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This study attempts to prepare electrically conductive and physically stable PANI/Sago

starch films by a simple one-pot synthesis method using ultrasound irradiation technique.

To attain physical stability of the prepared films, the pH of the PANI/Sago dispersion

was varied (2, 4, 6, 7, 9, and 11 pH) before drying. The effect of pH on the structural

properties (1H NMR and FT-IR), electrical conductivity (E.C), optical properties (UV-VIS),

and morphology (FE-SEM) of the blends was studied. 1H NMR results revealed that

at low pH (2 and 4), degradation of sago starch took place and as the pH increases,

deprotonation of PANI takes place. The findings of 1H NMR were ably supported by

E.C results, which showed gradual decrease in conductivity until pH 7 and then a

drastic drop was noticed for pH 9 and 11. UV-Vis findings reveals that, as the pH

increases, PANI deprotonates from emeraldine salt form to emeraldine base form. The

morphological results were complimentary with 1H NMR and FT-IR, while revealing

different morphologies: coral like morphology with voids in them for blends with pH

2 and 4; well-connected and smooth morphology for blends with pH 6 and 7; and

well-connected but with loose flake like morphology for blends with pH 9 and 11.

Overall, the PANI/Sago blend with pH 6 was found to be electrically conductive and

physically stable.

Keywords: polyaniline, sago starch, oxidative polymerization, ultrasonic irradiation, pH

INTRODUCTION

Among various conjugated polymers, Polyaniline (PANI) in its doped form have attracted
huge interest due to its potential applications in light-emitting diodes, batteries, electromagnetic
shielding, antistatic coating, and gas sensors (Negi and Adhyapak, 2002; Persaud, 2005; Al-Thani
et al., 2018; Kumar et al., 2018). However, low solubility of the doped PANI inmost organic solvents,
poor mechanical properties and strenuous processability in the doped state hinders the commercial
expansion of PANI. Therefore, continuous efforts are being made to overcome these limitations.
One such effort is the preparation of conducting PANI blends or composites. The advantage of
this method is, it delivers the synergic combination of enhanced processability of the conventional
polymers and electrical and redox properties of PANI (Jones et al., 2010). In last couple of decades
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many researchers have reported on blending of PANI
with different types of conventional polymers, such as
polyacrylonitrile (Fryczkowska et al., 2017), polyvinyl alcohol
(PVA) (Laska et al., 1997), polystyrene (PS) (Roichman et al.,
1999), and starch (Saikia et al., 2010; Janaki et al., 2012), have
been investigated. Starch has attracted our attention because of
its ease of availability and is highly economical. There are many
varieties of starch available, the one which is of our interest is
native Sago starch obtained from palm trees, as it is abundantly
available in east Asia and it’s the least explored one. As any other
starch, Sago is made of two glucoside macromolecules; amylose
and amylopectin. Additionally, the combination of a natural
fully non-toxic, biodegradable material with a synthetic and
multifunctional PANI looks as a promising new direction in the
field of advanced, functional materials preparation.

In most studies involving preparation of PANI blends or
composites, PANI was used as filler material, which reduces
the surface conductivity of the blend at micro level. Therefore,
in order to prepare PANI blends with uniform and enhanced
conductivity at micro level, researchers have opted for in situ
polymerization technique (Lu et al., 2007; Arenas et al., 2014;
Pour-Ali et al., 2014; Wang et al., 2017). In this regard we tried
preparation of PANI/Sago blends using in situ polymerization
technique. However, our preliminary results showed that the
prepared PANI/Sago blend lacked good physical stability, which
is due to the high acidity (<1 pH) of the polymerized PANI/Sago
solution. The high acidity of the polymerized PANI/Sago solution
may result in degradation of sago starch during drying process.
The high acidity of the solution is due to the use of Hydrochloric
acid (HCl) as dopant and Sulphuric acid (H2SO4) as a by-product
of aniline polymerization. HCl and H2SO4, are strong acids (with
pH < 2) having hygroscopic, volatile and corrosive properties,
which reduces the chemical stability of the sago starch in the
PANI/Sago blend (Kawano et al., 2006).

