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Abstract
Chitosan-graft-polyaniline (Chi-g-PANI) copolymer was successfully synthesized 
via the  chemical oxidative polymerization method. The influence of various syn-
thesis conditions, including the weight ratio of chitosan/aniline, amount of ammo-
nium persulfate (APS), concentration of nitric acid ([HNO3]) and synthesis tem-
perature, on grafting % and electrical conductivity of Chi-g-PANI copolymer was 
investigated. The synthesized Chi-g-PANI copolymer was characterized by Fou-
rier transform infrared spectroscopy (FTIR), ultraviolet–visible spectrophotometer 
(UV–Vis), 13C solid-state nuclear magnetic resonance (NMR) spectroscopy, X-ray 
diffractometer (XRD), field-emittance scanning electron microscope (FE-SEM) and 
a four-point measurement method. The optimum synthesis condition was identified 
as the weight ratio of chitosan/aniline = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M 
and synthesis temperature at 25  °C. The grafting % and electrical conductivity of 
the Chi-g-PANI copolymer at the optimized conditions were 92% and 8 × 10–3 S/
cm, respectively. Results of FTIR and 13C solid-state NMR showed that PANI was 
successfully grafted onto the molecular chains of chitosan. UV–Vis analysis con-
firmed that the electronic transition behavior of Chi-g-PANI copolymer was similar 
to that of PANI. Meanwhile, XRD results revealed the crystallinity of chitosan was 
destroyed by PANI during copolymerization. Furthermore, FE-SEM results demon-
strated that the morphology of the Chi-g-PANI copolymer was obviously different 
from that of chitosan or PANI.

Keywords  Chitosan · Polyaniline · Chi-g-PANI copolymer · Chemical oxidative 
polymerization

 *	 Cheng‑Ho Chen 
	 chchen@stust.edu.tw

1	 Department of Chemical and Materials Engineering, Southern Taiwan University of Science 
and Technology, 1, Nan‑Tai Street, Yong‑Kang Dist., Tainan City 71005, Taiwan

http://orcid.org/0000-0003-4177-7118
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-021-03818-3&domain=pdf


6260	 Polymer Bulletin (2022) 79:6259–6273

1 3

Introduction

Chitosan is a natural nontoxic biopolymer derived by deacetylation of chitin, a 
natural polysaccharide widely found in the shells of crustaceans and insects [1]. 
Chitosan is a linear polysaccharide composed of randomly distributed β-(1 → 4) 
-linked  D-glucosamine  (deacetylated unit) and  N-acetyl-D-glucosamine  (acety-
lated unit). The degree of deacetylation (%DD) in commercial chitosans ranges 
from 60 to 100%. In recent years, chitosan is widely used in wastewater treat-
ments [2], separation membranes [3, 4], drug delivery systems [5] and biosensors 
[6, 7] due to its unique biodegradable, biocompatible nonirritant [8], good film-
forming properties, high mechanical strength and adhesion [9].

Intrinsically conducting polymers (ICP), such as polyaniline, polythiophene, 
and polypyrrole, are commonly used in scientific and industrial research in a 
variety of applications. Currently, ICPs have become an efficient alternative to 
inorganic conductors in many practical applications [10], such as rechargeable 
batteries [11], sensors [12, 13] and photovoltaics [14]. Compared with other 
ICPs, polyaniline (PANI) has been attracting attention because it is easy to be 
synthesized and exhibits a wide range of conductivity, low operational voltage, 
as well as good environmental, thermal, and chemical stability. Meanwhile, this 
compound contains attractive electrochemical, electronic, optical and electro-
optical properties. However, a major problem to limit PANI’s utilization is its 
poor mechanical properties and processability due to its insoluble nature in com-
mon solvents.

