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Abstract  

The electrochemical polymerization of the monomer sulfanilamide (SAM) in an aqueous 

solution at room temperature produces polysulfanilamide (PSAM). The Fourier Transform 

Infrared spectroscopy (FTIR) was used to investigate the properties of the prepared polymer 

layer that generated on the stainless steel (St.S) surface (working electrode) and Atomic Force 

Microscope (AFM) was used to characterize the morphology, topology, and detailed surface 

structure of polymer layer that generated on the surface. The corrosion behavior of uncoated 

and coated St.S were evaluated by using the electrochemical polarization method in a 0.2 M 

HCl solution and a temperature range of 293–323 K, the anticorrosion action of the polymer 

coating on stainless steel was investigated. For the corrosion of St.S, kinetic and thermodynamic 

activation parameters were estimated. The effect of nanomaterials was investigated by adding 

them to a monomer solution to improve the anticorrosion performance of polymeric films. 

Graphene and nano-ZnO were used as nanomaterials in this investigation. The protection 

efficiency of PSAM increases with the addition of nanomaterials (Graphene and nano zinc 

oxide) to the monomer solution, particularly graphene, and decreases with increasing 

temperature (293–323 K). The values of apparent activation energies increase with the addition 

of different nanomaterials to the coating. 
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1. Introduction 

The use of conductive polymers to protect alloys has piqued the interest of several researchers 

in recent years, who have investigated the protective influence of various chemically or 

electrochemically synthesized conductive polymers on metal surfaces [1–7]. Electrochemical 

polymerization has the advantage of being a one-step method, good adhesion, time-saving, 

and controllable process compared to chemical polymerization [8]. The electrochemical 
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polymerization method involves oxidation of the monomer to produce radicals, then those 

radical cations react with each other, or with another monomer, to produce a radical dimer, 

which is transferred to a trimer and a longer chain length [9, 10]. The efficiency of these 

protective coatings, which provide thin, tough, and durable barriers to the metal substrate, 

depends on many factors, like the suitability of organic materials, the corrosive environment, 

and deposition techniques [11]. A conductive polymer obtained from electrodeposition was 

used to prevent stainless steel from corrosion in a corrosive medium by interacting with the 

steel substrate to form a native layer to inhibit the corrosion process. Adding nanomaterials to 

conductive polymers is one of the interesting ways to improve the protective coating on metals 

and alloys against corrosion. These polymers with established nanomaterials often offer 

enhanced electrical, mechanical, and corrosion-resistant properties [12, 13]. In this study, poly 

sulfanilamide (PSAM) was prepared by electrochemical polymerization of the monomer 

(SAM) on a St.S surface. The characterization of the polymer film (PSAM) was identified by 

using AFM and FTIR techniques. The corrosion behavior of uncoated and coated St.S in acidic 

solutions at different temperatures was studied by adding a nanomaterial (n-ZnO, Graphene) 

to improve the coating by polymer against corrosion. 

2. Experimental part 

2.1. Electrochemical polymerization of the monomer (SAM) 

To electropolymerize SAM on the St.S (anodic electrode) surface, a standard (DC) power 

supply was used, with distilled water and acetone; the electrodes were cleaned and washed. 

Polymerization solutions are made by dissolving 0.1 g of monomer (SAM) in 100 ml of 

distilled water and adding 3 drops of H2SO4 (95% concentration) as a support electrolyte 

[14]. At room temperature, the polymeric films were deposited on an anodic surface. A 

further 0.004 g of graphene was added to the monomer solution after dispersion, as well as 

0.04 g of nano-ZnO, to improve the coating film’s corrosion resistance.  

2.2. Corrosion study 

For corrosion study: three-electrodes as cell including (working electrode St.S, coated, or 

non-coated), reference electrode (SCE) and auxiliary electrode (platinum electrode), Anodic 

and cathodic polarization for corrosion of St.S were performed under potentiostatic 

conditions in (0.2 M) HCl for coated and uncoated St.S at temperatures ranging from 293 K 

to 323 K for coated and uncoated St.S. 

