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A B S T R A C T   

In this study, the corrosion of carbon steel in 1.0 M HCl solutions containing either 1,4-bis(2-(2-hydrox-
yethyliminomethyl)phenyl)piperazine (1) or its reduced form, 1,4-bis(2-(2-hydroxyethylaminomethyl)phenyl)piper-
azine (2), as possible corrosion inhibitors, were compared to a solution containing no (1) or (2). The various 
concentrations of inhibitors, 0.2, 1.0, and 2.0 mM, were used to explore the inhibition ability of the synthesized 
materials against carbon steel corrosion. The morphology and chemical analysis of the as-received and corroded 
samples were investigated by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDS). By assessing potentiodynamic data, the icorr of carbon steel electrode is the highest value among the other 
inhibitor-containing solutions, demonstrating a minimum corrosion resistance in 1.0 M HCl solution. While, the 
protection of carbon steel (1) and (2)-containing solution increased by raising the concentration of (1) and (2) 
from 0.2 to 2.0 mM. The reduced form of (1) showed a superior corrosion resistance for carbon steel compared to 
inhibitor (1). The corrosion efficiency of carbon steel in 1.0 M HCl attained a maximum value of 66.08% for 
inhibitor (1) and 88.51% for inhibitor (2) when the concentration of inhibitor reached the highest value. The 
results obtained from electrochemical impedance spectroscopy, EIS, illustrated that the capacitance of the double 
layer, Cdl, decreased with an increment of inhibitor (1) and (2) concentration, while the charge transfer resis-
tance of carbon steel enhanced as the inhibitor increased. SEM images reveals that the carbon steel had a sever 
corrosion inhibitor-free solution, while the surface in inhibitor (1) and (2)-containing solution looks more 
smooth and uniform. The obtained results in EIS and Tafel measurements were clearly consistent with our 
observation in the SEM images. According proposed inhibition mechanism, the inhibitor adsorption on the 
carbon steel prevents the hydrogen evolution from the cathodic sites and dissolution of iron in the anodic re-
gions. Adsorption of both inhibitors, (1) and its reduced form (2), was found to obey the Temkin adsorption 
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isotherm. The inhibitory properties of inhibitor molecules have also been studied by theoretical calculations, 
using Gaussian 09 software program, enabling a comparison of the properties of (1) and (2).   

1. Introduction 

Carbon steel is one of the most widely used alloys in the construction 
and petroleum production industries on account of its strength, cost- 
effectiveness, technical efficiency and availability. Prevention of 
corrosion is one of the most challenging issues relating to selection of 
materials for various purposes in many different industries. Therefore, it 
is paramount that engineers and scientists not only investigate the 
corrosion mechanism of carbon steel in different solutions, but also have 
the final goal of being able to determine the most efficient approach in 
minimizing corrosion [1–3]. In recent years, the use of inhibitors against 
the corrosion of steel has been the subject of much attention and study 
owing to there being a significant reduction of corrosion of the steel 
when immersed in solutions containing chloride ions in the presence of 
inhibitors [4–7]. The mechanism of resistance of carbon steel to corro-
sion in inhibitor-containing solutions is well understood to be due to the 
inhibitors being adsorbed onto the surface of the steel displacing any 
corrosive species [8]. The inhibition efficiency of inhibitors against the 
corrosion of carbon steel in harsh corrosive solutions is strongly related 
to the molecular structure, functional groups and chemical compositions 
of the inhibitors [3]. 

Organic inhibitors containing heteroatoms (such as oxygen, nitrogen 
or sulfur) are the most efficient compounds in inhibiting corrosion [8]. 
In spite of there being many research papers on the effects of inhibitors 
on the corrosion of carbon steel [9–11] there is still an uncertainty about 
using the inhibitors on an industrial-scale, especially in the oil and gas 
production industries, due to the different corrosion behaviors in 
different industrial processes, the limitations in the practical application 
of inhibitors and the specific nature of many organic inhibitors [12]. It is 
therefore necessary to develop and study new inhibition compounds to 
minimize the risks in the selection and application of inhibitors in 
minimizing corrosion in various industrial processes. Inhibitors con-
taining nitrogen, like benzotriazole and triazole, have been intensively 
used to protect carbon steel, zinc, and aluminum and copper alloys 
[13–16]. It has been found that organic inhibitors having many nitrogen 
heteroatoms, which are able to donate electron pairs to the carbon steel, 
could enhance the inhibition efficiency [17]. This is consistent with 
increasing the nitrogen chain length in the organic compounds to in-
crease surface protection from corrosion. As well, the insufficient hy-
drolytic stability of most of the inhibitors in sulfuric acid and 
hydrochloric acid can be increased by reduction methods [12,18–20].  
Table 1 has shown the different inhibitors containing piperazine and 
their inhibition efficiency in different acidic solutions. As can be seen in 
Table 1, these type inhibitors can be used in different range of acidic 
solutions and metal or alloys (e.g. steel and copper) with an excellent 
efficiency 96.6% and a minimum at 82.4%. 

