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Polyaniline-modified nanocellulose prepared from
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preparation and characterization
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Crystalline nanocellulose was prepared from Semantan bamboo (Gigantochloa scortechinii) via acid hydrolysis
and was used to synthesize a nanocomposite of polyaniline/crystalline nanocellulose (PANi/CNC) via in situ
oxidative polymerization of aniline in the presence of crystalline nanocellulose. The electrochemical

properties of the nanocomposite were studied using a modified PANi/CNC electrode via cyclic voltammetry,

and higher current response was observed for the PANi/CNC-modified electrode compared to that for the
modified electrode with PANi. The results obtained from EIS displayed lower value of R, for the PANi/CNC-
modified electrode, indicating that the incorporation of CNC into the PANi structure could enhance the
electron transfer rate. The characteristic peaks of PANi and CNC were observed in the FTIR spectra of the

nanocomposite, indicating the incorporation of CNC inside the nanocomposite structure. Moreover, in the
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XRD diffractogram, lower crystallinity was observed at the 2 theta values of 22.6 and 16.1 for PANi/CNC

compared to that for pure CNC. The FESEM images showed high porosity of the nanostructure with no
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1. Introduction

Conductive polymers have unique electrical and thermophys-
ical properties and possess interesting features that have
enabled their use in a variety of commercial applications.
Polyaniline (PANi) is one of the well-known conducting poly-
mers that has been widely used in numerous applications
including supercapacitors,>* batteries,’* chemical and biological
sensors,*’ electrical conductors,® and in anti-static coatings.®
However, PANi has some disadvantages: for example, it has low
dispersibility and solubility in most solvents and low electron
transfer rates and conductivity in solutions with a higher pH,
which have limited its performance in biosensors and electrical
devices.'*"*

During recent years, some research has been carried out to
address these limitations, in particular, the preparation of PANi-
based nanocomposites by the addition of nanoparticles, inor-
ganic materials or biopolymers such as nanocellulose. A ternary
manganese ferrite/graphene/polyaniline (MGP) composite re-
ported by Xiong et al.'> was synthesized through a facile two-step
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phase separation, revealing the homogenous polymerization of the monomer on the surface of the
crystalline cellulose. Aggregation of PANi particles was observed with the increasing aniline concentration.

strategy, and an improvement in the electrochemical capaci-
tance and cycling stability was observed. Qi et al.*® attempted to
improve the performance of PANi by preparing PANi/non-woven
fabrics using an in situ polymerization method. The porous
structure of the non-woven fabrics could enhance the electron
transfer and sensitivity of the gas sensor. Liu et al.** fabricated
a flexible and electrically conductive nanocellulose-based poly-
aniline composite film. They reported that the composite film
with a thickness of 50 um could be bent up to 180 degrees
without breaking. The synergistic effect of the high surface area
of the nanocellulose and the good electronic conductivity of the
conducting polymer made the nanocomposite compatible for
applications such as in electrochemically controlled ion-
exchange, ultrafast all-polymer-based batteries, and sensors.™
Nystrom et al.*® reported the preparation of an ultrafast high
performance paper-based battery using a cellulose-PPy
composite. The lightweight and flexible composite cellulose-
PPy had a specific surface area of 80 m”> g~ . For application in
batteries, the cell could be charged using currents as high as 600
mA cm > with only a 6% loss in capacity in over 100 subsequent
charge and discharge cycles.

In this study, the polymerization of aniline in the presence of
nanocellulose to improve the physical and electrochemical
properties of PANi is reported. Hydroxyl groups that cover the
surface of cellulose allow it to react well with a variety of
materials including conducting polymers.'*'*'” To enhance the
performance of the polymer for biosensor applications,
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crystalline nanocellulose (CNC) was introduced into the poly-
mer structure to provide a larger active surface area and higher
specific strength.”” CNC is a derivative of cellulose that has been
classified as a new class of nanomaterials, and it is formed via
an acid hydrolysis process that creates rigid rod-like crystals
with diameters ranging from 10 to 20 nanometers and lengths
of a few hundred nanometers."®" In this study, the nano-
cellulose was prepared from Semantan bamboo (Gigantochloa
scortechinii) by acid hydrolysis. To the best of our knowledge,
this is the first report on the preparation of CNC from Semantan
bamboo for biosensor applications.

