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Abstract— Conducting polyaniline polyacrylic acid based 

paints were synthesized chemically & applied on low carbon 

steels. The conducting polyaniline polyacrylic acid based 

powder was characterized by UV-V is absorption 

spectroscopy, FTIR Spectroscopy, Scanning Electron 

microscopy and its conductivity was measured by four probe 

method. Conductivity of polyaniline was found to be 

maximum at 0.1 ratio of polyacrylic acid to aniline. Peak 

observed at 620 nm in UV-V is spectroscopy clearly reveals 

the presence of polyaniline. The O-H and N-H stretching 

bonds observed in the FTIR spectrum it confirms the presence 

of polyaniline in synthesized powder. The nano spheres were 

found to be at  1̴00nm in Scanning Electron Microscope that 

confirms the presence of polyaniline. The electrolysis test 

showed that the conducting polyaniline synthesized from 

0.001 M Polyacrylic acid and 0.01 M Aniline coated sample 

generate sulfate ions which inhibit the Fouling. Corrosion rate 

of conducting polyaniline synthesized from 0.001 M 

Polyacrylic Acid and 0.01 M Aniline based antifouling paints 

in 3.5%NaCl is found to be 1.41mpy which is about 3.5 times 

lower than that of uncoated low carbon steel in same medium. 

The electrochemical studies reveal protective nature of 

conducting polyaniline synthesized from 0.001 M Polyacrylic 

Acid and 0.01 M Aniline based Antifouling coating even after 

48 hours of immersion. Conducting Polyaniline synthesized 

from 0.001 M Polyacrylic Acid and 0.01 M Aniline can be 

used as antifouling as well as Anti-corrosive in marine 

applications. 
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I. INTRODUCTION 

The growth of plant and animal organisms such as barnacles, 

seaweeds or tubeworms on the hulls of ships and other 

structures submerged in seawater is referred to as “fouling”. 

Fouling takes place when the ship is at rest, due to this it can 

reduce the speed of vessel or result increase in fuel 

consumption to maintain the scheduled speed. The fouling 

process is divided into two stages - micro fouling and macro 

fouling. During micro fouling, a biofilm is formed and 

bacteria start to adhere, whereas in macro fouling larger 

organisms start to attach. These macro biological species 

adhered to ship hulls increases drag resistance and hence 

increase in fuel consumption of ship. Barnacles are most 

common macro-organisms adhere strongly and give very 

rough surface, causing high friction. Tubeworms can cause 

serious damage to the blades of screws, but they are readily 

killed by the toxins in antifouling composition. Fouling also 

increases time out of services and cost for hull cleaning and 

painting.[1] 

A common method for protecting hulls against 

fouling is use of marine paints that can delay the formation of 

fouling on artificial surfaces. The principal function of an 

antifouling paint is to interrupt the life cycle of marine 

organisms by preventing or eliminating the settlement and 

growth of fouling organisms. The aim of antifouling coating 

should be to develop coatings which are effective for longer 

periods[2]. The properties required for satisfactory 

performance of antifouling paints include fouling resistance, 

durability and adhesion. Two main technologies are 

available: biocide based coatings which reduce fouling 

settlement by release of biocidal products into the marine 

environment, and nontoxic fouling release coatings whose 

antifouling efficiency relay on the low adhesion strength and 

easy release of fouling organisms on such a coating[3]. The 

earliest techniques proposed were pitch, tar, wax, heavy 

metals (lead), or toxic (arsenic-based) coatings. Tributyltin 

(TBT) is a biocide which came into being in the 1960s’ 

because of its brilliant antifouling properties over ship’s hull 

as it prevents the growth of algae, barnacles and other marine 

organisms. Unfortunately, it impairs the protected system of 

organisms and malformations of the shell of shellfish. The 

restriction on the use of tributyltin led to a new use of copper-

based paints and/or the use of new paints incorporating high 

levels of copper. However, copper may also create problems 

for the environment. Along with the increasing use of copper 

in antifouling paints, several alternatives to tributyltin have 

been developed, such as the use of synthetic and natural 

biocides [2]. A further development was co-polymerization of 

an organizing compound such as tributyltin methacrylate with 

acrylates or styrene. The tin then became a component of the 

antifouling binder and a constant supply of toxin was 

available at the surface as the film slowly eroded. The erosion 

or dissolution of the binder was aided by the use of 

hydroxylated acrylic resin as the copolymer.  