Schiff base compounds are used in variety range of applications [27] 
such as anti-corrosion [28–30], anti-cancerous [31,32], anti-bacterial 
and anti-fungal material [33–35] and DNA cleavage [36]. A survey of 
literature demonstrates that the Schiff base compound is an effective 
inhibitor in corrosive media, like 4-(((4-(bis(pyridin-2-ylmethyl) amino) 
phenyl) imino) methyl)-N,Ndiethylaniline [28], benzaldehyde (CSB-1), 
4-(dimethylamino)benzaldehyde(CSB-2), and 4-hydroxy-3-methoxy-
benzaldehyde (CSB-3) [37] and three Schiff base compounds [29]. Ji 
et al. [28] have found that BPMA inhibitor efficiency can be reach c.a. 
88.2% at concentration of 1.0 mM for mild steel in 1.0 M HCl. While, 
Elemike et al. [29] have reported that the corrosion efficiency of 
TMPOL, BMPOL and PMPOL (Schiff base compounds inhibitor) can 
reach a maximum of 75%, 88% and 74%, respectively. They claim that 
the existence of a methylene linkage increase the donor-acceptors on the 
mild steel surface. Schiff base compounds demonstrate an excellent 

protection from corrosive media at very low level of concentration. 
While, several studies have been worked on the anti-corrosion of Schiff 
base compounds. Recently we have reported the synthesis of a new 
Schiff base ligand containing morpholine moiety and related reduce 
form as a good corrosion inhibitor for mild steel in 1.0 M HCl solution 
[38]. 

The mechanism of inhibitor molecules protection has been investi-
gated in term of free electrons in p orbital, the electron density around 
N-containing molecules and the number of electron pairs on the steel 
surface [39]. An adsorption of organic inhibitor molecules on the steel 
surface is accomplished by a substitution of adsorbed H2Oads with in-
hibitors (inhads). Adsorption of the inhibitor on metal surface depends 
on different parameters such the physicochemical properties, the elec-
trolyte and electric charge of metal surface [40]. Also, it has been re-
ported that the adsorbed inhibitor can only decrease the active carbon 
steel surface in acidic solution, in which the mechanism of anodic 
dissolution of electrode and hydrogen evaluation on cathodic site did 
not change [28]. The value of standard free energy of adsorption 
(ΔG0

ads) is a sign for selection the inhibition mechanisms on the metals. 
If the high absolute value of ΔG0

ads indicates the strong bonding be-
tween the carbon steel surface and inhibitor species, indicating a 
chemical adsorption of inhibitor molecules. While, the minimum one for 
ΔG0

ads reveals that the physical adsorption occurred on the metal sur-
face [28]. It should be noted that both mechanisms of chemical and 
physical adsorption can take place spontaneously on the carbon steel 
surface [41]. 

In the present study, the corrosion inhibition of carbon steel in 1.0 M 
HCl solutions containing inhibitor (1) and its reduced form (2) was 
studied using electrochemical measurements (polarization and EIS 
tests). Theoretical calculations can be used as an important guide for 
many experimental studies. There are many quantum chemical param-
eters related to inhibitor molecules that can be determined and so these 
calculations can be used to quickly and easily compare the inhibitory 
activities of inhibitor molecules. For inhibitor molecule (1) and its 
reduced form (2) these quantum chemical parameters were calculated 
using the B3LYP, HF, and M062X level 6–31 + +G(d,p) basis set with 
the Gaussian software program, thus enabling a theoretical comparison 
of inhibitor molecules and their protonated form [42,43]. 

2. Experimental 

1,4-Bis(2-formylphenyl)piperazine was prepared according to the 
literature method [44,45]. Infrared (IR) spectra were collected on a 
BIO-RAD FTS-40A spectrophotometer (4000–400 cm-1). Nuclear mag-
netic resonance (NMR) spectra were recorded on a Bruker 500 spec-
trometer operating at 500.06 MHz, respectively. Mass spectra were 
measured on a Bruker micro TOFQ. Standard microanalysis for all 
complexes was carried out using a CHNS/O elemental analyzer (model 
2400, Perkin-Elmer). 

2.1. Synthesis 

2.1.1. Synthesis of 1,4-bis(2-(2-hydroxyethyliminomethyl)phenyl)pipera-
zine (1) 

1,4-Bis(2-formylphenyl)piperazine (0.588 g, 2 mmol) and 2-aminoe-
thanol (0.244 g, 4 mmol) were mixed in ethanol (30 ml). The stirred 
mixture was refluxed for 2 h. The solution was filtered and the filtrate 
volume was reduced to ca. 10 ml. The obtained compound was washed 
with ethanol and dried in vacuo. Yield: 88%. For C22H28N4O2: Anal. 
Calcd. (%), C:69.45; H, 7.42; N, 14.73. Found, (%): C, 69.86; H, 7.40; N, 
14.90. EI-MS (m/z): found (calcd): 380.00 (380.48) [L]+. IR (ATR, cm-1): 
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Table 1 
Different inhibitors containing piperazine and their inhibition efficiencies.  

