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Abstract Article Info. 

In the current study, a novel conductive polymer poly 6-((4 acetylphenyl) 

carbamoyl) cyclohex-3-ene-1-carboxylic acid (PACC) was created by polymerized 

6-((4 acetylphenyl) carbamoyl) cyclohex-3-ene-1-carboxylic acid (ACC) monomer 

using the electropolymerization process. The resulting polymer was characterized 

using Fourier transform Infrared spectroscopy (FTIR). The ability of this polymer 

to protect the alloy from corrosion was studied at temperatures ranging between 

298 and 328 K. The ability of these coatings to stop corrosion on the surface was 

assessed by measuring the corrosion potential (Ecorr) and the corrosion current (icorr) 

using a potentiostat. Adding nanoscale metal oxides (zirconium dioxide (ZrO2) and 

magnesium oxides (MgO)) enhanced the efficiency of this polymeric coating. The 

protection efficiency of the polymer alone was 77.5%; this efficiency increased to 

85.0% and 99.7% in the presence of nano ZrO2 and MgO, respectively. Kinetic and 

thermodynamic parameters (Ea, H, and S) were calculated for uncoated and coated 

LCS. An atomic force microscope (AFM) studied the coating surface morphology. 

Electrochemical impedance spectroscopy (EIS) was used to evaluate the coating 

resistance. 
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1. Introduction 
Steel is one of the materials needed in most industrial facilities because of its 

beneficial characteristics, like great durability, malleability, mechanical strength, etc. [1, 

2]. The longevity of mild steel in most industrial installations is severely hampered by 

its exposure to adverse environmental factors and harsh chemicals (such as salts, 

aggressive chemicals, etc.). This is because it is quite likely that such circumstances 

lead to the beginning of the metal's electrochemical breakdown through corrosion [3]. 

The costs associated with controlling, reducing, and restoring corrosion, releasing toxic 

materials into the environment, and the subsequent effects on the biotic and abiotic 

components of the ecosystem are huge from an economic and environmental 

perspective [4]. Among the many anticorrosion methods, the anticorrosion coating is the 

most simple, effective, comprehensive, and economical [5]. Nowadays, conductive 

polymer coatings are widely used in various projects [6, 7]. 

Oxidative polymerization and electrochemical synthesis are two methods used to 

prepare conductive polymers, although other alternatives, such as photochemically 

initiated or enzyme-catalyzed polymerization, have also been observed [8-10]. In 

addition, galvanostatic, potentiostatic, and potentiodynamic electrochemical techniques 

can also be employed to synthesize electrically conductive polymers. Electrochemical 

synthesis has some benefits even though it can only produce a limited quantity of 

electrically conductive polymers. There is no requirement for an oxidizing agent 

because the electrochemical synthesis involves direct oxidation of the monomer at the 
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anode. On the other hand, in most cases, the polymer is deposited on an electrode, 

which facilitates further analysis. The electrochemical polymerization method affects 

aspects of the resulting polymers [11, 12].   

The galvanostatic technique is the synthesis of electroconductive polymers under 

constant current density conditions. The polymer film obtained at the end of the 

polymerization is in a doped, i.e., conductive form [13-15]. The potentiostatic 

polymerization and potentiodynamic polymerization techniques use a constant positive 

potential and cyclic voltammetry, respectively. 

The electrochemical synthesis of electroconductive polymers is typically carried 

out in a three-electrode cell setup, while galvanostatic synthesis can be carried out in a 

two-electrode system. In the three-electrode cell, the working electrode serves as an 

anode for polymerization and polymer deposition, the counter electrode is the point at 

which the electrolyte's solvent, dissolved oxygen, or other compounds are reduced, and 

the reference electrode controls the potential. The three electrodes may be arranged in 

one compartment (one compartment cell), two compartments (one for the counter and 

working electrodes and one for the reference electrode), three compartments (each 

electrode having its compartment), or any combination of these [16, 17]. 

