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Abstract- The corrosion inhibition properties of a new class of sulfa guanidine azomethine derivatives, namely  sulfa guanidine azomethine 
2,4 dihydroxy benzaldehyde and sulfa guanidine azomethine salisaldehyde for nickel corrosion in 0.1 M HCl medium were analysed by 
electrochemical impedance spectroscopy (EIS). An adequate structural model of the interface was usedand the values of the 
corresponding parameters were calculated and discussed. The experimental results showed that these compounds are excellent inhibitors 
for the nickel corrosion in acid solution and that the protection efficiency increased with increasing the inhibitors concentration. 
Electrochemical impedance data demonstrate that the addition of the sulfa guanidine azomethine derivatives in the corrosive solution 
decreases the charge capacitance and simultaneously increases the function of the charge/discharge of the interface, facilitating the 
formation of an adsorbed layer over the nickel surface. Adsorption of these inhibitors on the nickel surface obeys to the Frumkin adsorption 
isotherm. Thermodynamic adsorption parameters (KRadsR, ΔG° RadsR) of investigated inhibitors were calculated from the linear form of Frumkin 
adsorption isotherm. Activation parameters of  the corrosion process were calculated and discussed.Quantum chemical calculations using 
the Density Functional Theory (DFT) were performed on sulfa guanidine azomethine derivatives to determine the relationship between 
molecular structure and their inhibition efficiencies. The results of the quantum chemical calculations and experimental inhibition efficiency 
were subjected to correlation analysis and indicate that their inhibition effect is closely related to EHOMO, ELUMO, and the energy 
difference (∆E). 
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1. INTRODUCTION 

                    Nickel is one of the most important metals 

and it used in a large number of applications. The pure 
nickel has a good corrosion resistance. Nickel is used as 
alloying element with other metals. Also, nickel plays an 
important role in repair or replacement of the diseased 
bone tissue. The corrosion resistance of nickel is due to the 
formation of a passive film on its surface upon exposure to 
the corrosive media. Nevertheless, nickel could be attacked 
by acidic media in a considerable rate.  Acid solutions are 
commonly used in chemical industry to remove mill scales 

from metallic surface and because nickel is frequently used 
in contact with acidic solutions, its corrosion rate must be 
controlled. One of the useful methods of controlling the 
corrosion process is the addition of inhibitors. The use of 
inhibitors is one of the most practical methods for 
protection against metallic corrosion, especially in acidic 
media P

[1]
P.P

 
PThe action of inhibition of nickel and its alloys in 

acidic media by various organic and inorganic inhibitors 
has been widely studied P

[2-28]
P. In general, organic inhibitors 

such as amines, acetylenic alcohols, heterocyclic 
compounds, natural rosemary oil, β-aminoketone 
derivatives, halides, tween surfactants and some 
phosphonium inhibitors have found use as inhibitors in 
industrial applications P

[29- 35]
P.  
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        The present work was designed to study the corrosion 
inhibition of nickel in 0.1 M HCl solution by some sulfa 
guanidine azomethine derivatives using electrochemical 
techniques. The density function theory (DFT) is used to 
study the structural properties of two sulfa guanidine 
azomethine derivatives in aqueous phase in an attempt to 
understand their inhibition mechanism. The protection 
efficiencies of these compounds showed a certain 
relationship to the highest occupied molecular orbital 
(EHOMO) and the lowest unoccupied molecular orbital 
(ELUMO), the energy difference (∆E) between EHOMO 
and ELUMO.   
      The names, chemical and molecular structures of the 
investigated derivatives are shown in Table (1) [36]. 
 
 

Table (1):  The names, chemical and molecular structures of the 
investigated derivatives 

 

2. Computational details 
           Density functional theory (DFT) was used to 
compute of the effect some sulfa compounds on the degree 
of inhibition for the corrosion rate theoretically and detect 
the exact structure of these compounds also show the stable 
compound which can be used as inhibitor more than 
others. The effect of substitution was investigated 
theoretically and the excited state for all compounds was 
investigated by applying UV calculations to determine the 
different types of electronic transition which can be 
occurred on these compounds with different substituent. 
The Frontier molecular orbitals were studied for its 
important role in the electric and optical properties, as well 
as in UV-Vis. Spectra and chemical reactions. Such 
computational characterization reduces time consuming 
experiments for biomedical and pharmaceutical studies of 
the drugs and its complexes. Profiles of the optimal set and 
geometry of these complexes were simulated by applying 
the GAUSSIAN 98W package of programs [37] at 
B3LYP/Cep-31G [38] level of theory. 

