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This study is part of ongoing research on the preparation of electrically conductive

and physically stable Polyaniline/Sago starch (PANI/Sago) blend films using a simple

one-pot synthesis method. The synthesis of PANI in the presence of Sago to prepare the

PANI/Sago blend was done via in situ polymerization using ultrasound irradiation. For in

situ polymerization of PANI/Sago blends, ammonium persulfate (APS) was used as an

oxidant while hydrochloric acid (HCl) acted as a dopant. The effect of sonication time

(0.5–5 h) on the structural properties (1H NMR and FT-IR), electrical conductivity (E.C),

optical properties (UV-VIS), and the morphological (FE-SEM) and thermal stability (TGA)

of the prepared PANI/Sago blends was studied. 1H NMR and FT-IR results revealed that

the polymerization of PANI/Sago for more than 2 h leads to the disintegration/deformation

of Sago starch due to excessive kinetic energy generated via the continuous collapsing

of cavitation bubbles. In addition to the findings about Sago starch, FT-IR analysis also

revealed the dominance of PANI property for the blend sonicated for 2 h as it contains a

sharp and intense PANI peak at 1,500 cm−1, which represents the stretching vibration

of benzenoid ring. 1H NMR and FT-IR results were found to be in compliance with E.C

results, which showed the E.C of the blend sonicated for 2 h was highest. The UV-Vis

results in combination with energy band values, thereby supporting the E.C results. The

morphology of the prepared blends was found to be highly connected, which helps with

good inter- and intra-chain electron transfers within the blends. The variation in sonication

time seems to have very little impact on the thermal stability of the blends, as it was found

that all blends were thermally stable up to 200◦C, and only minor variation was observed

beyond that.
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INTRODUCTION

Among intrinsically conducting polymers (ICP’s), polyaniline (PANI) is the most promising due to
its electrical, chemical, and environmental stability and optical properties (Razak et al., 2013; Gulrez
et al., 2014; Dallas and Georgakilas, 2015; Lv et al., 2015). PANI has grabbed significant attention
because of its ability to be doped. Doping is a process through which electrical conductivity can be
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altered by using protonic acids or by oxidant/reductant factors
(Lukasiewicz et al., 2014). However, poor plasticity and low
solubility in solvents are the two main limiting factors for PANI’s
expansion as a commercial polymer (Ali et al., 2007; Razak et al.,
2013; Lukasiewicz et al., 2014; Lv et al., 2015). To overcome
these limitations, researchers have proposed mixing PANI (as
a conductive disperse phase) with non-conductive polymers (as
a matrix) and preparing blends or composites (Ali et al., 2007;
Razak et al., 2013; Gulrez et al., 2014; Lukasiewicz et al., 2014; Lv
et al., 2015). Such blends/composites will ease the processability
of PANI and at the same time impart physical properties of the
insulating host.

Considering the concerns regarding depletion of oil reserves
and the effect of synthetic polymers on climate change, it is best
to use biodegradable and bio-based materials for the preparation
of PANI blend. Usage of biopolymer in this field is not a new
concept as earlier researchers have been known to use cellulose
(Ebrahim et al., 2007; Cerqueira et al., 2009; John et al., 2010),
chitosan (Ramaprasad et al., 2009; Yavuz et al., 2009; Marcasuzaa
et al., 2010), gums (Tiwari, 2007; Tiwari and Singh, 2008), and
starch (Saikia et al., 2010; Janaki et al., 2012). Among various
biopolymers mentioned, starch has attracted our attention
because of its ease of availability and the fact that it is highly
economical. There are many varieties of starch available. The one
which is relevant to our interest is native Sago starch obtained
from palm trees as it is abundantly available in east Asia but it
is also the least explored one. Preparation of PANI/Sago blends
can be done using oxidative polymerization. Earlier researchers
have reported oxidative polymerization to be the most efficient
method for the preparation of PANI/maize (Janaki et al.,
2012), PANI/taro (Saikia et al., 2010), PANI/starch/hydrocolloid
(Lukasiewicz et al., 2014), and PANI-nano-Au/starch composites
(Sarma and Chattopadhyay, 2004). However, preparation of
PANI/starch blends or composites is not easy, as obtaining
homogeneous dispersion of starch is limited by its tendency
to aggregate, regardless of the origin of the starch (Kim et al.,
2013). To overcome these limitations, many techniques were
proposed; of these, the use of ultrasonic irradiation (U.I), a
technique which was proposed by Tischer et al., and Grieser
et al., is the best so far (Grieser et al., 1999; Tischer et al.,
2010). Ultrasound involves the transfer of kinetic energy (10–
100 kJ/mol) to the starch solution through a process called
cavitation. Cavitation refers to the formation of bubbles that
keep growing before collapsing violently in the starch solution,
resulting in the polydispersity of aggregates. The ultrasonic
irradiation technique is best suited because, apart from the
effective dispersion of starch, the synthesis of PANI using U.I
was found to be very efficient as well (Xia and Wang, 2002; Lu
et al., 2006;Manuel et al., 2014). Therefore, this study involves the
oxidative polymerization of PANI/Sago blends using ultrasonic
irradiation technique.