For biosensor applications, it is essential for the composite
to be able to perform under neutral conditions as most enzymes
work well in neutral pH. As is known, PANi generates high
conductivity only in acidic media; however, PANi composites
have been used in neutral media as biosensors in most cited
studies. Ghosh et al.*® stated that a certain amount of cellulose
could produce enough net negative charges on the PANi cellu-
lose composite due to the ionization of the acidic moieties such
as carboxyl, sulphonic acid, or hydroxyl groups on the surface of
the cellulose. To balance this excess charge, the composite
undergoes protonation, and the proton concentration inside
the composite increases compared to that of the external solu-
tion. Thus, PANi in composites is protonated and hence able to
conduct even in a neutral solution.

The nanocomposite of PANi and CNC synergistically
combines the electronic properties of the conjugated polymer
with the structural advantages of cellulose to be useful in
different applications including as biosensors. In this research,
the nanocellulose was prepared from Semantan bamboo by acid
hydrolysis, and it was expected that CNCs with a high active
surface area and aspect ratio with improved electron transfer in
nanocomposites would be formed.

2. Experimental details
2.1 Materials

Aniline (Ani), ammonium persulfate (APS), hydrochloric acid
(HCl), and all analytical grade reagents were purchased from
R&M Chemical. Phosphate buffer solution (PBS) was purchased
from Systerm. Aniline monomer was doubly distilled before use
and deionized water (DIW) was used throughout the synthetic
work. Screen-printed carbon electrode (SPE) was purchased
from DropSens.

2.2 Crystalline nanocellulose preparation from Semantan
bamboo pulp

Cellulose nanocrystal (CNC) was prepared via sulfuric acid
hydrolysis of bleached Semantan bamboo pulp. The bleached
pulp was hydrolysed by 64% sulfuric acid at 45 °C for 45 minutes
under dynamic stirring at 400 rpm. The v/v ratio of acid-to-
cellulose was 1.00 : 8.25. After acid hydrolysis, the suspension
was placed in an ice bath to stop the hydrolysis reaction. The
final pH of the suspension was adjusted to about 6 by adding 5%
sodium bicarbonate and distilled water. The suspension was
centrifuged at 6000 rpm for 30 minutes and washed six times to
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remove the surplus sulfuric acid. To obtain the CNC in powder
form, the suspension was dried using a vacuum freeze dryer.

2.3 Preparation of the nanocomposite

Various amounts of monomer (aniline) were mixed with 1 M
hydrochloric acid (HCI) in an ice bath. CNC was suspended in
DIW and was moderately stirred until the solution reached
homogeneity. Both the solutions of monomer and CNC were
mixed and stirred at 0-5 °C for 20 minutes. The aniline solu-
tions were prepared at the concentrations ranging from 0.12 to
0.20 molar, and the mass ratio of Ani/CNC was chosen in the
range from 1 to 0 (0% CNC refers as pure PANi). The solution of
APS was added dropwise to the mixture in which the molar ratio
of APS and aniline was always maintained at 1 : 1. The mixture
was kept under stirring for 45 minutes and was allowed to rest
at room temperature for 18 hours. The green emeraldine poly-
aniline precipitate was filtered and washed with distilled water
at least 3 times by centrifugation till the supernatant become
clear at 4500 rpm. The precipitate was dried in the oven at 60 °C
for 6 hours. For reference, pure PANi powder was synthesized
using the same procedure in the absence of CNC.

2.4 Preparation of the modified electrode

Herein, 1 mg powder of PANi/CNC nanocomposite in 2 ml DIW
was sonicated for 30 minutes. The suspensions were dropcast
on the screen printed electrode (SPEs) and it was dried at room
temperature.

