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The corrosion behavior of aromatic aldehyde Schiff bases self-assembled (SA) films on carbon steel 

(CS) surface was measured by electrochemical impedance spectroscopy (EIS) and polarization curves 

with different immersion time. The results showed that after assembling in two Schiff base solutions for 

12 h, the corrosion efficiency of the SA films on CS surface reached 92.80% and 93.66%, respectively. 

Scanning electron microscopy (SEM) micrographs showed that the SA films can prevent CS corrosion 

in HCl solution. The quantum chemical calculations and dynamic simulations were employed for 

investigation of the inhibition mechanism. 
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1. INTRODUCTION 

Iron alloys find extensive structural applications in industrial and engineering construction as 

materials for reaction vessels, tunnels, etc., so the corrosion of iron alloys receives a considerable amount 

of attention [1, 2]. Carbon steel is a common constructional material for many industrial units because 

of the low cost and excellent mechanical properties [3, 4]. Acid solutions are widely used in many 

industrial processes such as acid pickling, acid descaling and oil-well acidizing [5, 6].  However, CS is 

very prone to corrosion in aggressive acid solution [7, 8]. 

The self-assembled films is a reliable method for preparing chemically and structurally well-

defined surfaces on metal surfaces which can limited the oxidation of metal [9-11]. It has been reported 

that the SA films of organic compounds having S, N, P, O donor sites, unsaturated bonds along with 
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planar conjugated aromatic moieties can form SA films which can limit the oxidation of different kinds 

of metals [12-15]. The advantages of SA films include simplicity of preparation, stability, ease of 

manipulation and the ability of different chemical functionalities at high molecular dimensions [16, 17]. 

Due to the presence of the –C=N– group in the molecule, Schiff bases exhibit effective corrosion 

inhibition for different metals and alloys [18-21]. Lashgari Et al. studied the inhibitory action of N,N'-

1,3-propylen-bis (3-methoxysalicylidenimine) {PMSI} on mild steel corrosion in sulfuric acid though 

electrochemical methods and scanning electron micrographs, and the studies revealed that the PMSI 

compound is a good mixed-type inhibitor [22]. Wang et al. synthesized a series of Schiff base surfactants 

and evaluated the corrosion inhibition effect of the Schiff bases. Electrochemical impedance 

spectroscopy, polarization curves and weight loss experiments showed that the surfactant molecules 

were well absorbed on the CS surface and could be described using Langmuir adsorption isotherm [23]. 

The aim of this study is to gain some insight into the corrosion inhibition of two Schiff base 

compounds SA films on CS in 0.5 M HCl solution using chemical and electrochemical techniques. SEM 

was used to characterize the CS surface. Finally, the inhibition mechanism was interpreted using 

quantum chemical calculations and molecular dynamics simulations.  

 

 

2. EXPERIMENTAL DETAILS 

2.1. Chemicals and preparation of the SA films on CS electrode 

All chemical used are analytical grade purchased from Aladdin Industrial Corporation. The 

chemical structures and abbreviations of 2-((1H-1,2,4- triazol-3-ylimino)methyl)-6-methoxyphenol  

(SB1) and 2-((1H-1,2,4-triazol-3- ylimino)methyl)-6-ethoxyphenol (SB2) are shown in Fig.1. They were 

synthesized from 3-amino-1,2,4-triazole, 3-methoxysalicylaldehyd and 3-ethoxysalicylaldehyde [24]. 

0.005 M self-assembly solutions of two Schiff bases were obtained through dissolving relevant 

chemicals into the ethanol solution, and the aggressive environment used was 0.5 M HCl solution 

prepared from analytical reagent grade chemicals and doubly distilled water.  
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(a)  2-((1H-1,2,4-triazol-3-ylimino)methyl)-6-methoxyphenol  (SB1) 

 
(b) 2-((1H-1,2,4-triazol-3-ylimino)methyl)-6-ethoxyphenol (SB2) 

 

Figure 1. Chemical structures and abbreviation of two Schiff bases 

A rod of CS (4 mm diameter) was used as working electrode, and the composition (wt%) of CS 

was C (0.45%), Si (0.17%), Mn (0.5%), S (0.035%), P (0.035%), Cr (0.25%), Cu (0.25%), Ni (0.30%), 

C
H

OH

N

N NH

N

O

H2
C

H3C



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

105 

Fe (the remaining 98%). The preparation and preliminary process of CS electrode referenced from the 

published article of Zhang et al [25, 26]. Before each test, the electrode surfaces were abraded with 

emery papers, and cleaned in ethanol. Then, the polished CS electrodes were immersed in the self-

assembly solution of SB1 and SB2 for 2 h, 4 h, 6 h, 8 h, 10 h and 12 h. 