The electrical conductivity of PANI and its blends can be
altered by twisting a few dominant parameters, including dopant
acid concentration, oxidant/monomer ratio, aniline content,
reaction temperature, and reaction time. Literature is available
on the effect of dopant content and concentration (Pron et al.,
1988; Cao et al., 1989; Sapurina and Stejskal, 2008), the effect

of oxidant to monomer ratio (Jelmy et al., 2013), the effect of
aniline content (Bhadra et al., 2017), and the effect of temperature
(Manuel et al., 2014). However, there is a lack of literature
explaining the effect of reaction time on the preparation of PANI
blends/composites and particularly on the in-situ polymerization
of PANI/Starch using a sonication technique. Also, it is important
to note that earlier studies related to the polymerization of PANI
have reported different reaction times in the range of 1–4 h as
optimum (Pron et al., 1988; Cao et al., 1989; Xia andWang, 2002;
Lu et al., 2006; Manuel et al., 2014). Therefore, it is important
to study the effect of sonication time and find the optimum
sonication time for in-situ polymerization of PANI/Sago blends
using the ultrasonic irradiation technique. In doing so, this
study also proposes a novel one-pot synthesis method for the
polymerization of PANI in the presence of Sago starch, which will
be addressed as a PANI/Sago blend throughout this paper, using
ultrasonic irradiation. To the best of our knowledge, this is the
first report on the effect of sonication time on the polymerization
of PANI/Sago blends using the technique reported in this paper.
Thus, this work will help to increase the understanding of
the subject. The characterization of polymerized PANI/Sago
blends was done using Fourier-transform infrared spectroscopy
(FT-IR), proton nuclear magnetic resonance (1H NMR),
Ultraviolet-visible spectroscopy (UV-Vis), and scanning electron
microscope (SEM). The thermal stability was analyzed using
Thermogravimetric analysis (TGA), and electrical conductivity
was found using a four point probe.

MATERIALS AND METHODS

Materials
Aniline and ammonium persulfate (APS) were obtained from
Sigma Aldrich, Sago starch was supplied by Craun Research Sdn.
Bhd. (Sarawak, Malaysia), and hydrochloric acid (HCl 1M) was
procured from Tolsa.

Methodology
The PANI/Sago films were obtained by initially soaking Sago
granules in deionized (DI) water overnight; they were then
gelatinized by simple mixing at 90◦C for 15min. The synthesis
began by activating pre-cooled Sago dispersion with HCl for a
certain period of time before this a measured amount of aniline
was added to the sonicator. Ultrasonic irradiation was carried
out with the probe of the ultrasonic horn immersed directly into
the mixture. During the reaction, the temperature of the ice bath
was maintained at 0–3◦C, to avoid any secondary reactions. The
frequency wave generated from the sonicator was kept constant
at 10 kHz, with an On/OFF time of 1 s. To this, freshly prepared
oxidant (APS) was added dropwise at 30 ml/h (Jelmy et al.,
2013). The oxidant/monomer and oxidant/dopant feed mole
ratio were chosen as 1, based on literature (Cao et al., 1989; Jelmy
et al., 2013). Monomer: Sago ratio was 1:1 and concentration of
dopant acid (HCl) was 1M (Pron et al., 1988; Cao et al., 1989;
Sapurina and Stejskal, 2008; Jelmy et al., 2013). The reaction
mixture was continuously sonicated for varying time periods, i.e.,
0.5, 1, 2, 3, and 5 h. After sonication, the obtained dark green
color solution was left undisturbed for 24 h for the completion
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TABLE 1 | List of PANI/Sago blends prepared.