This type of binder forms the basis of the “self-

polishing” antifouling compositions. As a result, legislation 

is now in force restricting the amount of tin in antifouling 

generally and virtually imposing a ban on the use of tin 

compounds on craft of 12 meters and under [1]. In 2000’s other 

alternatives also considered, including enzyme based 

coatings and micro topographical surfaces [2]. Further, 

investigations have been focused on developing nontoxic 

paints due to essential needs to the improvement of the 

environmental and eco-friendly antifouling alternatives that 

would be efficient against the most severe fouling organisms 

such as barnacles, blue mussels, bryozoans, and algae. In 

order to achieve a foul-release surface, it is necessary to 

change the surface characteristic from hydrophilic to 

hydrophobic. A wide range of studies has been performed 

showing that hybrid siloxane polyurethane coatings can be 

used as fouling release paint in the marine environment. 

Modification of the polymer by polydimethylsiloxane 

(PDMS) makes the surface resistant to accumulation and 

colonization of the marine organism’s diatoms, barnacles, 

and algae. Thus, they may act as nontoxic fouling release 

paints. The conducting polyaniline has special synergetic 

antifouling effect on other antifouling agent like cuprous 
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oxide. The conductivity of the polyaniline is found to be 

extremely important for its antifouling effect [2]. Addition of 

an appropriate compound to the resin is essential to be used 

as a fouling preventive material. One particular example is 

polyaniline (PANI) which is a conductive polymer and 

recently used in paints as an additive for antifouling 

applications. The antifouling behavior of conducting polymer 

based paints depends on its electronic conductivity. 

Compared with other polymer materials, the low price, 

simple synthesis process, unique conductive properties and 

high thermal stability make conducting polyaniline is one of 

the most potential conductive antifouling materials [3]. In this 

paper how to prepare conducting polyaniline based 

antifouling coating and to investigate its antifouling 

properties by electrochemical methods. 

II. EXPERIMENTAL 

A. Chemicals 

All chemicals required for preparation of antifouling coating 

on low carbon steel were analytical reagents (AR Grade, 

supplied by Loba Chemicals, Mumbai, India) and used as 

received table I. 

Chemicals 
Chemical 

Formula 

Molecular 

Weight (g/mol) 

Polyacrylic Acid (C3H4O2)n 910,934,940,941 

Aniline C6H5NH2 93.13 

Ammonium 

Persulfate 

(NH4) 2 

S2O8 
228.20 

Sulphuric Acid H2SO4 98.079 

Camfersufonic Acid C10H16O4S 232.30 

Low carbon steel AISI 1015 475.24 

Table 1: The chemicals used for antifouling coating on 

conducting polyaniline coating on low carbon steel sample. 

B. Synthesis of Conducting Polyaniline 

1) Polyaniline 1 

Polyacrylic acid (PAA) (0.001-0.01 M) powder was used as 

the template and was stirred with 100 ml double distilled 

water until all the powder was dissolved. Polyacrylic acid / 

Carbopol 934 is an anionic polymer and acts as a template 

which reacts with aniline at room temperature. Stirring leads 

to the formation of homogenous adduct. Then aniline 

monomer was added in polyacrylic acid solution and stirred 

for 24hrs at room temp. Solution was acidified with Sulfuric 

acid (H2SO4) and Ammonium Persulphtae ((NH4)2S2O8) 

was added drop wise after 1hr. 