Inhibitors Inhibition efficiencies (%) Electrolyte Alloy or metal Ref. 

98.00 1 M HCl Mild steel [21] 

94.5 0.5 M NaCl Mild steel [22] 

R=H PPQ  

96.1 1.0 M HCl Mild steel [23] 

R=OMe MPPQ  96.6 
93.5 0.2 M H2SO4 Mild steel [24] 

82.4 0.5 M HCl Mild steel [25] 

94.0 0.5 M H2SO4 Copper [26] 

95.2 

(continued on next page) 
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3218 (OH), 1645 (C––N Schiff base), 1486 (C––C). 1H NMR (CDCl3, 
ppm): δ = 3.18 (s, 8 H, H-a), 3.80 (t, 4 H, H-c), 3.92 (t, 4 H, H-b), 7.15 
(d, 2 H, H-e), 7.17 (t, 2 H, H-g), 7.44 (t, 2 H, H-f), 7.93 (d, 1 H-H-h), 8.75 
(s, 2 H, H-j). 13C NMR (CDCl3, ppm): δ 53.42 (c-a), 61.42 (c-c), 61.88 (c- 
b), 118.90 (c-g), 123.45 (c-e), 128.06 (c-i), 129.42 (c-i), 131.46 (c-f), 
152.75 (c-d), 161.56 (c-j) (Scheme 1). 

2.1.2. Synthesis of 1,4-bis(2-(2-hydroxyethylaminomethyl)phenyl)pipera-
zine (2) 

To an ethanolic solution (50 ml) of (1) (0.5 mmol, 0.239 g) was 
slowly added sodium borhydride (0.25 mmol, 0.009 g). The mixture 
was stirred and heated to reflux for 12 h. A brown oil was obtained that 
was filtered off, washed with cold ethanol and dried in vacuo. Yield: 
85%. For C22H32N4O2: Anal. Calcd. (%), C:68.72; H, 8.39; N, 14.57. 
Found, (%): C, 68.86; H, 8.20; N, 14.75. EI-MS (m/z): found (calcd): 
383.41 (384.51) [L-1]+. IR (ATR, cm-1): 3294 ʋ(OH), 3119 ʋ(N-H), 1598 
ʋ(C––N), 1492 ʋ(C––C). 1H NMR (CDCl3, ppm): δ = 2.60 (t, 2 H, H-e’), 
2.81 (t, 4 H, H-b’), 3.11 (s, 8 H, H-a’), 3.70 (t, 4 H, H-c’), 3.92 (s, 4 H, H- 
d’), 7.13 (t, 2 H, H-i’), 7.24 (d, 2 H, H-g’), 7.30 (t,2 H, H-h’), 7.35 (d, 
2 H, H-j’). 13C NMR (CDCl3, ppm) δ = 49.79 (c-d), 50.86 (c-b), 53.40 (c- 
a), 60.99 (c-c), 120.56 (c-g), 124.34 (c-i), 128.13 (c-k), 129.99 (c-j), 
134.93 (c-h), 151.52 (c-f) (Scheme 1). 

2.2. Electrochemical measurement 

The corrosion inhibition performance of two piperazine of 1,4-bis(2- 

(2-hydroxyethyliminomethyl)phenyl)piperazine (1) and its reduced 
form, 1,4-bis(2-(2-hydroxyethylaminomethyl)phenyl)piperazine (2), 
were measured by electrochemical techniques, including Tafel and 
electrochemical impedance spectroscopy (EIS). The conventional three- 
electrode-electrochemical cell using a Iviumstat compact 20250 H 
potentiostat, controlled by Ivium electrochemistry software, and a 
GSTAT101N Potentiostat (Metrohm Autolab) controlled by Nova soft-
ware (Version 2.1.4) were used. The chemical composition of carbon 
steel, was used as the working electrode, is (wt%) 0.049 C, 0.010 Si, 
0.003 Ni, 0.221 Mn, 0.013 P and 0.001 Cr. A platinum electrode with 
large surface area as counter electrode and an Ag/AgCl electrode 
(Metrohm) filled with 3.5 M KCl (217 mV vs. SHE at 22 ◦C) as reference 
electrode was employed in electrochemical measurements. Each elec-
trochemical testing was conducted on the carbon steel with a surface 
area of 1 cm2 at room temperature. Before electrochemical measure-
ments, the working electrodes were ground wet to 1000–1500 grits SiC 
and then rinsed with acetone and finally dried in hot air. The analytical 
grade of hydrochloric acid (purity 37%) was used to prepare the testing 
solution with a concentration of 1.0 M. The concentration of inhibitors 
(1) and its reduced form (2) were varied within the range of 0.0–2.0 mM 
to verify the inhibitor effect on the corrosion of carbon steel. The OCP 
measurements were initially recorded for 20 min in inhibitor-free and 
inhibitor-containing solution until a stable potential was reached. The 
Tafel tests were measured within the potential range of ± 0.70 V vs. OCP 
at a constant scan rate of 1 mV/s and converted to current density by 
figuring the surface area. Electrochemical impedance spectroscopy (EIS) 

Table 1 (continued ) 

Inhibitors Inhibition efficiencies (%) Electrolyte Alloy or metal Ref. 