3. Experimental details 
3.1. Materials and chemicals 

            The corrosion tests were performed on nickel rods 
with a composition (in wt. %): Fe 0.05; Al 0.005; Co 0.005; 
Mn 0.005, Ti 0.05 and nickel balance. These rods were 
mounted in Teflon. An epoxy resin was used to fill the 
space between Teflon and Ni electrode. Rods with an 
exposed length of 1 cm (ϕ = 1.25 mm) were used for all 
electrochemical measurements. Prior to experiments, all of 
the electrodes were gradually abraded with different grit 
emery papers up to 4/0 grit size in order to obtain a smooth 
surface, degreased with acetone, washing with bidistilled 
water and finally dried with cool air and stored in a 
vacuum desiccators.  

        The aggressive solutions, 0.1 M HCl were prepared 
by dilution of analytical grade 37 % HCl with bidistilled 
water. The investigated inhibitors were purchased from 
SIGMA-ALDRICH and used as received.  

         Stock solutions (1 x 10-3 M) were made in ethanol to 
ensure solubility. These stock solutions were used for all 
experimental purposes. Table 1 shows the molecular 
structure of investigated inhibitors. 

 3.2 Electrochemical techniques 
           Before starting the experiments, the working 

electrodes were immersed in the test solution for 30 min 
until a steady potential reached, then the electrochemical 
measurements were carried out in a conventional three 
electrodes cylindrical glass cell with a capacity of 100 ml. 
Saturated calomel (SCE) and a platinum foil were used as 
reference and auxiliary electrodes, respectively. The 
reference electrode was connected to a Luggin capillary to 
minimize IR drop. The polarization curves were obtained 
potentiodynamically in potential range - 800 mV to + 800 
mV versus open circuit potential (EOC) with the scan rate 5 
mV s-1. 

              The inhibition efficiencies (%IE) and surface 
coverage (θ) were calculated from the following equation 
[39]: 
% IE = θ x100 = [1- (icorr(inh) / icorr (free)] x 100               (1) 
 

       Where (icorr (free)) and (icorr (inh)) are the corrosion 
current densities in the absence and presence of inhibitor, 
respectively. 

         Impedance measurements were carried out using 
Ac signal with amplitude of 5 mV at open circuit potential 
(OCP) in the frequency range from 100 kHz to 0.5 Hz.  The 
impedance data were fitted to most appropriate equivalent 
circuit. The impedance parameters were obtained from 
Nyquist plots. The double layer capacitance (Cdl) values 
were calculated from the frequency at which the imaginary 
component of impedance was maximum (-Zimg, max) 
using the following relation: 
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Cdl = (1/2πfmax Rct)                                                             (2) 
 
% IE was calculated using the following equation: 
 
% IE = [1 – [1- (Roct / Rct)] x 100                                        (3) 

     
   Where Roct & Rct refer to charge transfer resistance 

without and with the addition of the inhibitor, respectively. 
        All experiments were conducted at 30 ± °C. 

Measurements were performed using Gamry PCI 300/4 
Instrument Potentiostat/Galvanostat/ZRA. This includes 
Gamry Framework system based on the ESA400, Gamry 
applications that include DC105 for dc corrosion 
measurements and EIS300 for electrochemical impedance 
spectroscopy along with a computer for collecting data. 
Echem Analyst 5.21 software was used for plotting, 
graphing and fitting data. All the potentials reported are 
referred to SCE. 

4. Results and Discussion 
4.1. Theoretical (Computational) Study 
          The geometric parameters and energies were 
computed by density functional theory at the B3LYP/Cep-
31G level of theory, using the GAUSSIAN 98W package of 
the programs, on geometries that were optimized at Cep-
31G basis set. The high basis set was chosen to detect the 
energies at a highly accurate level. The atomic charges were 
computed using the natural atomic orbital populations. The 
B3LYP is the keyword for the hybrid functional P

[40]
P, which is 

a linear combination of the gradient functionals proposed 
by Becke P

[41]
P and Lee, Yang and Parr P

[42]
P, together with the 

Hartree-Fock local exchange function P

[43]
P. 

4.1.1 Structural Parameters and Model of Sulfa 
Compounds 

A- Sulfa Guanidine Azomethine 2,4 Dihydroxy 
Benzaldehyde 
             The activity of sulfa compounds is mainly 
determined by its fine structure, the sulfa azomethine 2,4 
dihydroxy benzaldehyde has many characteristic structural 
features. The molecule is a highly sterically-hindered, there 
are three aromatic rings. The molecule is non planer, there 
are two plans one occupied by central aromatic ring and 
other plane occupied by the two terminal aromatic rings 
and also, the two plans are perpendicular respect to each 
other. The bond length N1-C2 is 1.346 Å, N1-C3 is 1.347 Å , 
also the N28-C29 is 1.347 Å there is a double bond 
characters C and N atoms [44], whereas C2-N15 is double 
bond 1.287Å. Detailed analysis of corresponding bond 
lengths in various sulfa molecules was given elsewhere P

[45]
P. 

