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ABSTRACT 
 
The inhibiting action of Sulfadiazine (SFD) on the corrosion of mild steel in 1 M hydrochloric acid was examined by 
different corrosion methods, such as weight loss, potentiodynamic polarization and electrochemical impedance 
spectroscopy (EIS). The experimental results suggest that this compound is an efficient corrosion inhibitor and the 
inhibition efficiency increases with the increase in inhibitor concentration. Adsorption of this compound on mild 
steel surface obeys Langmuir’s isotherm. Correlation between quantum chemical calculations and inhibition 
efficiency of the investigated compound is discussed using the Density Functional Theory method (DFT). 
 
Keywords: Mild steel; EIS; Electrochemical calculation; Acid corrosion; DFT 
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INTRODUCTION 

 
Corrosion affects most of industrial sector and may cost billions of dollars each year for preventing and replacement 
of maintenance[1]–[3]. The use of inhibitors is one of the most effective ways to prevent corrosion. Corrosion 
inhibitors will reduce the rate of either anodic oxidation or cathodic reduction or both. This will give us anodic, 
cathodic or mixed type of inhibition[4]–[6]. These compounds can be adsorbed on metal surfaces, block the active 
sites, and decrease the corrosion rate. The adsorption ability of inhibitors onto the metal surface depends on the 
nature and surface charge of metal, chemical composition of electrolytes, and molecular structure and electronic 
characteristics of inhibitor molecules. Most of the potential corrosion inhibitor possess an active heteroatoms such as 
(N, O, and S), heterocyclic compound and π electron[6]–[10]. 
 
In the recent times, the use of quantum chemical methods in the estimation of potential corrosion inhibitors has been 
extremely useful. Quantum chemical parameters which are based on the Density Functional Theory such as 
chemical hardness, electronegativity, chemical potential, nucleophilicity, electrophilicity have been the guide for 
investigating the agreement with experimental data of the results of computational chemistry works[8], [10]–[13]. 
 
In this study, we aimed to investigate the inhibition efficiency of SFD using electrochemical techniques, and weight 
loss measurements. The choice of this compound as an inhibitor was based on molecular structure considerations. 
SFD molecule has nitrogen atoms, sulfur and oxygen atoms, which are assumed to be an active center of adsorption. 
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MATERIALS AND METHODS 
 

2.1. Work electrode and electrolyte 
The chemical structure of inhibitor is presented in schematic 1. 

 
 
 

schematic1. Chemical structure of Sulfadiazine 
 
The corrosive medium used for all experiments is hydrochloride acid solution of concentration equal to 1.0 M 
prepared by dilution of an analytical grade 37% HCl with deionized water. The concentration for each tested 
inhibitor varying from 10-6 to 10-3mol/L. The carbon steel specimens employed in this study possess the following 
composition: 0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 
0.160 % Cu, and Fe balance.The carbon steel samples used for electrochemical tests were covered in epoxy resin 
with an exposed surface of 0.5 cm2 to the corrosive medium, for gravimetric measurement the coupons with 
dimensions of 2.5 cm x 2.5 cm x 0.5 cm were employed. Prior to each experiment, a freshly prepared solution was 
used and the sample was mechanically abraded with different emery papers up to 1200 grade, washed with double 
distilled water followed by acetone and finally dried in room temperature. 
 
2.2. Electrochemical Measurements 
A Potentiostat / Galvanostat PGZ 100 with Voltamaster 4 software are used for the electrochemical impedance 
spectra and polarization techniques using three electrode cell in which the reference electrode is a saturated calomel 
electrode (SCE), the counter electrode made of platinum and the working electrode is carbon steel. After 
stabilization of studied system at open-circuit potential during 30 min immersion, the electrochemical impedance 
spectroscopy tests were realized at free potential in the frequency range of 100 kHz to 10 mHz with amplitude of the 
voltage perturbation is 5 mV AC. For potentiodynamic polarization tests, the electrochemical behavior of carbon 
steel specimen in the corrosive medium in the presence and absence of inhibitor was performed by scanning the 
potential from −800 to−200 mV/SCE with a scan rate of 1 mV/s. 
 
2.3. Weight loss measurements 
The prepared carbon steel electrodes were immersed in aggressive solution with and without the addition of 
different concentrations of each inhibitor at fixed immersion time of 6 h at 303 K. For each condition, triplicate 
experiments were performed and the reported weight losses are calculated by average values. For weighing 
accurately the samples after and before immersion the digital balance with high sensitivity is used. 
 