 

2.2. Electrochemical measurements 

All experiments were performed using the traditional three-compartment glass cell. The 

reference was a saturated calomel electrode (SCE) and the counter electrode is a Pt electrode. The EIS 

measurements were carried out at open circuit potential over a frequency range from 100 kHz to 0.1 Hz 

with sinusoidal potential perturbation 5 mV in amplitude by using a electrochemical workstation 

(CHI760E CH Instruments), and the EIS data were fitted using the ZView 2 software. Polarization curves 

of the CS electrodes covered with and without SA films were recorded by scanning speed of 2 mV/s 

started from -200 to +200 mV with respect to the open circuit potential versus corrosion potential. All 

of the experiments were conducted at 25 ± 1 °C. 

 

2.3. Scanning electron microscopy (SEM) 

Specimen for SEM experiments were CS sheets (3 mm × 3 mm × 1 mm) corroded in 0.5 M HCl 

solution for 2 h with and without SA films made by immersion in SB1 and SB2 self-assembly solutions 

for 12 h. The surface characteristics of CS specimens were examined by JSM-6380LV SEM.  

 

2.4. Quantum chemical calculation and molecular dynamic simulation 

The geometries of two Schiff bases were fully optimized by the Gaussian 03 software package 

[27] employing the B2LYP/6-311G* method [28]. Density functional theory (DFT) methods were used 

because they can reach an exactitude similar to other methods in less time and with a smaller investment 

from the computational point of view. The energy of the highest occupied molecular orbital (EHOMO), 

the energy of the lowest unoccupied molecular orbital (ELUMO), ΔE= ELUMO-EHOMO and the dipole 

moment (μ) were used to analyze the inhibition capability. 

In order to investigate the adsorption configuration and adsorption strength of the SA molecules 

on the iron surface, molecular dynamic simulations were performed using the Discover module of the 

Materials Studio 6.0 software developed by Accelrys Inc. [29]. The adsorption system was consisted of 

400 H2O molecules, 4 H3O
+ ions, 4 Cl- ions and 1 inhibitor molecule. A Fe (110) surface 

(24.824Å×24.824Å×18.242Å) was selected and cleaved from the Fe cell and then the surface was 

optimized to the energy minimum. The Fe crystal contained 10 layers total 2500 Fe atoms, then adding 

a vacuum layer to build up the metal surface. H2O, H3O
+and Cl-units were optimized and optimized 

Schiff base molecules were induced. The solution layer was constructed by building solution layer and 

solvent layer through Modules/Amorphous/Construction. Finally, the complete simulation system was 

combined by Build Layer. The simulation box was 24.8238 Å × 24.8238 Å × 48.9948 Å with periodic 
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boundary conditions. The parameters of optimization and molecular dynamics simulation are shown in 

table 1.  

 

Table 1. The based group Settings of molecular dynamics simulation 

 

Basic setup 
Method Conergence Level Maximum iteration 

smart minimizer ultra-fine 20000  

Minimizer 

setup 

forcefield non-nond Summation method Cutoff distance 

comoass vdW Atom based 9.5 Å 

Dynamic 

simulation 

setup 

Ensemble Thermostat Simulation temperature Energy deviation 

NVT Andersen 298.0 K 5000.0 kcal/mol 

Dynanmics time Time step Frame output 

2000.0ps 1 fs Every 1000 steps 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. EIS measurements 

SA films of SB1 and SB2 prepared on the CS surface were investigated by EIS. Fig. 2 shows the 

Nyquist plots in 0.5 M HCl solution for the bare CS electrode and SA films modified CS electrodes by 

immersion in the assembly solution from 2h to 12h. It can be seen from Fig. 1 that the Nyquist plots of 

CS electrode does not yield perfect semicircle as expected from the theory of EIS, which is caused by 

surface roughness and is known as the ‘‘dispersing effect’’ [30]. The slightly depressed semicircle 

indicates that the corrosion of CS in 0.5 M HCl solution is mainly controlled by transfer process [31, 

32]. The diameter of semicircle increases after the modification with Schiff base SA films on the CS 

surface. This increase is more pronounced with increasing immersion time which indicates adsorption 

of Schiff base molecules on the CS surface. All the EIS data are fitted with the equivalent circuit (Fig. 