2.3. Surface characterizations 

The polymeric film (PSAM) produced on St.S. has been characterized using a variety of 

techniques. The Fourier Transform Infrared spectroscopy (FTIR) was used to obtain 

structural and chemical information of of SAM and PSAM coatings produced on St.S 

utilizing a Perkin Elmer 2000 system spectrometer in the range 4000–400 cm–1. The surface 
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topography of SAM and PSAM coating were measured and analyzed by AFM (model: 
AA3000 Angstrome advanced Inc. USA). 

3. Results and Discussion 

 3.1. FT-IR analysis 

The structure of the polymer (PSAM) is shown in Figure 1(B). It was prepared by the 

electrochemical polymerization of the monomer (SAM) shown in Figure 1(A) and examined 

by Fourier Transform Infrared spectroscopy (FTIR). The absorption bands of the monomer 

(SAM) showed the band of O=S=O appeared at (2669.30, 2636.51) cm–1, the absorption of 

the –NH2 amine group was represented at 3269.12 cm–1 symmetric and asymmetric at 

3373.27 cm–1. The peaks at 3066.61 cm–1 were attributed to the aromatic C–H. In 

Figure 1(B), we noticed the disappearance of the –NH2 amine group, which confirms the 

formation of PSAM. The bands are comparatively broad because the polymer PSAM has a 

broad chain-end distribution [15–18]. 

 
Figure 1. FT-IR for A – the monomer (SAM), B – the polymer (PSAM). 
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3.2. Atomic force microscope (AFM) 

The surface morphology of the St.S coated with PSAM in the absence and presence of 

nanomaterials (graphene and nano ZnO) was investigated through the AFM technique. The 

3D views of the AFM images of all applied coated films (Figure 2) reveal that the topography 

structure is homogenously covered for all coated films with granular surfaces. The more 

regular grains may lead to more protective results. In the AFM analysis, The diameter 

average, roughness average (Ra), and Root Mean Square (RMS) are the most important 

parameters used in AFM analysis to characterize surface roughness. Those parameters are 

represented in Table 1. The results indicate that there is a decrease in the surface roughness 

of a coated film after the addition of nanomaterials (graphene and nano-ZnO). Were 

calculated [19, 20]. 

 
Figure 2. AFM images for (A) stainless steel coated PSAM without Nano material,  

(B) stainless steel coated PSAM with Graphene, (C) stainless steel coated PSAM  

with n-ZnO Nano. 
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Table 1. Average Diameter, Average roughness (Ra) and Root Mean Square (RMS) values. 

Coating Avg. Diameter Ra (nm) RMS (nm) 

PSAM 73.42 4.58 5.46 

PSAM&Graphene 89.88 1.11 1.38 

PSAM&ZnO 91.96 1.08 1.32 

3.3. Corrosion measurements 

The influence of polymeric coating films on the anodic and cathodic polarization curves for 

the corrosion of stainless steel HCl solution was studied at temperatures ranging from 293 K 

to 323 K. The influence of adding various nanomaterial compounds [grapheme, nano-ZnO] 

to the monomer solutions on the corrosion of uncoated and coated stainless steel (PSAM) in 

HCl solution is shown in Figure 3. The corrosion current density (Icorr) was determined by 

extrapolation of anodic and cathodic Tafel plots, and the influence of polymeric coating in 

the presence and absence of nanomaterials on the corrosion parameter of the stainless steel 

is shown in Table 2. This parameter includes corrosion current density (Icorr), corrosion 

potential (Ecorr), anodic Tafel slope (βa) and cathodic Tafel slope (βc), weight loss, 

penetration loss, polarization resistance (Rp), protection efficiency (PE%), and porosity 

(ρ %). The polarization resistance (Rp) can be calculated according to the following 

equation (1) [21, 22]. 
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while the protection efficiency (PE%) can be calculated from equation (2) [23], 
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where 0
corrI  and Icorr are the corrosion rates of uncoated and coated stainless steel, 

respectively. 