96.6 

83 5.5 M H3PO4 C38 steel [27] 

97 

98.8 4 M HCl 13Cr steel [28]  
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tests were conducted in the inhibitor-free and inhibitor-containing of 
1.0 M HCl solution at OCP. The frequency range was 10− 1-105 Hz with 
peak–to–peak amplitude of 10 mV. Each electrochemical experiment 
was repeated at least twice to ensure the reproducibility of results. In 
addition, all electrochemical experiments were performed in the stag-
nant condition, where the results can be compared with experiments 
published by another studies [46,47]. 

2.3. Surface characterization using SEM and EDS 

A FEI Quanta 450 scanning electron microscope (SEM) equipped 
with energy-dispersive X-ray spectroscopy (EDS) was used to survey the 
morphology and composition of carbon steel surface. The steel specimen 
were cut into 1.0 × 1.0 × 1.0 cm3 samples and then, were polished on 
emery papers of 400, 800, 1000 and 2000 grade. Then, the carbon steel 
was washed twice times with distilled water and rinsed with ultrapure 
acetone, respectively. To survey the inhibiting performance, the samples 
were dipped in 1.0 M HCl solutions with (inhibitor (1) or (2)) and 
without 2.0 mM inhibitors for 24 h at room temperature (22 ◦C). 
Finally, the samples rinsed by distilled water several times followed by 
acetone to remove any particles on the surface. 

2.4. DFT calculation 

The Gaussian 09 software program [48] was used to compare the 
theoretical activities of the inhibitor molecules. The structures were 
optimized using the B3lyp [49–51], HF [52], and M062X [53] methods 
and 6–31 + +G(d, p) basis set. A number of quantum chemical param-
eters were calculated including EHOMO, ELUMO, ΔE (HOMO-LUMO en-
ergy gap), electronegativity (χ), chemical potential (μ), chemical 
hardness (η), electrophilicity (ω), nucleophilicity (ε), global softness (σ) 

and proton affinity (PA) [54,55]. 

η = −

(
∂2Е
∂N2

)

υ(r)
=

1
2
(I − A) ≅ −

1
2
(EHOMO − ELUMO) (1)  

σ = 1/η ω = χ2/2η ε = 1/ω (2)  

3. Result and discussion 

3.1. Characterization of 1,4-bis(2-(2-hydroxyethyliminomethyl)phenyl) 
piperazine (1) and 1,4-bis(2-(2-hydroxyethylaminomethyl)phenyl)piper-
azine (2) 

3.1.1. FT-IR and Mass spectra 
A Schiff base ligand (1) has been prepared through the condensation 

reaction of 1,4-bis(2-formylphenyl) piperazine and ethanolamine, with 
a molar ratio of 1:2, for 6 h in ethanol. The prepared Schiff base was 
characterized by microanalysis and by spectroscopic techniques. The 
FT-IR spectrum of the Schiff base ligand (1), showed a sharp band at 
1645 cm-1 related to the stretching vibration frequency of the imine 
group, indicating the condensation of the precursors to produce the 
Schiff base ligand. The mass spectrum of (1) showed the molecular ion 
peak at m/z = 380 which is consistent with the proposed molecular 
formula. Compound (2) was prepared by an in-situ reduction of the 
Schiff-base ligand, and characterized by microanalysis, IR, EI-MS and 1H 
and 13C NMR spectroscopy. The IR spectrum shows bands at 1598, 1569 
and 1479 cm-1, associated with the ʋ(C––N) and ʋ(C––C) vibrations from 
the pyridine ring. The ʋ(N–H) band appears at 3119 cm-1. The mass 
spectrum of (2) showed the molecular ion peak at m/z = 383.41 which 
is consistent with the proposed molecular formula. 

Scheme 1. Synthesis of inhibitors (1) and (2).  
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3.1.2. NMR spectral studies 
The 1H and 13C NMR spectra of the compounds were recorded in 

CDCl3. The peaks obtained were consistent with the structures of the 
synthesized compounds. The imino proton, for (1), was observed at 
8.75 ppm, while in the reduced form, the singlet at δ 3.92, due to –CH2- 
group, confirms the formation of the reduced Schiff base. The 13C NMR 
spectrum showed the signals due the methyl carbon at 48.7 ppm, and 
the peaks which appeared in the range 120.56–151.52 ppm reflect the 
aromatic carbons. The signal due to the imino carbon, in (1), appeared at 
161.56 ppm. 