Sample label Sonication time (h)

Neat PANI –

Neat Sago –

P/S 0.5 0.5

P/S 1 1

P/S 2 2

P/S 3 3

P/S 5 5

HCl was used as dopant; APS was used as oxidant; feed ratio of Aniline:Sago was 1:1.

of polymerization. The final solution with uniform dispersion
was then deposited as a film on a flat glass support and dried
at 60◦C in an oven for 48 h. The dried film was removed and
washed with DI water a couple of times before characterization.
A complete list of samples prepared and parameters followed is
shown in Table 1.

Characterization
The electrical conductivity of the prepared films was measured
using a four-point probe Jandel meter (Model RM3000). Each
measurement involved three different samples to ensure the
repeatability and reproducibility of the results. FTIR spectra
in the wavelength range of 4,000–400 cm−1 were recorded
using Nicolet 170SX. 1H NMR was obtained on a Bruker 400
spectrometer using deuterated dimethyl sulfoxide-d6 (DMSO) as
a solvent. Viscosity measurements were done using Brookfield
RVDVIII+ (Spindle: 52) at 26.5◦C. A morphological analysis
of the blends was done using a Hitachi SU8020 field emission
scanning electron microscopy (FE-SEM) at an accelerating
voltage of 5 kV. To avoid electrical charging, the blends were
coated with a thin layer of gold (∼5 nm). By using Perkin
Elmer Pyris-7, the thermal stability of the blends was analyzed.
The samples were heated from 40 to 900◦C at a heating
rate of 20◦C/min in nitrogen atmosphere (20 ml/min). The
UV-Vis analysis was performed using Lambda 1050 UV-VIS
spectrophotometer and the energy band gap was calculated using
Tauc’s relation (Gupta et al., 2010):

αhν = (hν − Eg)
n (1)

where α is the absorption coefficient, Eg is the optical band gap,
and hν is the energy of the incident photon. The index n has
discrete values such as 1/2, 3/2, 2 or higher depending on whether
the transition is direct or indirect and allowed or forbidden. In
the direct and allowed cases, the index n is 1/2, whereas for the
direct but forbidden cases it is 3/2. For the indirect and allowed
cases, n = 2, and for the forbidden cases it is 3 or higher (Reda
and Al-Ghannam, 2012).

RESULTS AND DISCUSSION

Mechanism for PANI/Sago Blends
A starch molecule with primarily linear chains that is made
up of (1–4) α-linkages is called amylose (AM) and starch that

is highly branched with (1–6) α-linkages is called amylopectin
(AP). To produce a starch film, starch granules should be heated
in water first. Upon heating, the starch granules undergo a
transition known as gelatinization. During the gelatinization
process, the transition of starch granules takes place in a certain
order: the adsorption of water by the granules, the swelling of
the granules, and the disruption of hydrogen bonding by water
molecules takes place upon reaching the critical temperature
(Iida et al., 2008). This results in melting of crystallites and
leaching of amylose from granules and increasing the viscosity
of the obtained gelatinized starch (Cheng et al., 2010). However,
the non-solubilized portion of the gelatinized starch termed as
“robust ghost” remains intact during this process (Seguchi et al.,
1994). At this stage, HCl and aniline were added to the sonicator,
which contains Sago, and this was left for sonication for few
minutes in order to activate the Sago. After a fewminutes, APS as
an oxidant was added dropwise over a certain period of time at a
rate of 30ml/h.When subjected to one-pot synthesis usingHCl as
a dopant in a sonicator, acid hydrolysis and physical/mechanical
treatment (sonication) takes place simultaneously. As soon as
HCl is added to the sonicator containing gelatinized starch, the
hydrolysis of amorphous regions is initiated, as they are more
susceptible to acid attack due to the loose packing of starch chains
compared to the crystalline regions; this is termed fast hydrolysis
(Wang and Copeland, 2015). Following that, the second step
of acid hydrolysis takes place, wherein both amorphous and
crystalline regions are attacked, and this hydrolysis step is
influenced by amylopectin content, the distribution of α-(1–
6) branches between the amorphous and crystalline lamellae,
and the degree of packing of the double helices within the
crystallites. At the same time, sonication helps in breakage
the cross-link between amylose/amylopectin, which results in
the disintegration of robust ghosts. The cross-link between
amylose/amylopectin, which was already weak because of acid
hydrolysis, gets detached easily due to the collapse of violent
cavitation bubbles generated by sonication (Mason and Lorimer,
1988). The collapse of cavitation bubbles also expedites the
oxidative polymerization of aniline to polyaniline process.

