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ABSTRACT: In this study, polyaniline nanocomposite with aluminum oxide (PANI/Al2O3) was synthesized 

in situ polymerization method and the anti-corrosion ability of nanocomposite was investigated. Products 

were identified by chemical analysis of Fourier Transform InfraRed (FT-IR) spectroscopy, X-ray 

crystallography (XRD), and thermal weighing calorimetric analysis (TGA). Also, anti-corrosion properties 

were analyzed by Open Circuit Potential (OCP)analysis, Electrochemical Impedance Spectroscopy (EIS), 

and potentiodynamic polarization curves. To investigate anti-corrosion performance, different percentages 

of nanocomposites (3, 6, 9, and 12 %) were added to industrial paint and applied to steel sheets as a coating. 

The results of corrosion performance illustrated that the steel sheets coated with PANI/Al2O3 nanocomposites 

along with the paint, have less corrosion compared to the samples of pure steel sheets and the cases coated 

with PANI/Al2O3 nanocomposites. Also, the 6 % coating containing PANI/Al2O3 nanocomposite along with 

paint on steel sheets showed the best anti-corrosion properties. The open-circuit potential analysis results 

make it clear that the coatings containing PANI/Al2O3 nanocomposite with paint have a higher performance 

compared to pure paint coatings in 3 wt% NaCl solution. EIS analysis revealed resistance of the coating 

containing 6 % PANI/Al2O3 along with the paint is more than other samples in 3 % NaCl solution.  
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INTRODUCTION 

One of the most important scientific, technical, and 

economic topics that have attracted the attention of some 

scientists and researchers for more than one hundred years, and 

many studies have been done on it, and subject is corrosion, 

especially "corrosion of metals" [1-4]. Corrosion of metals  

in different environments depends not only on the type of metal 
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and alloy but also on various factors such as depth [5], 

temperature [6], amount and type of dissolved gases [7], 

amount and type of organic and inorganic compounds [8], 

speed of movement and biological factors of the environment 

[9, 10]. The most comprehensive definition of corrosion is the 

destruction of materials by environmental reaction[11]. 
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Corrosion can be combated in various ways, such as controlling 

the electrode potential so that the metal becomes immune  

or ineffective [12, 13], such as applying cathodic or anodic 

protection [11, 14, 15], reducing corrosion rate by adding 

corrosion inhibitors to the environment, and applying  

a polymer coating [16, 17]. In recent years, many ways  

of corrosion protection have been used, among which 

protection through a conductive and stable organic coating 

synthesized by chemical and electrochemical methods [18-20] 

have been noticed more. Some useful applications of 

conductive polymers include corrosion protection [21, 22], 

rechargeable batteries [23], sensorss [24], optical power tools 

[22], and light emitting devices [25]. Among the types  

of conductive polymers used as corrosion protectors, 

polyaniline (PANI) is the most widely used. PANI has also 

attracted special attention due to its features such as easy 

synthesis, low cost, wide application and high polymerization 

efficiency [26]. The structure of polyaniline consists of 

recurrent phenylenediamine groups and quinoid imine groups 

[27]. Given that the corrosion potential due to the presence of 

the polymer coating shifts to positive values, it seems that 

polyaniline provides anodic protection. Polyaniline can also 

prevent the penetration of invasive species by forming a barrier-

like protective layer, thereby reducing the corrosion rate of the 

metal [28]. 

In recent years, the application of nanoparticles in the 

synthesis of PANI and the preparation of nanocomposites 

and the subsequent function of these nanocomposites in 

paints and epoxy-resins have been further examined and 

the corrosion behavior of coatings applied on steel has 

been investigated [29]. Among the nanoparticles used in 

the preparation of PANI nanocomposites, nanoparticles of 

zinc oxide [30], titanium oxide [31] and carbon nanotubes 

[32] can be mentioned. Studies on coatings containing 

PANI nanocomposites /carbon nanotubes have shown that 

the nanocomposites used in the applied coatings have 

improved the corrosion protection of the steel by 

reinforcing the passive layer formed on the steel. On the 

other hand, studies on coatings containing PANI/ZnO 

nanocomposites have shown that nanocomposites increase 

the corrosion resistance of steel. 