2.4. Theoretical calculations 
Quantum chemical methods are usually used to explore the relationship between the inhibitor molecular properties 
and its corrosion inhibition efficiency[14]–[16].With these methods, the capability of inhibitor molecules to donate 
or accept electrons can be predicted with analysis of global reactivity parameters, such as energy gap (∆E) between 
HOMO and LUMO, dipole moment (µ), total energy (TE), electron negativity (χ), hardness (ɳ), softness (σ), the 
fraction of electrons transferred (∆N), etc.The quantum chemical calculations were carried out with geometrically 
optimized molecules using Gaussian03, E.01 package[17].The molecular structures were optimized using the 
functional hydride B3LYP density function theory (DFT) formalism having electron basis set 6-31G (d, p) for all 
atoms[18]–[20].According to Koopman’s theorem[21], [22], the ionization potential (IE) and electron affinity (EA) 
of the inhibitors are calculated using the following equations. 
 

IE = -EHOMO          (1) 
 

AE = -ELUMO          (2) 
 
Thus, the values of the electronegativity (χ) and the chemical hardness (η) according to Pearson, operational and 
approximate definitions can be evaluated using the following relations[23]: 
 

2

IE EAχ +=          (3) 
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2

IE EAη −=          (4) 

 
The number of transferred electrons (∆N) was also calculated depending on the quantum chemical method [24]–
[26]by using the equation: 

( )2
Fe inh

Fe inh

N
χ χ
η η

−∆ =
+

        (5) 

 
Where χFe and χinh denote the absolute electronegativity of iron and inhibitor molecule ηFe and ηinh denote the 
absolute hardness of iron and the inhibitor molecule respectively. In this study, we use the theoretical value of χFe 
=7.0 eV mol-1 and ηFe = 0 eV mol-1, for calculating the number of electron transferred. 
 

RESULTS AND DISCUSSION 
 

3.1.Polarization results 
Fig. 2 shows anodic and cathodic polarization plots recorded on mild steel in 1 M HCl in absence and presence of 
different concentrations of inhibitor. Electrochemical corrosion parameters, such as corrosion potential Ecorr, 
cathodicTafel slopes βc, the corrosion current density icorr and inhibition efficiency ηp (%) are given in Table 1. The 
percentage of inhibition efficiency �� was calculated following this equation: 
 

                                                                                       (6) 
 
where������  and ����� are the corrosion current densities in the absence and presence of the inhibitor, respectively. 
 

Table 1. Polarization data of carbon steel in 1.0 M HCl without and with various concentrations of SFD at 303 K 
 

Inhibitor  
 

Conc 
    (M) 

  
 

-Ecorr 
(mV/SCE) 

-βc 
(mV dec-1) 

Icorr 
(µA cm-2) 

�� 
(%) 

Ɵ 
 

Blank - 496 162 564.0 - - 
 

SFD 
5.10-3 481 171 58.4 89.64 0.8964 
1.10-3 488 166 135.2 76.03 0.7603 
5.10-4 490 158 178.4 68.37 0.6837 
1.10-4 491 160 243.9 56.75 0.5675 
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Fig2. Polarisation curves of carbon steel in 1.0 M HCl for various concentrations of SFD at 303K 
 
The shift in Ecorr values of the inhibited system compared to the acid blank is less than 80 mV, suggesting that the 
studied SFDis mixed type inhibitor, inhibit both the anodic dissolution of mild steel and the cathodic H+ ion 
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reduction[27]. The values of the anodic cathodic (βc) Tafel slopes do not show any uniform trend but change in the 
anodic and cathodic directions, which again confirms mixed type inhibition mechanism of the studied inhibitor[11]. 
The decrease of the corresponding current densities with increasing inhibitor concentration is due to the formation of 
protective films on the electrode surface[26]. The inhibition efficiency (�� %) increases with increase in 
concentration for the studied compound, the inhibitor molecules are first adsorbed on the mild steel surface, 
blocking the available reaction sites, and decrease the corrosion current density. 
 