Organic compounds containing heteroatoms such as oxygen, sulfur, or nitrogen 

atoms in their structures are often electropolymerized to produce effective polymeric 

coatings against corrosion. These compounds are selected based on their large 

molecular weight, functional polarity (such as -C=O, C=N), and extensive connections 

in aromatic rings, allowing them to adsorb on alloy surfaces [18]. There are many 

studies on the electropolymerization process to protect alloys from corrosion [19-23]. 

The aim of this study is to prepare polymeric coatings that protect the surface of 

Low-Carbon Steel (LCS) alloy from corrosion in a salt solution of 3.5% NaCl. 

2. Experimental Work 
The Low Carbon Steel (LCS) employed in this study has a chemical composition 

described in Table 1. 

 
Table 1. Chemical components of LCS. 

 

Initially, the LCS discs with a diameter of 25 mm, and a thickness of 15 mm were 

polished with silicon carbide emery paper of different grades (180, 220, 400, 1200, 

2000, and 2500 mesh grit) and washed with tap water, distilled water, and then cleaned 

with acetone to remove grease and adhesives from the surface. Fig. 1 shows the LCS 

disks before and after polishing. 

Electropolymerization of the monomer 6-((4 acetylphenyl)carbamoyl)cyclohex-3-

ene-1-carboxylic acid (ACC) was performed on the surface of LCS disc using a DC 

power source and two electrodes: the working electrode (WE), the LCS disc, and the 

counter electrode (CE), a stainless steel plate. The coating solution for 

electropolymerization consisted of 0.1g (0.003 M) ACC monomer dissolved in 100 ml 

diluted ethanol with three drops of H2SO4 (98%). A voltage of 1.7 V was applied 

between the two electrodes at room temperature for 45 min. The coated electrode (LCS 

disc) was dried by a heat gun. Eq. (1) explains the synthesis of PACC polymer. 

Alloy Type 

Chemical compositions (wt%) 

C Fe Si Mn Cu Ni Cr Mo Others 

LCS 0.1 99.3 0.005 0.390 0.0315 0.022 0.0313 0.004 0.117 
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Figure 1: LCS discs a. before Polishing b. after polishing. 

 
In addition, to enhancing the efficiency of the polymeric coating PACC against 

corrosion, it was added 40 or 50 ppm of nano zirconium dioxide (ZrO2) and nano 

magnesium oxide (MgO), respectively to the coating solution to produce PACC-ZrO2 

nanocomposite and PACC-MgO nanocomposite [24].  

Corrosion tests and measurements were performed using an electrochemical 

system containing a potentiostat\galvanostat device (WENKING M lab2000 Bank 

Electronic Intelligent Controls GmbH, Germany), a three-electrode corrosion cell, a 

thermostat, a magnetic stirrer, and a host computer (Fig. 2). The three-electrode 

corrosion cell (1-liter capacity) consists of internal and external bowls. Carbon steel was 

the working electrode, the platinum electrode with a length of 10 cm and diameter of 6 

mm was an auxiliary electrode, and calomel was the reference electrode. The working 

electrode was immersed in the test solution (3.5% NaCl) for 15 minutes to establish a 

steady-state open circuit potential (Eocp). The electrochemical measurements were 

carried out in a potential range of about ±200 mV. The tests were conducted at 

temperatures between 298 and 328 K, controlled via a water bath equipped with a 

thermostat [25-27]. Eq. (1) explains the synthesis of PACC polymer. 

Figure 2: The system of polarization measurements. 

 

(1) 
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3. Results and Discussion 
3.1. The Suggested of ACC Polymerization on L.C.S Electrode 

Based on previous studies [19-23], the mechanism of the ACC monomer 

electropolymerization on the LCS electrode surface has been suggested according to 

cationic electropolymerization, which takes place in the stages described below [28, 

29]: 
1. The working electrode accepts a single electron from the monomer molecule and a 

cationic radical is formed, as shown in steps 1 to 2 of Fig. 3. 