So far, much research has been done on the corrosion of 

metals by PANI nanocomposites. For example, new PANI-TiN 

nanocomposites and PANI-TiN/epoxy coatings with increased 

corrosion resistance based on the synergistic effect of TiN 

nanoparticles and PANI nanoparticles were obtained  

by Situ et al. [33]. According to the results, the composite with 

4% by weight has achieved more favorable results. According to 

another study by Park et al. [34], polyaniline composites and 

carbon nanotubes have been synthesized to investigate corrosion 

properties and electrical conductivity. According to this study, 

PANI-CNT composite has the highest anti-corrosion 

performance of the respective epoxy coating. In addition, 

corrosion resistance increased with immersion time. In the 

previous researches, paint is prepared from the synthesis of 

nanocomposite with epoxy. But in this research, nanocomposite 

is used as a pigment to improve anti-corrosion properties in 

industrial paints. In this study, by strengthening the structure of 

the protective coating, an attempt was made to significantly 

improve the protective properties compared to the previous types 

by using the composite as a coating in combination with industrial 

painting color with corrosion-resistant ability. The reason for this 

advantage is the use of alumina due to those excellent properties 

in this composite, improving the properties of PANI as a bed 

polymer, causing more and more favorable resistance to the 

penetration of interfering ions and oxygen and water molecules 

to the protective coating and then to the metal surface. Present 

work opens new window to use a new, low-cost and easy method 

to synthesize nanomaterials pigments as well as great 

anticorrosion behavior. Herein, the synthesis of (PANI/Al2O3) 

composite was performed through the polymerization pathway 

and Al2O3 doping. Al2O3 acts as a doping operator that  

the obtained integrated PANI/Al2O3 composite are blended into 

the paint. At long last, this paint is utilized as a coating for steel 

surface and examined anti-corrosion and self-healing 

performance against 3% of the NaCl solution.  

 

EXPERIMENTAL SECTION 

Materials 

Aniline monomer (C6H5NH2), ammonium 

peroxydisulfate ((NH4)2S2O8), Alumina (Al2O3) 

nanoparticles, hydrochloric acid (HCl), methanol 

(CH3OH) and acetone (C3H6O) were purchased from 

Merck Co. The commercial paint was purchased from Aria 

Pars Company. The steel sheets with the size of 20 mm in 

20 mm and thickness of 2 mm were obtained from 

Mazandaran Gas Company. 

 

Synthesis of polyaniline 

In the synthesis of PANI by polymerization, Aniline 

monomer and Ammonium peroxydisulfate were used in an 

acidic medium at room temperature. 0.2 M Aniline dissolved 
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in 100 mL of 1 M HCl in a volumetric flask and also 

 0.5625 M APS was dissolved in 100 mL of 1 M HCl which 

added to the above solution dropwise for 2 hr. The mixture 

was stirred vigorously for 6. Next, the PANI precipitate  

was collected by filtration and repeatedly washed for 3 cycles 

with 1 M HCl and ethanol. The obtained powders were dried 

in an oven at 60 ° C for 24 hours [35]. 

 

Synthesis of doped polyaniline/alumina (PANI/Al2O3) 

For doping of PANI, 0.2 M Aniline dissolved in 100 mL  

of 1 M HCl in a volumetric flask and 100 mg of Al2O3  

was added to this solution. Then, 0.5625 M APS was dissolved 

in 100 mL of 1 M HCl which added to the above solution 

dropwise for 2 hr. The mixture was stirred vigorously for 6. 

Next, the precipitate was collected by filtration and repeatedly 

washed for 3 cycles with 1 M HCl and ethanol. The obtained 

powders were dried in an oven 24 hours at 60 ° C. 

 

Preparation of coating color 

In this part of the research, the obtained composite  

was added to the painting color in 3, 6, 9 and 12 percentages. 

Next, the steel sheets were colored by obtained coating color 

to be used in further experiments.   

 

Preparation of PANI/Al2O3 composites coated steel 

Steel coated with PANI/Al2O3 nanocomposite 

electrode with dimensions of 1 cm×1 cm was used  

to perform studies and investigate corrosion. In order  

to eliminate any impurities from the surface, acetone and 

trichlorethylene were applied for washing and cleaning. 