All distances and angles between the atoms of the sulfa 

compound system are given in Table (2). The S19-O20 and 
S19-O21 bond lengths are 1.440 Å and 1.439 Å respectively, 
the C36-O37 and C34-O39 bond lengths are 1.355 Å and 
1.359 Å respectively, also the C8-O11 and C10-O13 bond 
lengths are 1.360 Å and 1.363 Å respectively.     

            The molecule is a highly sterically-hindered, the 
sulfa guanidine azomethine 2,4 dihydroxy benzaldehyde 
compound occupied two plans they are perpendicular to 
each other. The two terminal aromatic rings are out of plane 
of central aromatic ring the dihedral angle N17S19C22C23, -
114.17˚ and C29N28C25C24, 117.38˚, so the two terminal 
aromatic rings are axially oriented from the central 
aromatic ring. Also the terminal phenyl ring lying out of 
plane of the molecule. This observation is supported by the 
values of calculated dihedral angles: C29N28C25C26,-
64.68˚, and N17S19C22C27, 65.66˚, where the values are 
neither zero nor 180˚. Fig. (1), shows the optimized 
geometrical structure of sulfa guanidine azomethine 2,4 
dihydroxy benzaldehyde compound, the dihedral angles 
C2N17S19C22 is 25.89˚ and N28C29C31C32 is 178.68˚ also, 
N28C29C31C36, -1.63˚ ≈ 0.00˚ and C2N17S19O20 is 132.67˚ 
which confirms that the S19 and N28 lying out of the plane 
occupied by the two terminal aromatic rings and lying in 
the same plane of the central aromatic ring. The dihedral 
angles C25N28C29C31 is -18.45˚ and C2N17S19C21 is -
84.78˚ also, C3N1C2N17, 34.45˚ and C2N1C3C4 is -176.79˚ 
which confirms that The C25N28 bond lying in the same 
plane of C24S19 bond and the phenyl ring is not lying in 
the same plane of the central aromatic ring.  

         Table (2) gives the optimized geometry of sulfa 
guanidine azomethine 2,4 dihydroxy benzaldehyde as 
obtained from B3LYP/Cep-31G calculations. These data are 
drowning to give the optimized geometry of molecule. The 
value of bond angle N1C3C4 is 122.27˚, C2N1C3 is 121.16˚, 
N1C2N15 is 116.76˚, N28C29C31 is 135.98˚, C25N28C29 is 
125.60˚ and N15C2N17 is 117.35˚ reflects on sp2 
hybridization of these central atoms. The values of bond 
distances are compared nicely with that obtained from X-
ray data. Comparisons of the performance of different DFT 
methods allow outlining the main trends of these 
theoretical approaches which are necessary to better 
understand the properties and reaction mechanisms of 
sulfa guanidine azomethine 2,4 dihydroxy benzaldehyde 
compound. However, till now, no attempt has been made 
to analyze the application of various DFT methods and 
different basis sets for accurate calculations of structure of 
sulfa guanidine azomethine 2,4 dihydroxy benzaldehyde P

[46- 

49]
P. 

          The S atom is bonded strongly with surrounded two 
oxygen atoms, nitrogen and carbon Also the charge 
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accumulated on S19 (1.222), O20 (-0.602) and O21 (-0.616). 
The charge accumulated in N1 (-0.298), N28 (-0.229) and 
N15 (-0.452), N17 (-0.442). The presence of four -OH groups 
on the two terminal aromatic rings effect on the charge 
spreading overall sulfa compound, the charge on O11 (-
0.344), O13 (-0.349), C8 (0.285), C10 (0.273)  and O37 (-
0.352), O39 (-0.331), C34 (0.227), C36 (0.218). The energy of 
this compound is -301.933439965 au and very lower value 
of dipole 2.53D.  

B- Sulfa Guanidine Azomethine Salisaldehyde 

      The molecule is non planer, there are two plans one 
occupied by two terminal ends and other plane occupied 
by two aromatic rings around azo group and also, the two 
plans are perpendicular respect to each other. The bond 
length N1-C2 is 1.339 Å, C2-N3 is 1.286 Å , there is a double 
bond characters C and N atoms, whereas N18-N19 is 
double bond 1.248Å. All distances and angles between the 
atoms of the sulfa compound system are given in Table (3). 
The S9-O10 and S9-O11 bond lengths of SO2 at the 1st 
terminal end are 1.438 and 1.439 Å and the  S37-O38 and 
S37-O39 bond lengths of SO2 at the 2nd  terminal end of 
sulfa molecule are 1.438 and 1.439 Å,  the   C28-N30 bond 
length is 1.347 Å and the bond length C42-N43 is 1.286 with 
double bond character.     