The disintegrated robust ghosts result in the detachment of
amylose and amylopectin. Therefore, glycosidic polysaccharide
bonds (amylose) get detached and react with hydrogen
radicals generated in the acidic medium of the aniline/HCl
polymerization using APS ((NH4)2S2O8) to form PANI/Sago
polysaccharides. These polysaccharides might be converted to
glycosides (amylopectin), resulting in structural modification
(Zia-ud-Din et al., 2017). During these structural modifications,
the protonated PANI attaches to the modified linear starch
structure and forms a strong hydrogen bond, as shown in
Scheme 1 (Shabana et al., 2019).

Fourier Transform Infrared (FT-IR)
The molecular structure of PANI, Sago, and PANI/Sago blends
was analyzed using FT-IR spectroscopy and their assignments are
tabulated in Table 2. The characteristic peaks of PANI occurred
around 1,578, 1,490, 1,300, 1,140, and 800 cm−1 and correspond
to the quinoid ring stretch, benzenoid ring stretch, N-H bend,
asymmetric C-N stretch, -NH+

= stretch, and aromatic C-H
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SCHEME 1 | Polymerization mechanism of PANI/Sago (modified accordingly and redrawn from Shabana et al., 2019).

ring bend, as shown in Figure 1 (Furukawa et al., 1988; Tang
et al., 1988; Ping, 1996; Kang et al., 1998). The peak around 800
cm−1 is the characteristic of the para-substituted aromatic ring
through which the polymerization is expected to progress. The
peak around 3,250–3,100 cm−1 is due to the presence of both
the free N-H stretch and the O-H stretch from the polymer and
the dopant acid, respectively (Jelmy et al., 2013). In the FT-IR
spectra of neat Sago starch, characteristic peaks between 1,035
and 1,156 cm−1 were attributed to the C-O bond stretch in C-O-
C of bonding, and peaks at 1,078 and 1,154 cm−1 were attributed
to C-O stretch in C-O-H bonding (Koroskenyi and McCarthy,
2002; Soetaredjo et al., 2012). Other absorption peaks around
1,644 cm−1 corresponded to the adsorbed water in the starch,
and bands around 1,420 cm−1 were ascribed to the angular
deformation of C-H (Diop et al., 2011). Absorption around
3,700–3,000 cm−1 resulted from the vibration of the hydroxyl
group (O–H) and the (C–H) vibration stretch (Biswas et al., 2008;
Diop et al., 2011).

In order to understand the effect of sonication time on
PANI/Sago blends, the characteristic peaks of PANI at 1,578,
1,490, 1,300, 1,140, and 800 cm−1 and characteristic peaks of
Sago at 1,644, 1,420 cm−1, and between 1,035 and 1,156 cm−1

were analyzed and are reported in Table 2 along with the peaks
observed for various blends.

In PANI/Sago blends sonicated for varying time periods,
the characteristic peaks of PANI and Sago peaks in the range
of 1,035–1,644 cm−1 appeared to overlap and merge with
each other, though with weakened intensity. The overlapping
and merging of PANI and Sago peaks indicated the successful
polymerization of PANI in the presence of Sago starch, as these
peaks represented the interaction (hydrogen bonding) between
PANI and Sago, as shown in Scheme 1 and as supported by
literature (Diop et al., 2011; Soetaredjo et al., 2012; Shabana
et al., 2019). However, a change in phenomenon was noticed
for blends P/S 2 and P/S 3. The peak at 1,490 cm−1 in the neat
PANI spectrum, which represents the stretching vibration of the
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TABLE 2 | Assignments of the IR bands for PANI, Sago, and PANI/Sago blends.