Based on literature, this limitation can be overcome by couple
of methods: by using weak dopants (>4 pH; Nguyen et al.,
2014); or by immersing the synthesized blends in test buffer
solution of varying pH (pH2-pH11; Gill et al., 2007). However,
such methods were found to be unsuccessful as oxidative
polymerization of PANI using medium or weak dopants resulted
in Polyaniline in fully reduced or fully oxidized state. This
is because the oxidation state of PANI is dependent on pH
(Lindfors and Ivaska, 2002). Thus, according to the acidity level
of the solutions, polyaniline may exist in different stable forms:
leucoemeraldine (C6H4NH)n—completely reduced, white or
colorless; emeraldine [(C6H4NH)2(C6H4N)2]n—blue for the
emeraldine base (EB), green for the emeraldine salt (ES);
pernigraniline (C6H4N)n—completely oxidized, blue or violet
(Huang et al., 1986; Lindfors and Ivaska, 2002). Out of all the
three aforementioned forms of PANI, emeraldine form is the
desirable as it is the conductive and the most stable form of PANI.
The other method of immersing of blends in buffer solution was
found to be expensive as it involves multiple steps for preparation
of PANI blends and then immersing it in buffer solution. Thus,
there exists a need to prepare PANI blend in ES form without
effecting the chemical stability of the polymer using simple and
economical technique.

Therefore, in this study attempt have been made to prepare
PANI/Sago blend in conductive form without effecting the
chemical stability of sago starch. In order to maintain the
chemical stability of the polymerized PANI/Sago blend, aqueous
solution of Sodium hydroxide (NaOH) was added to the
PANI/Sago dispersion before drying, until the desired pH was
attained. The addition of NaOH is expected to prohibit the
degradation of sago starch, by reacting with Hydrochloric
acid (HCl) and forming Sodium Chloride (NaCl) salt, thus
resulting in chemically stable PANI/Sago blend. For that,
this paper reports the in situ polymerization of PANI in
presence of sago starch to prepare PANI/Sago blend by
oxidative polymerization of aniline using HCl and Ammonium
persulfate (APS) as dopant and oxidant, respectively. The
effect of pH on the structure, morphology and electrical
conductivity was investigated by means of FT-IR, NMR,
UV-Vis, FE-SEM, and four-point probe technique. The
successful preparation of this film will open new avenues
in the field of electronic devices such as bio-sensors, bio-
conductors, EMI/RF shielding, antistatic coating medical
applications etc.

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.

Synthesis of PANI/Sago Blends
PANI/Sago blend was synthesized by oxidative polymerization
of aniline in the presence of Sago starch. The synthesis was
began by sonicating pre-cooled sago gel with HCl for certain
period of time then measured amount of aniline was added. To
this, freshly prepared oxidant ammonium persulfate (APS) was
added dropwise at 30ml/h (Jelmy et al., 2013). Based on the
literature, the oxidant/monomer and oxidant/dopant mole ratio
was chosen as 1 (Cao et al., 1989; Jelmy et al., 2013). Monomer
to Sago ratio was 1, concentration of dopant acid (HCl) was
1M and the synthesis was carried out for 1 h (Pron et al., 1988;
Cao et al., 1989; Jelmy et al., 2013). During the reaction, the
temperature of the ice bath was maintained at 0–3◦C; this was
done to avoid any secondary reactions. As the polymerization
proceeded, the color of the solution changed to white through
yellow, brown, and finally to green, which indicates the formation
of PANI Emeraldine salt. Then the obtained dark green color
solution was left undisturbed for 24 h for the completion of
polymerization. After completion of polymerization, varying
quantity of NaOH solution was added dropwise to PANI/Sago
dispersion until desired pH (2, 4, 6, 7, 9, and 11 pH) was
attained, while constantly stirring. The final solution with
uniform dispersion was then deposited as a film on a flat glass
support and kept for drying at 60◦C in oven for 48 h. Complete
list of samples prepared and parameters followed is shown
in Table 1.
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Characterization
The pH of PANI/Sago aqueous dispersion was varied with
varying Normality of NaOH. The pH was measured using
a Hanna HI 991001 pH meter. Electrical conductivity was
measured by using four point probe Jandel meter (Model
RM3000). Each measurement involves three different samples
to ensure the repeatability and reproducibility of the results.
FT-IR spectra in the wavelength range of 4000–400 cm−1 were
recorded using Nicolet 170SX. 1H NMR was obtained on a
Bruker 400 spectrometer using deuterated dimethyl sulfoxide-
d6 (DMSO) as solvent. Using Hitachi SU8020 field emission
scanning electron microscopy (FESEM) at an accelerating
voltage of 5 kV, morphological analysis of the blends was