         The molecule is a highly sterically-hindered, the 
Sulfa guanidine azomethine salisaldehyde compound 
occupied two plans they are perpendicular to each other. 
This result can be confirmed from the values of the dihedral 
angle C28N30C31C36,  81.27˚ and C28N30C31C32, -97.52˚, 
where the values are neither zero nor 180˚, so the terminal 
end of aromatic ring is axially oriented from the ring and 
then out of plane occupied by other two aromatic rings 
around azo group. Also the two aromatic rings around the 
azo group lying in the same plane. This observation is 
supported by the values of calculated dihedral angles: 
N19N18C15C16, -0.52˚ ≈ 0.00, and N19N18C15C14, 179.49˚, 
C15N18N19C20 is -178.29˚. Fig. (2), shows the optimized 
geometrical structure of Sulfa guanidine azomethine 
salisaldehyde compound.  
             Table (3) gives the optimized geometry of sulfa 
guanidine azomethine salisaldehyde as obtained from 
B3LYP/Cep-31G calculations. These data are drowning to 
give the optimized geometry of molecule. The value of 
bond angle N1C2N3 is 118.56˚, C24C28N30 is 124.02˚, 
N40C42N45 is 122.17˚ and N1C2N5 is 122.54˚ and 
C28N30C31 is 116.86˚ reflects on sp2 hybridization of N30, 
the same result is obtained with C2. The bond angles 
O38S37O39 is 124.39˚, C15N18N19 is 117.89˚ and 
N18N19C20 is 118.59˚ these results confirmed that the azo 
group not linear as seen in Fig. (2). 

 

        The S atom is bonded strongly with surrounded two 
oxygen atoms, nitrogen and carbon atom, Also the charge 
accumulated on S9 (1.209), O10 (-0.600), and  O11 (-0.601) 
for the 1st terminal end, S37 (1.222), O38 (-0.593) and O39 (-
0.604) for the 2nd terminal end. The charge accumulated in 
N5 (-0.429) and N40 (-0.418) also the charge accumulated on 
two nitrogen atoms of azo group N18 is (-0.085) and N19 is         
(-0.069). The charge on C28 (0.114), N30 (-0.253). There is 
only one -OH group at the central aromatic ring which 
effect on the charge spreading overall sulfa compound, the 
charge on O26 (-0.361), C23 (0.218). The energy of this 
compound is -350.016798386 au and not highly dipole 
6.663D which result from the presence of OH group. This 
sulfa compound is more stable than other because of it has 
more negative value of energy and also it has posses higher 
value of dipole moment which reflects that the charge 
spread over all molecule.   

 

4.1.2. Frontier Molecular Orbitals 
 

       The frontier molecular orbitals play also an 
important role in the electric and optical properties, as well 
as in UV-Vis. Spectra and chemical reactions P

[50]
P. Fig. 3 

shows the distributions and energy levels of HOMO and 
LUMO orbitals computed for the all sulfa compounds. For 
sulfa guanidine azomethine 2,4 dihydroxy benzaldehyde 
compound the values of the energy of HOMO and LUMO 
are given in Table (3), the difference between HOMO and 
LUMO is  0.10367 and for sulfa guanidine azomethine 
salisaldehyde compound the values of HOMO and LUMO 
are given in Table (4), the difference between HOMO and 
LUMO is 0.06504, also the values of HOMO-1 , HOMO-2, 
LUMO+1 and LUMO+2 are given in Table (4) 

 
FIGURE (1): THE OPTIMIZED GEOMETRICAL STRUCTURE OF SULFA 

GUANIDINE AZOMETHINE 2,4 DIHYDROXY BENZALDEHYDE 
COMPOUND  BY USING B3LYP/CEP-31G 
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FIGURE (2): OPTIMIZED GEOMETRICAL STRUCTURE OF SULFA 

GUANIDINE AZOMETHINE SALISALDEHYDE COMPOUND BY USING 
B3LYP/CEP-31G 

 

 

 

 
SULFA GUANIDINE AZOMETHINE 2,4 DIHYDROXY BENZALDEH        

    HOMO                                                      LUMO 
 

   
SULFA GUANIDINE AZOMETHINE SALISALDEHYDE      
                              HOMO                                          LUMO 
 

FIGURE (3): MOLECULAR ORBITAL SURFACES AND ENERGY 
LEVELS OF SULFA GUANIDINE AZOMETHINE 2,4 DIHYDROXY 

BENZALDEHYDE AND SULFA GUANIDINE AZOMETHINE 
SALISALDEHYDE COMPOUND BY USING B3LYP/CEP-31G 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE (2): EQUILIBRIUM GEOMETRIC PARAMETERS BOND 
LENGTHS (Å), BOND ANGLES (˚), DIHEDRAL ANGLES (˚) AND 