2. This radical reacts with another monomer to form a dimer cationic radical. 

Figure 3: The Suggested Mechanism of ACC Electropolymerization on the LCS electrode. 

 

3.2. Fourier transforms Infrared spectroscopy (FTIR) Analysis 

Fourier transform Infrared spectroscopy (FTIR) analyzes the polymer (PACC) 

structure produced via electrochemical polymerization from the monomer (ACC). The 

FTIR spectrum of ACC monomer, (Fig. 4a), showed stretching bands at 3319 cm
-1

 for 

the NH amide group. The stretching bands at 3118 cm
-1

 are for the aromatic C-H and at 

2925.81 and 2848 cm
-1

 for the aliphatic C-H. The acid, ketone, and amide carbonyl 

groups appeared at 1770, 1699.17, and 1677 cm
-1

, respectively. Also, the olefinic =CH 

appeared at 3028 cm
-1

. C=C bands appeared at 1595.02 cm
-1

. The disappearance of the 

double bond (C=C) in Fig. 4b indicates that the polymer PACC has formed. The 

transmission peak is relatively broad because of the widespread PACC chain dispersion 

[30-32]. 
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Figure 4: FTIR spectra of (a) ACC and (b) PACC. 

 

3.3. Atomic Force Microscopy Analysis 
The surface of LCS discs coated with PACC was topographically mapped using 

atomic force microscopy (AFM), both in the presence and absence of nanometal oxides. 

Fig. 5 (a, b, and c) shows three-dimensional images of the produced polymer with and 

without the nanometal oxides. The degree of the nanomaterial aggregation caused by 

ZrO2 and MgO sticking to the polymer and creating smooth layers are shown in these 

images. Two of the parameters most often utilized in AFM analysis to describe the 

surface roughness of the prepared polymer films are average roughness (Sa) and root 

b 
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mean square roughness (Sq). Table 2 lists the obtained Sa and Sq values for the LCS 

discs coated with PACC film with and without the nano metal oxides. The results 

indicate that, after the polymer was treated with the nano metal oxides, the surface 

roughness decreased (i.e., increase in smoothness) due to the reduction in grain size as a 

result of the nanomaterials interference within the polymer structure and the formation 

of polymer-nanocomposites [33, 34]. 

  

Figure 5: 3D AFM images of (a) LCS coated with PACC, (b) LCS coated with PACC-ZrO2 

nanocomposite, (c) LCS coated with PACC-MgO nanocomposite. 

 
 

a 

b 

c 
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Table 2. AFM parameters for LCS disc coated with PACC film with and without the nano 

metal oxides. 
 

 

 

 

 

 

 
3.4. Corrosion Tests 

The kinetics of the anodic and cathodic reactions was studied through polarization 

measurements. Carbon steel's polarization curves in a 3.5% NaCl solution with and 

without PACC and PACC-metal oxides nanocomposite at temperatures ranging from 

298 to 328 K are displayed in Fig. 6. The corrosion current density (icorr) and corrosion 

potential (Ecorr) were achieved at the intersection of the anodic and cathodic current-

potential curves. The electrochemical characteristics for the LCS disc in 3.5% NaCl 

solution with and without PACC and PACC-metal oxides nanocomposite are shown in 

Table 3 by Tafel plots (icorr, Ecorr, C.R, PL, a, and c) [35].  Equation (2) was used to 

calculate the protection efficiency, PE% (included in Table 3), using the icorr values 

[36]:    

    
                           

              
                                                                                      

where: icorr,coated and icorr,uncoated are the corrosion current densities for the coated and 

uncoated LCS discs, respectively. The Stern-Gery equation (Eq. (3)) was used to 

compute the polarization resistance (Rp) (listed in Table 3) [37, 38]: 

 

  

  |  |

          |  |      
                                                                                                              

where: βa and βc are anodic and cathodic tafel slopes, respectively and icorr is corrosion 

current density. 