The PANI/Al2O3 nanocomposites were mixed by means of 

industrial paint formulations in different ratios by counting 

3%, 6%, 9% and 12% by weight. In addition, an 

electrostatic spray gun was used to spray paint and 

nanocomposite on steel sheets with a thickness of 45 ± 3 μm. 

After uniform coating of paints and nanocomposites  

with different percentages was observed on steel sheets, 

the coated sheets were placed in an air-drying oven  

at 140 ° C for 20 minutes for baking. Coating bonds  

were evaluated using ASTM B117-19 salt spray test for 

each sample and it was found that it is able to provide 

analysis. 

 

Characterization 

FT-IR spectra of composite were recorded in the 

wavenumber varies between 400–4000 cm-1. The thermal 

stability of samples was assessed by means of TGA 

instrument model STA 1500. The measurement was carried 

out in nitrogen atmosphere, in the temperature range, from 

25-700 °C with heating rate of 10 °C/min. The morphology 

of the PANI and PANI/Al2O3 were evaluated by scanning 

electron microscopy (SEM, JSM-6700F). X-ray diffraction 

patterns were taken on a Micscience brand M18XHF 

diffractometer (MAC SCIENCE, Japan). All electrochemical 

measurements were performed on an AUTOLAB 

PGSTAT302N. Anti-corrosion studies of the PANI and 

PANI/Al2O3 color coated steel were performed in 3wt% NaCl 

solution by Electrochemical Impedance Spectroscopy (EIS), 

potentiodynamic polarization and open circuit potential 

methods. The paint coating thickness was measured  

by coating thickness gauge Wintact model WT2100. 

Moreover, salt spray test was done on the samples according 

to ASTMB117 standard. 

 

RESULTS AND DISCUSSION 

FT-IR Analysis 

The FT-IR spectrum has been used to study the 

functional groups of polymers and the resulting polymer 

nanocomposites. Spectra were collected with a 

spectrometer using KBr pellets. The ratio of the sample to 

KBr was 1:100. In each case 1 mg of dried sample and 100 

mg of KBr are homogenized using mortar and pestle 

thereafter pressed into a transparent tablet at 200 kgf/cm2 

for 5 min. The pellets are analyzed with a FT-IR 

spectrometer in the transmittance (%) mode with a scan 

resolution of 4 cm-1 and 64 scans by spectrum, over the 

400–4000 cm-1 region. Fig. 1 shows the FT-IR spectrum of 

pure polyaniline, Al2O3 and PANI/Al2O3 nanocomposite. 

As shown in the Fig., the PANI absorption spectrum doped 

with hydrochloric acid (HCl) has specific bands in the 

range of 800-1600 cm-1. According to the Fig., the bands 

in 1581 cm-1 and 1496 cm-1 are related to the tensile vibrations 

of quinonoid rings (N=Q=N) and benzonoid (N-B-N), 

respectively, and in fact indicate the conductivity of the 

polymer. The bands in 1384 cm-1 and 1265 cm-1 are also 

attributed to the N-H flexural vibration and the asymmetric 

C-N tensile vibration of the polaron PANI structure  

of the benzonoid ring. A clear and wide absorption band of 

about 1141 cm-1 is related to the C-N tensile vibration of 

the quinoid ring and indicates that no load is placed 

throughout the polymer structure. The band in the 802 cm-1 

region is related to the C-H flexural vibration outside  
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Fig. 1: FTIR spectra of (a) PANI (b), Al2O3 and (c) PANI -Al2O3 

 

 
Fig. 2: XRD spectra of (a) PANI (b), Al2O3 and (c) PANI -Al2O3 

 

the benzene ring 

plate, and the wide band in the 3434 cm-1 range is also 

attributed to the N-H tensile vibration. The peak take shape 

at 613 cm-1 in the FT-IR spectrum of Al2O3 [Fig. 1(a)] was 

allocated to Al-O stretching vibration and the peak increases 

around 3430 cm-1 was attributed to O-H vibration form[36]. 

The O-H stretching of Al2O3 is revealed at 3490 cm-1. The 

C=C stretching form of quinoid rings appear about 1568 cm-1  

and 1491 cm-1. The Al-O stretching appear at 508 cm-1[37]. 

The mentioned outcomes results indicate that the PANI 

has been coated on the surface of Al2O3. 