CHARGE DENSITY OF SULFA GUANIDINE AZOMETHINE 2,4 
DIHYDROXY BENZALDEHYDE COMPOUND BY USING 

DFT/B3LYP/CEP-31G. 
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TABLE (3): EQUILIBRIUM GEOMETRIC PARAMETERS BOND 
LENGTHS (Å), BOND ANGLES (˚), DIHEDRAL ANGLES (˚) 
AND CHARGE DENSITY OF SULFA GUANIDINE 
AZOMETHINE SALISALDEHYDE COMPOUND BY USING 
DFT/B3LYP/CEP-31G. 

 

 
 

TABLE (4): VALUES OF ENERGY (EV) OF HOMO AND LUMO FOR 
(A) SULFA GUANIDINE AZOMETHINE 2,4 DIHYDROXY 
BENZALDEHYDE AND (B) SULFA GUANIDINE AZOMETHINE 
SALISALDEHYDE COMPOUND BY USING B3LYP/CEP-31G.  
 

 
 

4.2. Potentiodynamic Polarization 
Measurements 
          Figure (4) shows typical polarization curves for 
nickel in 0.1 M HCl solution with and without different 
concentrations of inhibitor (A) at 30 °C. Similar curves were 
obtained for other derivative (not shown). Table (5) collect 
the associated corrosion electrochemical parameters, i.e. 
corrosion potential (ERcorrR), corrosion current density (iRcorrR) 
derived from polarization curves by extrapolation, anodic 
and cathodic Tafel slopes (β RaR & β Rc R) the degree of surface 
coverage (θ),   as well as the percentage inhibition 
efficiency (% IE). 
 
         It is seen that the addition of investigated sulfa 
guanidine azomethine  derivatives shift both the cathodic 
and anodic branches of the polarization curves of the pure 
acid solution to lower values of current density indicating 
the inhibition of both the hydrogen evolution and nickel 
dissolution reactions. The corrosion potential is almost 
unchanged. These observations indicate that a mixed-type 
control and investigated sulfa guanidine azomethine 
derivatives are inhibitors of mixed-type for the corrosion of 
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nickel in 0.1 M HCl [51-53]. It is evident that by increasing the 
inhibitor concentration a decrease in corrosion current 
densities and an increase in % IE were observed, suggesting 
that the adsorption protective film tends to be more 
complete and stable on nickel surface. The anodic and 
cathodic Tafel slope values are different from the ones 
obtained with and without the presence of investigated 
sulfa guanidine azomethine derivatives, respectively, 
suggesting that the mechanism of the reaction of nickel in 
0.1 M HCl is influenced by the presence of investigated 
inhibitors. The higher values of % IE indicate the higher 
surface coverage, due to the adsorption of inhibitors on the 
metal surface. The order of decreasing inhibition efficiency 
of the investigated sulfa guanidine azomethine derivatives 
is as follows: Compound (B) > Compound (A). 
 

 
FIGURE (4): THE POTENTIODYNAMIC POLARIZATION CURVES FOR 
THE CORROSION OF NICKEL 0.1 M HCL IN ABSENCE AND 
PRESENCE OF DIFFERENT CONCENTRATIONS OF INHIBITOR (A) AT 
30 ºC. 
 
 
TABLE (5): EFFECT OF CONCENTRATION OF THE INVESTIGATED 
SULFA GUANIDINE AZOMETHINE DERIVATIVES ON THE CORROSION 
POTENTIAL(ECORR), CORROSION CURRENT DENSITY (ICORR), 
TAFEL SLOPES (ΒA, ΒC), DEGREE OF SURFACE COVERAGE (Θ), 
AND INHIBITION EFFICIENCY (% IE) FOR THE CORROSION OF 
NICKEL IN 0.1 M HCL AT 30 ºC. 

 

4.3. Electrochemical impedance spectroscopy 
(EIS) 
               The corrosion behavior of nickel in 0.1 M HCl 
solution in absence and presence of different concentrations 
of the investigated sulfa guanidine azomethine derivatives 
was investigated by the EIS method at 30 P

 º
PC. Figure (5) 

shows the Nyquist plots for nickel in 0.1 M HCl solution in 
the absence and presence of different concentrations of the 
inhibitor (A) at 30P

 º
PC. Similar curves were obtained for other 

derivative (not shown). These plots having the shape of 
semicircle for all the concentrations of examined inhibitors 
indicate that the corrosion is mainly controlled by charge 
transfer process. The obtained Nyquist impedance 
diagrams in most cases doesn’t show perfect semicircle, 
generally attributed to the frequency dispersion P