TABLE 1 | List of PANI/Sago blends prepared.

Sample label pH

Neat PANI 0.7

Neat Sago –

P/S 2 2

P/S 4 4

P/S 6 6

P/S 7 7

P/S 9 9

P/S 11 11

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

Sonication time was 1 h.

done. UV-Vis analysis was performed using Lambda 1050 UV-
VIS/NIR spectrophotometer.

RESULTS AND DISCUSSION

Physical Assessment of PANI/Sago Films
The assessment of the physical consistency of the films was made
up by establishing if the film was broken or not when tested
in a hand traction trial at a distance of 1 cm. If the film was
not broken, it overcame the consistency criterion and then its
conductivity was tested. The diameter of the produced films was
4–5 cm, as shown in Figure 1. The other desirable features in
film such as consistency, physical homogeneity, and flexibility
were tested by visual inspection of the samples and performed 7
days after the making of the films which is the estimated amount
of time for solvent total removal and therefore the sample is
considered to be stable (Arrieta et al., 2011). As shown in
Figure 1, blends P/S 2 and P/S 4 were found to be very brittle with
spongy properties, due to the degradation of starch. Therefore,
no stable films were formed for P/S 2 and P/S 4 blends, as Sago
imparts the structural integrity to the blends. Similarly, the blend
with highest pH was found to be brittle and shrunk, the reason
for this can be understood by FT-IR and 1H NMR analysis.

With the degradation of Sago, PANI becomes dominant in
the blend and this leads to increase in the rigidity of the blend,
because of the rigid nature of PANI, thus resulting in brittle
blends. Only the blends P/S 6 and P/S 7 were found to produce
stable and intact PANI/Sago films as shown in Figure 1. A crack
appeared in P/S 7 film during the hand traction trial, as shown

FIGURE 1 | Digital images of PANI/Sago films at different pH.
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SCHEME 1 | Polymerization mechanism of PANI/Sago blend films.

in Figure 1. Whereas, P/S 6 film remains intact even after hand
traction trial, shown in inset of Figure 1. This suggests film
with pH 6 is smooth, stable, and ductile with protonated PANI
attaching to the modified linear Sago starch structure and forms
a strong hydrogen bond, as shown in Scheme 1.

Nuclear Magnetic Resonance (NMR)
The 1HNMR spectrum of neat PANI, neat Sago and their blends
at different pH are presented in Figure 2. The spectrum of neat
PANI shows the characteristic peaks of doped PANI, which are:
single peak in between 6.4 and 6.6 ppm, which is due to (−NH2)
end group (Wang et al., 2010). The presence of three sharp
and equidistant peaks identified around 6.9–7.33 ppm (7.07,
7.20, and 7.33 ppm) with a coupling constant of 52Hz, could
be attributed to the proton related to nitrogen (Wang et al.,
2010; Abdelkader et al., 2013). These triplet peaks are resulted
from the ammonium protons, in other words, the triplet peak
represents the doping protons of PANI, and these protons govern
the conducting property of PANI (Abdelkader et al., 2013). The
equal strength triplet could only be attributed to the proton
related to nitrogen, since the 14N (natural abundance: 99.62%)
atom has a spin quantum number IN = 1 (while IC = 0), which
makes 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 –NH proton and hydrogen bonded
–OH group, respectively (Lukasiewicz et al., 2014). Figure 2 of
neat sago shows the characteristic peaks of sago starch, which are:
a triplet at 4.6, 5.1, and 5.4 ppm, respectively. The peak at 5.4 and
5.1 ppm belongs to (1–4) and (1–6) α- linkages of sago starch,
respectively (Lukasiewicz et al., 2014).