 

XRD analysis  

The X-Ray Diffraction (XRD) curves of PANI, Al2O3 

and PANI/Al2O3 nanocomposites can be seen in Fig. 2.  

As can be seen in the XRD pattern of the nanostructures 

(Fig. 2 (b)), the location of the peaks along with the 

intensities (2θ values = 26.52°, 35.74°, 39.30°, 44.50°, 

53.26°, 57.46°, 66.26°, 68.31°) confirmed the formation of 

crystalline Al2O3 nanoparticles. Moreover, the XRD 

pattern of pure Al2O3 nanocrystal is compatible with that 

reported in the literatures [38, 39]. All Al2O3 peaks are present 

in the nanocomposite as shown in Fig. 2 (c), which 

indicates the precise synthesis of the nanocomposite. 

However, in the case of nanocomposites, there is little 

displacement in the position of the strips, which may be 

due to the interaction between polyaniline and Al2O3 

nanoparticles, which leads to changes in the arrangement 

and formation of the polymer chains. The sharp and most 

intense peak of the XRD pattern was used to determine the 

crystalline particle size via Scherer equation (Eq. (1)). 

cos

K
D



 
=

 
(1) 

In which, D is the crystalline particle size, β is the peak 

width at half maximum height (FWHM), λ is the 

wavelength of XRD radiation (1.54 Å), and θ is the 

diffraction position. Based on these obtained values,  

the crystallite size of 92 nm nanocomposite was obtained 

by Scherrer formula. 

 

SEM Analysis  

SEM analysis was used for investigating the shape, 

uniformity, and physical properties of the surface of the 

synthesized units, which are illustrated in Fig. 3. 

According to Fig. 3 (c), the structure of Al2O3 is in the form 

of fine clay particles. The structure of PANI/Al2O3 

nanocomposite has the same structure as PANI itself due 

to the lower use of Al2O3 in the synthesis of nanocomposite 

compared to PANI. Another reason for this structure could 

be the complexation of Al2O3 by PANI to be converted  

to PANI crystalline nucleus in the synthesis method.  

This conclusion is consistent with the XRD curves.  

The formation of PANI coating on Al2O3 particles  

also increased the shell-core structure formation of 

nanoparticles. 

 

Thermal properties  

Fig. 4 illustrates thermo gravimetric analysis of PANI, 

Al2O3 and PANI- Al2O3. As can be seen, Al2O3 indicate 

elevated thermal stability and its property yield is around 

90% at 600 oC [40]. In the study of PANI, The TGA curve 

show three weight loss steps. The first one shows about  

7 wt% weight losses under 100◦C, which can be assigned 

to the physically absorbed water evaporation. The second 

step corresponds to the polymer chain decomposition.  

The final steps (above 550oC) also assigned to the perfect 

degradation of PANI. On the other hand, however, in study 

of PANI/Al2O3 nanocomposite, the main weight loss  
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Fig. 3: SEM spectra of (a) PANI (b) Al2O3 (c) PANI- Al2O3 

 

 
Fig.. 4: TGA spectra of (a) PANI (b) Al2O3 (c) PANI- Al2O3 

 

 
Fig. 5: Nyquist plots of (a) bare steel, (b)coating paint, (c) PANI- Al2O3 

3%wt, (d) PANI- Al2O3 6%wt, (e) PANI- Al2O3 9%wt and (f) PANI- 

Al2O3 12%wt, as a function of time in 3 % sodium chloride solution 

 

decrease was observed at lower temperature and above 340 0C. 

According to the TGA curves, Al2O3 indicate elevated 

thermal stability and its property yield is around 90%  

at 600 oC [40]. the thermal stability PANI- Al2O3 is  

in between Al2O3 and PANI, which emphasizes the doping 

of Al2O3 to PANI. 

 

EIS analysis of PANI/Al2O3 -containing coating 

The EIS method is a powerful tool for analyzing and 

studying corrosion and adsorption phenomena. EIS 

measurements are performed to obtain information about  

Table 1: The corrosion potentials and corrosion current of bare 

steel, PANI/Al2O3 -containing coating and paint coating  

in 3.5 wt% NaCl solution 

Sample E corr icorr (A/cm-2) 

Bare Steel -0.4705 0.0086 

Steel coated paint -0.5888 0.0083 

PANI- Al2O3 3% wt -0.6790 0.0027 

PANI- Al2O3 6% wt -0.6683 0.0018 

PANI- Al2O3 9% wt -0.6625 0.0029 

PANI- Al2O3 12% wt -0.6373 0.0021 

 

the inhibition processes. The Nyquist curve represents  

a capacitive ring that deviates from an ideal semicircle. 