2.5 Characterization

The electrochemical measurements were conducted using
a potentiostat Autolab 204 from Metrohm Autolab connected to
a PC and controlled by Autolab Nova software version 1.11. The
CV measurements were carried out over a potential range from
—1.5 V to 1.5 V with the scan rate of 100 mV s '. The EIS
measurement was performed over a frequency range from
0.1 Hz to 100 kHz at an AC amplitude of 5 mV. FTIR analysis was
performed on the samples using the PerkinElmer Spectrum
100FT-IR spectrometer in the transmittance mode over a range
of 4000-400 cm ™~ '. FESEM analysis was carried out using a JEOL
JSM-7600F field emission scanning electron microscope,
a secondary detector, 3.0 probe size, and 20 kV acceleration
voltage. The samples were mounted on the aluminium stub
followed by coating a thin layer of gold to avoid charging. TEM
was conducted using a Hitachi H-7100 TEM. The TGA analysis
was carried out using the TGA/SDTA 851 (Mettler Toledo)
thermogravimetric analyser at a constant heating rate. XRD
analysis was carried out using a PANanalytical EMPYREAN
diffractometer at 4.0 kW power supply, 100 mA current flow,
and 60 kV operation voltage.

3. Results and discussion
3.1 Electrochemical study

The electrochemical properties of the nanocomposite were
studied using cyclic voltammetry (CV), and the results are
shown in Fig. 1. Fig. 1A compares the cyclic voltammograms of

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (A) Cyclic voltammograms of (a) bare SPE, (b) pure PANi, and (c)

PANi/CNC nanocomposite-modified electrode with a mass ratio of
Ani/CNC of 0.84/0.16 and (B) cyclic voltammograms of Ani/CNC with
different mass ratios where (a) 0.56/0.44, (b) 0.74/0.26, (c) 0.84/0.16,
and (d) 0.93/0.07 in PBS with a pH of 7.0.

bare SPE, the modified electrodes with pure PANi, and the PANi/
CNC nanocomposite. The cyclic voltammogram of the bare SPE
showed no anodic peak, whereas the PANi-modified electrode
had two anodic peaks at the potentials of —0.16 Vand 0.76 V. At
the lower potential, only the amine form of PANi was present,
indicating the presence of the leucoemeraldine form. As the
potential increased, the first oxidation peak was observed at
—0.16 V. This was associated with the conversion of the fully-
reduced leucoemeraldine base to the partially-oxidized emer-
aldine. The second peak at 0.76 V occurred because of the
conversion of emeraldine form to the fully oxidized perni-
graniline form.”* The reduction peak at —0.6 V could be due to
the conversion of the electrically conductive emeraldine (EM)
into the non-conducting leucoemeraldine (LEM). As was
observed in other reports,* the catalyzed oxygen reduction on
the PANi surface occurred at the same potential for the

This journal is © The Royal Society of Chemistry 2017
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formation of non-conducting leucoemeraldine (LEM). The
formation of LEM increased the electrode resistance and led to
a loss in the electrochemical activity of the electrode. In the
presence of oxygen, much electricity was spent on its electro-
reduction and a reduction in the rate of formation of the non-
conducting phase of LEM was observed.*?

In the voltammogram of the PANi/CNC nanocomposite-
modified electrode, the anodic peaks drastically increased at
the potentials of —0.09 V and 0.76 V as a consequence of the
PANi protonation in the presence of CNC. Another reason for
this current enhancement could be related to the increase in the
surface area and porosity of the nanocomposite. The incorpo-
ration of CNC inside the composite produced nanostructures
with a high surface area and porosity that facilitated electron
transfer and improved the electrochemical properties of the
nanocomposite-modified electrode.