 

3.5. Activation Parameters of Corrosion: Kinetic and Thermodynamic 
The effect of temperatures on the rate of corrosion of the LCS disc in the absence 

and presence of various coatings of (PACC) was investigated at temperatures between 

298 and 328 K. To determine the activation parameters of the corrosion process, the 

Arrhenius Eqs. 4 and 5 were applied for the activated complex created during the 

transition state [38, 39]. The outcomes are shown in Table 4 and Figs. 7 and 8.  

            
  

        
                                                                                                         

   
   

 
    (

 

  
)  

   

       
 

   

       
                                                                               

where:  A is the Arrhenius preexponential factor, T is the absolute temperature (K), R is 

the molar gas constant (JK
-1

mol
-1

), Ea is the apparent effective activation energy, C.R is 

the corrosion rate, which is equal to the corrosion current density, N is Avogadro's 

number, and h is the Planck constant. 

System Sa (nm) Sq (nm) 
Main grain 

size (nm) 

PACC 149.9 197.2 165.4 

PACC-ZrO2 nanocomposite 32.15 40.64 83.78 

PACC-MgO nanocomposite 60.95 77.67 66.16 
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Figure 6: Polarization diagrams for the (a) uncoated LCS disc, (b) LCS disc coated with 

PACC, (c) LCS disc coated with PACC-ZrO2 nanocomposite and (d) LCS disc coated with 

PACC–MgO nanocomposite. 

 

Table 3: Corrosion parameters for LCS discs in a 3.5% NaCl solution at different 

temperatures. 

System T (K) 
Ecorr 

(mV) 

icorr 

(µA/cm
2
) 

c 

(mV/Dec) 

a 

(mV/Dec) 

CR 

(mm/y) 

PL 

(g/m
2
.d) 

PE% 
Rp 

(Ω/cm
2
) 

Uncoated 

LCS 

298 -530.0 63.51 -142.1 104.8 1.59 0.737 - 412.38 

308 -610.0 76.20 -145.1 120 1.90 0.885 - 374.27 

318 -650.0 117.69 -239.4 80.1 2.94 1.370 - 221.43 

328 -691.1 141.82 -449.6 70.9 3.55 1.650 - 187.50 

LCS coated 

with 

PACC 

298 -712 14.27 -79.8 60.6 0.35 0.166 77.5 1048 

308 -745 18.67 -72 75.3 0.46 0.217 75.4 856 

318 -759 29.33 -81.4 75 0.73 0.340 75.0 577 

328 -781 37.73 -88.4 63.1 0.94 0.438 73.3 423 

LCS coated 

with 

PACC +ZrO2 

Nanocomposite 

298 -714.7 9.51 -62.3 50.2 0.23 0.110 85.0 1269 

308 -732.5 12.93 -71.6 60.6 0.32 0.150 83.0 1102 

318 -742.8 22.95 -75.9 69.9 0.57 0.266 80.4 688 

328 -763 28.85 -86.4 68.1 0.72 0.335 79.6 573 

LCS coated 

with 

PACC +MgO 

Nanocomposite 

298 -717.8 0.13 -143.8 131.8 0.03 0.152 99.7 227614 

308 -724.3 0.40 -255.5 325.5 0.26 0.173 99.4 155222 

318 -750.1 1.06 -279.7 210.9 0.29 0.265 99.0 49254 

328 -782.8 11.33 84.9 83.3 0.38 0.432 92.0 1611 

 

a b 

c d 
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Figure 7: The relationship between log C.R and 1\T of LCS disc uncoated and coated with 

PACC with and without nano oxides in a solution of (3.5% NaCl). 
 

Figure 8: The relationship between log (C.R\T) and (1\T) of LCS disc uncoated and coated 

with PACC with and without nano oxides in a solution of (3.5% NaCl). 
 

 

Table 4: Kinetic and thermodynamic activation parameters for LCS discs uncoated and 

coated with PACC with and without nano oxides at various temperatures. 
 