In order to understand the effect of pH on PANI/Sago blends,
it is best to analyse PANI and Sago peaks separately. Firstly, the
impact of pH on PANI is analyzed, followed by sago starch. For
simplicity same trend will be followed for rest of the paper.

The effect of incorporation of NaOH on the PANI is quite
evident from the shift in the position of triplet peaks toward the
downfield. As seen in Figure 2 for PANI/Sago blend at 2 pH,
the position of triplet is 7.0, 7.07, and 7.14 ppm, respectively. As
the pH of the blend increases to 4, the position of triplet shifts
to 6.9, 7.0, and 7.1 ppm and to 6.44, 6.62, and 6.80 ppm for
PANI/Sago blend at 6 pH, respectively. Although the triplet peaks
shifted toward downfield with increase in pH, it still remained
equidistant, which is the characteristic of protonated PANI.
The shifting of triplet could be due to interaction (hydrogen
bonding) between PANI and sago. However, no triplet was
observed for PANI/Sago blends with pH 7 and above, the
disruption or disappearance of triplets in an indication of
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FIGURE 2 | 1H NMR of Neat PANI, Neat Sago and PANI/Sago blends of varying pH.
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change in oxidation state of PANI in PANI/Sago blends of the
respective blends.

Further, as the pH of the blends increased to 9 and 11, the
emergence of multiple new peaks between 5.5 and 6.5 ppm
was observed, the arising of new peaks could be attributed to
the alkaline oxidation of PANI/Sago blend (Beau et al., 1999;
Venancio et al., 2006; Zujovic et al., 2008). Apart from peaks
between 5.5 and 6.5 ppm, a new peak at 8.6 ppm was observed
for blends with pH 9 and 11. The new peak located at 8.6 ppm
is the characteristic peak of emeraldine base (EB) form of PANI,
which is attributed to the NH groups of PANI-EB (Yamamoto
and Moon, 1993). Thus, the appearance of new peak at 8.6 and
disappearance of triplet for blends with pH 9 and 11, suggests
change in form of PANI from ES to EB. These results are in
agreement with the findings of Wang et al. (2010). Wang et al.
reported comprehensively about the doping level of PANI and
deprotonation of PANI when NaOH was added to it.

As shown in Figure 2, the characteristic peaks of Sago appears
at 4.6, 5.1, and 5.4 ppm, respectively. It was observed that with
change in pH of the PANI/Sago dispersion the intensity of these
characteristic peaks of Sago also varied, suggesting structural
modification of the blend. The intensity of Sago peaks increases
with increase in pH of the Blend. For blends P/S 2 and P/S 4,
the intensity of Sago peaks was found to be weak. Whereas, for
blends with pH ≥ 6, the intensity of Sago peaks increases, as
shown in Figure 2. The weak intensity of Sago is due to the
degradation of Sago because of prolonged interaction of Sago
with volatile acids (HCl and H2SO4) present in the PANI/Sago
dispersion before eventually drying. This analysis is supported
by the observations made during physical assessment of the
blends after drying, as shown in the Figure 1. The increased
intensity of Sago peaks for blends P/S 6, P/S 7, and P/S 9, suggests
presence of Sago in the respective blends. For blends with pH≥ 6,
the PANI/Sago dispersion contains enough NaOH which reacts
with HCl and forms NaCl salt, which restrain the degradation
of Sago. Thus, for blends with pH ≥ 6 the chemical stability
of Sago is maintained, which imparts physical stability to the
blend. However, for P/S 11 blend the Sago peaks appears partially
grown or beginning to diminish. The diminished peaks is a clear
indication of the subjugation of Sago in the blend, thus suggesting
partial degradation of Sago for P/S 11 blend.