Graft copolymerization is a significant and common way to enhance the com-
patibility of the chitosan with synthetic polymers [15]. Recently, in order to 
expand the application of chitosan and polyaniline, Chi-g-PANI copolymer has 
been widely studied. The chemical grafting of polyaniline onto the molecular 
chain of chitosan was reported by Yang et al. [16]. Their results showed that the 
electronic behavior of copolymer film was similar to that of PANI film. Desbri-
eres et  al. [17] adopted chemical oxidative polymerization to synthesize Chi-g-
PANI copolymer and then blended with chitosan to obtain electrically conduc-
tive hydrogel using glutaraldehyde as a crosslinking agent. The results showed 
the hydrogel formed was a superabsorbent hydrogel and the swelling was revers-
ible. Tiwari et al. demonstrated chemical and biosensor potential applications of 
Chi-g-PANI copolymer [18]. Ma et al. developed a new series of in-situ forming 
antibacterial conductive degradable hydrogels using quaternized chitosan (QCS) 
grafted polyaniline with oxidized dextran as a crosslinker. This research opens the 
way to fabricate in situ forming antibacterial and electroactive degradable hydro-
gels as a new class of bioactive scaffolds for tissue regeneration applications [19]. 
Yazdi et al. synthesized Chi-g-PANI copolymer and used it as a sorbent for the 
preconcentration of phthalate esters in dispersive solid-phase extraction. By cou-
pling dispersive solid-phase extraction with high performance liquid chromatog-
raphy and response surface methodology (central composite design), a reliable, 
sensitive and cost-effective method for simultaneous determination of phthalate 
esters was developed [20]. Shukla et  al. reported the extractive potentiometric 
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sensing of lead ions over a chemically functionalized ternary nanocomposite of 
nickel oxide intercalated chitosan grafted polyaniline (NiO-in-CHIT-g-PANI) 
prepared by the  in situ  chemical polymerization and composite formation tech-
nique under optimized conditions [21].

In this paper, the chemical oxidative polymerization method was adopted to 
synthesize PANI on chitosan to form a conductive Chi-g-PANI copolymer which 
showed relatively good biocompatibility and electrical conductivity. Meanwhile, in 
order to find out the optimum synthesis condition, the effect of synthesis conditions 
on grafting % and conductivity was systematically studied including the weight ratio 
of chitosan/aniline, amount of APS, concentration of [HNO3] and synthesis temper-
ature. Furthermore, a conductive Chi-g-PANI hydrogel was also prepared by chemi-
cal crosslinking of the conductive Chi-g-PANI solution in this study.

Experimental

Materials

Chitosan was purchased from CHARMING & BEAUTY Company (Taiwan). 
The average molecular weight and degrees of deacetylation (%DD) were about 
200,000 g/mol and 95%, respectively. Aniline and ammonium persulfate (APS) were 
purchased from Merck (Germany). N-Methylpyrrolidone (NMP) was purchased 
from Shimadzu (Japan). Glutaraldehyde (GA) was purchased from Aldrich Chemi-
cal and used as a chemical crosslinking reagent.

Synthesis of PANI

0.2 g of aniline monomer (0.0021 mol) was added in beaker containing 200 ml of 
0.1 M HNO3 under constantly stirring until it was completely dissolved. 0.49 g APS 
(0.0021 mol) was added into this mixture for polymerization. After 4-h reaction, the 
darkish PANI solution was filtered and then washed with RO water until the pH of 
filtrate reached about 6 ~ 7.