System 
Ea

* 

(kJ\mol) 

A 

(Molecule .cm
-2

. S
-1

) 

ΔH
* 

(kJ\mol) 

ΔS
* 

(J/mol. K) 

Uncoated L.C. S 23.656 4.448×10
29

 20.994 -141.373 

LCS coated with PACC 28.012 5.692×10
29

 25.875 -137.731 

LCS coated with PACC-

ZrO2 nanocomposite 

32.456 2.222×10
30

 29.157 -129.826 

LCS coated with PACC- 

MgO nanocomposite 

119.321 2.288×10
43

 166.661 121.162 
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The results showed that the thermodynamic activation parameters values (Ea* and 

H*) for PACC and PACC metal oxide nanocomposites coated LCS discs are greater 

than those for uncoated LCS discs. This suggests that the energy barrier has risen. The 

entropy of activation values for polymeric-coated and uncoated LCS discs are negative 

and increase to be positive, showing that the activated complex in the rate-determining 

step was achieved in an association rather than a dissociation step. Additionally, there 

was less disordering when transitioning from reactants to activated complexes [40, 41].  

4. Electrochemical Impedance Spectroscopy 

The behavior of a corroding alloy to small-amplitude alternating potential signals 

of widely variable frequency was studied using Electrochemical Impedance 

Spectroscopy (EIS). It was analyzed by Nyquist plots when the imaginary part of the 

impedance was plotted as a function of its real part. The Bode plot shows the phase 

angle (Ɵ) and the total impedance |Z|. The Nyquist plot yielded the impedance 

parameters, capacitance, and polarization resistance (Rp). The following equation shows 

the uncompensated resistance (Rs) between the working and reference electrodes and 

the capacitance (Cc) of the polymer film [42, 43]: 

       
 

 
                                                                                                                                        

where:   is the dielectric constant in free space (8.85×10
-12

 A/cm),  is the dielectric 

constant for the polymer, d is the thickness of the film, and A is the exposed area of 

alloy.  

The experimental results of EIS for the LCS discs uncoated and coated with 

PACC in 3.5% NaCl solution were represented by Nyquist plots and Bode plots, as 

shown in Figs. 9-11.  
 

 

Figure 9: Nyquist plots for LCS uncoated and coated with PACC in 3.5% NaCl solution. 
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Figure 10: Bode plots for uncoated LCS discs in 3.5% NaCl solution. 
 

Figure 11: Bode plots for LCS discs coated with PACC in 3.5% NaCl solution. 
 

 

The EIS spectrum was referred to as coating behavior in the high-frequency area 

and corrosion reaction in the low-frequency zone [44, 45].  

According to the Nyquist plots and impedance values (ź), the corrosion resistance 

of the uncoated LCS discs was lower than that of the coated discs because the polymer 

films inhibit the penetration of ions and water into the coating and the subsequent 

electrochemical reactions at the coating/metal interface, leading to the improvement of 

the barrier performance of the polymer coating [46, 47]. This demonstrates the coating's 

effectiveness in protecting the LCS discs surface against corrosion.  

The electrochemical equivalent circuits of the uncoated and coated LCS discs 

were obtained from the best fit to the impedance data for the uncoated and coated LCS 

discs in 3.5% NaCl solution at room temperature. They had the same equivalent circuit, 

as shown in Fig. 12. 
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Figure 12: The equivalent circuit of the uncoated and coated LCS discs. 
 

The electrochemical parameters obtained from the equivalent circuit are [48]: 

 R1 = electrolyte resistance 

 R2 = pore resistance 

 R3= charge transfer resistance 

 C1 = coating capacitance 

 C2 = double layer capacitance 

These parameters values are listed in Table 4-9. 

Table 5: Electrochemical parameters of the equivalent circuit for the LCS discs uncoated and 

coated with PACC polymer. 

 

The values of R1, R2 and R3 for the LCS discs coated with the polymer were 

higher than that of the uncoated LCS discs and that referred to the increased resistance 

against corrosion [49, 50]. 
 