3.2.Electrochemical impedance spectroscopy measurements 
The experimentalNyquist plots for mild steel corrosion in 1.0 MHCl solution in the absence and presence of 
different concentrations of SFD at 303 K are shown in Fig. 3. The Nyquist plots showed single semicircles with one 
time constant. The capacitive loops are not perfect semicircles due to non-homogeneity and roughness of the mild 
steel surface[28]. The impedance spectra were analyzed by fitting the experimental data to the equivalent circuit 
model shown in Fig. 4. 
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Figure 3.Nyquist diagrams for carbon steel in 1.0 M HCl containing different concentrations of SFD at 303 K 
 
The introduction of CPE into the circuit was necessitated to explain the depression of the capacitance semicircle, 
which corresponds to surface heterogeneity resulting from surface roughness, impurities, and adsorption of 
inhibitor[11]. The impedance of this element is frequency-dependent and can be calculated using the Eq. 7[27]: 
 

                                                                                                                                      (7) 
 
 
Where Q is the CPE constant (in Ω

-1Sn cm-2), ω is the angular frequency (in rad s-1), j2 = -1 is the imaginary number 
and n is a CPE exponent which can be used as a gauge for the heterogeneity or roughness of the surface. The double 
layer capacitance values (Cdl) is evaluated from constant phase element CPE (Q, n) and a charge transfer resistance 
value (Rct), using the following relation: 
 

	
� = Q. R����� 																																																																														(8) 
 
Where Q is the constant phase element (CPE) and n is a coefficient can be used as a measure of surface 
inhomogeneity. 
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Table 2. Impedance parameters for corrosion of carbon steel in 1.0 M HCl in the absence and presence of different concentrations of 
SFD at 303 K 

 
Inhibitor Conc 

(g/L) 
Rct 

(Ω cm2) 
 
n 

Q×10-4 
(sn Ω-1cm-2) 

Cdl 
(µF cm-2) 

ηz 
(%) 

Ɵ 
 

Blank - 29 .35 0.91 1.7610 91.63 - - 
 

SFD 
5.10-3 279.77 0.84 0.3253 13.29 89.51 0.8951 
1.10-3 186.51 0.81 0.4657 15.30 84.26 0.8426 
5.10-4 137.7 0.83 0.7698 30.33 78.68 0.7868 
1.10-4 91.78 0.87 1.3244 68.52 68.02 0.6802 

 
 
 
 
 
 
 

 
 
 

Figure 4.Equivalent electrical circuit corresponding to the corrosion process on the carbon steel in hydrochloric acid 
 
The corresponding electrochemical parameters are presented in Table 2 and reveal that the inhibitor increased the 
magnitude of Rct, with corresponding decrease in the double layer capacitance (Cdl). The increase inRctvalue in 
inhibited system, which corresponds to an increase in the diameter of the Nyquist semicircle, confirms the corrosion 
inhibiting effect of inhibitor. The observed decrease in Cdl values, which normally results from a decrease in the 
dielectric constant and/or an increase in the double-layer thickness, can be attributed to the adsorption of inhibitor 
molecule (with lower dielectric constant compared to the displaced adsorbed water molecules) onto the 
metal/electrolyte interface, thereby protecting the metal from corrosive attack[29]–[31]. 
 
3.3.Weight loss tests 
The corrosion parameters such as corrosion rate (CR), surface coverage (θ) and corrosion inhibition efficiency 
(ηW%) obtained by weight loss measurements for mild steel specimen immersed in 1.0 MHCl solution in the 
absence and presence of different concentration of inhibitor SFD for an immersion period of 6 h at 303K and are 
listed in Table 3 and presented in Fig. 5. From Table 3, it is apparent that inhibition efficiency increased with 
increasing concentration of the inhibitor. By increasing the inhibitor concentration, the part of metal surface covered 
by inhibitor molecule increases and that leads to an increase in the inhibition efficiencies[32]. 
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Fig. 5.Relationship between the corrosion rate, the inhibition efficiency and SFD concentrations for steel after 6 h immersion in 1.0 M 

HCl at 303 K 
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Table3. Corrosion parameters obtained from weight loss measurements for carbon steel in 1.0 M HCl containing various concentration 
of SFD at 303 K 

 
Inhibitor Concentration 

(g/L) 
CR 

(mg cm−2 h-1) 
ηw 
(%) 

ϴ 

Blank - 1.135 - - 
 

SFD 
5.10-3 0.111 90.23 0.9023 
1.10-3 0.186 83.56 0.8356 
5.10-4 0.325 71.34 0.7134 
1.10-4 0.387 65.92 0.6592 

 

