becoming disordered
away from the surface.

On the other hand, sporadic star-like PANI nanostructures of
around 1 lm in diagonal length were also observed (Fig. 6c and
d), although the synthesis conditions do not correspond to those
reported by Rezaei et al. [2] (i.e. rapid initiated strategy with gly-
cine as dopant) or Jin and co-workers [55] (i.e. high temperature
and high pressure hydrothermal conditions, using aspartic acid
as dopant). Conversely, when HCl was used as dopant, the predom-
inant form adopted by PANI was that of fibers with interconnected
network structures, as indicated in related papers [2].

Fig. 5. UV–Vis absorption spectra of PANI and PANI-NC particles in aqueous
solutions of NaOH (dedoped) and HCl (doped).

U.M. Casado et al. / Ultrasonics Sonochemistry 21 (2014) 1641–1648 1645
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3.3. Suspension rheologic behavior

The morphology of both conductive particles was further inves-
tigated using rheology measurements performed on aqueous sus-
pensions. Fig. 8 shows the complex viscosity of suspensions
containing 3 wt% of PANI, PANI-NC or nanocellulose fibers as a
function of the frequency. It is clear that the complex viscosity of
the suspensions decreases as the angular frequency increases,
resulting in a power law behavior that extended over the entire
range of frequencies studied due to the alignment of the particu-
late structures under flow. This rheological behavior is not new
in the particle suspensions literature [18,56,57] and thus, it was
expected. What is surprising is the important separation between

the curves corresponding to PANI-NC and nanocellulose and the
neat PANI one, which could be related with the different morphol-
ogy of the particles. Many simple models for describing the viscos-
ity of particle suspensions have been derived from Einstein
equation. They only consider the volume concentration of the par-
ticles, and their aspect ratio for the case of non-spherical particles
[18,57]. Although in this case the densities of the particles are quite
different (i.e. 1500 kg/m3 for nanocellulose; 1000 kg/m3 for PANI
based ones), the difference in volume fraction is not enough to
explain the observed behavior therefore it is attributed to the
different morphology/aspect ratio added to differences in
particle–particle and particle–water interaction levels.

Fig. 6. FESEM images PANI based particles. (a) PANI; (b) PANI-NC; (c, d) star-like PANI nanostructures.

Fig. 7. TEM image of PANI-NC fibers. Fig. 8. Complex viscosity as a function of the angular frequency for 3 wt% aqueous
suspensions of PANI, PANI-NC and NC fibers.
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3.4. Electrical properties

The electric conductivity of the doped PANI structure, deter-
mined from DC measurements, was determined as 0.059 S/cm,
while that of the PANI-NC hybrid fibers was 0.075 S/cm, showing
an increase of about 27%. This phenomenon is most likely due to
the length of the nanofibers, as indicated in related papers [36].
The longer fibers will be more advantageous than the irregularly
shaped nanoparticulates and aggregations for electrical applica-
tions. Since the longer ones have less contact points in the same
unit distance, electrical conductivity with the longer fibers will
be higher than that of the particles and aggregation [36]. Recently,
Lissarrague et al. [12] confirmed the importance of the spatial dis-
tribution fluctuations of polymer chains, as a consequence of the
different PANI chains arrangements due to the filler presence, on
the electrical behavior of hybrid particles, by studying the effects
of different nucleating particles (aluminum powder, carbon nano-
tubes and quartz dust) on aniline polymerization. Moreover, other
researchers indicate similar behavior when comparing the electri-
cal behavior of neat conductive polymers with that of the compos-
ite structures based on them: Sahoo et al. [58] noticed the same
effect by comparing the results obtained in composites based on
shape memory PU and carbon nanotubes (MWCNT) or polypyrrole
coated MWCNT, indicating that the enhancement in electrical con-
ductivity is due to the connection of the nanotubes with numerous
polypyrrole domains coated onto them. Li et al. [21] prepared
PANI-coated conductive paper by in situ polymerization of aniline
and confirmed that the bond between PANI and cellulose existed in
the form of hydrogen bonding. Moreover, they indicated that the
pulp fibers promoted the dispersion of PANI particles generated,
preventing their aggregation in the reaction system, which was
favorable for the doping of PANI with p-toluenesulfonic acid.
Therefore, they noticed a higher doping level of the PANI in the
PANI/cellulose samples than the corresponding to neat PANI parti-
cles, which was attributed to the interaction cellulose-PANI. This
last explanation can be directly applied to our system, due to the
manifest similarities. On the other hand, these electric measure-
ments confirm the success of the synthesis of conductive PANI
and PANI-NC particles.

4. Conclusions

PANI-NC hybrid particles were successfully synthesized by a
sonochemical method. FITR spectroscopic studies revealed that
the structure of these particles in the infrared region closely resem-
ble that of the neat PANI fibers synthesized using the same meth-
odology. However, X-ray measurements revealed the presence of
cellulose in the hybrid structures by the appearance of new peak
at 2h � 22.5�, attributed to the cellulose nanoparticles. UV–Vis
curves obtained from aqueous suspensions revealed that PANI-
NC particles were in a lower oxidation state than neat PANI parti-
cles while the conjugated degree of PANI microstructures resulted
greater than that of PANI-NC. Microscopy investigations showed
that aggregates formed by PANI-NC particles were formed by long-
er individual fibers while those corresponding to the neat PANI
structures closely resemble arrangements of short cylinders. More-
over, TEM observations revealed that PANI-NC structures were
formed by a cellulose nanofiber core with the polyaniline grown
around it, forming a layered ordered shell close to the NC surface
that become disordered away from the surface. The rheology of
very diluted aqueous suspensions of both nanostructures was
really different, which was attributed to the different morphol-
ogy/aspect ratio, in addition to the differences in particle–particle
and particle–water interaction levels. Moreover, the electrical con-
ductivity of PANI-NC fibers resulted higher than that of the neat

PANI fibers, which was explained taking into account the cellu-
lose–PANI interactions developed during synthesis.
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