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Application of electrochemical techniques for corrosion studies of polyetheramide (PEtA) coatings on 

carbon steel is considered using electrochemical impedance spectroscopy (EIS) and potentiodynamic 

polarization studies, which are powerful techniques to better, understand the fundamental process of 

corrosion. In this paper, these techniques are discussed in detail as complementary approaches to 

understand the complex nature of coating degradation. The PEtA coating was synthesized from a 

Pongamia glabra oil-based fatty amide diol and bisphenol A. The synthesis was confirmed by Fourier 

transform infrared spectroscopic techniques. The PEtA coatings were applied on carbon steel strips 

and their physico-mechanical properties, such as scratch hardness, impact, conical mandrel, and pencil 

hardness tests, were characterized by standard methods. The surface morphology of the coatings was 

observed by scanning electron microscopy, and their thermal stability was assessed by 

thermogravimetric analysis. The anticorrosion properties of PEtA were assessed in a 3.5 wt% NaCl 

solution at room temperature using potentiodynamic polarization and EIS techniques. The PEtA 

coatings exhibit good physico-mechanical and anticorrosive properties for applications up to 350 °C. 
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1. INTRODUCTION 

Vegetable oils are considered to be one of the most important classes of sustainable sources of 

starting materials for the production of coatings [1–3]. Different types of polymers have been prepared 

from these oils using a variety of polymerization techniques, including those involving free radical, 

condensation, metathesis, and addition reactions [4]. Seed oils such as soybean, linseed, nahar (Mesua 
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ferrea), cotton, jatropha, Pongamia glabra, tung, castor, rapeseed (Brassica napus), and neem 

(Azadirachta indica) have been used to prepare different polymeric resins by appealing to the 

characteristic properties of the individual oils resulting from their unique fatty acid composition [5–8]. 

In this way, vegetable seed oils have been used to synthesize several types of polymeric resin such as 

alkyds, polyesteramides, polyetheramides, polyurethanes, and epoxies [9–12], which have found use in 

various applications like paints, coatings, adhesives, binders, and composites [13]. Polymeric coatings 

protect metals by forming a barrier against oxygen and H
+
 ions, which reduces the rate of corrosion 

[14–16]. 

Based on alternating current and voltage, electrochemical impedance spectroscopy (EIS) has 

been widely used in corrosion studies because it can clarify corrosion mechanisms. EIS is a linear 

technique determined in the frequency domain that is capable of measuring electrochemical properties 

across a wide range of frequencies. Moreover, in a single experimental procedure, EIS can encompass 

a sufficiently broad range of frequencies to distinguish between applied potentials. For this reason, the 

technique is gaining popularity in diffusion studies of ions across membranes and in studies of 

semiconductor interfaces. Additionally, EIS has been applied to investigate the kinetics of corrosion 

reactions, corrosion inhibitors, anodic coatings, and polymer coatings. A central feature of EIS is 

impedance, which is a proportionality factor between current and voltage. In corrosion applications, 

EIS consists of measuring the impedance of the coated metal in solution. EIS is a non-destructive 

method that can determine various parameters like polymer capacitance, film resistance, and the 

metal–coating interface [17, 18]. 

Impedance can be calculated using Ohm’s law as: 

 

As a complex number, impedance  can be represented in Cartesian as well as polar 

coordinates. 

 

Where  is the magnitude of the impedance and 𝜑 is the phase shift. 

In Cartesian coordinates, impedance given by: 

 

Where  is the real component of the impedance,  is the imaginary component, 

, and 𝜔 is angular frequency (2𝜋f). The relationship between these two approaches for 

representing data can be given by: 

 

 

Alternatively, the real and imaginary components can be obtained from: 

 

 

As seen, impedance can be described by the frequency and phase angle,  or alternatively by its 

real and imaginary components. The mathematical convention for separating the real and imaginary 
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components is to multiply the magnitude of the imaginary component by  and report the real 

and imaginary values as a complex number [17, 19]. 

The response of an electrode to alternating potential signals of varying frequency is interpreted 

on the basis of circuit models of the electrode/electrolyte interface. 

 

 

In an electrochemical process, the corrosion process assumes that electron transfer at the metal 

surface governs the rate of both the anodic and cathodic reactions. 