[54]
P as a 

result of roughness and in homogenates of the electrode 
surface. The data revealed that, each impedance diagram 
consists of a large capacitive loop with low frequencies 
dispersion (inductive arc) which is generally attributed to 
anodic adsorbed intermediates controlling the anodic 
process P

[55-57]
P. In 0.1 M HCl solution and in the presence of 

various concentrations of inhibitors, the impedance 
diagrams show the same trend (one capacitive loop), 
however, the diameter of this capacitive loop increases with 
increasing concentration, due to the increase in the number 
of adsorbed inhibitor molecules when the concentration 
was raised. From the analysis of Nyquist diagram, the main 
parameters are the charge transfer resistance RRctR, and the 
capacity of double layer CRdlR which is defined as:   
                                             
Cdl = 1/ (2πfRmaxRRRctR)                                                              (4) 
           The surface coverage (θ) and the inhibition 
efficiencies (% IE) are defined by the following equation: 
 
% IE = θ x 100 = [1- (RRoctR / RRctR)] x 100                                  (5) 
 
       Where fRmaxR is the maximum frequency, RRoctR & RRctR are the 
charge transfer resistances in the absence and presence of 
inhibitor, respectively. The associated parameters with the 
impedance diagrams are given in Table (6). 
 
          From the impedance results Table (6) we found that 
as the inhibitor concentration increased, RRctR values 
increased, but CRdlR values tended to decrease. The decrease 
in CRdlR, which can result from a decrease in local dielectric 
constant and/or an increase in the thickness of the electrical 
double layer, suggests that sulfa guanidine azomethine 
derivatives function by adsorption at the metal-solution 
interface P

[58]
P. The change in RRctR and CRdlR values was caused 

by the gradual replacement of water molecules by the 
anions of Cl P

-
P and adsorption of the organic molecules on 

the metal surface, reducing the extent of dissolution P

[59]
P. The 

order of inhibition efficiency obtained from EIS 
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measurements decreases as follows: Compound (B) > 
Compound (A). The % IE obtained from EIS measurements 
are close to those deduced from polarization 
measurements. The charge transfer resistance Rct and the 
double layer capacitance Cdl values were derived by using 
the equivalent circuit, Figure (6). 
 

 
FIGURE (5): NYQUIST PLOTS FOR NICKEL IN 0.1 M HCL WITHOUT 
AND WITH VARIOUS CONCENTRATIONS OF INHIBITOR (A) AT 30 ºC. 

 
FIGURE (6): EQUIVALENT CIRCUIT MODEL USED IN THE FITTING OF 

THE IMPEDANCE DATA OF NICKEL 
 
TABLE (6):  ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED 
BY EIS TECHNIQUE FOR NI IN 0.1 M HCL WITHOUT AND WITH 
VARIOUS CONCENTRATIONS OF SULFA GUANIDINE AZOMETHINE 
DERIVATIVES 30 °C. 

 
 

4.4. Adsorption isotherm  
          It is generally assumed that the adsorption of the 
inhibitors on the metal surface is the essential step in the 

inhibition mechanism [60]. To determine the adsorption 
mode, various isotherms were tested and the Frumkin 
mode should be the best. This Frumkin model has been 
used for other inhibitor systems [61, 62]. According to this 
isotherm θ is related to inhibitor concentration via: 
 
[θ / (1-θ) exp(-2aθ) = KC]                                                         (6) 
 
Or its linear form: 
 
ln[[θ / (1-θ)C] = ln Kads + 2aθ                                                (7) 
      
    Where a is the interaction parameter between molecules 
adsorbed on the metal surface and Kads the equilibrium 
constant of adsorption. Figure (7) represents the linear 
relationship of the Frumkin adsorption isotherm. By 
plotting ln [[θ/(1-θ)C] vs. θ, straight lines were obtained for 
all investigated inhibitors. The equilibrium constant (Kads) 
is related to the free energy of adsorption (ΔG°ads) by: 
 
Kads = (1/55.5) exp (-ΔG°ads/RT)                                          (8) 
      
Where 55.5 is the molar concentration of water in solution 
in mol L-1. The slope of the linear fitting of Frumkin gave 
the values of (a) and the intercepts gave the values of Kads 

for all the investigated inhibitors (Table 7). The negative 
values of (a) indicates the presence of repulsive forces 
between the adsorbed species of the investigated inhibitors 
and the increasing values of Kads from compound (A)  to 
compound (B) reflects the increasing capability, due to 
structural formation, on the metal surface [63]. The calculated 
ΔG°ads values, using Eq.8, were also given in Table (7). The 
large negative values of ΔG°ads ensure the spontaneity of 
the adsorption process and the stability of the adsorbed 
layer on Ni surface [64, 65] as well as a strong interaction 
between inhibitors molecules and the metal surface [66]. 
 