Therefore, from this findings it can be said that, PANI/Sago
blend with pH < 6 are not desirable as they lack physical stability
though they are protonated. Also, blends with pH > 7 are not
desirable as they contain new peak at 8.6 ppm which is the
characteristic peak of emeraldine base (EB) form of PANI. Thus,
blends with pH 6 and 7 were the only blends found to protonated
and also physically stable. Further, evaluation of their E.C values
and optical properties will help in understanding the degree of
protonation of these blends.

Electrical Conductivity
Figure 3 shows the electrical conductivity of PANI/Sago blends
at different pH values. The E.C of the neat PANI was found to
be 1.78 Scm−1. As observed from Figure 3, with the increase in
pH of the solution the E.C value of the dried film decreases. A
gradual decrease in the E.C was observed until pH 7. However,

FIGURE 3 | Electrical conductivity of the PANI/Sago blend films at varying pH.

a drastic reduction can be noticed for PANI/Sago blends at
pH 9 and pH 11.The PANI/Sago blend at pH 7 can still be
considered as conductive [conductive plastic ranges up to 10−6

Scm−1 (Gulrez et al., 2014)], but the value is reduced by couple
of folds as compare to PANI/Sago blend at pH 2, this could
be due to deprotonation of PANI. Because once the conductive
form of the PANI is formed, i.e., emeraldine salt, the addition
of an acid or a base leads to protonation or deprotonation
of the base (-NH-) sites in PANI, which causes switching of
PANI between oxidation states (De Albuquerque et al., 2004).
It is well-known fact that, the major contributor to the overall
conductivity of polyaniline is the inter-chain charge transport
(Wudl et al., 1987). Charge transport mechanism depends on a
number of factors, protonation (doping level) being one of them.
The relationship between doping and charge is well-explained
by Huang and MacDiarmid as; Protonation/deprotonation of
PANI results in an increase/decrease in the amount of charge
on the polymer backbone, which results in increased/decreased
conductivity (Huang and MacDiarmid, 1993). In another study
by Shacklette (1994), the relationship between doping and
charge is explained as; during the deprotonation of PANI, the
interaction between PANI and polar molecule reduces, which
induces redistribution of charge, resulting in reduced electrical
conductivity. Thus, based on the aforementioned explanations,
it can deduced that, when NaOH is added to the protonated
PANI/Sago dispersion, deprotonation of PANI begins. The
initial deprotonation of PANI results only in redistribution of
charge, because at low pH, active sites for interaction between
PANI and polar molecules are still present but in reduced
quantity. Therefore, the gradual decrease in E.C of the blends
with pH ≤ 7 suggests gradual reduction in active site on the
polymer backbone. However, when the pH of the PANI/Sago
dispersion increases (pH > 7), the E.C of the blends falls
drastically, suggesting elimination of all active sites on the
polymer backbone. Which means no interaction between PANI
and polar molecules takes place, thus resulting the deprotonation
of PANI. The E.C and 1H NMR results are complimentary to
each other.
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Ultraviolet–Visible Spectroscopy (UV-Vis)
In order to understand the effect of pH on PANI in PANI/Sago
blends, UV-Vis analysis at different pH was carried out. As
shown in Figure 4, neat PANI contains three absorption bands
at around 358 nm, attributed to the π - π

∗ transition in benzene
rings; around 435 nm, attributed to exciton-couple π-polaron
transition, and centered around 900 nm with a long tail is
attributed to polaron - π

∗ transition (Borah et al., 2014). These
three absorption bands are the characteristic bands of doped
PANI. From Figure 4, it can be confirmed that the band structure
underwent a great change for PANI/Sago blends upon addition of
NaOH. The change in band structure wasmore evident for blends
with pH > 7.