In electrochemical impedance analysis, three different types of plots are commonly used: 

Nyquist plots (complex plane, showing -  versus ) and two different types of Bode plots (i.e. 

impedance magnitude versus log frequency and angle theta versus log frequency). Nyquist plots 

provide a single capacitive semicircle that indicates the occurrence of charge transfer, whereas Bode 

and phase angle plots indicate systems with equivalent circuits. 

The open circuit potential (OCP) is the potential of the working electrode relative to a reference 

electrode when no potential or current is applied to the cell. When a potential is applied relative to the 

open circuit, the system measures the OCP before the cell is turned on and then applies the potential 

relative to that measurement [20]. The OCP is the potential difference between the working and 

reference electrodes when they are immersed in an electrolyte. Positive OCPs indicate that Eoc will 

accelerate oxidation (corrosion) reactions, whereas reduction reactions will be accelerated if the 

applied voltage is more negative than Eoc. The potentiostat controls the potential between the working 

and reference electrodes, while it measures the current between the working and counter electrodes. A 

plot of log I versus E is called a Tafel plot. Compliance voltage is the voltage available at the counter 

electrode that can be used to force current to flow and still maintain control of the working electrode 

voltage. Compliance voltage can become important when the currents are high or when the 

conductivity of the solution is low. In practice, this depends on the electrolyte and cell design, and is 

representative of a cell with an electrolyte of low conductivity. Finally, since the reference electrode is 

often placed relatively close to the working electrode, there is less impedance than that between the 

counter and working electrodes. 

Organic polymeric coatings have gained increased attention as corrosion protectants of carbon 

steel (CS) systems because of their effectiveness in different environments. In this article, 

polyetheramide was synthesized from Pongamia glabra oil and then coated onto CS substrates. The 

coated panels were then studied by standard physico-mechanical and corrosion resistance 

investigations. Broadly, it is expected that the significance of this work will benefit both industry and 

the environment as Pongamia glabra oil-based polyetheramide coatings were found to improve the 

corrosion resistance of CS considerably. Without question, improved corrosion resistance of mild steel 

in saline environments would motivate various industries to use these materials as leverage to gain a 

competitive business advantage. 
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2. EXPERIMENTAL  

2.1. Materials 

Pongamia glabra oil was extracted from seeds using a Soxhlet apparatus with petroleum ether 

(BP 60–80 °C). The fatty acid composition of this oil was reported previously by our group [11]. 

Diethanolamine (Winlab, UK), bisphenol A (Merck, India), sodium chloride, methanol, xylene, 

butanone, and petroleum ether (BDH Chemicals, Ltd. Poole, England) were used as received without 

further purification. 

 

2.2. Characterization 

The FTIR spectra of N,N’-bis(2-hydroxy ethyl) Pongamia glabra oil fatty amide (HEPFA) and 

PEtA were measured using an FTIR spectrophotometer (Spectrum 100, Perkin Elmer, USA) with NaCl 

cells. The thermal stability of these resins was assessed by thermogravimetric analysis (TGA)/DSC1 

(Mettler Toledo AG, Analytical CH-8603, Schwerzenbach, Switzerland) in a nitrogen atmosphere at a 

heating rate of 10 °C/min. The PEtA resin molecular weight was determined by gel permeation 

chromatography (GPC) (HT-GPC Module 350A, Viscotek, Houston, TX, USA) with tetrahydrofuran 

(THF) as the eluent at a flow rate of 1.0 mL/min. The resin morphology was examined by scanning 

electron microscopy (SEM) (JEOL, JED-2200 Series, Japan). Additionally, the physico-chemical 

characteristics such as the iodine value (ASTM D5556), hydroxyl value (ASTM D1957-86), specific 

gravity (ASTM D1475), and refractive index (ASTM D1218) (Abbe Refractometer, Model R-4, 

Rajdhani Scientific Instruments Co., India) of the resin were also determined. The physico-mechanical 

properties of the coating were evaluated by impact resistance (IS 101: Part 5/Sec 3, 1988), scratch 

hardness (BS 3900), crosshatch adhesion (ASTM D3359-02), the conical mandrel bend test (ASTM 

D3281-84), and the pencil hardness test (ASTM) (Wolff–Wilborn tester, Sheen Instruments, England). 