              Generally, absolute values of ΔG°ads up to 20 kJ 
mol-1 are consistent with physisorption, while those around 
40 kJ mol-1 or higher are associated with chemisorptions as 
a result of the sharing or transfer of electrons from organic 
molecules to the metal surface to form a coordinate type of 
metal bond. Here the calculated values of ΔG°ads are 
ranging from -45.1 and - 46.3 kJ mol-1, indicating that the 
adsorption mechanism of the inhibitors on Ni surface in 0.1 
M HCl solution at the studied temperatures is due to mixed 
type of adsorption (electrostatic-adsorption and 
chemisorptions) [67]. The decrease of % IE with rise in 
temperature indicates that the physisorption has the major 
contribution while the chemisorptions have the minor 
contribution in the inhibition mechanism [68]. 
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FIGURE (7): THE LINEAR FORM OF FRUMKIN ADSORPTION 
ISOTHERM OF INVESTIGATED INHIBITORS ON NICKEL SURFACE IN 
0.1 M HCL SOLUTION AT 30 °C. 
 
Table (7): Interaction parameters (a), adsorption equilibrium 
constant (Kads) and free energy (ΔG˚ads) of nickel dissolution in 
0.1 M HCl in the presence of investigated sulfa guanidine 
azomethine derivatives at 30 °C 

 

4.5. Kinetic parameters 
         The influence of solution temperature on the 
inhibition performance of investigated inhibitors for nickel 
in 0.1 M HCl solution in the absence and presence of 9 x 10 P

-6
P 

M concentration at temperature ranging from 30 to 60 °C 
was studied using polarization measurements.  
        Plot of logarithm of corrosion rate (log k), with 
reciprocal of absolute temperature (1/T) for Ni in 0.1 M HCl 
at 9 x 10P

-6
P M for the investigated sulfa guanidine 

azomethine derivatives is shown in Figure (8). As shown 
from this Figure, straight lines with slope of -Ea*/ 2.303R 
and intercept of A were obtained according to Arrhenius-
type equation: 
 
 K= A exp (-Ea*/RT)                                                                 (9) 
        
Where k is the corrosion rate, A is a constant depends on a 
metal type and electrolyte, Ea* is the apparent activation 

energy, R is the universal gas constant and T is the absolute 
temperature. 
          
 Plot of log (corrosion rate/ T) vs. 1/ T for Ni in 0.1 M HCl at 
6 x10P

-4 
PM for the investigated sulfa guanidine azomethine  

derivatives is shown in Figure (9). As shown from this 
Figure, straight lines with slope of (-ΔH*/ 2.303R) and 
intercept of (log R/ Nh + ΔS*/2.303R) were obtained 
according to transition state equation: 
 
Rate = RT/Nh exp (∆S*/R) exp (-∆H*/RT)                         (10) 
         
Where h is Planck's constant, N is Avogadro's number, ∆H* 
is the activation enthalpy and ∆S* is the activation entropy. 
The calculated values of the apparent activation energy, 
Ea*, activation enthalpies, ∆H* and activation entropies, ∆S* 
are given in Table (8). The linear regression coefficients (R2) 
are close to unity, indicating that the corrosion of nickel in 
0.1 M HCl solution may be elucidated using the kinetic 
model. These values indicate that the presence of the 
additives increases the activation energy, Ea* and the 
activation enthalpy, ∆H* and decreases the activation 
entropy, ∆S* for the corrosion process. The higher values of, 
Ea*, suggest that dissolution of nickel is slow in presence of 
inhibitors. It is clear that the higher values of Ea* lead to the 
lower corrosion rate. Also, the increase in the, Ea*, indicates 
strong adsorption of the inhibitor molecules on Ni surface 
and the presence of energy barrier caused by the 
adsorption of the additive molecules on Ni surface. The 
increase in the activation enthalpy (∆H*) in the presence of 
the inhibitors implies that the addition of the inhibitors to 
the acid solution increases the height of the energy barrier 
of the corrosion reaction to an extent depends on the type 
and concentration of the present inhibitor. The positive sign 
of (∆H*) indicates the endothermic behavior of these 
inhibitors at activated states. The entropy of activation (∆S*) 
in the blank and inhibited solutions is large and negative 
indicating that the activated complex represents association 
rather than dissociation step P

[69, 70]
P. The order of decreasing 

inhibition efficiency, as observed from the increase in 
activation energy, is as follows: Compound (B) > 
Compound (A). 
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FIGURE (8): LOG CORROSION RATE VS. 1/T CURVES FOR THE 
CORROSION OF NICKEL IN 0.1 M HCL AT 9 X 10P

-6
P M FOR 

INVESTIGATED SULFA GUANIDINE AZOMETHINE  DERIVATIVES. 
 