Wavenumber (cm−1) Assignments

Neat

PANI

Neat

Sago

P/S

0.5

P/S 1 P/S 2 P/S 3 P/S 5

1,644 s 1,635

vw

1,635

vw

1,630w 1,635

vw

1,635w Adsorbed water in the starch (Diop et al., 2011)

1,578 v – 1,582

vw

1,587

vw

1,587

vw

1,586

sh

Quinonoid (Q) ring-stretching (Furukawa et al., 1988; Ping,

1996; Neelgund and Oki, 2011)

1,490 v 1,510

sh

1,510

sh

1,510

vs

1,515 s 1,515

vw

Benzenoid (B) ring-stretching (Furukawa et al., 1988; Ping,

1996; Neelgund and Oki, 2011)

1,400m 1,411

vw

1,411

vw

1,415

vw

1,415

vw

1,420

vw

C–N stretching in QBQ

units (Kang et al., 1998)

1,300m – – 1,307w 1,307

vw

– ν(C–N) of secondary aromatic amine (Kang et al., 1998)

1,420 s 1,411

vw

1,411

vw

1,415

vw

1,415

vw

1,420w Angular deformation of C-H (Diop et al., 2011)

1,154

sh,

1,156 s

1,144

sh

1,147

vw

1,149w 1,150

vw

1,152

vw

C-O-H bonding, C-O-C of bonding (Boyer et al., 2000;

Koroskenyi and McCarthy, 2002; Soetaredjo et al., 2012)

1,140 s 1,132

vw

1,133

vw

1,135w 1,135

vw

1,132

vw

Q=NH+-B or B–NH+•-B

(Tang et al., 1988; Kang et al., 1998)

1,035 s 1,030

vw

1,028

vw

1,024w 1,027

vw

1,037

vw

C–O bond stretching

852w 843 sh 843 sh 845 sh – – c(C–H)

(1,4-disubstituted ring)/Q ring

Deformation (Tang et al., 1988; Kang et al., 1998)

800m 750m 754m 762 s 764m 787w c(C–H) (monosubstituted

or 1,2-disubstituted

ring) (Tang et al., 1988; Kang et al., 1998)

510m 497w 496w 499m 500 vw 500 sh C=C stretching of 1,4- disubstituted benzene (Jelmy et al.,

2013)

600 m-s 610m 615w 619

m-s

625w 625 vw C-S stretching of benzene sulfonic (Jelmy et al., 2013)

3,100–

3,250 s

3,170–

3,280

vw

3,170–

3,280

vw

3,170–

3,280

vw

3,170–

3,280

sh

3,170–

3,280

sh

N-H stretch and the O-H stretch from the polymer and the

dopant acid (Jelmy et al., 2013)

3,000–

3,700

vs

3,456

vw

3,456

vw

3,458w 3,462

vw

3,464

vw

Vibration of the hydroxyl group (O–H) and (C–H) vibration

stretch (Biswas et al., 2008; Diop et al., 2011)

B, benzenoid ring; Q, quinonoid ring; ν, stretching; vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder.

benzenoid ring, shifted slightly and appeared at 1,500 cm−1 for
P/S 2 and P/S 3 blends, respectively. The peak at 1,500 cm-1
is the representation of the protonated form of PANI, as the
peaks at 1,578 and 1,500 cm−1 are attributed to quinonoid (Q)
and benzenoid (B) ring-stretching vibrations, which denote the
oxidation state of PANI (Neelgund and Oki, 2011). The high
intensity of peak at 1,500 cm−1 is sharper and more intense in
P/S 2 blend than in the P/S 3 blend, suggesting a dominance of
PANI in the P/S 2 blend. This finding is further supported by
E.C results, as shown in Figure 5. However, upon analyzing the
P/S 2 and P/S 3 blends for characteristic peaks of Sago between
1,035 and 1,644 cm−1, it was observed that the Sago peaks of
P/S 2 were more well-defined, sharp, and intense than the P/S
3 blend. This indicated that the P/S 2 blend was protonated and
chemically and structurally more stable. The Sago peaks for P/S
3 and P/S 5, however, were found to be diminished, suggesting
a deformation of the Sago structure because of the excessive

kinetic energy generated by the collapsing of cavitation bubbles,
as explained in NMR analysis.