The porosity of the polymeric films is calculated using the following equation (3) [24]. 
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where Rp,s and Rp the represent polarization resistance for uncoated St.S and coated St.S, 

respectively, Ecorr is the difference in potential between them. 

It is clear from the result data in Table 2 that the Ecorr of coated St.S by PSAM was 

shifted to more positive values, and the corrosion current density increased with increasing 

the temperature, but it decreased after adding nanomaterials to the monomer solution, which 

led to an increase in the protection effect for St.S corrosion. After the (PSAM) film was 
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crafted with nanomaterial coated on the St.S, the Ecorr shifted to the noble direction, the Rp 

values increased, and the (ρ%) values of the polymeric film decreased. This is because the 

incorporation of nanomaterial into polymer coatings can greatly improve the barrier impact 

by decreasing the porosity and zigzagging the diffusion pathway for corrosive ions [25, 26], 

The lower the value of porosity, the higher the value of polarization resistance. 

 
Figure 3. Tafel plot for the corrosion of uncoated stainless steel & coated St.S with PSAM in 

0.2 M HCl solution at 293 K. 

Table 2. St.S Corrosion parameters in 0.2 M HCl with and without coating at different temperature. 

Coating T/K 
–Ecorr 

mV 

Icorr 

µA/cm² 

–βc 

mV/Dec 

βa 

mV/Dec 
PE% 

WL 

g/m²∙d 

PL 

mm/y 

Rp 

Ω∙cm2 
ρ% 

Uncoated 

St.S 

293 116.7 18.42 188.7 159.8 – 1.48 0.20 2039.681   

303 126.0 21.37 199.1 185.8 – 1.72 0.23 1952.858 

313 206.6 24.35 207.7 220.5 – 1.96 0.27 1906.821 

323 271.8 25.89 171.6 258.5 – 2.08 0.28 1729.746 

Coated 

St.S with 

PSAM 

293 59.2 3.89 91.6 91.4 78.88 0.313 0.0423 5106.779 

27.87 
303 80.4 5.31 79.7 88.7 75.15 0.427 0.0577 3432.823 

313 99.2 8.41 77.9 105.6 65.46 0.677 0.0915 2314.597 

323 129.1 11.01 96.6 117.5 57.47 0.886 0.120 2090.822 

Coated 

St.S with 

PSAM 

modified 

with 

Graphene 

293 20.0 0.913 194.6 164.0 95.04 0.074 0.0099 42326.43 

2.631 

303 94.0 0.947 182.9 181.6 95.57 0.076 0.0103 41781.89 

313 100.1 1.48 174.0 166.3 93.92 0.119 0.0161 24947.32 

323 117.5 2.26 184.9 189.5 91.27 0.182 0.0246 17980.75 
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Coating T/K 
–Ecorr 

mV 

Icorr 

µA/cm² 

–βc 

mV/Dec 

βa 

mV/Dec 
PE% 

WL 

g/m²∙d 

PL 

mm/y 

Rp 

Ω∙cm2 
ρ% 

Coated 

St.S with 

PSAM 

modified 

with 

nano-

ZnO 

293 64.3 1.81 83.2 94 90.17 0.146 0.0197 10588.02 

13.88 

303 64.8 2.36 98.2 95.7 88.96 0.190 0.0257 8917.429 

313 62.1 3.54 115.8 125.3 85.46 0.285 0.0385 7381.85 

323 65.9 5.65 184.1 160.5 78.18 0.455 0.0615 6589.784 

3.4. Kinetic and thermodynamic of activation parameters 

The influence of temperature on the corrosion rate of St.S in the presence and absence of 

different coatings by PSAM at temperatures ranging from 293–323 K was studied. The 

Arrhenius equation (4, 5) was used to calculate the apparent activation energies as shown in 

Figure 4 [27]. 

 a. exp 100
E

С R A
RT

  
  
   

−
=   (4) 

 alog . log
2.303

E
C R A

RT

−
= −  (5) 

 

Figure 4. Plot of log icorr vs. 1/T for uncoated & coated St.S with PSAM in the presence and 

the existence 0f the nano-materials in 0.2 M HCl. 