The diameter of the semicircle is approximately equal  

to the amount of charge transfer resistance of the corrosion 

reaction process. Fig. 5 shows the Nyquist diagram of the 

uncoated electrode and the PANI/Al2O3 nanocomposite 

electrode with different weight percentages. According to 

the Fig., the current transfer resistance increases with 

increasing amount of nanocomposite, so that it increases 

by up to 6% by weight and decreases for larger amounts. 

The current transfer resistance increases from 100 ohms  

to 890 ohms for the optimal amount of suspension relative 

to the uncoated electrode and decreases for later values.  

As a result, it can be seen that PANI/Al2O3 nanocomposite 

of 6 wt% has the highest resistance [41]. 

 

Polarization curve analysis 

Fig. 6 shows the Tafel plot of PANI/Al2O3 

nanocomposite with different weight percentages, and 

Table 1 shows the related parameters. As shown in the Fig. 6,  

a corresponds to the uncoated electrode, b corresponds  

to the industrial paint coated electrode, and c-f corresponds to 

the electrodes coated with PANI/Al2O3 nanocomposite 

weight percentage of 3, 6, 9, 12 wt%, respectively.  
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Table 2: Comparison between the studies about PANI containing various fillers in enhancing the corrosion resistance of coatings  

Sample E corr icorr (A cm-2) Reference 

CaCO3–PANI -1.47 0.003 [43] 

PANI/Zn/Ce(NO3)3 -0.572 0.0037 [44] 

PANI-FeCl2/H2O2 -0.542 0.0016 [45] 

SiO2@polyaniline -0.512 0.0012 [46] 

PPY-Al2O3 -0.6625 0.0029 [47] 

Polyaniline-Boron nitride-PVA -0.44 0.00103 [48] 

This work -0.6373 0.0018 -- 

 

Table 3: OCP amounts with different composition in paint coating 

Sample OCP 

Coating paint - 0.6950 

PANI- Al2O3 3% wt - 0.5740 

PANI- Al2O3 6% wt -0.5668 

PANI- Al2O3 9% wt - 0.6210 

PANI- Al2O3 12% wt - 0.6620 

 

 
Fig. 6: Polarization curves of (a) bare steel, (b)coating paint, 

(c) PANI- Al2O3 3%wt, (d) PANI- Al2O3 6%wt, (e) PANI- 

Al2O3 9%wt and (f) PANI- Al2O3 12%wt, in 3.5 % sodium 

chloride solution 

 

 
Fig. 7: Open circuit potential of (a) coating paint (b) PANI- 

Al2O3 3%wt, (c) PANI- Al2O3 6%wt, (d) PANI- Al2O3 9%wt and 

(e) PANI- Al2O3 12%wt, as a function of time in 3.5 % sodium 

chloride solution 

The Tafel test is used to check the corrosion current  

of metal surfaces in a corrosive environment. The values  

of Ecorr (corrosion potential) and Icorr (corrosion current) 

obtained from extrapolation of Tafel plot. The Icorr represents 

the intensity of cathodic reduction of oxygen and anodic 

dissolution of metal ions and a lower value of Icorr represents 

a lower corrosion dynamic rate In Fig. 6, the corrosion current 

of the nanocomposites were lower than the other samples, and 

the PANI/Al2O3 6%wt curve was lower than the PANI- Al2O3 

9%wt and PANI/Al2O3 12%wt, indicating a higher 

anticorrosion resistance. According to the Tafel curves, 

nanocomposite coatings containing PANI/Al2O3 6%wt was 

decisively superior to other coatings. The corrosion current of 

the composite contains PANI/Al2O3 6%wt equal to 0.0018 

mA cm-2, which is the lowest corrosion current among all 

samples. Then, PANI- Al2O3 12%wt and PANI- Al2O3 

3%wt composites have currents of 0.0021 and 0.0027 mA 

cm-2, respectively. Also, according to the intersection points 

of the anodic and cathodic slopes, the curve of the amount of 

current and potential of each was obtained, and is illustrated 

in Table 1. Compared with other studies, according to  

the corrosion current density, prepared coating in this study 

has a good barrier effect on corrosion of mild steel. [42].  