Finally, the coating thickness (Elcometer Coating Thickness Gauge, Model 456; Elcometer 

Instruments, Manchester, UK) and gloss (Glossmeter, Model: KSJ MG6-F1, KSJ Photoelectrical 

Instruments Co., Ltd., Quanzhou, China) were also evaluated. 

Potentiodynamic polarization and EIS were measured by an Autolab potentiostat/galvanostat, 

PGSTAT204-FRA32, with the NOVA software (Metrohom Autolab B.V. Kanaalweg 29-G, 3526 KM, 

Utrecht, The Netherlands) using a three-electrode system at room temperature. The counter and 

references electrodes were platinum and the saturated calomel electrode, respectively. As the working 

electrode, the coated metal specimens were covered by a fixed PortHoles electrochemical sample mask 

with an exposed surface area of 1.0 cm
2
 in 3.5% NaCl corrosive media. Potentiodynamic polarization 

(PDP) was performed at a sweep rate of 10 mV s
–1

 in the potential range ±250 mV with respect to the 

OCP. Each coating system was evaluated in triplicate for its ability to resist corrosion. EIS spectra 

were obtained in the frequency range of 100 Hz to 1 MHz with an amplitude of 10 mV with 10 points 

per decade at the corrosion potential. 
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2.3. Synthesis of N, N’-bis(2-hydroxy ethyl) Pongamia glabra oil fatty amide (HEPFA) 

HEPFA was synthesized as per a previously reported method [11]. 

 

2.4. Synthesis of Pongamia oil-based polyetheramide (PEtA) 

PEtA was synthesized as per a previously reported method [6]. 

 

2.5. Coating preparation and testing 

The PEtA resin was dissolved in a 40% solution of xylene and butanone (1:1). The resultant 

solution was applied by the dip technique to differently sized mild steel panels for the corrosion tests 

(30 mm × 10 mm × 1 mm) and the physico-mechanical tests (70 mm × 25 mm × 1 mm). When the 

coated panels became dry to touch at room temperature, they were cured by baking at 180±5 °C for 20 

min, which hardened the coating. The PEtA coating thickness was determined to be 125±5 μm. The 

physico-mechanical tests of the PEtA coating included: gloss (65), impact resistance (150 lb/in), 

scratch hardness (3.0 kg), crosshatch adhesion (100%), pencil hardness test (5H), and bending test (1/8 

inch conical mandrel). The PEtA coating showed good results in terms of gloss, scratch hardness, 

impact resistance, and bending. Overall, these results indicate good adhesion of the coating to the mild 

steel substrate, which was made possible by the presence of polar hydroxyl groups, amide linkages, 

and aromatic rings of bisphenol A molecules within the coating. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Spectral analysis of HEPFA and PEtA 

 
Figure 1. FTIR Spectra of N,N’-bis(2-hydroxy ethyl) Pongamia glabra oil fatty amide (HEPFA) and 

polyetheramide (PEtA) 
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As seen in Figure 1, key features of the FTIR spectrum of HEPFA include: 3363 cm
–1

, OH 

stretch; 3014 cm
–1

, -CH=CH- stretch; 2854 and 2925 cm
–1

, CH2 symmetrical and asymmetrical 

stretches, respectively; 1620 cm
–1

, carbonyl amide stretch; and 1468 cm
–1

, -C-N- stretch. The FTIR 

spectrum of PEtA shows additional bands at 1229 cm
–1

, -C-O-C- asymmetrical stretch; 1082 cm
–1

, -C-

O-C- symmetrical stretch; and 3052, 1588, 1513, and 726 cm
–1

, aromatic ring stretches. These peaks 

support the formation of PEtA from HEPFA. 

 

3.2. Physicochemical analysis 

Decreases of the hydroxyl value (from 8.50 to 6.39) and the iodine value (from 57.00 to 41.23) 

are evident on the conversion of HEPFA to PEtA. These trends indicate the loss of hydroxyl groups of 

HEPFA and bisphenol A during the condensation reaction. The refractive index value of HEPFA 

(1.4758) increases in PEtA (1.5430), suggesting an increase in molecular weight on moving from 

HEPFA to PEtA. The molecular weight of PEtA was determined to be 6048 Daltons (Mw and Mn), 

with a polydispersity index of 1.68. 