 
Fig. 1: Synthesis of Polyaniline 

The addition of diprotic acid i.e. sulphuric acid acts 

as a dopant and enhances acidity of adduct and dropwise 

addition of oxidant such as ammonium persulphate solublize 

the adduct in polar solvent (water) followed by chemical 

reaction. During this process pH was maintained up to 4. At 

this stage the product has a dark green color. Solution was 

precooled for 12hrs up to 1-5 0C. The precipitated emeraldite 

salt is filtered and washed repeatedly with distilled water until 

the filtrate colourless and dried at 40 0C in oven. 

Polymerization takes place and green coloured product is 

formed. Different composition of conducting polyaniline is 

as shown in Table 2. 

Name Poly acrylic Acid Aniline 

Polyaniline 2 0.001M 0.01M 

Polyaniline 3 0.01M 0.173M 

Polyaniline 4 0.01M 0.69M 

Polyaniline 5 0.001M 0.1M 

Table 2: Composition of conducting polyaniline antifouling 

paints 
2) Polyaniline 2 

0.001M Polyacrylic Acid powder was used as the template 

and was stirred with 100 ml double distilled water until all the 

powder was dissolved. Then 0.01 M aniline monomer was 

added in this solution and stirred for 24 hrs at room temp. The 

solution was acidified with Sulfuric acid (H2SO4) and 

Ammonium Persulphtae ((NH4)2S2O8) was added drop wise 

after 1hr. During this process pH was maintained up to 4. At 

this stage the product has a dark green color. Solution was 

pre-cooled for 12hr up to 5 0C. The precipitated emeraldite 

salt is filtered and washed repeatedly with distilled water until 

the filtrate colourless and dried at 40 0C in oven. Same 

procedure was repeated for making other compositions. 

C. Preparation of Paint 

Conducting polyaniline based paints was prepared by 

following a similar technique developed by P.C. Deb and his 

co-workers and elaborated below. The ingredients listed is 

added after filtering to the solution of epoxy resin and the 

mixture was ball milled for 16 hrs (Drive motor:  Crompton 

Make - 2 HP, 1440 rpm 415 V, 50 Hz, FLP foot mounted 

motor along with gearbox U 287, 25:1 Shanthi Make: Ball 

Mill supplied by Indo German Industries, Daman, India). The 

purpose of adding TiO2 and Di-Octyl Phthalate (DOP) in 

epoxy resin is to improve viscosity and elastic properties of 

paints. Xylene is used as a solvent for paint formulation. The 
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paints is filtered through fine cotton and applied on the low 

carbon steel samples. The paint thickness on steel sample is 

maintained at 60 ±5 µm. Ingredients for making paint are 

shown in Table 3 and flow chart is shown below. 

Epoxy solution (gm) TiO2 

(gm) 

DOP 

(gm) 

Pigment 

(gm) Epoxy (60%) Xylene (40%) 

42.85 28.75 2.85 2.85 20 

Table 3: Ingredients for making paint 

III. CHARACTERIZATION TEST PERFORMANCE 

A. FT-IR Spectroscopy 

Infrared spectroscopy is one of the most powerful techniques 

available for analytical chemists. Fourier transform infrared 

(FT-IR) spectroscopy is an interferometry based IR 

technology offering a faster, more sensitive means of analysis 

than traditional dispersive IR spectroscopy. FT-IR 

spectroscopy that has been widely used in laboratory and 

industry for several years is a non-destructive technique for 

determination of chemical compounds in liquids, gases, 

powders and films. FT-IR spectroscopy is used within a broad 

range of applications including; biomedical research, 

foodstuff analysis, gas and solid surface analysis. The 

advantages of FT-IR method include multi-component 

analysis capability, good sensitivity, excellent specificity, 

speed and simplicity of calibration. Infrared spectroscopy is 

applicable to both qualitative and quantitative analysis. The 

FT-IR spectrum provides information about the molecules 

present in a given sample and any interaction between them. 

Infra-red absorption occurs when the frequency of the 

alternating electric current that is associated with the incident 

radiation matches a possible change in a vibrational or 

rotational frequency of the absorbing molecule. 

The infra-red zone is divided into three main 

regions: 

– The near infra-red region from 14,000 cm-1 or 0.7 µm to 

3600 cm-1or 2.8 µm. 