Two different phenomenon were observed for, no major
shifting of bands or drastic reduction in band intensities were
observed for blends with pH ≤ 7. Whereas, for the blends with
pH > 7, shifting of prominent bands and also disappearance

FIGURE 4 | UV-Vis spectrums of PANI, Sago and PANI/Sago blends of

varying pH.

FIGURE 5 | FT-IR spectrums of PANI, Sago and PANI/Sago blends of varying

pH.

of bands was noticed. For PANI/Sago blends with pH ≤ 7, the
presences of PANI characteristic bands around 358, 435 nm and
the appearance of polaron - π

∗ transition absorption band in
the region >750 nm confirms that P/S 2, P/S 4, P/S 6, and P/S
7 blends are in doped form. These results are consistent with the
results reported in literature (Epstein et al., 1994; Kohlman et al.,
1996; Lu et al., 2006; Soetaredjo et al., 2012).

However, for blends P/S 9 and P/S 11, a new absorption
band appears around 650 nm, simultaneously resulting in the
disappearance of the two absorption bands at around 435
and >750 nm. The disappearance of absorption bands at 435
and >750 nm and appearance of new band around 650 nm,
indicates deprotonation of PANI. As seen in Figure 4, new set
of absorption bands appears for P/S 9 and P/S 11 blends, two
strong absorption bands at 337 and 690 nm for P/S 9 and 340 and
646 nm for P/S 11 was observed, respectively. These absorption
bands for PANI/Sago blends for P/S 9 and P/S 11 blends are
attributed to the formation of emeraldine base (Li and Wang,
2004; Lu et al., 2006). The emeraldine base form of PANI shows a
lowwavelengthπ -π∗ band and a strong absorption band around
600 nm attributed to a local charge transfer between a quinoid
ring and the adjacent imine phenyl-amine units (intramolecular
charge transfer exciton; Huang et al., 2002). The increase in
pH of PANI/Sago blends leads to deprotonation of PANI in
PANI/Sago blends and not to change in oxidation state, this
can be confirmed by the position of absorption bands. As the
reduced leucoemeraldine base form of PANI exhibits a band
around 320 nm attributed to the π - π

∗ electronic transition
(Zhang et al., 2004). Pernigraniline base form of PANI shows
two bands around 320 nm (π - π

∗ band) and 530 nm (Peierl
gap transition; Wallace et al., 2002). Thus, confirming increase
in pH of PANI/Sago blends results in deprotonation of PANI
from emeraldine salt form to emeraldine base form of PANI
in PANI/Sago blends. These results are also complimenting the
findings of 1H NMR and E.C this far.

Fourier Transform Infrared (FT-IR)
The effect of pH on the molecular structure of PANI/Sago blends
are further analyzed using FT-IR. Figure 5 of FT-IR allows to
prove that the polymerization of aniline to PANI in presence
of Sago starch took place successfully, irrespective of pH. The
characteristic peaks of PANI occurring around 1,578, 1,490,
1,290, 1,240, 1,140, and 800 cm−1 corresponding to quinoid
ring stretch, benzenoid ring stretch, N-H bend, asymmetric C-
N stretch, −NH+ = stretch and aromatic C-H ring bend are
shown in Figure 5, which are in agreement with those reported
in literature (Tang et al., 1988; Ping, 1996; Kang et al., 1998). The
peak around 800 cm−1 is the characteristic of 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
peak between 1,035 and 1,156 cm−1 attributed to the C-O bond
stretch in C-O-C of bonding, and peaks at 1,078 and 1,154 cm−1

attributed to C-O stretch in C-O-H bonding (Soetaredjo et al.,
2012). Other absorption peak around 1,644 cm−1 corresponds to
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the adsorbed water in the starch and bands around 1,420 cm−1

was 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 (C–H) vibration
stretch (Biswas et al., 2008; Diop et al., 2011).