Synthesis of Chi‑g‑PANI copolymer

The synthesis procedure of Chi-g-PANI copolymer was described by Desbrieres et al. 
[17]. A controlled amount of chitosan (0.2, 0.4, 0.6, 0.8 and 1.0 g, respectively) was 
dissolved in 0.1 MHNO3 solution (200  ml) while constantly stirring until fully dis-
solved to form a chitosan solution. Then, 0.2 g of aniline (0.0021 mol) was added to the 
chitosan solution. After that, the controlled amount of APS (0.245, 0.368, 0.490, 0.615 
and 0.735 g, respectively) was added into the chitosan solution. After 4 h reaction, dark-
ish green Chi-g-PANI copolymer dispersion was precipitated out via using NaOH(aq). 
Then, the excess ethanol was added into the dispersion under constantly stirring. The 
precipitated material was filtered and then washed with NMP and RO water to remove 
free PANIs, unreacted monomers and the initiator. After that, the resulted material was 
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dissolved in 0.1 M HNO3 solution (200 ml) to form the doped Chi-g-PANI copolymer. 
Furthermore, the solution containing Chi-g-PANI copolymer was precipitated with 
excess ethanol. Finally, the synthesized product was filtered and dried at the room tem-
perature. In the study, the grafting % and conductivity of the synthesized product was 
discussed by varying the synthesis conditions (weight ratio of chitosan/aniline, amount 
of APS, concentration of HNO3 solution and reaction temperature) to determine the 
optimum synthesis conditions.

Preparation of Chi‑g‑PANI copolymer conductive hydrogel

10 ml of Chi-g-PANI copolymer solution was put in a 25-ml glass bottle. Then, the 
crosslinking reagent (glutaraldehyde) was slowly added under constantly stirring. 
The final concentration of glutaraldehyde in the Chi-g-PANI copolymer solution 
was controlled as 3 wt%. And then, the mixture was placed at room temperature 
(∼25 °C) for 24 h.

Characterization

Fourier transform infrared (FTIR) analysis

The chemical structures of chitosan, PANI and Chi-g-PANI copolymer were identi-
fied using a Fourier transform infrared (FTIR) spectrometer (Spectrum One; Perkin 
Elmer, USA). The samples and dehydrated KBr (weight ratio of sample/KBr = 1/99) 
were grounded together into fine powders, and then the homogeneous mixtures 
were pressed to form pellets for analysis. The wavenumber was ranged from 600  
to  4000 cm−1 with the scanning rate as 64/sec.

13C solid‑state NMR analysis

The chemical structures of chitosan and Chi-g-PANI copolymer were identified 
using a 13C solid-state nuclear magnetic resonance (NMR) spectrometer (BRUKER-
NMR 400 MHz). The weight of samples used was in the range from 0.3 to 0.5 g.

DC electrical conductivity test

0.1 g ES PANI was weighed and then pressed under 3.0 × 105 psi for 2 min at room 
temperature. The four-point measurement method was used to examine the electrical 
conductivity σ (S/cm) of the Chi-g-PANI copolymer at room temperature.

Determination of grafting %

The following was the formula to calculate the percentage of grafting. It was similar 
to the method described by Desbrieres et al. [17].

Grafting (%) =
(

m���−�−���� − m��������

)

∕
(

m���

)
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mChi-g-PANI: the weight of Chi-g-PANI copolymer, mANI: the weight of aniline 
monomer, mchitosan: the weight of chitosan.

UV–Vis analysis

The chitosan, synthesized PANI, and synthesized Chi-g-PANI copolymer were dis-
solved in 0.1 M nitric acid at room temperature, respectively. Then, optical absorb-
ance of the PANDB solution in the wavelength range of 250–900  nm was deter-
mined using an ultraviolet–visible spectrophotometer (UV–Vis; Shimadzu, model 
UV-2401 PC).

XRD analysis

The samples were studied at room temperature by using a Rigaku’s X-ray diffrac-
tometer. The X-ray source was nickel-filtered CuKα radiation (40 kV, 30 mA). The 
scanning angle 2θ was varied in the range from 5° to 60° at a speed of 1°/min.

Field‑emittance scanning electron microscope (FE‑SEM)

The surface morphology of chitosan, PANI and Chi-g-PANI copolymer was inves-
tigated by scanning electron microscopy at 10 kV with a JEOL (Japan) JSM-840A 
scanning microscope. All specimens were coated with a conductive layer of sput-
tered platinum.