– The mid infra-red region from 3600 cm-1or 2.8 µm to 

200 cm-1or 50 µm. 

– The far infra-red region from 200 cm-1or 50 µm to 20 

cm-1or 500 µm. 

The absorbance (or % transmission) is plotted 

against wave number taken over a range of frequencies; the 

spectrum constitutes a fingerprint of the material that can be 

used for the identification of structures. In the Fourier 

transform spectrophotometer is as shown in figure 55, the 

data is continuously recorded for appropriate time to get the 

desired enhancement. 

The amplitude of each resolved oscillation is a 

function of the radiation. A mathematical method called as 

Fourier transform is used for the conversion of time domain 

spectrum to frequency domain spectrum. FT-IR is 

particularly useful for taking spectra of low concentrations of 

samples and in cases where spectrum must be obtained 

rapidly. Modern infrared spectrometers irradiate the sample 

with a broad band of frequencies simultaneously and then 

carry out “Fourier transformation” to convert the detected 

signal back into the form of the spectrum. Those vibrational 

modes which can be attributed to individual functional groups 

and spring system can be described by Hooke’s law, 

𝜏 =
1

2
 𝜋𝑐√(𝑘/𝜇) 

Where,  = vibrational frequency in cm-1 

k = force constant, µ= reduced mass of the substance 

 
Fig. 2: FTIR Spectrophotometer 

The figure 2 shows the optical system of a FT-IR 

spectrophotometer; the components include a radiation 

source that is often a Nernst filament (a binder and oxides of 

Zr, Th, Ce) or Globar (SiC rod) which is electrically heated 

to 1000 – 1800 0C. The detectors used show response based 

on heating effect. Two commonly used detectors are 

thermocouple (an emf is produced between the bimetallic 

junctions) and a bolometer (there is a change in electric 

resistance).The FT-IR spectroscopy of samples was done 

using Brucker spectrophotometer Tensor-37.  Fourier 

transformed infra red (FTIR) spectra of the freshly prepared 

perovskites and products of catalysis reactions were recorded 

on a Shimadzu 8400S FT-IR and Thermo Nicolet - 6700 

spectrophotometer and Brucker Tensor -37 scanned over the 

range of 4000 - 350 cm-1. The neat samples were loaded 

between KBr salt plates, while, solid samples were crushed 

with anhydrous KBr powder and loaded on the sample holder. 

Background scan was performed prior to running the 

spectrum of samples and deducted appropriately. 

B. UV-Vis Spectroscopy 

Ultraviolet-Visible (UV-VIS) spectroscopy is useful to 

characterize the absorption, transmission, and reflectivity of 

a variety of compounds and technologically important 

materials, such as pigments, coatings etc. The UV-VIS 

spectra have broad features that are of some use for sample 

identification but are very useful for quantitative 

measurements. UV-Vis corresponds to the changes in 

electronic energy levels within molecules arising due to 

transfer of electrons from one orbital to another orbital and 

spectra can be used to identify compounds by a comparative 

analysis and also to detect the extent of conjugation in a 

molecule. Basic construction of a spectrophotometer shown 

in figure III. 

 
Fig. 3: Construction of a spectrophotometer 

UV-Vis Commonly used to determine the 

concentration of an absorbing species in solution 

(Quantitative Analysis) using Beer-Lambert law. 
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The absorption of UV or visible radiation 

corresponds to the three types of electronic transition namely 

transitions involving π, σ, and n electrons, transitions 

involving charge-transfer electrons and transitions involving 

d and f electrons. Electronic transitions shown in figure IV. 

 
Fig. 4: Electronic Transition 

The transitions is that between highest occupied 

molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) in the ground state. Transitions 

involves, 

σ → σ* The energy required for an electron in a 

bonding σ orbital to get excited to the corresponding 

antibonding orbital is large. 

n →σ* Saturated compounds containing atoms with 

lone pairs (non-bonding electrons) Energy required for these 

transitions is usually less than σ → σ * transitions. 