2) which is a parallel combination of the charge transfer resistance (Rct) and the constant phase element 

(CPE), both in series with the solution resistance (Rs). The impedancefunction of a CPE is defined by 

the mathematical expression givenbelow : 

 0
n

CPEY =Y j


                                            (1) 

 
0

n

CPE

1
Z = jω

Y
                                             (2) 

where Y0 is modulus, j is the imaginary root, ω is the angular frequency and n is the phase. The 

calculated inhibition efficiency, η% is calculated from the following equation: 
0

ct ct
R

ct

= 100%
R R

R





                                         (3) 
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whereRct and R0
ct are the charge transfer resistance values with and without SA films on carbon 

steel surface, respectively. The values of CPE capacitance (Cdl) are calculated using Eq. (4):  

0
dlC S

d

 


                                                        (4)           

where ε0 is the permittivity of air, ε is the local dielectric constant, d is the film thickness and S 

is the electrode surface. The measured impedance data analyzed with ZView2 software for the equivalent 

circuit and the calculated η are shown in Table 2. 
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Figure 2. Nyquist impedance spectra of the bare working electrode and the working electrode covered 

with SA films with a long immersion time in SB2 (a) and SB2 (b). The solid lines are their 

fitted curves 

 

Table 2. Element value of a circuit equivalent to fit the impedance spectra in Fig. 2 and the values of 

the corrosion efficiency (η) calculated by Eq. (3). 

 

Self-assembly 

molecules 
time (h) 

Rs 

(Ωcm2) 

Rct 

(Ωcm2) 

CPE Cdl 

(μF cm-2) 
η（%） 

n (0-1) Y0(μΩ-1sncm-2) 

bare 0 8.32  69.94 0.84  44.26 14.226  － 

SB1 

2 6.71  257.8 0.84  13.85 4.24 72.87  

4 8.94  398.5 0.84  13.39 4.42 82.45  

6 7.10  424.5 0.78  18.90 12.46 83.52  

8 9.35  626.3 0.84  11.50 4.02 88.83  

10 3.80  788.1 0.82  11.60 5.18 91.13  

12 9.70  971.4 0.82  15.90 7.97 92.80  

SB2 

2 10.16  230.9 0.82  20.47 13.11  69.71  

4 6.57  407.3 0.85  12.38 5.57  82.83  

6 11.73  572.1 0.84  9.96 5.17  87.77  

8 10.77  835.2 0.85  9.11 4.41  91.63  

10 6.38  1107.0 0.84  8.96 5.17  93.68  

12 7.86  1104.0 0.81  1.43 1.38  93.66  

It can be seen from Table 2, the Rct increases with the assembly time and the Cdl value decreases 

with the immersion time. This might be due to the substitute of H2O molecules by Schiff bases molecules 
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with small dielectric constant. The adsorption Schiff base molecules increase the thickness of the double 

layer capacitance which can increase the Rct and decrease the corrosion reaction rate. After immersion 

in self-assembly solution for 12 h, the corrosion inhibition of SB1 and SB2 SA films on CS surface reach 

92.80% and 93.66%, respectively. Both of the Schiff bases contain benzene ring and -C=N- group that 

can be the adsorption center to from SA films on CS surface. At short  Schiff compounds assembling 

time, the molecules are loosely arranged on the CS surface. When the assembling time reaches 8 hours, 

the SA films are well organized [33]. The EIS result has the similar conclusion with the research of  

Issaadi et al [34] using the novel thiophene symmetrical Schiff base compounds as corrosion inhibitor 

for mild steel. The Schiff compound adsorption on the metal surface lead to the formation of a surface 

film in the acidic solution can increase the Rct and protect the metal from corrodent attack.  

 

3.2. Polarization curves 

Fig. 3 shows the potentiodynamic polarization curves of CS covered with and without Schiff 

bases SA films in 0.5 M HCl. Both the cathodic current and the anodic current decrease in the presence 

of the SA films on CS surface, which means that the Schiff base molecules are adsorbed on the CS 

surface and block the reaction sites of the CS surface. The maximum displacement in Ecorr value in 

present study is 24 mV, which indicates that the two Schiff bases are mixed-type inhibitor [35]. The 

values of corrosion current (Icorr), corrosion potential (Ecorr), cathodic and anodic Tafel slopes obtained 

by the anodic and cathodic regions of the Tafel plots are shown in Table 3. The corrosion current density 

is calculated from the extrapolation of straight part of the Tafel lines and the inhibition efficiency (η%) 

values are calculated from Eq. (5): 
0

corr corr

0

corr

i - i
= 100%

i
 

                                                (5) 