3.2. Corrosion measurement 

3.2.1. OCP measurements 
The magnitude of the OCP for samples can be a precise indication of 

their electrochemical activity. It is found that carbon steel with a lower 
OCP value will dissolve faster than the electrode with a higher OCP 
value in a solution with fixed oxidation-reduction potential (ORP) [56]. 
The OCP evolution of the carbon steel in 1.0 M HCl solution in the 
absence and presence of different concentrations of inhibitors (1) and 
(2) is shown in Fig. 1. The OCP of carbon steel generally reached a 
steady-state condition in the first 300 s after being immersed in the test 
solutions. As depicted in Fig. 1a, the OCP of carbon steel in solutions 
containing (1) shows a higher value than the (1)-free solution, indicating 
a higher inhibition activity. Furthermore, the OCP value gradually in-
creases from − 456 to − 428 mV vs. Ag/AgCl on increasing the inhibitor 
(1) concentration in the range of 0.2 − 2.0 mM. These results confirm 
that a higher concentration of (1) promotes the inhibition efficiency of 
samples in a 1.0 M HCl solution. It is clear that OCP of carbon steel in the 
(2) containing solutions is in the potential range of − 435 to − 422 mV 
vs. Ag/AgCl, which shows a narrow potential range compared to 
(1)-containing solutions. Like the result of the (1), a 1.0 M HCl solution 
containing (2) has a higher OCP compared to the (2)-free solution. It can 
be concluded that the electrochemical activity of carbon steel electrodes 
in 1.0 M HCl containing (2) is lower than that in (2)-free solution. It can 
be inferred from Fig. 1b that the electrochemical activities for (2)-con-
taining solutions follows the sequence: 0.2 mM ≥ 1.0 mM> 2.0 mM. On 
the other hand, carbon steel electrodes in 2.0 mM (1)-containing solu-
tion showed the highest OCP values, which resulted in the highest 
corrosion resistance compared to lower concentrations. Overall, the OCP 
range of carbon steel in (2)-containing solutions is higher than 
(1)-containing solutions. 

3.2.2. Potentiodynamic polarization 
A Tafel diagram, as presented in Fig. 2, can be used to determine 

electrochemical parameters, including the corrosion current density, 
icorr, equilibrium potential of carbon steel, and corrosion rate. Addi-
tionally, the cathodic coefficients (βc) and the apparent anodic co-
efficients (βa) are calculated by the aid of slopes of the Tafel diagram and 

Tafel equations, as follows: 

log iox = log i+
αanFη
2.3RT

(3)  

log ired = log i −
αcnFη
2.3RT

(4)  

Where ired and iox are the reduction and oxidation current densities, n, F, 
T, R demonstrates the number of transferred electrons, faradaic con-
stant, absolute temperature (K), and ideal gas constant, respectively. The 
Tafel curves of the carbon steel in the absence and presence of inhibitors 
revealed similar polarization diagrams, implying no considerable dif-
ference in the polarization result between the inhibitor-free and 
inhibitor-containing solutions. 

The icorr for carbon steel is a precise measurement of its corrosion 
damage. As a result, an electrode with a higher icorr will corrode faster 
than that with a lower icorr at fixed oxidation-reduction potential (ORP) 
[57,58]. For the corrosion measurement of the present study, the values 
of standard deviation for two parallel electrochemical experiments are 
lower than 3.5%, indicating relatively excellent reproducibility of the 
corrosion determination. By assessing Table 2 data, the icorr of carbon 
steel electrode in 1.0 M HCl solution is 2.33 × 10-4 A/cm2 representing 
the highest value among the other inhibitor-containing solutions. The 
icorr for carbon steel in (1)-containing solution decreases gradually from 
1.86 × 10-4 to 1.30 × 10-4 A/cm2 by raising the concentration of (1) 
from 0.2 to 2.0 mM. It is seen that the addition of the reduced form of (1) 
in the 1.0 M HCl solution provided a superior result with the best 
resistance to corrosion as compared to (1)-free and (1)-containing so-
lutions. Along with the increase in the concentration of (2) from 0.2 to 
2.0 mM, the icorr is reduced by about 28%. A similar conclusion can be 
drawn by using results of the corrosion rate, in which carbon steel 
showed a higher corrosion resistance in (2)-containing solution in 

Fig. 1. The OCP value of carbon steel in 1.0 M HCl at different concentrations of (a) 1 and (b) 2.  

Fig. 2. Tafel diagram for carbon steel in 1.0 M HCl solution in the absence and 
various concentration inhibitors of (1) and (2). 