3.4.Effect of temperature 
Effect of temperature on the corrosion of mild steel in 1.0 MHCl without and with various concentrations of the 
studied inhibitors was investigated between 303 K and 333 K. Corrosion parameters such as corrosion potential 
Ecorr, cathodicTafel slopes βc, the corrosion current density icorr andηp% obtained from polarization potentiodynamic 
at optimum concentration and different temperatures are shown in Table 4. It is clear from the Table 4 that the icorr 
increases with increase in temperature in the presence and absence of the inhibitor. The ηp% decreased with 
increasing temperature from 303 to 333 K. This type of behavior can be described on the basis that increase in 
temperature leads to a shift of the equilibrium position of the adsorption/desorption phenomenon towards desorption 
of the inhibitor molecule at the surface of mild steel[30], [31], [33], [34]. 
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Fig. 6. Arrhenius plots for mild steel in 1.0 M HCl and 1.0 M HCl + 5.10-3M SFD 
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Fig. 7. Transition state plots for mild steel in 1.0 M HCl and 1.0 M HCl + 5.10-3 M SFD 
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In order to calculate the activation energy for the corrosion reaction, the Arrhenius Eq. 9 was used[35], [36]: 
 

	� =�	��� �� !�" #                                                                                                        (9) 

 
Where CR is the corrosion rate, R the gas constant, T the absolute temperature, A the pre-exponential factor, The 
apparent activation energies (Ea) and pre-exponential factors (k) at 5.10-3 M of inhibitor are calculated by linear 
regression between ln (Icorr) and 1/T (Fig. 6), and also the results shown in Table 5. It is evident from Table 5 that 
the value of the apparent activation energy for the inhibited solution were higher than that for the uninhibited 
solution, indicating that the dissolution of mild steel was decreased due to formation of a barrier by the adsorption of 
the inhibitors on metal surface[37]. 
 

Table 4.The influence of temperature on the electrochemical parameters for carbon steel electrode immersed in 1.0 M HCl and 1.0 M 
HCl + 5.10-3 M SFD 

 
Inhibitor   Temp 

(K) 
  

 

-Ecorr 
(mV/SCE) 

-βc 
(mV dec-1) 

Icorr 
(µA cm-2) 

ηTafel 
(%) 

 
Blank 

303 496 162.5 564 - 
313 498 154.5 773 - 
323 492 176.0 1244 - 
333 497 192.0 1650 - 

 
SFD 

303 481 171.0 58.4 89.64 
313 487 166.7 143.2 81.47 
323 488 173.4 305.7 75.43 
333 486 163.7 497.8 69.83 

-800 -700 -600 -500 -400 -300 -200

0.01

0.1

1

10

100

1000

 

 

I 
(m

A
/c

m
2 )

E (mV/SCE)

 1.0 M HCl 303 K
 1.0 M HCl 313 K
 1.0 M HCl 323 K
 1.0 M HCl 333 K

 
Fig. 8.Potentiodynamicpolarisation curves of carbon steel in 1.0 M HCl at different temperatures 

 
Other activation parameters can be evaluated from the effect of temperature. Enthalpy and entropy of activation 
were calculated using the alternative form of Arrhenius[38]–[40]Eq. 10: 
 

	� = �"
$% 	��� �∆'!� # ��� �− ∆)!

�" #                                              (10) 

 
Where, h is the Planck's constant, N is the Avogadro's number, R is the molar gas constant and T is the absolute 
temperature. Straight lines were obtained with a slope and an intercept (Fig. 7) from which the activation 
thermodynamic parameters ∆Ha and ∆Sa were calculated, as listed in Table 5.The negative value of ∆S* for 
inhibitor indicate that the formation of the activated complex in the rate determining step represents an association 
rather than a dissociation step, meaning that a decrease in disorder takes place during the course of the transition 
from reactants to activated complex[41], [42]. 
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Fig. 9.Potentiodynamicpolarisation curves of carbon steel in 1.0 M HCl in the presence of 5.10-3 M SFD at different temperatures 

 
Table 5.Corrosion kinetic parameters for mild steel in 1.0 M HCl in the presence and absence of SFD 

 
Inhibitor Ea 

(kJ/mol) 
∆Ha 

(kJ/mol) 
∆Sa 

(J mol-1 K-1) 
Ea - ∆Ha 

 
Blank 31.00 28.35 -98.80 2.65 
SFD 60.44 57.80 -19.69 2.64 

 
3.5.Adsorption considerations 
Information on the interaction between the inhibitor molecules and the mild steel surface can be provided by 
adsorption isotherm. Plotting Cinh/θ vs. Cinh yielded a straight line (Fig. 10) with a slope value given in Table 6 at 
different temperatures. The R2 and slope value are near to unity indicating that the adsorption of these inhibitors 
obeys the Langmuir adsorption isotherm represented by the following equation. 
 

inh

ads

inh C
K

1

θ

C +=
             

(11) 

 
Where, C is the concentration of the inhibitor, Kads is the equilibrium constant of adsorption and θ is the surface 
coverage. 
 