Nuclear Magnetic Resonance (NMR)
Figure 2A shows the 1H NMR spectra of PANI and its blends
with detailed structural information. The peak at 6.86 ppm is
due to the protons on the benzene ring and three sharp, equal-
strength and equidistant peaks identified at 7.07, 7.2, and 7.33
ppm with a coupling constant of 52Hz, could be attributed to the
proton that was related to nitrogen (Wang et al., 2010). Based on
this analysis, it can be deduced that the triplet peaks in Figure 2

resulted from the ammonium protons; in other words, the triplet
signals represent the doping protons of PANI (Wang et al., 2010;
Abdelkader et al., 2013).

The equal strength triplet could only be attributed to the
proton related to nitrogen as the 14N (natural abundance:
99.62%) atom has a spin quantum number IN = 1 (while IC
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FIGURE 1 | FT-IR of PANI, Sago, and PANI/Sago blends at various sonication

times.

= 0); this made it possible for the proton on 14N to exhibit
the triplet peaks with an integral area ratio of 1:1:1 in the 1H
NMR spectrum (Ning, 2000). The low intensity peaks at 1–2
ppm and at 8.15 ppm are due to the water protons bonded by (-
NH-and-NH2) groups, respectively (Kanungo et al., 2003), while
the signals at 5.8 and 9.3 ppm are from the –NH proton and
hydrogen bonded –OH group, respectively (Lukasiewicz et al.,
2014). For neat Sago starch, the (1–4) and (1–6) α- linkages are
observed in the spectrum at 4.6 and 5.4 and 5.1 ppm, respectively,
as shown in Figure 2B (Lukasiewicz et al., 2014).

The impact of sonication time was more evident for
the characteristic Sago peaks. For all PANI/Sago blends, no
noticeable change was observed for characteristic peaks of
PANI upon increasing the sonication time. However, a slight
shift in the position of triplet peaks was observed in peaks
toward downfield, which was indicative of interaction (hydrogen
bonding) between PANI and Sago. Furthermore, some additional
weak peaks were observed in blends P/S1–P/S 5, which suggested
the growth of a PANI Chain in the blends. However, the
characteristic peaks of Sago starch for blends P/S 3 and P/S 5
began to disappear and deform, as seen in Figures 2F,G. The
peak attributed to amylose at 4.6 ppm disappeared completely,
while the peaks attributed to amylopectin at 5.1 and 5.4 ppm
deformed. The disappearance and deformation of Sago peaks
could be due to the combination of prolonged acid hydrolysis
and the generation of excessive kinetic energy by the collapsing
of cavitation bubbles. The disappearance of the amylose peak
can be attributed predominantly to the preferential hydrolysis of
amorphous regions within starch, which is consistent with the
hypothesis reported in literature that amylose is largely located
in the amorphous regions of starch granules (Cheng et al., 2010;
Sun et al., 2014; Wang and Copeland, 2015). The deformation of
amylopectin peaks, however, could be due to the generation of
excessive kinetic energy by collapsing of bubbles for prolonged
period of time (3 and 5 h, respectively). This in turn leads to the
disruption of the crystalline structure of clustered amylopectin.

Ultraviolet-Visible Spectroscopy (UV-Vis)
The structural purity of PANI and its blends can be effectively
determined from the UV-Vis spectra, shown in Figure 3. The
three characteristic absorption bands of neat PANI observed were
around 358 nm, and this was attributed to the π-π∗ transition
in benzene rings; 430 nm, attributed to exciton-couple π-polaron
transition, and centered around 900 nm, attributed to polaron–
π
∗ transition (Borah et al., 2014). The peaks around 430 and

900 nm are the signature peaks of the ES form of PANI. The UV-
Vis absorption pattern of neat PANI obtained are consistent with
the previous reported results for neat PANI (Epstein et al., 1994;
Kohlman et al., 1996;Molapo et al., 2012). The overall appearance
of PANI/Sago blends was similar to that of neat PANI but with a
slight decrease in the absorption peak intensities as the sonication
time increases. This is due to the distortion of PANI chains
on prolonged exposure to irradiation, further supported by the
evidence that no characteristic peaks diminished or disappeared,
though reduced intensity was observed for P/S 3 and P/S 5 blends.
The decrease in peak intensities without peak shifting indicated
that PANI was in a protonated form. A correlation between the
conductivity of the PANI-salt and the intensity of the longest
wavelength band was noticed. The 900 nm band was due to the
-NH+

2 - species, which was generated on the protonation of PANI,
and its intensity was a measure of its doping level. Continued
oxidation of the polymer would lead to the conversion of the -
NH+

2 - to the NH+ group, consequently resulting in a decrease
in the intensity of the band at 900 nm and also a decrease in the
conductivity of the PANI. Furthermore, to support this claim, the
energy band gap for PANI and its blends was calculated using
Tauc’s plot.