Fig. 1B presents the voltammogram of the nanocomposite-
modified electrodes with different mass ratios of aniline and
CNC. Herein, on increasing the CNC content from 7 to 16
percent (mass ratio of Ani/CNC from 0.93/0.07 to 0.84/0.16) in
the nanocomposite, the oxidation peaks at the potentials of
—0.16 V and 0.78 V increased and showed a higher current
response in both the anodic and cathodic peaks. This was
possibly due to the higher protonation of PANi in the presence
of a higher amount of CNC. Subsequently, when the CNC
content increased and the PANi content decreased, the cyclic
voltammogram of PANi/CNC had a lower anodic peak and the
nanocomposite of PANi/CNC with a mass ratio of 0.56/0.44 had
the lowest redox current. This was probably due to the insu-
lating nature of cellulose that restricted the electron transfer in
the polymer chain.

Fig. 2 presents the CV curves for the PANi/CNC-modified
electrode at various scan rates ranging from 10 to 100 mV s~ .
Both the oxidation and reduction peaks increased with the
increasing scan rate. The scan rate affects the concentration
profile around the electrode, which can change the rate of
charge transport. This phenomenon shows the diffusion-
controlled process of a system. As presented in Fig. 2, most of
the CV cycles showed both the oxidation and reduction peaks,
in which the anodic potential shifted towards the lower poten-
tial and the cathodic potential slightly shifted to the more
negative value as the scan rate increased. The anodic and
cathodic peak currents were found to be proportional to the
square root of the scan rate and the peak current, as shown in
the inset of Fig. 2, which clearly indicated the occurrence of
a diffusion-controlled process.*

EIS analysis was carried out to investigate the electro-
chemical behavior of all the electrode/electrolyte systems of the
polymer-modified SPE. The electron transfer between the ana-
Iytes and the electrode surface (substrate) is a fundamental
phenomenon in biosensors, which is caused by the rapid redox
reaction of the enzyme and analyte on the electrode surface. As
is known, higher electron transfer will increase the sensitivity of
the target sensor. The Nyquist plots of the bare SPE, pure PANi,
and PANi/CNC-modified electrodes are presented in Fig. 3A. As
can be seen, the impedance characteristic of the electrodes was
governed by the charge transfer resistance (R.), solution

RSC Aadv., 2017, 7, 25191-25198 | 25193
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Fig. 2 Cyclic voltammograms of a PANi/CNC-modified electrode
with different scan rates ranging from 10 to 100 mV s~ in PBS with pH
7. Inset: plot of oxidation and reduction peak current against square
root of scan rate.
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Fig. 3 (A) Nyquist plots of (a) bare SPE, (b) pure PANi, and (c) PANi/
CNC-modified electrodes in PBS with pH 7. Inset shows the semicircle
of the Nyquist plot. (B) Randles equivalent circuit model of (a) bare SPE
and (b) pure PANi and PANi/CNC-modified electrode.

resistance (R;), double layer capacitance (Cq;), and Warburg
impedance (W). The charge transfer resistance (R is a measure
of the rate of electron transfer between the redox species and
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the electrode during the electrochemical reaction course,
whereas the solution resistance (R;) represents the solution-
phase interference that primarily arises from the electrolyte
resistance.”* Warburg impedance (W) associated with the
impedance of the diffusive ion transportation and Cqg repre-
sents a double layer capacitance.>

The bare SPE plot showed a large semicircle in the low
frequency region and a straight line close to an angle of 90° in
the high frequency region with an R value of 177 Q. The linear
line displayed an ideal behavior with a low diffusion rate of the
analyte into the surface of bare SPE. This result was predictable
for the bare SPE and because of this, the PANi/CNC-modified
electrode was introduced to enhance the electrocatalytic prop-
erties of the electrode. The impedance plot of the PANi/CNC
nanocomposite-modified electrode displayed a smaller semi-
circle (R 148 Q) compared to that of the PANi-modified elec-
trode (Re: 156 Q), indicating higher electron transfer for the
PANi/CNC-modified electrode. Although PANi is a conductive
material, the irregular structure of the chemically prepared
PANi might inhibit the electron transfer and the charge carrier
mobility. Double layer capacitance (Cq)) exists at the interface of
the electrode and electrolyte. The values of Cq4 (Table 1)
increased by introducing nanocellulose into the PANi structure,
implying the increasing roughness and porosity of the PANi/
CNC nanocomposite, which was predictable because of the
nanostructure of the composite.*®

Fig. 3B exhibits the Randles equivalent circuit model used to
simulate the impedance behavior of bare SPE and the modified
electrodes. The value of R, and Cg4 were determined from the
Nyquist plot by fitting the semicircles with minimal error (below
1%). PANi and PANi/CNC-modified electrode exhibited the
circuit modelling result of R(RQ)([RW]Q)] and bare SPE dis-
played the model of [R([RW]Q)C].