 
FIGURE (9): LOG CORROSION RATE/T VS. 1/T CURVES FOR THE 
CORROSION OF NICKEL IN 0.1 M HCL AT 9 X 10P

-6
P M FOR 

INVESTIGATED SULFA GUANIDINE AZOMETHINE DERIVATIVES. 
 

TABLE (8): KINETIC PARAMETERS FOR THE DISSOLUTION OF NI IN 
THE PRESENCE AND ABSENCE OF 9 X 10P

-6
P M OF THE 

INVESTIGATED SULFA GUANIDINE AZOMETHINE DERIVATIVES IN 0.1 
M HCL. 

 

4.6. Mechanism of corrosion inhibition 
          The essential effect of these sulfa guanidine 
azomethine compounds as corrosion inhibitors is due to the 
presence of free electron pairs in the nitrogen, oxygen and 
sulfur atoms, d π-electrons on the aromatic rings, molecular 
size, heat of hydrogenation, mode of interaction with the 
metal surface and formation of metallic complexes. 
          It is generally, assumed that adsorption of the 
inhibitor at the metal / solution interface is the: 
i) First step in the action mechanism of the inhibitors in 
aggressive acid media. Four types of adsorption may take 
place during inhibition involving organic molecules at the 
metal / solution interface P

[71]
P: 

Electrostatic attraction between charged molecules and 
charged metal 
 ii) Interaction of unshared electrons pairs in the molecule 
with the metal.  
iii) Interaction of π electrons with the metal and  
iv) A combination of the above. 
         Concerning inhibitors, the inhibition efficiency 
depends on several factors; such as: (a) the number of 
adsorption sites and their charge density, (b) molecular 
size, heat of hydrogenation, (c) mode of interaction with the 
metal surface, and (d) the formation metallic complexes P

[72]
P. 

  
            Most organic inhibitors contain at least one polar 
group with an atom of nitrogen, sulfur or oxygen, each of 
them in principle representing an adsorption center. The 
inhibitive properties of such inhibitors depend on the 
electron densities surrounding the adsorption centers: the 
higher the electron density at the center, the more the 
effective the inhibitor. Also, it is apparent that the 
adsorption of these inhibitor molecules on the nickel 
surface could occur directly on the basis of donor-acceptor 
behavior between the lone pairs of the heteroatom and the 
extensively delocalized л-electrons of the inhibitor 
molecule and the vacant d-orbital of nickel surface atoms 
P

[73]
P. These inhibitors are able to absorb on anodic sites 

through N, O atoms, heterocyclic and aromatic rings which 
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are electron donating groups. The adsorption of these 
inhibitors on anodic sites may decrease anodic dissolution 
of nickel. In the aqueous acidic solutions, most of organic 
inhibitors containing N atoms exist either as neutral 
molecules or in the form of cations (protonated).  In general 
two modes of adsorption could be considered. In our case, 
the neutral form is the preferable one, the inhibitor 
molecules may adsorb on the Ni surface via the 
chemisorption mechanism, involving the displacement of 
water molecules from the metal surface and the sharing 
electrons between the N, and O atoms and Ni. The order of 
increased inhibition efficiency for sulfa guanidine 
azomethine derivatives is: Compound (B) > Compound (A). 
as indicated from the different methods. 
 
  Compound (B) is the most efficient inhibitor. This is due to 
its larger molecular size and the presence of   nine N atoms, 
five O atom and one S atom. Compound (A) comes after 
Compound (B) in the inhibition efficiency. This is due to the 
presence of four N atom, six O atom, one S atom and lower 
molecular size than Compound (B). 
 

5. Conclusions 
       In this paper, Potentiodynamic Polarization, 
Electrochemical Impedance Spectroscopy (EIS) and density 
functional theory studies of sulfa guanidine azomethine as 
efficient corrosion inhibitors for nickel surface in 
hydrochloric acid solution. The principal conclusions are: 
1) The inhibition efficiency of sulfa guanidine azomethine 
derivatives increases by increasing the inhibitor 
concentration, but it decreases with increase in 
temperature.  
2) The bond gap energy ΔE increases from compound (B) to 
compound (A). This fact explains the decreasing inhibition 
efficiency in this order Compound (B) > Compound (A). 
3) Ac impedance plots of nickel indicated that polarization 
resistance increases with increase in inhibitor concentration. 
4) The negative sign of ΔG°RadsR indicates that the adsorption 
process is spontaneous. 
5) The increase in activation energy after the addition of 
inhibitors to the 0.1 M HCl solution indicates that the 
adsorption is more physical than chemical. 
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