In the present case, the photon energy (hυ) is plotted against
(αhυ)2 for n = 0.5, and this is shown in Figure 4. It gives
a straight line fit, which implies that the samples undergo
direct transition. Then, the band gap has been extracted by
extrapolating the straight portion of the graph on the hυ axis at α
= 0 (Oliveira et al., 2016). The energy band gap results obtained
from Tauc’s plot correlated with electrical conductivity values, as
the size of the energy band gap determines whether the polymer
is a metal, semiconductor, or insulator. The energy band gap is
inversely proportional to electrical conductivity; i.e., the lower
the value of energy band the higher the conductivity will be. This
confirms that the reduction in electrical conductivity is solely due
to prolonged irradiation/sonication, as shown in Figures 4B–D.
Thus, sonication time plays a vital role for synthesizing PANI
based blends.

Electrical Conductivity
Figure 5 shows the variation in electrical conductivity (E.C)
values for PANI/Sago blends sonicated for varying times. The
E.C of the blend increases with an increase in sonication time,
and the highest conductivity is attained for the blend sonicated
for 2 h, though it was found to be much lower than that of neat
PANI, which was 1.78 Scm−1. The low E.C value for the blends
sonicated for less 2 h suggests that the sonication time was not
sufficient for the complete polymerization of aniline to PANI. In
the in situ polymerization of PANI/Sago blend, PANI oligomers
are firstly produced in the early stage of aniline oxidation and
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FIGURE 2 | 1H NMR of PANI, Sago, and PANI/Sago blends at various sonication times. (A) Neat PANI; (B) Neat Sago; (C) P/S 0.5; (D) P/S 1; (E) P/S 2; (F) P/S 3;

(G) P/S 5.
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are then adsorbed at Sago chains. Once the first PANI chain is
produced at the Sago chain, the aniline oxidation will proceed in
close vicinity. Therefore, the low E.C values for blends sonicated
for 0.5 and 1 h could be due to the presence of PANI oligomers in
the blend.

Furthermore, it was observed that long polymerization time
periods do not favor the E.C of the blend, as reflected by the
E.C values. The increase in sonication time beyond 2 h only led

FIGURE 3 | UV-Vis spectrums of PANI, Sago, and PANI/Sago blends at

various sonication times.

to a reduction in the E.C and viscosity of the blend, as shown
in Figures 5, 6. These results suggested that polymerization
occurred relatively rapidly and was essentially completed in 2 h,
further suggesting complete polymerization of aniline to PANI.
A similar observation was made by Yong et al., who studied
the effect of reaction time on chemical polymerization of aniline
using a conventional stirring technique and observed reduction
in E.C and viscosity at polymerization times exceeding 4 h (Cao
et al., 1989). They reported that prolonged polymerization led
to slow hydrolysis, which eventually resulted in reduced E.C
and viscosity. We also observed similar results of reduced E.C
and viscosity of the prepared PANI/Sago blends, as evidenced
by the results in Figures 5, 6. Also, as evident from UV-Vis
results, continued sonication of the PANI would lead to the
conversion of the -NH2+- to NH+ group, thus resulting in
reduced E.C. This study also highlights that the polymerization
of PANI using an ultrasonic irradiation technique is much
faster than a conventional stirring technique, as reported
by Cao et al. (1989).