5. Conclusions 

The results indicated the following conclusions: 

 The prepared polymeric films (PACC) provided good protection for LCS alloy surface 

against corrosion in a solution of 3.5%NaCl. The efficiency of this protection 

decreased with increasing temperature. 

 The protection efficiency of the prepared polymeric films against LCS corrosion of 

77.5% at 298 K increased to 85.0% and 99.7 by adding the nanomaterial oxides of 

ZrO2 and MgO, respectively. 

 The kinetic and thermodynamic studies showed that the activation energies of LCS 

corrosion increased after coating due to the increase of the energy barrier for the 

corrosion process. 

 The polarization resistance of the alloy increased after coating, as indicated by the 

measurements potentiostat and EIS. 
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System R1 (Ω) R2 (Ω) R3 (Ω) C1 (F) C2 (F) 

Uncoated LCS 7.987 1.072 2.988 2.147×10
-3

 0.912×10
-4

 

LCS coated with PACC 8.823 1.838 7.633 3.527×10
-3

 1.434×10
-4
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 PACCمع اكاسيذ المعادن  والمتراكباث الىاوىيت للبىليمر لبىليمردراست أداء الحمايت مه التآكل 

 فض الكربىنخالمتبلمرة كهربائيا على سطح الفىلار مى

 
زيىب حسيه
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وخلىد عبذ صالح 

1
 

 .ء، كهٍت انعهٕو، جايعت بغذاد، بغذاد، انعشاققسى انكًٍٍا 1

 

 الخلاصت
-poly 6-((4 acetylphenyl)carbamoyl)cyclohex-3-ene-1) انذساست انذانٍت، حى حذضٍش بٕنًٍش جذٌذ ْٕٔفً 

carboxylic acid (PACC)) ببهًشة يَٕٕيش of 6-((4 acetylphenyl)carbamoyl)cyclohex-3-ene-1-carboxylic acid 

(ACC)  حًج دساست قذسة ْزا باسخخذاو يطٍافٍت الاشعت حذج انذًشاء .  حشخٍصّباسخخذاو عًهٍت انبهًشة انكٓشبائٍت, ٔانبٕنًٍش انُاحج حى

يٍ  انخآكم. حى حقٍٍى قذسة ْزِ انطلاءاث عهى يُع كهفٍ 882ٔ 892دشاسة حخشأح بٍٍ انبٕنًٍش عهى دًاٌت انسبٍكت يٍ انخآكم عُذ دسجاث 

اكاسٍذ انًعادٌ  بإضافتنقذ حى حعضٌض كفاءة ْزِ انطلاءاث انبٕنًٍشٌت  باسخخذاو جٓاص قٍاط انجٓذ. انخآكمٔجٓذ  انخآكمس خلال قٍاط حٍا

٪ ..99ٔ٪ 27.8صادث ْزِ انكفاءة إنى , 7...كاَج كفاءة انذًاٌت نهبٕنًٍش ٔدذِ  .انًغٍُسٍٕوانُإٌَت ًْٔ أكسٍذ انضسكٍَٕٕو ٔأكسٍذ 

نقذ حى دساب انًعهًاث انذشكٍت ٔانثشيٕداًٌُكٍت نهفٕلار  انخٕانً،انُإَي ٔأكسٍذ انًغٍُسٍٕو انُإَي عهى  وانضسكٍَٕٕأكسٍذ فً ٔجٕد 

قٍاط انًقأيت  يُخفض انكشبٌٕ انًطهً ٔغٍش انًطهً. كًا حى دساست يٕسفٕنٕجٍت سطخ انطلاء باسخخذاو يجٓش انقٕة انزسٌت. ٔكزنك حى

  .انكٓشٔكًٍٍائٍتانخذهٍم انطٍفً نهًقأيت  انًعاقت باسخخذاو حقٍُت

 
 .حافم، PACC انكٓشبائٍت،انبهًشة  انًٕصهت،انبٕنًٍشاث  انخآكم،انذًاٌت يٍ : مفتاحيتالكلماث ال