 

3.3. Tafel analysis 

The ability of the PEtA coatings to resist corrosion on mild steel coupons was evaluated by the 

Tafel extrapolating method. Specifically, this approach involved determining the open circuit potential, 

polarization resistance, and corrosion current density (icorr) after immersion for 5, 10, 15, 20, 25, and 

30 days in 3.5 wt.% NaCl solutions. Figure 2 shows the Tafel plots for the bare CS and the PEtA-

coated panels. As seen, the corrosion potential shifts toward more anodic potential as the immersion 

time increases, as also listed in Table 1. Rp is the resistance to charge transport through pores, voids, 

and other defects in a polymer coating [21–25].  

 

Table 1. Corrosion parameters for bare carbon steel (CS) and PEtA coated CS after in 3.5% NaCl 

solution 

 

Immersion 

time 

𝜷a(V) 𝜷c(V) Ecorr(v) Icorr(A) C R 

(mm/year) 

LPR 

(Ω. cm
2
) 

CS,1h 0.114 0.691 -0.596 3.526E-05 0.410 1207.3 

 5 days 0.365 0.354 -0.0484 1.877E-09 2.205E-05 4.116E+07 

10 days 0.404 0.400  0.0658 2.148E-09 2.496E-05 4.062E+07 

15 days 0.397 0.381 -0.0638 2.440E-09 2.836E-05 3.462E+07 

20 days 0.364 0.329 -0.0011 3.310E-09 3.845E-05 2.271E+07 

25 days 0.382 0.381 -0.0718 3.312E-09 3.848E-05 2.499E+07 

30 days 0.383 0.334 -0.0648 2.916E-09 3.889E-05 2.666E+07 

Bierwagen et al. reported that the polarization (Rp) value for organic coatings lies between 10
9
 and 10

10
 

Ω cm
2
, and lies between 10

6
 and 10

9
 Ω cm

2
 for a good coating. The coating is considered poor if the Rp 

value is less than 10
6
 Ω cm

2
 [16]. 
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Figure 2. Tafel plots of bare CS and PEtA coated carbon steel after immersion in 3.5% NaCl solution 

 

3.4. Electrochemical impedance spectroscopy (EIS) 

The Nyquist plot obtained from the EIS measurements of the bare CS specimen after 1 h 

immersion is shown in Figure 3. Additionally, Nyquist plots for the PEtA-coated CS samples 

following exposure to aerated 3.5 wt.% NaCl aqueous solutions after 5, 10, 15, 20, 25, and 30 days 

immersion are also shown. The impedance parameters like Rs, Rct, and Cc are presented in Table 2. All 

of the obtained Nyquist plots appear semicircle in nature, with the semicircle diameters changing as a 

function of the coating immersion time [26, 27]. For the semicircles at the higher and lower frequency 

ends, the intercepts correspond to Rs and Rs+Rct, respectively. The difference between the two values is 

the charge transfer resistance, Rct, which provides a measure of electron transfer across the surface and 

is inversely proportional to the rate of corrosion [28–30]. The presence of a semicircle indicates the 

formation of a barrier on the metal-coated surface for electron transfer and that charge-transfer 

processes primarily control the CS corrosion process. The capacitance values are only associated with 

the coating. These values provide a measure of water permeation into the coating due to the 

development of charge at the coating–electrolyte interface. Rs is the solution resistance and depends on 

the resistivity of the solution and the location of the reference electrode with respect to the working 

electrode. After 30 days of immersion, the coating begins to degrade and behave as a loss dielectric. 

Eventually, the coating degrades to the point at which corrosion can occur at lower frequencies, 

provided that the solution is conducting. The electrolyte distribution inside the film is uniform, having 

penetrated through the coating pores; a heterogeneous distribution parallel to the surface occurs where 
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it does not distribute in a uniform way. In this case, migration of ions from the solution to the metal 

surface via the polymer chain becomes more difficult. 