M. Rezaeivala et al.                                                                                                                                                                                                                            



Colloids and Surfaces A: Physicochemical and Engineering Aspects 641 (2022) 128538

7

comparison to a 1.0 M HCl and (1)-containing solutions. Based on 
Table 2 data, the trend in corrosion inhibition efficiency measured from 
Rct values of inhibitors is that inhibitor (2)>inhibitor (2). Haque et al. 
[37] have reported that the corrosion protection of steel in 1.0 M HCl 
enhances with increase in the concentration of chitosan Schiff bases 
(CSBs) in the range of 0–50 ppm. The corrosion current densities for the 
samples in inhibitor-containing solution which are reported in their 
work were in the range of 2.67–95.3 (×104 A/cm2). As compared with 
our results, the icorr for the carbon steel in the presence inhibitors (1) and 
(2) solution are lower than that reported in their work [37]. The positive 
shifts in Ecorr has been observed by increasing the concentration of both 
inhibitors (1) and (2) (Table 2). The results confirm that the change in 
Ecorr detected by variation of the type of inhibitors and concentrations in 
the range of 0–2.0 mM, was evidence of rearrangement of cations and 
anions on the electrode surface. The shifts in the Ecorr for the samples in 
inhibitors (1) and (2)-containing were 13 and 17 mV rather than 
inhibitor-free solution, indicating a mixed-type inhibition affect with 
predominant anodic effect in the corrosion behaviour of carbon steel in 
inhibitor-containing 1.0 M HCl [59]. The same trend has been reported 
for protected mild steel in 1.0 M HCl in the presence of PPQ and MPPQ 
inhibitors [23]. 

From Table 2, in all the solutions (except inhibitor-free solution) βa is 
greater than βc, indicating that the double layer formed on the surface of 
the carbon steel electrode shows the p-type semiconductor behavior 
[56]. Generally, both apparent charge transfer coefficients decrease by 
increasing the concentration of inhibitors. In addition, it is observed that 

the reduced form of the inhibitor has hydrolytically a higher stability in 
hydrochloric acid media, owing to the fact that the reduced amine, 
where the imine (− C–––N − ) group is converted to an amine (− C− NH) 
group [60], does not undergo hydrolysis [12,20]. 

3.2.3. EIS study 
The simulated and measured Nyquist impedance spectra of carbon 

steel at the OCP in the absence and presence of inhibitors, (1) and (2), 
are shown in Fig. 3a and b. Only one time constant can be seen in the 
testing frequency range for the samples in 1.0 M HCl both with and 
without inhibitors, which is generally attributed to a process that mainly 
corresponds to a charge transfer phenomenon on the electrode surface. 
All Nyquist impedance spectra show a similar capacitive and a single 
loop, indicating that the corrosion mechanism is the same in inhibitor- 
free and containing solutions and moreover, the corrosion on the car-
bon steel is controlled by charge transfer process [54,61,62]. The 
Nyquist diagram obtained in different concentrations of (1) and its 
reduced form attributed to the capacitive impedance of a double-layer 
with a charge transfer resistance on the surface of the carbon steel 
electrode. It is worth mentioning that the shape of Nyquist diagrams is a 
depressed semi-circle and accommodates the non-ideal behavior of a 
capacitance. This phenomenon illustrates using constant phase element 
(CPE), which includes two electrochemical parameters; Y0 (the admit-
tance of CPE) and n (empirical constant). The value of less than 1.0 
arises from the roughness of the carbon steel surface and inhomogeneity 
owing to the adsorption of inhibitors together with the products of the 

Table 2 
Tafel diagram data for carbon steel in 1.0 M HCl solution in the absence and various concentration inhibitors of (1) and (2).  

Sample Conc. (mM) Ecorr (mV) icorr (A/cm2) Corrosion rate (mm/year) βa (V/dec) -βc (V/dec) -βa/ βc 

1.0 M HCl  0  − 468.80 2.33 × 10-4  2.71  0.111  0.123  0.90 
(1)  0.2  − 463.40 1.86 × 10-4  2.19  0.149  0.105  1.41  

1.0  − 457.81 1.13 × 10-4  1.51  0.169  0.150  1.13  
2.0  − 455.30 1.30 × 10-4  1.36  0.153  0.140  1.09 

(2)  0.2  − 455.39 1.40 × 10-4  1.87  0.145  0.133  1.10  
1.0  − 452.71 1.01 × 10-4  1.18  0.154  0.141  1.09  
2.0  − 451.58 1.00 × 10-4  1.16  0.137  0.128  1.07  

Fig. 3. Simulated and measured Nyquist impedance spectra of carbon steel at OCP 1.0 M HCl at different concentrations of (a) (1) and (b) (2), and (c) an equivalent 
circuit on the electrode surface. 
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corrosion process [63]. The equivalent electrical circuit is depicted in 
Fig. 3c, and its electrochemical parameters are shown in Table 3. An 
equivalent electrical circuit designed to fit EIS diagrams contains a 
resistance of 1.0 M HCl solution (Rsol.) in series with Qdl/Rct. 