3.2 Morphology study

The TEM and FESEM images of CNC, PANi, and PANi/CNC
nanocomposite with different Ani/CNC mass ratio are pre-
sented in Fig. 4. The images of the PANi particles are shown in
Fig. 4a and b. A granular structure (cluster) with micrometer-
sized particles was observed on the surface of PANi, confirm-
ing emeraldine salt formation, in good agreement with those
reported by others.”” The irregular microstructural feature was
formed by the secondary growth stages of PANi during the initial
growth stage of the linear chain of polymer.*® The morphology of
PANi (Fig. 4b) characterized by TEM confirmed the agglomera-
tion of polymer with no uniformity of the PANi structure.

The images of CNC presented in Fig. 4c shows an agglom-
erated rod-like nanocrystal structure with the diameter in the

Table 1 The R, and Cq value of modified electrodes

Modified electrode Re (Q cm?) Cq1 (MF ecm™?)
Bare SPE 177 125
PANI 156 134
PANi/CNC 148 151

This journal is © The Royal Society of Chemistry 2017
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Fig.4 FESEM and TEM images of (a—b) pure PANj, (c—d) CNC, (e—f) PANi/CNC nanocomposites with the mass ratio of Ani/CNC 0.56/0.44, and
(g—h) PANiI/CNC nanocomposites with the mass ratio of Ani/CNC 0.93/0.07.

range of 10-20 nm and the length of a few micrometers.>® The
nanocelluloses were well-bonded with each other, indicating
the existence of strong hydrogen bonding and hydrophilic
interaction between them.** The images for the PANi/CNC
nanocomposite prepared with the mass ratio of 0.56/0.44
(Fig. 4e) and 0.93/0.07 (Fig. 4g) of Ani/CNC showed no phase
separation, revealed a uniform polymerization of aniline on the
surface of nanocellulose. Note that both nanocomposites
showed fibrous structures with a high porosity nanostructure,
which could be beneficial for enzyme immobilization. It was
found that on increasing the amount of monomer and PANi
percentage in the nanocomposite, the average diameter of the
resulting particles increased.** This might be due to the fact that
for higher amount of monomer, the polymerization becomes
more intensive, which results in agglomeration in some parts of
the nanocomposite (Fig. 4f and h).

3.3 Structure and thermal study

FT-IR spectroscopy was used to study the structural properties
of the PANi/CNC nanocomposite. The FTIR spectra of the pure
PANi, CNC, and PANi/CNC nanocomposite are presented in
Fig. 5. Typical absorption bands of pure PANi were observed at
1651 cm ™%, 1534 ecm™?, 1400 cm™*, 1246 cm ™%, and 700 cm ™.
The characteristic peak at 3350 cm ™' corresponds to the N-H
stretchings.®® The broad band at 3200 cm ™" corresponds to the
overlap of C-H stretching, the deformation of the benzenoid
structure, and the stretching vibration of the N-H bonds. This
broad band clearly revealed the emeraldine base form of PANi."
The characteristic peaks at 2938 cm™' and 1651 cm ' are
associated with the C-H and C=C stretching in the polyaniline
units, respectively. The peaks at 1534 cm " and 1400 cm ™" are
associated with the aromatic ring stretching of the C=C-C
bonds. These peaks that are referred as the stretching vibrations
of N-B-N and N=Q=N (B = benzoid, Q = quinoid) are in good
agreement with those reported in literature.”* The peaks at 1246
cm ! are associated with the C-N stretching vibration mode of