From Table 3, it can be seen that the corrosion rate decreased and the corrosion efficiency 

increase with the immersion time. Both anodic metal dissolution of iron and cathodic hydrogen evolution 

reactions are inhibited after the formation of Schiff compound SA films on CS surface. The shift in 

corrosion potential is very slight compared with the corrosion potential observed in blank solution so 

that the two Schiff compounds can be classified as mixed type corrosion inhibitor [36, 37]. When the 

immersion time reaches 12 h, the η of SA films on CS surface reaches 92.99% and 94.68%, respectively, 

which gives the same efficiency trend as found in EIS measurements. 
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Figure 3. Polarization parameters of the bare CS electrode and the CS electrodes covered with SA films 

measured in HCl solution with prolonged immersion time in SB1 (a) and SB2 (b) solutions 

 

Table 3. Polarization parameters for the bare CS electrode and the CS electrodes covered with SA films 

in 0.5 M HCl solution 

 

Assembly 

molecule 

Assembly 

time (h) 

Ecorr 

(V vs .SCE) 

-βc 

(V dec-1) 

βa 

 (V dec-1) 
icorr(μAcm-2) η (%) 

bare 0 -0.531 0.149  0.129  310.4 － 

SB1 

2 -0.539 0.149  0.121  90.088 70.98  

4 -0.553 0.146  0.101  65.38 78.94  

6 -0.54 0.128  0.088  42.86 86.19  

8 -0.531 0.135  0.091  28.16 90.93  

10 -0.541 0.130  0.075  29.2 90.59  

12 -0.532 0.129  0.071  21.75 92.99  

SB2 

2 -0.555 0.162 0.117 126.9 59.12  

4 -0.548 0.129 0.089 54.3 82.51  

6 -0.55 0.140 0.087 47.67 84.64  

8 -0.539 0.135 0.072 20.19 93.50  

10 -0.539 0.130 0.086 23.82 92.33  

12 -0.544 0.122 0.071 16.5 94.68  

 

3.3. Surface analysis studies 

Fig. 4 represents the SEM images of the CS samples modified without and with Schiff bases SA 

films after corroded in HCl solution for 2 h. Fig. 1a is the image of the CS sheets corroded in HCl for 2 

h and it can obviously be seen that the surface of CS sample is strong damaged. Fig. 3b shows the image 

of the SB1 modified CS surface. The CS surface is damaged after 2 h corroded in HCl, but its surface 

looks better than the CS surface without SA film. As can be seen from Fig.3c, the SB2 modified CS 

surface is less damaged, which confirms the inhibition effect. Therefore, it can be concluded that both 
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of the two Schiff bases have good inhibiting ability for CS corrosion and SB2 SA films has better 

inhibiting action on CS surface.     

 

 

 
 

Figure 4. SEM images obtained from CS sheets without and with SA films in 0.5 M HCl for 2 h: (a) 

bare, (b) SB1, (c) SB2 

 

3.4. Quantum chemical calculation and molecular dynamic simulation 

3.4.1 Quantum chemical calculation  

 Quantum chemical calculation were carried out to find the relationship between the Schiff base 

molecule structure and its inhibition effect. Fig. 5 is the EHOMO (highest occupied molecular orbital) 

energy and ELUMO (lowest unoccupied molecular orbital) energy calculated at B2LY/6-311* level and 

the quantum chemical parameters are shown in Table 4. It has been found that the HOMO is located in 

the region around the -C=N- group and benzene ring. This probably indicates that the preferred active 

sites for an electronic attack and the favorite sites to interact with the CS surface are located within the 

region around N atom and benzene ring. 

The LUMO of TA is distributed all over the molecule and the LUMO of the three Schiff bases 

is distributed over the inhibitor molecule except for hydrogen atoms. It can be concluded the unoccupied 

d orbit of Fe can both form coordinate bond with HOMO orbit and form back-donation bond with LUMO 

orbit. So the Schiff base molecules are in combination with carbon steel surface with chemical bond 
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which prevent the carbon steel from corrosion in the erosive solution. It is well known that the EHOMO is 

associated with the electron donating ability of a molecule and the ELOMO indicates the ability of the 

molecules to accept electrons. High EHOMO value is likely to indicate a tendency of the molecule to 

donate electrons to appropriate acceptors with low energy and empty molecular orbital, and low ELUMO 

means the high accept electrons ability. 