Also, the comparison between the results of Tafel 

analysis of this research with other similar researches  

is shown in Table 2. 

 
Open circuit potential analysis 

The purpose of the Open Circuit Potential (OCP) test 

is to evaluate the amount of corrosion potential of metals. 

In OCP test, the higher the corrosion potential causes  

the better the corrosion resistance of the coating. In Fig. 7, 

the synthesized nanocomposites have a higher corrosion 

potential than the other samples. It was also observed that 

the corrosion potential of PANI/Al2O3 6%wt composites 

coating was higher than the corrosion potential of other
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Table 4: Salt spray test in 24 and 48h 

Sample Amount Corrosion % (24h) Amount Corrosion % (48h) 

Bare steel 90 100 

Steel coated paint 10 70 

PANI- Al2O3 6% wt 1-2 10 

 

  
Fig.8: (a) Before and (b) after the Salt spray test 

 

coating. As can be seen in Fig. 7, after a small increase  

in ocp at the first steps of time, the OCP remained 

relatively constant after 2000 s which could be ascribed to 

the passivation of the surfaces. 

 

Salt spray test 

The salt spray test is a standardized and popular 

corrosion test method, used to check corrosion resistance  

of materials and surface coatings. In this study, the salt 

spray test was carried out on the coatings by artificial 

scribe to show the active inhibiting part of PANI/Al2O3 

particles in the coating as well. Based on to salt spray test 

outcome given in Fig. 8, the enhancement of exposure time 

caused to enhancement of coating delamination part  

at defect area, corrosion outcomes creation at and about  

the scribe on both pure paint and composite containing 

samples. The coating delamination and corrosion outcome 

procedure beneath the coating were generally pronounced 

for the pure paint system. Nevertheless, outcome evidently 

confirm that the coating filled by PANI/Al2O3 

nanocomposite demonstrate no delamination and 

corrosion products improvement at and about scribe at all 

immersion period. This examination obviously exhibits 

the active inhibition task of PANI and Al2O3 particles  

in prevention of coating delamination as of defect area. 

Based on Table 4, the quantity of corrosion has declined 

from 100% to 10% afterward 48 hours, which indicates  

the effective attendance of the PANI/Al2O3 6%wt 

composite. 

Anticorrosion mechanism of the PANI/Al2O3 containing coating 

According to the results of electrochemical testing,  

it can be inferred that the coating containing PANI/Al2O3 

nanocomposite has a significant anodic protective effect, 

which is associated with a change in the positive potential 

region, reduced corrosion current and a tendency to resist. 

The anodic defense of the coating containing PANI/Al2O3 

nanocomposite is limited by the anode reaction method. 

The cathodic reaction load by PANI/Al2O3 

nanocomposites can be transferred to the coating surface. 

PANI/Al2O3 nanocomposite plays an important role in the 

anti-corrosion properties of steel in industrial coatings. 

Protection, deterrence and anodic protection are the main 

protective function of the coating containing PANI/Al2O3 

nanocomposite with paint. 

 

CONCLUSIONS 

In this paper, PANI/Al2O3 nanocomposite was prepared 

by chemical oxidative polymerization method and  

the anti-corrosion ability of nanocomposite was investigated 

as pigment blend with commercial paint. Synthesized 

nanocomposites were characterized using FT-IR, XRD, 

TGA and SEM. The anticorrosion capability of the 

product was measured using the entirely immersion 

analyze sodium chloride solution according to ASTM 

B117-19 standard method. Results indicated that, 

coatings containing PANI/Al2O3 nanocomposite with 

paint have a higher impact potential than the coating  

of pure paint in 3.0% NaCl solution. The reason for  

https://en.wikipedia.org/wiki/Corrosion
https://en.wikipedia.org/wiki/Coating
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the good protective performance of the coating 

containing PANI/Al2O3 along with the paint is due to its 

anodic control and protection. Also, the anticorrosion 

ability of coating containing 6 % PANI/Al2O3 along 

with the paint is more than other samples in 3 % NaCl 

solution. 
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