 

Table 2. Impedance data obtained by simulation in 3.5% NaCl solution 

 

Immersion 

Time (days) 

Rs(Ω) Rct(Ω) Cc(F) CPE(n) 

Bare CS 25.363 1054.7 1.046E-03 0.996 

5 -3667.2 1.342E+07 1.186E-11 0.998 

10 -4607.98 1.196E+07 4.255E-11 0.998 

15 -7295.1 1.380E+07 7.915E-11 0.998 

20 -7866.3 1.294E+07 1.230E-10 0.997 

25 -3794.4 6.353E+06 1.746E-10 0.997 

30 -2765.3 8.988E+06 1.770E-10 0.998 
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Figure 3. Nyquist plots of bare CS and PEtA coated carbon steel after immersion in 3.5% NaCl 

solution 

 

The properties of PEtA make it useful for application in aqueous medium because it is a polar 

organic coating [28–35]; indeed, the presence of amide, ether, and hydroxyl groups in its structure, as 

well as lone pairs of electrons, causes effective binding with mild steel, which may be facilitated by 

vacant d orbitals of iron. A small distortion was observed in the Nyquist diagrams after prolonged 

immersion time; this distortion has been attributed to frequency dispersion [36–41]. It is clear from all 

plots that the impedance response of CS in the NaCl solution changed significantly with immersion 

time. The diameters of the capacitive loop decreased on increasing the immersion period, indicating 

the extent of the corrosion process. Single capacitive semicircles were observed for all PEtA coatings 

until 30 days of immersion. Relative to pristine CS, the PEtA-coated CS samples exhibited relatively 

high Rct values[42,43]. 

Pure capacitance is indicated by fitting the obtained results to constant phase element (CPE) 

values nearest a value of 1 [36, 37]. These high Rct values are related to low charge-transfer resistance 

between the CS and the PEtA-coated CS samples. 

 

3.5. Thermal analysis 

Figure 4 shows TGA thermograms of HEPFA and PEtA. The thermal stability of PEtA 

increases following the incorporation of bisphenol A. An initial 5% weight loss is observed at 262 °C 

and 383 °C for HEPFA and PEtA, respectively, which is attributed to the evaporation of trapped 

solvent. The 50 wt% loss at 442 °C and 510 °C for HEPFA and PEtA, respectively, is attributed to the 
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degradation of amide linkages, while the 80 wt% loss observed at 497 °C and 534 °C for these 

compounds, respectively, can be attributed to the degradation of hydrocarbons (aliphatic and 

aromatic). The HEPFA thermogram shows two decomposition events, whereas only one sharp 

decomposition event occurs for PEtA. This result indicates that the HEPFA monomer has free OH, 

amide, and alkyl chain groups, whereas all the functional groups in the PEtA polymer are engaged in 

the polymer chain. 

 

 
 

Figure 4. TGA thermogram of HEPFA and PEtA 

 

3.6. SEM analysis 

 
 

Figure 5. SEM micrograph of coated PEtA after immersion in 3.5% NaCl solution 
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The SEM micrograph of the PEtA coatings after immersion in the NaCl solution shows that it 

is unaffected in this environment (Figure 5); slight salt deposition is evident on the surface. The said 

medium is unable to penetrate the coating and reach the substrate; that is, the coating does not lose 

adhesion with the substrate and shows no dissolution or further deterioration in the NaCl solution. 

 

 

 

4. CONCLUSIONS 

Pongamia glabra oil is a promising source for polyetheramide (PEtA) coating materials. The 

PEtA coating is composed of ether and amide functional groups and fatty acid chains, making it an 

ideal candidate to protect carbon steel (CS) from corrosion because of its good adherence to the CS 

surface. The PEtA coating showed good scratch hardness, flexibility, gloss, and can be safely used up 

to 350 °C as an eco-friendly coating material. PEtA coatings on CS provide very effective protection 

against corrosion as a result of their good adhesion to the CS substrate and their effective barrier 

properties. The potentiodynamic polarization and electrochemical impedance spectroscopic results 

indicated that PEtA exhibited significant corrosion protection for CS against the corrosion electrolyte 

(NaCl) at room temperature; the PEtA coating resistance was in excess of 10
6
 Ω cm

2
 after 30 days of 

immersion. 
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