As already known, charge transfer resistance is a characteristic 
quantity for corrosion resistance, as the higher the charge transfer 
resistance, the higher the corrosion resistance. From charge transfer 
resistance values given in Table 3, the resistance obtained in the pres-
ence of (1) was quite higher than that in the absence of (1) 
(126.06 Ω cm2). Also, the trend for efficiency of inhibition for (1) fol-
lows the order of 2.0 mM > 1.0 mM > 0.2 mM. The charge transfer 
resistance for carbon steel in (1)-containing solution increases signifi-
cantly from 170.0 to 371.6 Ω cm2 by increasing the concentration of (1) 
from 0.2 to 2.0 mM. The increment in charge transfer resistance at 
higher concentration is due to the fact that more inhibitor can absorbed 
on the carbon steel, so that the performance of corrosion inhibition 
would undoubtedly improve. It is apparent in Table 3 that on increasing 
the (2) concentration, an enormous increase in the value of Rct is 
observed (588.8–1084.0 Ω cm2). As a result, the EIS data for inhibitors 
confirms that (2)-containing solutions have much better corrosion 
resistance for carbon steel than that for compound (1). These results are 
in good agreement with the Tafel experiments. In addition, many re-
searchers have been observed an increase in Rct with a rise in the con-
centration of inhibitors, indicating higher inhibition efficiency at higher 
concentrations [23,28–30]. 

Generally, an increase in inhibitor concentration leads to an incre-
ment in the thickness and surface coverage of adsorbed molecules in the 
inhibitor layer, which are effectively adsorbed on the electrode surface 
[54]. On the other hand, the inhibitor molecules replace water, 
hydrogen and chloride ions adsorbed on the carbon steel surface [64]. 
Based on the FTIR results, the other reason for this phenomenon can be 
their inherent feature that N-containing functional groups play as an 
electron donor to the electrode surface [7,39]. The existence of hetero 
elements and aromatic rings such as nitrogen and sulfur on the structure 
of amino acids causes a substantial increase in inhibition efficiency [65]. 

The lower capacitance of the double-layer can be evidence of the 
higher efficiency of the inhibitor performance. The value of the double 
layer capacitance is calculated by the following equation: 

Cdl =

(
Y0

Rn− 1
ct

)1
n

(5)  

where Cdl is capacitive of double layer, Y0 represents the value of CPE, 
Rct is the charge transfer resistance and, n is the phase exponent, which is 
always in the range of 0–1. As the following equation, Cdl is inversely 
related to the thickness of the double layer, which serves as a barrier 
layer for protection from corrosion. 

Cdl =
εε0A

d
(6)  

where d is the thickness of the electrical double layer, ε0 is vacuum 
permittivity, ε is dielectric constant, and A is the electrode area in the 
electrolyte. In contrast with Rct, the capacitance of double layer (Cdl) 

show a reverse dependence on the concentration of inhibitor: more in-
hibitor gives rise to lower Cdl (Fig. 4). An increase in (1) concentration 
leads to a gradual decrease in the value of Cdl (42.10–34.85 µF cm-2), 
which implies a reduction in local dielectric constant or/and increase in 
the double layer thickness [63]. The Cdl for carbon steel in (2) containing 
solutions decreases from 38.84 to 23.56 µF cm-2 by increasing the in-
hibitor concentration, which demonstrates lower Cdl values than 
(1)-containing solutions. Along with this outcome, it has been previ-
ously reported that the more decrease in the capacitance value of carbon 
steel is, the more concentration of the inhibitor is [22,29,30,39]. 

Therefore, carbon-steel shows higher corrosion resistance in (2)- 
containing solutions compared to (1)-containing solutions. This phe-
nomenon reflects that the presence of inhibitors (1) and (2) have led to 
the decrement in capacitance of the double layer due to the replacement 
of H2O molecules by inhibitor ions at the surface of the carbon steel 
electrode [39]. As a result of the adsorption of inhibitors on the elec-
trode surface, the effective value of area (A), which can intensify the rate 
of corrosion, decreased, and the efficiency of surface protection is 
increased. The adsorption of molecules of (1) and (2) on the electrode 
surface acts as a barrier for ions and charge transfers between metal and 
electrolyte, thus enhances the protecting surface from corrosion. These 
findings confirm the data obtained in EIS analysis, in which higher 
charge transfer resistance led to higher protection efficiency. By 
assessing the obtained in EIS measurements, it is fair to say that the 
reduction of inhibitor has improved the inhibition efficiency and the 
corrosion resistance of carbon steel in 1.0 M HCl solution. Furthermore, 
the inhibition mechanism has been confirmed by both measurements of 
EIS and Tafel. 

Fig. 5 depicts the inhibition efficiency (IE) calculated from charge 
transfer resistance values obtained in EIS diagrams shown in Fig. 3 as 
follows: 

IE
(

%
)

=
Rct − R0

ct

Rct
× 100 (7)  

where Rct and R0
ct present the charge transfer resistance of carbon steel 

Table 3 
EIS parameters for an equivalent circuit of Fig. 3c.  