Results and discussion

Determination of optimal synthesis conditions

Figure 1 shows the synthesis reaction of electrically conductive Chi-g-PANI copoly-
mer via chemical oxidative radical graft polymerization. It indicated that polyaniline 
grafting occurred at NH2 groups of chitosan [22]. Figure 2 shows the relationship of 
grafting % and conductivity vs. weight ratio of chitosan/aniline when the synthesis 
conditions were fixed at 0.49 g APS (0.0021 mol), 0.1 M HNO3, 25 °C synthesis 
temperature and 4 h reaction time. Results indicated when the weight ratio of chi-
tosan/aniline was in the range from 1 to 2, the grafting % was increased from 86 
to 92%. If the weight ratio of chitosan/aniline was beyond 2, no evident change in 
grafting % was observed; even the ratio was increased up to 4.

This was because in the polymerization system, part of the aniline polymerized 
into pure PANI, and part of the aniline polymerized into chitosan-g-PANI. When the 
amount of chitosan increased, the probability of synthesizing chitosan-g-PANI also 
increased. But as the amount of chitosan was higher, the viscosity of the reaction 
solution also increased. This slowed down the diffusion rate of aniline and hindered 
the polymerization reaction of aniline. Therefore, when the weight ratio of chitosan/
aniline was beyond 2, no evident change in grafting% was observed.
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Fig. 1   Synthesis reaction of electrically conductive Chi-g-PANI copolymer

Fig. 2   Effect of the weight ratio of chitosan/aniline on the grafting % and conductivity of Chi-g-PANI 
copolymer at amount of APS = 0.49 g, [HNO3] = 0.1 M and synthesis temperature at 25 °C for 4 h
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Based upon this observation, the optimum weight ratio of chitosan/aniline was 
maintained as 2 in the following studies. Meanwhile, the maximum conductiv-
ity (0.036 S/cm) of Chi-g-PANI copolymer was reached when the weight ratio of 
chitosan/aniline (0.2/0.2 g) was set as 1. When the weight ratio of chitosan/aniline 
was further increased, the conductivity of the synthesized Chi-g-PANI copoly-
mer was decreased. This was due to the increase in the viscosity of the reaction 
medium causing hindrance in the normal reaction when the amount of chitosan was 
increased. Therefore, the conductivity of the synthesized Chi-g-PANI copolymer 
was decreased.

Figure 3 illustrates the influence of APS (as an initiator) on the grafting % and 
conductivity of Chi-g-PANI copolymer. The other reaction conditions were con-
trolled at weight ratio of chitosan/aniline = 2, 0.1 M HNO3, synthesis temperature 
of 25 °C, and reaction time of 4 h. Results showed that grafting % and conductiv-
ity were increased when the amount of APS was increased from 0.245 to 0.49 g. 
The optimized grafting % (92%) and conductivity (0.0081 S/cm) of Chi-g-PANI 
copolymer were obtained while 0.49 g APS was used. Reason for this observation 
was when the amount of APS increases, it simultaneously activates the -NH2 group 
of chitosan, which causes more aniline monomers to polymerize onto the chitosan 
backbone. Thus, both grafting % and conductivity were increased. However, when 
the adding amount of APS exceeds 0.49 g, the grafting % and conductivity of syn-
thesized Chi-g-PANI copolymer do not improve significantly. Therefore, the opti-
mum amount of APS as 0.49 g (0.0021 mol), i.e. the mole ratio of aniline/APS = 1, 
was identified and further used in this study.

Figure 4 shows the influence of concentration of HNO3 in the range from 0.05 
to 0.15  M on the grafting % and conductivity of Chi-g-PANI copolymer. The 

Fig. 3   Effect of the amount of APS on the grafting % and conductivity of Chi-g-PANI copolymer synthe-
sized at weight ratio of chitosan/aniline = 2, [HNO3] = 0.1 M and synthesis temperature at 25 °C for 4 h



6266	 Polymer Bulletin (2022) 79:6259–6273

1 3

amount of APS, weight ratio of chitosan/aniline, reaction temperature and time 
were fixed as 0.49  g, 2, 25  °C and 4  h, respectively. It was observed that both 
grafting % and conductivity increase with increasing the concentration of HNO3. 
It may be due to the higher degree of protonation of the aniline monomer and 
acceleration of the propagation of aniline, which can generate more PANI ion 
radicals [18]. Therefore, the optimum concentration of HNO3 was identified as 
0.1 M in this study.