An absorption band at 3,150 cm−1 in the spectrum of neat
PANI is due to the absorption of free charge-carriers in the
protonated polymer (Kang et al., 1998). It is one of the
characteristic of a conducting form of PANI. This band slowly
reduces in intensity and diminishes completely as the pH of
the blend increases. As the pH increases to 2, the band at
3,150 cm−1 in PANI spectrum blue shifts to 3,196 cm−1 in P/S
2 spectrum. With further increase in pH, that is pH 4 and
6, PANI band at 3,150 cm−1 starts to merge with the band of
sago starch at 3,303 cm−1. Also, as the pH increases from 2
to 6, the intensity of absorption band at 3,150 cm−1 decreases,
until it diminishes completely for the blends with pH 7 and
above. This indicates deprotonation of PANI (from salt form to
base form) in PANI/Sago blend with pH > 7, as no absorption
band appears at 3,150 cm−1. The absorption bands at 1,577 and
1,482 cm−1 attributed to quinonoid (Q) and benzenoid (B) ring-
stretching vibrations (Furukawa et al., 1988; Ping, 1996) are
observed in the spectrum of neat PANI (protonated salt form).
For P/S 2 blend, the bands at 1,577 and 1,482 cm−1 of PANI
blue shifts to 1,590 and 1,507 cm−1 and merges with bands at
1,644 and 1,420 cm−1 of Sago starch and broadens, as observed in
Figure 5. The broadening and merging of bands is an indication
of interaction between PANI and Sago, in this case its hydrogen
bonding. However, on increasing the pH of PANI/Sago blends
to ≥7, the bands at 1,577 and 1,482 cm−1 of PANI disappeared.
The disappearance of these bands is another indication of
deprotonation of PANI, as bands at 1,577 and 1,482 cm−1 denotes
the oxidation state of PANI (Neelgund and Oki, 2011). Similar
phenomenon was observed for band at 1,155 cm−1 of neat PANI,
which is assigned to the vibrationmode of the –NH+

= structure,
and is associated with the vibrations of the charged polymer
units Q = NH+-B or B–NH+•-B (Kang et al., 1998). The band
at 1,155 cm−1 of neat PANI indicates the existence of positive
charges on the chain and the distribution of the dihedral angle
between the quinonoid and benzenoid rings. However, when
PANI is synthesized in presence of Sago starch this band shifts
to 1,110 cm−1. For blends with pH ≤ 6 the absorption band at
1,110 cm−1 are intense and for blends with pH ≥ 7 the intensity
reduces and merges with the absorption bands of Sago starch
and ultimately resulting in broad absorption band, as shown in
Figure 5. The shift and reduction in band intensity of absorption
band at 1,155–1,110 cm−1 is due to the elimination of active
site for charge transfer on the PANI backbone (MacDiarmid and
Chiang, 1986; Tang et al., 1988). As this band has been related
to the high degree of electron delocalization in PANI, as well as
to a strong interchain NH+N hydrogen bonding (Trchová and
Stejskal, 2011). Further, the most pronounced band at 805 cm−1

in the substitution region (900–650) cm−1 in the spectrum of
neat PANI is due to the C–H out-of-plane bending vibrations of
two adjacent hydrogen atoms on a 1,4-disubstituted benzene ring
(Kang et al., 1998; Socrates, 2001). This confirms the dominating
para-coupling of constitutional units in PANI chains. After the

addition of NaOH to PANI/Sago dispersion, this band shifts to
760 cm−1 for all blends but P/S 11.