The values of the entropy of activation (ΔS*) and the enthalpy of activation (ΔH*) for 

the corrosion of uncoated and coated St.S were estimated from (Figure 5) from the transition 

state equation (6, 7). 
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while the values of the activation free energy ΔG* were calculated by using Gibbs 

equation (8) [28]. 

 * * *G H T S = −   (8) 

where C.R is the corrosion rate, A the pre-exponential factor, Ea the apparent activation 

energy, T the absolute temperature, R the gas constant (8.314 J∙mol–1∙K–1), h Plank’s 

constant (6.626176∙10–34 JS), N is Avogadro’s number (6.022∙1023 mol–1), ∆S* the entropy 

of activation, ∆H* the enthalpy of activation, and ∆G* the Gibbs free energy. 

 
Figure 5. Plot of logicorr/T versus 1/T for uncoated and coated St.S with PSAM in the presence 

and absence of nanomaterials in 0.2 M HCl.  

The results in Table 3 show that the thermodynamic activation functions (∆H and Ea) 

for coated St.S had higher values than uncoated St.S, indicating a higher energy barrier. For 

both uncoated and coated St.S, the activation entropy (∆S*) is negative. That means, the 

activated complex in the determining steps represents the association instead of the 

dissociation step, which refers to decreases in disorder and goes from the reactant to the 

activated complex [29]. The values of (∆G*) in Table 3 show positive values and show small 

changes with the increase in the temperature, which indicates the fact that the activated 

complex is unstable and the likelihood of formation decreases with the increase in the 

temperature. Furthermore, the (∆G*) values for coated St.S show that the activated complex 

becomes less stable than uncoated St.S. 
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Table 3. Transition state thermodynamic parameter at different temperatures for the corrosion of uncoated 

and coated St.S with PSAM film in absence and presence nanomaterials in 0.2 M HCl solution. 

Conclusion 

The PSAM synthesis by electro polymerization of SAM on St.S was acted as a good anti-

corrosion coating in HCl solution. The protection efficiency of polymer PSAM increases 

with the addition of nanomaterials to the monomer solution, particularly graphene, and 

decreases with increasing temperature 293–323 K.  The values of apparent activation 

energies increase with the addition of different nanomaterials to the coating, which indicates 

an increase in the energy barrier of the corrosion reaction, the positive sign of the activation 

enthalpies (ΔH*) for uncoated and coated St.S indicates the endothermic nature of the 

transition state reaction of St.S. The values of ΔS* for the uncoated and coated St.S are 

negative. This means that the activation complex in the rate-determining step represents 

association rather than dissociation, indicating that a decrease in disordering takes place from 

the reactant to the activated complex. The positive values of ΔG* were recorded, listed in 

Table 3 showing that there was a slight change as the temperature was increased and 

indicating the non-spontaneous nature of the transition state for uncoated and coated St.S. 

Coating R2 
Ea 

kJ∙mol–1 

A/Molecule 

cm–2 ∙s–1 R2 
∆H* 

kJ∙K–1∙mol–1 

–∆S* 

J∙K–1∙mol–1 

∆G* 

kJ∙K–1∙mol–1 

Uncoated 

St.S 
0.9789 9.103 4.721∙1026 0.958 6.546 198.112 

64.593 

66.574 

68.555 

70.536 

Coated 

St.S with 

PSAM 

0.991 28.183 2.429∙1029 0.9891 25.627 146.653 

68.596 

70.063 

71.529 

72.996 

Coated 

St.S with 

PSAM+ 

Graphene 

0.8992 24.698 1.226∙1028 0.8785 22.141 171.030 

72.253 

73.963 

75.673 

77.384 

Coated 

St.S with 

PSAM+ 

nano ZnO 

0.9782 29.942 2.221∙1029 0.9744 27.386 146.937 

70.439 

71.908 

73.377 

74.847 
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The AFM analysis for PSAM with and without nanomaterial (graphene, ZnO) shows the 

grain size for the polymer decreased after modification with nanomaterial. 
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