π → π* These transitions need an unsaturated group 

in the molecule to provide the π electrons molar absorptivities 

between 1000 and 10,000 L mol-1 cm-10 

n → π* Unsaturated compounds containing atoms 

with lone pairs (non-bonding electrons. 10 to100 L mol-1 cm-

1. 

The UV-Vis absorption study was carried out ex situ 

within the wavelength range of 200-1200nm in order to study 

the conducting phases using microprocessor-controlled 

double-beam spectrophotometer (model U 2000, Hitachi, 

Japan.). 

C. Corrosion Protection Performances 

Electrochemical studies were carried out using open circuit 

potential measurements; Tafel analysis, impedance 

spectroscopy, and alternate immersion testing and salt spray. 

The electrochemical cell should be coupled with potentiostat 

/galvanostat (Gamry Reference system 600, ZRA System, 

Wilmington, USA) for these measurements. 

 
Fig. 5: Gamry Reference600: potentiostat/galvanostat /ZRA 

System. 

1) Tafel Polarization 

Tafel extrapolation method was used to determine corrosion 

rate of the paint coated sample. In this technique, the 

polarization curves were obtained by applying potential of   ± 

250 mV with respect to open circuit potential. Resulting tafel 

plots contain anodic and cathodic branches. Plotting the 

logarithms of Current Vs Potential and extrapolating the 

current in the two tafel region gives the corrosion potential 

and the corrosion current. By using software, corrosion rate 

can be determined. 

IV. RESULTS AND DISCUSSION 

A. Synthesis of Polyaniline Result  

Synthesis of polyaniline contains the oxidation of aniline by 

oxidizer ammonium persulphate and the synthesized 

precipitate was green in color. Before synthesis doping was 

done by the Sulfuric acid and corresponding change in 

chemical structure by the effect of doping. Aniline monomer 

doped by Sulfuric acid is shown in figure VI. 

 
Fig. 6: PANI doped by Sulfuric acid. 

1) Colour change during synthesis of polyaniline 

Synthesis of polyaniline is an exothermic reaction and 

different oxidative states of polyaniline were formed after an 

interval of time due to the oxidation reaction. The sequence 

of color change was, 

Light blue→Blue Green→Coppery tint→Green precipitate 

B. Characterization 

1) Fourier Transform Infra-Red Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) provides 

valuable information regarding the electronic structure of 

polymer. Moreover it helps in definite structural 

characterization dependence of the infrared spectral pattern 

on the substituent of the aromatic compound. 

PANI 

Wavelength (cm-1) Stretching & Vibrations 

3316 O-H Stretching 

2957 N-H Stretching 

1554 Ring stretching of Quinoid 

1457 Benzenoid Ring forms 

781 Out of plane bending 

Table 4: FTIR wavelength and corresponding bond 

stretching of synthesized conducting polyaniline. 

The FTIR spectrum of Conducting Polyaniline is as 

shown in figure VII. 
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Fig. 71: The FTIR spectrum of conducting polyaniline with 

synthesized 0.001 M polyacrylic acid: 0.01 M Aniline 

The figure VII shows that the FTIR spectra contain 

all characteristics of polyaniline band. The band at 781cm-1 

indicates that there is out of plane bending. The band at 1457 

cm-1 and 1554cm-1 indicates that there is benzoid ring forms 

and ring stretching of quonoid. The peaks at 3316 and 2957 

cm-1 indicates that O-H and N-H stretching. These results are 

in good agreement with previous work. 

2) Uv-Vis Spectroscopy 

Ultraviolet-Visible (UV-VIS) spectroscopy is useful to 

characterize the absorption, transmission, and reflectivity of 

a variety of compounds and technologically important 

materials, such as polymers, copolymers, pigments, coatings 

etc. The UV-VIS spectra have broad features that are of some 

use for sample identification but are very useful for 

quantitative measurements. The UV-Vis spectrum of 

polyaniline is shown in figure VII. 

 
Fig. 82: The Uv spectrum of 0.001M Polyacrylic Acid: 

0.01M Aniline ratio. 