Figure 5 illustrates the influence of synthesis temperature on the grafting % and 
conductivity of Chi-g-PANI copolymer. Three reaction temperatures (0, 25, 50 °C) 
were studied while keeping other synthesis conditions constantly; weight ratio of 
chitosan/aniline = 2, amount of APS = 0.49  g, concentration of nitric acid = 0.1  M 
and reaction time 4  h. Maximum grafting % and conductivity of Chi-g-PANI 
copolymer were obtained at 25  °C. The result was attributed to the viscosity of 
the reaction solution at 0 °C was higher than 25 °C and 50 °C. It affected the dif-
fusion efficiency of aniline in the reaction solution and reduced the probability of 
PANI grafted on chitosan. Therefore, the grafting % and conductivity of chitosan-
g-PANI both decreased at 0 °C. At 25 °C, the viscosity of the reaction solution was 
lower than at 0 °C, and the probability of PANI grafted on chitosan was effectively 
increased. It resulted in both the grafting % and conductivity of chitosan-g-PANI 
significantly increased. At 50 °C, the viscosity of the reaction solution was the low-
est. Although the diffusion efficiency of aniline in the reaction solution increased 
significantly, it also increased more aniline to synthesize pure PANI or oligomers. 
Therefore, both the grafting % and conductivity of chitosan-g-PANI were lower than 
those synthesized at 25 °C. The experimental results showed that the optimal tem-
perature for the synthesis of chitosan-g-PANI was 25 °C in this study.

Fig. 4   Effect of the concentration of HNO3 on the grafting % and conductivity of Chi-g-PANI copolymer 
synthesized at weight ratio of chitosan/aniline = 2, amount of APS = 0.49 g and synthesis temperature at 
25 °C for 4 h
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Characterization of Chi‑g‑PANI copolymer

Figure  6 shows the FTIR spectra of chitosan, PANI and Chi-g-PANI copolymer, 
respectively. Figure 6a shows FTIR spectrum of chitosan. The characteristic peaks 
appearing in the range from 3600  cm−1 to 3000  cm−1 were due to the stretching 
vibrations of –OH and –NH groups of chitosan. Meanwhile, the characteristic peak 
appearing at 1636  cm−1 was due to C = O stretching vibration of carbonyl group 
of the amide group CONHR. In addition, the characteristic peak appearing at 
1541  cm−1 was attributed to –NH bending vibration of chitosan. Furthermore, the 
characteristic peaks appearing at 1068 and 1024 cm−1 were due to –CO stretching 
vibration of sugar rings of chitosan. Figure 6b exhibits FTIR spectrum of PANI, and 
the characteristic peaks appearing at 1578 and 1494 cm−1 were due to the stretching 
vibrations of N = Q = N ring and N–B–N ring, respectively. The characteristic peak 
appearing at 1303 cm−1 was attributed to C–N stretching vibration of the secondary 
amine in the PANI backbone. Also, the characteristic peak appearing at 829  cm−1 
was due to aromatic C–H bending vibration band due to the 1,4-disubstituted ben-
zene ring.