 

 

Table 4. Quantum chemical parameters calculated using the B3LYP method with a 6-311G (d, p) basis 

set for inhibitors molecules 

 

Assembly 

molecule 
EHOMO 

(eV) 

ELUMO 

(eV) 
ΔE (eV) μ(Debye) χ =(I+A)/2 γ =(I-A)/2 ΔNFe η10h (%) 

SB1 -5.92 -1.61 4.31 3.40 3.77 2.15 0.75 92.99 

SB2 -5.89 -1.59 4.30 3.40 3.74 2.15 0.76 94.68 

 

 
 

Figure 5. The HOMO and LUMO molecular orbitals of self-assembly molecule: SB1 (a) SB2 (b) 

 

The energies of EHOMO and ELUMO are related to the ionization potential (I) and the electron 

affinity (A) of the iron atoms and the inhibitor molecules, defined as - HOMOI =  E  and LUMOA= - E .The 
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absolute electronegativity(χ) and the global hardness (γ) of the inhibitor molecule are approximated by 

Eqs. (6) and (7): 

I + A
χ=

2
                                                   (6)                         

I - A
γ=

2                                                     (7) 

Thus, the fraction of electrons transferred from the inhibitor to metallic surface (ΔN) is calculated 

by Eq. (8) [38]:  

Fe inh

Fe inh2( )
N

 

 


 

                                              (8) 

where the χFeand γFeare the absolute electronegativity and global hardness of the Fe atom, and the χinh 

and γinhare the absolute electronegativity and global hardness of the self-assembled molecules. The 

theoretical values of χFeand γFeare 7 eV and 0 eV [39]. According to Lukovits, if ΔN< 3.6, the inhibition 

efficiency increases with increasing electron-donating ability at the metal surface [40]. The ΔNvalues 

for SB1and SB2 are all less than 3.6, which means that the increase in inhibition efficiency is due solely 

to the electron donating ability of the inhibitor. Agreeing with Ju study [41], SB2 has the higher 

inhibition efficiency because it has higher HOMO energy and ΔN values,  and it has better ability of 

offering electrons. 

 

3.4.2. Molecular dynamic simulation 

Molecular dynamic simulation was used to further investigate the adsorption behavior of SB1 

and SB2 molecules on the Fe (110) surface by Discover module of Material Studio 6.0 software. The 

adsorption intensity of the SA molecules can be evaluated with the binding energy (Ebinding), which can 

be calculated by Eqn (9) and (10): 

adsorption total surface+solution inhibitor+solution solution( )E E E E E   
              (9) 

binding adsorptionE E 
                                                                      (10) 

where Etotal is the total potential energy of the system, Esurface+solution and Einhibitor+solution are the 

potential energies of the system without the SA films and the system without the Fe surface, respectively. 

Esolution is the potential energy of all of the water molecules. The calculated Ebinding, Eadsorption and the 

inhibition efficiency of SA films are listed in table 5 and the equilibrium configuration of the simulated 

system are shown in Fig. 6. As seen in table 5, the values of binding energies of  SB1 and SB2 are 

positive, indicating that both of the Schiff compounds can be adsorbed on the Fe surface [42]. The π 

electron of the hetero-cyclic ring and benzene ring of Schiff bases can combine the inhibitor molecules 

with Fe atoms by covalent bonds. The Schiff base molecules can combine with the iron atoms by forming 

covalent bonds through the π electron of hetero-cyclic ring and benzene ring of Schiff bases with the 

unsaturated orbital of Fe3d64s2. The Schiff base molecules adsorbed on the iron surface have a planar 

structure through the absorption center of benzene ring and triazole ring. The higher binding energy 

value of SB2 suggests a stable and better adsorption profile for SB2 with comparatively higher inhibition 
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efficiency. It is due to the ethoxy has stronger supplying electron ability, so the SB2 molecules can be 

more easily absorbed on iron surface then SB1 molecules and have higher inhibition efficiency. 

 

 
 

Figure 6. Equilibrium adsorption configuration of self-assembly molecules: SB1 (a), SB2 (b) 

 

 

Table 5. Interaction and binding energy of the SB1 and SB2 on Fe (1 1 0) surface 

 

Assembly molecule Eadsorption (eV) Ebinding (eV) η12h (%) 

SB1 -4.246  2.246  92.80  

SB2 -4.288 4.288 93.66 

 

4. CONCLUSIONS 

Two Schiff bases self-assembled films were formed on CS surface and investigated in 0.5 M HCl 

solution for different immersion time using a series of techniques. EIS measurements shows that SB1 

and SB2 SA films have excellent inhibition effect for the corrosion of CS in 0.5 M HCl solution. The 

inhibition efficiency of the SA films on CS surface increases with the immersion time. The 

potentiodynamic polarization curves indicate that the Schiff bases SA films behave as mixed-type 

corrosion inhibitor by inhibiting both anodic iron dissolution and cathodic hydrogen evolution reactions. 

SEM images, Quantum chemical calculation and molecular dynamic simulation confirm that SB1 and 

SB2 can absorb on CS surface and inhibit the corrosion of iron. 
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