Morphology
The FE-SEM of neat PANI, neat Sago starch, and the PANI/Sago
blends at various sonication times are shown in Figure 7.
Figure 7A is of neat Sago starch that acts as a matrix while
Figure 7B is of neat PANI that shows the formation of cylindrical
shaped nanostructures with an average diameter of 250 nm. The
roughness observed on the PANI surface is attributed to a doping
process (John et al., 2010). For PANI/Sago blends it is difficult

FIGURE 4 | Tauc’s plot for the energy band of (A) Neat PANI and (B) PANI/Sago blend at 30min sonication, (C) PANI/Sago blend at 2 h sonication, and (D)

PANI/Sago blend at 5 h sonication.
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to demonstrate discrete PANI and Sago by SEM, suggesting a
very fine distribution of PANI in the Sago starch matrix. All the
PANI/Sago blends (Figures 7C–G) illustrate a highly connected
morphology, which helps in good inter- and intra-chain electron
transfer within the blends. As the sonication time increases, small
voids start to appear in the P/S 3 blend, and they are evident in
the P/S 5 blend. This may be due to the bursting of cavitation
bubbles for longer periods of time, which increases the kinetic
energy in the sonicator bath, leading to the deformation of Sago
structure in the blends. These results are complimentary to 1H
NMR and FT-IR.

Thermogravimetric Analysis (TGA)
TG analysis examines the thermal stability of PANI and
PANI/Sago blends, as shown in Figure 8. The weight loss in
PANI can be segregated into three stages: stage 1 involves weight

FIGURE 5 | Electrical conductivity of PANI/Sago blends at various sonication

times.

loss up until ∼150◦C due to the evaporation of moisture and
volatile impurities; stage 2 involves weight loss between 150
and 350◦C due to the loss of dopant acid (Neelgund and Oki,
2011); and stage 3 involves weight loss between 400 and 800◦C
due to the exothermic thermal decomposition of PANI with
different degrees of polymerization (Sai et al., 2006). In the case
of Sago starch, the weight loss of Sago begins at 290◦C with a
sharp weight loss from 84 to 18% at 370◦C. Compared to neat
PANI and native Sago, PANI/Sago showed initial weight loss
at a much lower temperature of 200◦C. This could be because,
at such higher temperatures, the molecular interaction (e.g.,
hydrogen bonding) between protonic acid, PANI, and Sago is
not effective; therefore, a major weight loss takes place (Larimi
et al., 2012; Lukasiewicz et al., 2014; Oliveira et al., 2016). The
final degradation temperatures for all the blends were higher than
those of the Sago starch. No major difference was observed for
blends sonicated at different times, but a slight increment was
observed for blends sonicated for a longer time. This was obvious
as the crystallinity content was higher in the blends sonicated for
longer times. In all cases, the final residue after TGA was ∼30%
of the weight. This result indicated that each blend formed a
similar residue irrespective of the sonication time. The PANI and
PANI/Sago blends were not completely destroyed because, in a
nitrogen atmosphere, the carbonization of polymers takes place,
leaving a marked residue.

CONCLUSION

The synthesis of PANI/Sago blends was successfully achieved
through a facile one-pot synthesis method using ultrasonic
irradiation via in situ polymerization technique. The method
is economical, easy, and can be scalable to synthesis in bulk
quantities. The structural analysis reveals the presence of both
PANI and Sago in the synthesized blends. A sonication time
of 2 h was found to be optimal for synthesis of PANI/Sago
blends; a time <2 h was not enough as PANI was protonated,
and more than 2 h of sonication results in deformation of

FIGURE 6 | Viscosity of PANI/Sago blends at various times.
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FIGURE 7 | FE-SEM for (A) Neat Sago, (B) Neat PANI, (C) P/S 0.5, (D) P/S 1, (E) P/S 2, (F) P/S 3, and (G) P/S 5.
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FIGURE 8 | TG analysis of PANI, Sago, and PANI/Sago blends.

Sago’s structure. The highest electrical conductivity value was
found for blends sonicated for 2 h. Sonicating blends for more
than 2 h resulted in the conversion of the -NH+

2 - to NH+

group. This claim is supported by UV-Vis findings, and the
energy band gap value obtained from Tauc’s model. Not much
variation was observed in the thermal stability and morphology
of the blends. A well-connected morphology was observed,
which helped in good inter- and intra-chain electron transfer
within the blends. Therefore, it can be concluded that the

optimum time required for the preparation of electrically
conductive and physically stable PANI/Sago blend film is 2 h. The
prepared films with enhanced electrical conductivity, structural
integrity, and thermal stability can be used in applications such
as super capacitors, EMI-Shielding, electronic controllers, and
self-regulating fuses.
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