Figure 6c shows FTIR spectrum of Chi-g-PANI copolymer. It can be observed 
that the characteristic peak of C = O stretching vibration of chitosan was overlapped 
with that of N = Q = N ring stretching vibration of PANI to form a broad band from 
1680 to 1560  cm−1. Meanwhile, the characteristic peak of stretching vibration of 
N–B–N ring was shifted to the higher wavenumber from 1494 to 1506  cm−1 due 
to the conjugated length of PANI in Chi-g-PANI copolymer was shorter than that 
of pure PNAI. Moreover, Fig. 6c shows characteristic peaks of chitosan (1068 and 

Fig. 5   Effect of synthesis temperature on the grafting % and conductivity of Chi-g-PANI copolymer syn-
thesized at weight ratio of chitosan/aniline = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M and synthesis 
temperature at 25 °C for 4 h
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1024 cm−1) as well as PANI (1303 and 829 cm−1) [18]. Hence, FTIR results indi-
cated that PANI was grafting onto chitosan backbone successfully.

Figure  7 shows the 13C NMR spectra of chitosan and Chi-g-PANI copolymer. 
Solid-state 13C NMR was an efficient method to confirm the graft structure of the 
products. The characteristic peak of chitosan can be interpreted as δ = 58 ppm (C2), 
62 ppm (C6), 76 ppm (C5, C3), 84 ppm (C4), and 106 ppm (C1). For Chi-g-PANI 
copolymer, the chemical shift values of 58 and 62 ppm were corresponded to C2 and 
C6, 73 and 76 ppm corresponded to C3, C4, and C5, and 99 ppm corresponded to 
C1, respectively, in the chitosan structure. The chemical shift value of 126 ppm cor-
responds to C7, which was protonated aromatic carbons of PANI, in the Chi-g-PANI 
copolymer [23]. The solid-state 13C NMR spectra illustrated that the Chi-g-PANI 
was synthesized successfully.

Figure 8 demonstrates the UV–Vis absorption spectra of chitosan, PANI and Chi-
g-PANI copolymer. One characteristic absorption peak appearing in the chitosan 
solution, at around 310 nm, was attributed to the glucopyranose components of chi-
tosan as shown in Fig. 8a. Three characteristic absorption peaks were found in the 
PANI solution at around 350, 450, and 800 nm as shown in Fig. 8b. The absorp-
tion peak appearing at around 350 nm was ascribed to π–π* transition of the ben-
zenoid rings, while the peaks appearing at around 450 and 800 nm were attributed 
to polaron–π* transition and excition transition of quinoid rings, respectively. Fig-
ure 8c shows the UV–Vis spectrum of Chi-g-PANI copolymer. It showed a broad 
absorption band around 300–360 nm due to overlapping of glucopyranose compo-
nents of chitosan and π–π * transition of benzenoid rings of grafted PANI, while the 
peaks appearing at 450 and 700  nm were attributed to polaron–π* transition and 

Fig. 6   FTIR spectra of a chitosan, b PANI and c Chi-g-PANI copolymer synthesized at weight ratio of 
chitosan/aniline = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M and synthesis temperature at 25 °C for 4 h
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Fig. 7   13C solid-state NMR spectra of a chitosan b Chi-g-PANI copolymer synthesized at weight ratio of 
chitosan/aniline = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M and synthesis temperature at 25 °C for 4 h

Fig. 8   UV–Vis spectra of a chitosan, b PANI and c Chi-g-PANI copolymer synthesized at weight ratio of 
chitosan/aniline = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M and synthesis temperature at 25 °C for 4 h
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excition transition of quinoid rings, respectively [18]. Although the peak resulted 
from excition transition of quinoid rings of ES-type PANI was shifted from 800 to 
700 nm due to the conjugated length of PANI in Chi-g-PANI copolymer was shorter 
than that of pure PNAI, the UV–Vis results indicate that the electronic state of Chi-
g-PANI copolymer was similar to that of ES-type PANI. Furthermore, the charac-
teristic peaks of glucopyranose and PANI were significantly observed and this result 
supported the grafting of PANI onto chitosan backbone to form electrically conduc-
tive Chi-g-PANI copolymer.