Figure shows the chemically synthesized 

conducting polyaniline were studied by using UV-Vis 

spectroscopic technique using cresol solvent in the 400-800 

nm wavelength regions. The UV spectra of synthesized with 

0.001 M polyacrylic acid to 0.01M aniline show the 

characteristic peak at ~620 nm. The peak at 620 nm indicates 

quinoid and benzenoid deformation. Thus a UV-Vis spectral 

study shows that the formed polymers are conducting and 

partially doped.  

3) Scanning Electron Microscopy 

Scanning electron photo micro graphs of conducting 

polyaniline composite are shown in the figures 9. 

 
Fig. 93: Micrograph of sample synthesized with 0.001M 

Polyacrylic Acid: 0.01M Aniline. 

Figure 9 shows that the micrograph of sample 

synthesized with 0.001M Polyacrylic Acid shows 

nanospheres ~ 60- 100 nm. These results are in good 

agreement with previous work. 

Corrosion study (Potentiodynamic Polarization 

Study of Unpainted & different polyaniline painted low 

carbon steel) Potentiodynamic polarization behavior of 

uncoated low carbon steel in 3.5 wt % NaCl solution is 

depicted in the figure 10. 

 

 

 
Fig. 10: Tafel plot of uncoated & different Polyaniline 

Coated Samples in 3.5 wt% NaCl. 

The values of corrosion potential, corrosion current 

density and corrosion rates obtained are recorded in Table. 

Sample Ecorr (mV) 
Icorr 

(μA/cm2) 

Corrosion 

Rate (mpy) 

Uncoated Sample -680 87 5.1 

Polyaniline 2 -511 0.320 1.42 

Polyaniline 3 -531.0 1.90 8.53 

Polyaniline 4 -546.0 1.73 7.88 

Polyaniline 5 -524.0 3.50 15.93 

Table 5: Corrosion Potential, Corrosion current density and 

corrosion rates: Conducting polyaniline based antifouling 

coatings. 

Corrosion potential is found to be decreased from -

511mV for polyaniline 2 to -524 mV for polyaniline 5 

antifouling coated low carbon steel. It should also be noted 

that the corrosion rate is largely reduced due to decrease in 
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current density from 2.720 µA/cm2 to1.88 µA/cm2, 1.73 

µA/cm2 for polyaniline 2, polyaniline 3, polyaniline 4 and 

then increased 3.50 µA/cm2 for polyaniline 5 antifouling 

coated low carbon steel respectively.  

The corrosion rate for polyaniline 2 in 3.5%NaCl 

solutions is found to be 1.41mpy. The corrosion rate for PN-

3 in 3.5%NaCl solution is found to be 8.53mpy. The 

corrosion rate for polyaniline 4 in 3.5%NaCl solutions is 

found to be 7.88mpy. The corrosion rate for polyaniline 2 in 

3.5%NaCl solution is found to be 1.42mpy which is 3.5 times 

lower than uncoated sample. These results are in good 

agreement with previous work. The graphical representation 

of the corrosion rates of antifouling coated samples are shown 

in figure XI. 

 
Fig. 11: Corrosion rate of antifouling coated samples. 

V. CONCLUSIONS 

1) The existence of O-H and N-H bond in the FT-IR 

spectrum confirms presence of conducting polyaniline 

in synthesized powder.  

2) A peak found at 620 nm in UV-Vis spectroscopy clearly 

reveals the presence of conducting polyaniline.  

3) The nano spheres found at ~ 60-100 nm in Scanning 

electron microscope confirms presence of conducting 

polyaniline. 

4) Initial current density of Conducting Polyaniline 

synthesized from 0.001M Polyacrylic acid: 0.01M 

Aniline coated sample in 3.5 wt% NaCl is found to be 

(0.8 mA/cm2) which is higher than steady state current 

density. 

5) Corrosion rate of Conducting Polyaniline synthesized 

from 0.001M Polyacrylic acid: 0.01M Aniline coatings 

in 3.5 % NaCl is found to be 1.41 mpy which is about 

3.5 times lower than uncoated low carbon steel in same 

medium. 
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