This journal is © The Royal Society of Chemistry 2017

the N-Ph-N unit, and the peak at 700 cm " corresponds to NH,
wagging.***

The nanocellulose prepared from the Semantan bamboo
showed characteristic peaks at 3331 cm™* and 2893 cm ™" that
corresponded to the stretching of the hydroxyl group (in the
presence of H-bonds) and stretching vibration of C-H in the
pyranoid ring, respectively.® The band at 1642 cm™ " resulted
from the H-O-H bending of the absorbed water.** The charac-
teristic peaks appearing at 3331 cm™*, 2893 cm ', and 1642 cm ™"
were in good agreement with those reported by Liu et al. They
prepared nanocellulose from flax yarn by the acid hydrolysis
method. Peaks at 1431 ecm ™', 1321 ecm ™!, 1156 cm™*, and 1029
em ! correspond to the ~OCH in-plane bending, C-H deforma-
tion, C=C stretching, and C-O-C stretching, respectively.*

PANI/CNC nanocomposite
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Fig. 5 FT-IR spectra of PANi/CNC nanocomposite, pure PANi, and
CNC.
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The PANi/CNC nanocomposite revealed overlapped adsorp-
tion bands of pure PANi and nanocellulose in the infrared
spectra, demonstrating the polymerization of aniline on the
surface of nanocrystal cellulose. Compared to the pure materials
CNC and PANi, the characteristic peaks of the nanocomposite
showed lower intensity, which could be due to the coverage of
the nanocellulose surface with the polyaniline layer.** Over-
lapping characteristic peaks of pure PANi at 3200 cm ™" and the
CNC peak at 3331 cm ™ formed a broad band at 3263 cm™ ' in the
nanocomposite spectra. The peak of hydroxyl stretching of CNC
that shifted to a higher wavenumber of 3337 cm ™' in the PANi/
CNC nanocomposite could possibly be due to the interaction
of the O-H group in cellulose and the amine group in aniline.>*
The stretching vibration of the benzoid form of PANi appearing
at 1548 cm ™' in the PANi/CNC nanocomposite showed a uniform
formation of PANi on the nanofibrous structure.

Fig. 6 compares the XRD diffractogram of pure PANi, CNC,
and the PANi/CNC nanocomposite. The diffractogram of pure
PANi showed peaks at 26 = 20.5° and 25.4°, corresponding to
the (020) and (200) crystal planes, respectively, confirmed that
polyaniline was in the form of emeraldine salt.*” The crystal-
linity of PANi can be ascribed to the repetition of the benzoid
and quinoid rings in the PANi chains.®® The highest peak
appeared at 26 = 25.4° and revealed the semi-crystalline struc-
ture of PANi that was attributed to the periodic array perpen-
dicular to the polymer chain, and the peak at 260 = 20.5° was
related to the periodic arrays parallel to the polymer chain.*
The CNC diffractogram displayed well-defined primary peaks
ranging from 22° to 23°, indicating a highly crystalline struc-
ture. In our study, the diffractogram of nanocellulose,
prepared from bamboo, displayed peaks at 26 = 16.1°, 22.5°,
and 34.4°, corresponding to the (110), (200), and (004), crystal-
lographic planes, respectively, describing cellulose type 1.>***
The nanocellulose prepared from green seaweed by the acid
hydrolysis method presented XRD patterns almost similar to
those reported in our study.**

e PANI/CNC nanocomposite
pure PANi

— CNC :
~N

Intensity (a.u)

2 theta (degree)

Fig. 6 X-ray diffractogram of CNC, pure PANi, and PANi/CNC
nanocomposite.
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The XRD diffractogram of the PANi/CNC nanocomposite
prepared from Ani/CNC with a mass ratio of 0.84/0.16 showed
the coexistence of characteristic peaks of PANi and CNC at
16.1°, 20.5°, 22.6°, and 25.4°, demonstrating the formation of
PANi on the surface of crystalline cellulose. However, the
intensity of the peaks and the crystallinity of nanocellulose at 2
theta = 22.6° decreased with the addition of PANi in the
nanocomposite.*” The crystallinity of the nanocomposite can be
enhanced by increasing the CNC content inside the nano-
composite.** From the XRD data, the crystallinity index (CI) was
calculated according to the formula developed by Segal et al.***°
The formula is as follows:

(1200) (Uam)
(1200)

where I, is the crystalline peak value (at 22.5°) and Iy, is the
amorphous peak value. The CI of CNC and PANi/CNC nano-
composite were calculated as 78.34% and 27.98%, respectively. As
can be seen, the CI data confirmed that the addition of PANi in the
nanocomposite reduced the crystallinity of the resulting polymer.

Fig. 7 shows the TG curves of pure PANi, CNC, and the PANi/
CNC nanocomposite. The PANi/CNC nanocomposite sample
was prepared from a solution containing Ani and CNC with
a mass ratio of 0.84/0.16. Pure PANi powder externally doped
using HCI and persulfate ion experienced three major weight
losses starting with the removal of moisture that occurred
around 56 °C to 149 °C. The second weight loss, which was due
to dopant decomposition, gradually occurred from 150 °C to
450 °C. Lastly, the third stage occurred around 460 °C to 670 °C
and is attributed to the decomposition of the polymer back-
bone. The thermal decomposition pattern of pure PANi is in
agreement with that reported in other studies.***

The TG curve of CNC shows a two-step thermal decomposi-
tion starting from 75 °C to 150 °C, which corresponds to the
moisture removal of the absorbed and intermolecular H-
bonded water.** The second degradation from 160 to 350 °C is

Cl =
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Fig. 7 TG curve of (a) pure PANi, (b) CNC, and (c) PANi/CNC
nanocomposite.
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attributed to the polymer chain scission, cross-link formation,
and cross-link breakage. The low thermal stability was
predictable for nanocellulose because of the fact that during the
acid hydrolysis process, sulfate groups (O-SO;H) from sulfuric
acid substituted the hydroxyl groups, leading to lower activation
energy and catalyzing the nanocellulose decomposition.**

The TG curve of PANi/CNC showed three degradation steps.
The first step occurred from 61 °C to 200 °C and contributed to
the evaporation of water from the composite. Note that the first
degradation of the PANi/CNC nanocomposite happened at higher
temperature compared to that of pure PANi. The incorporation of
crystalline nanocellulose into PANi increased the crystalline
structure of PANi, where more energy was required to remove
water/acid from the polymer chain.” The second weight loss stage
was attributed to the pyrolysis of cellulose that was observed over
the range from 230 °C to 350 °C.! The thermal decomposition of
the cellulose content in the PANi/CNC nanocomposite occurred at
higher temperature compared to that of pure CNC, indicating the
protection of PANi that covered the surface of nanocellulose.*

The final weight loss of the PANi/CNC nanocomposite was
observed from 367 °C to 642 °C, corresponding to the thermal
decomposition of the PANi backbone. A lower maximum
decomposition temperature was observed for the PANi/CNC
nanocomposite compared to that for pure PANi (665 °C), con-
firming the interactions between the two constituents of the
composite. A similar pattern of thermal degradation of the
PANi/cellulose composite has been reported by Casado et al.* In
summary, the thermal stability of cellulose was noticeably
increased by incorporating PANi.**

4. Conclusions

The synergistic effect of CNC and conducting polymers on the
electrochemical properties along with high porosity of nano-
composite has made this material a good candidate for hosting
enzymes and biomolecules. The conductive biocompatible
nanocellulose-based composites are promising for use in sensors,
batteries, and conductive adhesives. The polyaniline nano-
composite showed an X-ray diffraction pattern consisting of four
peaks at 16°, 20°, 22°, and 25°, which indicated the presence of the
emeraldine salt of polyaniline and incorporation of nanocellulose
in the nanocomposite. Nanocomposites with highest aniline
content showed lower thermal stability compared to pure aniline.
EIS data confirmed a higher electron transfer for the PANi/CNC-
modified electrode with smaller semicircle and R, value.
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