Figure 9 shows the XRD spectra of chitosan, PANI and Chi-g-PANI copolymer. 
The XRD spectrum of chitosan showed two peaks around 12° and 21° due to the 
existence of both amorphous and crystalline regions, respectively [24]. The XRD 
spectrum of PANI revealed one peak at 23° due to the crystalline structure of PANI. 
Meanwhile, the spectrum of the Chi-g-PANI copolymer contained one peak around 
18–23° due to the overlap of crystalline peak of chitosan and amorphous peak of 
PANI. The peak at 12° was disappeared due to the grafted polyaniline. The XRDs 
results indicated that the crystallinity of chitosan was destroyed by PANI due to the 
chemical oxidative radical grafting polymerization.

Figure 10 illustrates FE-SEM images of the surface morphology of chitosan, 
PANI and Chi-g-PANI copolymer. The pure chitosan showed a smooth and 
dense surface with no peculiar morphology; as in Fig. 10a. The surface morphol-
ogy of PANI was in the form of granules or rods and was stacked and agglomer-
ated as shown in Fig. 10b. Moreover, these granules or rods were also mostly in 
nanometer size. However, the surface morphology of the Chi-g-PANI copolymer 
was fibrous with a diameter of about 10 to 30 nm, which was significantly differ-
ent from the surface morphology of chitosan and PANI. This was because PANI 

Fig. 9   XRD spectra of a chitosan, b Chi-g-PANI copolymer synthesized at weight ratio of chitosan/ani-
line = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M, synthesis temperature at 25 °C for 4 h and c PANI
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was graft polymerized on the molecular chain of chitosan, resulting in a fibrous 
surface morphology as shown in Fig. 10c. The FE-SEM micrographs indicated 
that the surface morphology of Chi-g-PANI copolymer was different from those 
of pure chitosan and PANI.

Figure  11a shows the photograph of Chi-g-PANI copolymer solution before 
adding glutaraldehyde (crosslinking reagent). The Chi-g-PANI copolymer solu-
tion was very fluidity. However, after glutaraldehyde was added into Chi-g-PANI 
copolymer solution, a chemical crosslinking reaction occurred, thus forming 
a Chi-g-PANI conductive hydrogel, and the conductivity was about 0.01 S/cm 
as shown in Fig. 11b. The resulted Chi-g-PANI conductive hydrogel contained 
good biocompatibility, processability with improved solubility, mechanical 
strength and controlled electrical properties [18]. The conductive Chi-g-PANI 
copolymer solution and hydrogel have potential to apply as biosensors, bioma-
terials, drug delivery, bioactuators, self-healing and antibacterial materials [25].

Fig. 10   FE-SEM images of a chitosan, b PANI and c Chi-g-PANI copolymer synthesized at weight ratio 
of chitosan/aniline = 2, amount of APS = 0.49 g, [HNO3] = 0.1 M and synthesis temperature at 25 °C for 
4 h
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Conclusions

The conductive Chi-g-PANI copolymer was synthesized by a chemical oxidative 
radical graft polymerization. The influence of synthesis conditions on electrical 
conductivity and grafting % of Chi-g-PANI copolymers was systematically stud-
ied. FTIR, UV–Vis and 13C solid-state NMR results showed that conductive PANI 
were successfully grafted onto the chitosan backbone. The results revealed that the 
optimum synthesis conditions were weight ratio of chitosan/aniline = 2, amount of 
APS = 0.49 g, concentration of HNO3 = 0.1 M, and synthesis temperature = 25 °C. 
Meanwhile, the electrical conductivity and grafting % were 8 × 10–3 S/cm and 92% 
at the optimum condition. The Chi-g-PANI copolymer was an intrinsic conductive 
copolymer with pH switching behavior like PANI. The electrical conductivity of the 
resulted copolymer was depended on the extent of grafting and pH of the material. 
After a suitable chemical crosslinking reaction, a Chi-g-PANI conductive hydrogel 
can be obtained. At the same time, because of the excellent properties of Chi-g-
PANI, the application of conductive Chi-g-PANI copolymer solution or hydrogel 
will be able to widely develop in the future.
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