The values of Kads were calculated from the intercept of Fig. 10. Large value of Kads were obtained for studied 
inhibitor suggesting more efficient adsorption and hence better corrosion inhibition efficiency. Using the values of 
Kads, the values of ∆Gads were obtained by using the following equation: 
 

			∆*+,-. = −/012(3 ∗ 55. 5)         (12) 
 
Where the value 55.5 is the water concentration in solution expressed in mol.L-1. 
 
The calculated value of Kads and ∆Gads are listed in Table 6. In general, values of ∆Gads up to − 20 kJmol− 1 are 
compatible with physisorption and those which are more negative than − 40 kJmol− 1 involve chemisorptions[11], 
[12]. The calculated ∆Gads values for SFD were found in − 32.0 kJmol− 1, at different temperatures (303–333) K, this 
value were between the threshold values for physical adsorption and chemical adsorption, indicating that the 
adsorption process of inhibitor at mild steel surface involve both the physical as well as the chemical adsorption[11], 
[36], [43]. 
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Figure 10.Langmuir adsorption of SFD on the carbon steel surface in 1.0 M HCl solution at 303K 

 
Table 5. Thermodynamic parameters for the adsorption of H1 in 1.0 M HCl on the mild steel at 303K 

 
 
 
 
3.6.Quantum Chemical Calculations 
The structure and electronic parameters were obtained by means of theoretical calculations using the computational 
methodologies of quantum chemistry. The optimized molecular structures and frontier molecular orbital density 
distribution of the studied molecule are shown in Figure 11. The calculated quantum chemical parameters such as 
EHOMO, ELUMO, ∆ELUMO-HOMO, dipole moment (µ) and ∆N are listed in Table 6.  
 

 

Fig.11. (a) Optimized molecular structure (b) HOMO and (c) LUMO molecular orbital density distribution of SFD 
 
 
 
 

Inhibitor Slope               Kads(M -1)               ∆*°ads(kJ/mol) 
SFD        1.086427.3532.19 
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Table7. Quantum chemical parameters for SFD calculated using B3LYP/ 6-31G (d,p) 
 

 EHOMO (eV) ELUMO(eV) ∆Egap(eV) µ(debye) TE (eV)  χ (eV) η (eV) ∆N 
SFD -5.98079 -1.16791 4.81288 7.2045 -31429 3.574 2.406 0.712 

 
EHOMO is often associated with the electron-donating ability of a molecule and its high value (-5.98079) is likely to 
indicate a tendency to donate electrons to appropriate low-energy acceptor states. Increasing values of the EHOMO 
facilitate adsorption (and therefore inhibition) by influencing the transport process through the adsorbed layer. 
ELUMO indicates the ability of the molecule to accept electrons; hence these are the acceptor states. The lower the 
value (-1.04954eV) of ELUMO, the more probable it is that the molecule would accept electrons [44].For the dipole 
moment (µ), higher value (7.2045) of µ will favor a strong interaction of inhibitor molecules to the metal surface 
[45]. 
 
The fraction of electrons transferred from inhibitor to the iron molecule (∆N) was calculated. According to other 
reports [46, 47], value of ∆N showed inhibition effect resulted from electron donation. In this study, the SFD was 
the donators of electrons while the carbon steel surface was the acceptor. The SFD was bound to the carbon steel 
surface, and thus formed inhibition adsorption layer against corrosion. 
 

CONCLUSION 
 
The SFD act as good corrosion inhibitor for mild steel in 1.0 MHCl solution. Polarization studies showed that the 
tested inhibitoris mixed type in nature. EIS measurements show that charge transfer resistance (Rct) increases and 
double layer capacitance (Cdl) decreases in the presence of inhibitor, which suggested the adsorption of the inhibitor 
molecules on the surface of mild steel. The results obtained from Langmuir adsorption isotherm suggested that the 
mechanism of corrosion inhibition is occurring mainly through adsorption process. Quantum chemical results of 
SFD indicating that the inhibitor is good corrosion inhibitor for mild steel in 1.0 MHCl solution. 
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