Overall, as observed in Figure 5, it was very difficult to
pinpoint the changes in the spectrum at different pH, as
some of the PANI peaks broadens and merges with the peaks
of Sago starch, thus making it very difficult to differentiate.
Nevertheless, it was noticed from Figure 5, that as the pH of the
blends increases, the intensity of the PANI specific peaks (1,578,
1,490, 1,290, 1,240, 1,140, and 800 cm−1) reduces and vice-versa
for sago peaks (1,420 and 1644 cm−1). The absorption peaks
associated with the P/S 2 and P/S 4 spectrums, displays intense
PANI-specific bands, the blends P/S 6 and P/S 7 were composed
of low concentration of polyaniline incorporated in them, as
evidenced by the low intensity of PANI characteristic bands and
the PANI-specific bands almost disappeared or diminished for
blends with pH 9 and 11. The characteristic bands at around 688,
1,644, and 3,303 cm−1 attributed to sago starch are present in all
the blends but with varying intensities.

Morphology
The FE-SEM of neat PANI, neat Sago starch and the PANI/Sago
blends of different pH are shown in Figure 6. Figure 6A is
the FE-SEM of neat Sago starch, Figure 6B is the FE-SEM
of neat PANI. Neat PANI shows the formation of cylindrical
shaped nanostructures with an average diameter of 250 nm. The
roughness observed on the PANI surface is attributed to doping
process (John et al., 2010). For PANI/Sago blends it is difficult
to demonstrate discrete PANI and Sago by FE-SEM analysis,
suggesting a very fine distribution of PANI in the Sago starch,
as shown in Figures 6C–H. For PANI/Sago blends at different
pH, distinct morphologies were observed. Blends P/S 2 and P/S 4,
displayed a coral-like morphology with small voids. The voids are
indication of Sago degradation, as seen in Figures 6C,D. Blends
P/S 6 and P/S 7, displays a highly connected morphology which
helps in good inter and intra-chain electron transfer within the
blends, as seen in Figures 6E,F. The morphology of the blends
P/S 9 and P/S 11 also appears to be well-connected but with the
presences of loose flakes in it. The flake like morphology could
be a result of excess quantity of NaOH in PANI/Sago dispersion
which resulted in deposition of NaCl salt on the PANI/Sago films.
These results are in agreement with those reported in literature
(Jelmy et al., 2013).

CONCLUSION

PANI/Sago films of varying pH (2–11) was successfully prepared
using ultrasonic irradiation technique. The physical assessment
of the films reveals at low pH (2 and 4) and high pH (9
and 11) Sago was degraded and resulted in brittle, spongy
and shrunk films. The film obtained for pH 6 was found to
be smooth, intact and ductile in nature. The degradation of
Sago at low pH was further confirmed by proton NMR results,
while also revealing deprotonation of PANI with the increase
in pH > 7. The deprotonation of PANI was reflected in the
E.C results, which showed gradual decrease in conductivity
until pH 7 and then a drastic drop was noticed for pH 9
and 11. UV-Vis findings supports the phenomenon of PANI
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FIGURE 6 | FE-SEM of PANI, Sago, and PANI/Sago blends of varying pH. (A) Neat Sago. (B) Neat PANI. (C) P/S 2. (D) P/S 4. (E) P/S 6. (F) P/S 7. (G) P/S 9.

(H) P/S 11.

deprotonation and also revealed, with the increase in pH, PANI
deprotonates from emeraldine salt form to emeraldine base
form. The effect of pH on the FT-IR spectrum of the blends
was mostly in-differentiable, however it was found that P/S 6
blend was protonated and chemically stable compared to other
blends. The morphological results were complimentary with 1H

NMR and FT-IR, while revealing different morphologies: coral
like morphology with voids was observed for P/S 2 and P/S 4
blends; well-connected and smooth morphology was observed
for P/S 6 and P/S 7 blend; and well-connected but with loose
flakes was observed for P/S 9 and P/S 11 blend. Overall, the
PANI/Sago blend P/S 6 was found to be electrically conductive
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and physically stable. Apart from pH, the degradation of sago
starch in the PANI/Sago blend could also be due to the kinetic
energy exerted by sonication process. Therefore, the exact reason
for degradation of Sago starch can be concluded conclusively
only after studying the effect of sonication (reaction time) on the
PANI/Sago blends.
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