Inhibitor type Concentration (mM) Rsol. Rct (Ω cm2) Qdl χ2 

(Ω cm2) Y0 (Ω s− n) n 

1.0 M HCl  0.0  2.41  126.06 1.31 × 10− 4  0.89  0.013 
(1)  0.2  7.80  170.00 9.75 × 10− 5  0.83  0.042   

1.0  2.63  216.50 9.35 × 10− 5  0.81  0.008   
2.0  3.39  371.60 6.69 × 10− 5  0.85  0.007 

(2)  0.2  3.25  588.80 8.27 × 10− 5  0.80  0.011   
1.0  2.57  1024.0 6.96 × 10− 5  0.76  0.016   
2.0  5.06  1084.0 5.28 × 10− 5  0.78  0.035  

Fig. 4. The capacitance of double layer values of carbon steel in 1.0 M HCl 
solution containing different concentrations of inhibitors. 
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with and without inhibitors, respectively. The IE increased by adding 
more (1)-inhibitor with a maximum IE of 88.51% at 2.0 mM concen-
tration. As can be seen in Fig. 5, there is a gradual increment in the ef-
ficiency of inhibition of (1)-containing solution from 25.84% to 66.08%, 
which represents a 60.9% improvement in corrosion protection by 
increasing inhibitor concentration from 0.2 mM to 2 mM (tenfold in-
crease in inhibitor concentration). As the data shows in Fig. 5, the IE 
obtained in the presence of (2) is much greater than the values obtained 
in the presence of (1). 

3.2.4. Immersion Tests 
EIS technique provides a convenient and rapid way to follow the 

inhibiting performance over time. It is a reliable technique to charac-
terize the surface layer owing not to disturb the interface of the metal 

and the solution [66]. For this reason, the EIS measurements in 
inhibitor-free and inhibitor-containing 1.0 M HCl solution, up to 24 h 
immersion (1, 4 and 24 h) and at a concentration of 2.0 mM inhibitor (1) 
and (2) (optimum concentration) is shown in Fig. 6. From the Nyquist 
spectra it can be seen that when the carbon steel immersed into the 
solution for different times, the shape of the impedance spectra showed 
a semicircle and did not change considerably. This indicates that the 
electrochemical process on the electrode/solution interface is generally 
controlled by a charge transfer process. Whereas, the size of semicircle 
changes by prolonging the immersion in the solutions. The calculated 
charge transfer and inhibition efficiency (IE) variations with time are 
illustrated in Table 4. In the inhibitor-free solution, the values of Rct 
showed a decrease with time. When the immersion time increased from 
1 to 4 h, Rct values demonstrate a slight decrement from 303.1 Ω cm2 for 
uninhibited carbon steel to 298.3 Ω cm2 after its 4 h exposure, showing 
some corrosion process take place. While, the value of Rct decreases 
drastically from 298.3 to 4.6 Ω cm2 after 24 h immersion into 1.0 M 
HCl, indicating the pitting corrosion occurred [67]. In addition, the 
higher value of Rct in shorter immersion times (i.e. 1 and 4 h) can be 
related to the formation of an oxide/hydroxide iron layer on the carbon 
steel surface, which can reduce corrosion in acidic media [68]. 

Fig. 5. The inhibition efficiency values of carbon steel in 1.0 M HCl solution 
containing different concentrations of inhibitors. 

Fig. 6. Simulated and measured Nyquist impedance spectra of carbon steel at OCP 1.0 M HCl at different immersion times: 1, 4 and 24 h of (a) 1.0 M HCl and (b) 
inhibitor (1), and (c) inhibitor (2). 

Table 4 
The calculated values of charge transfer resistance and IE of carbon steel in 
1.0 M HCl inhibitor free and inhibitor-containing solution at different immer-
sion time.  

Immersion time 
(h) 

1.0 M HCl 2.0 mM inhibitor 1 2.0 mM inhibitor 2 

Rct (Ω cm2) Rct (Ω cm2) IE (%) Rct (Ω cm2) IE (%) 

1  303.1  348.0  12.9  1055.2  71.3 
4  298.3  503.9  40.6  1346.5  77.8 
24  4.6  987.0  99.5  1521.5  99.7  
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On the other hand, in the presence of inhibitors (1) and (2), the Rct 
values are larger than that uninhibited solution. This phenomenon 
demonstrates the formation of a protective and compact thin layer of 
inhibitor molecules on the carbon steel surface. The general increasing 
in inhibiting efficiency with time is clearly revealed. The determined 
charge transfer resistance in 1.0 M HCl with inhibitor (1) was 348 Ω cm2 

after a 1 h exposure. Rct increased drastically 987.0 Ω cm2 at 24 h im-
mersion in the inhibitor (1)-containing solution. This verified that when 
the exposure time was rising from 1 to 24 h, the inhibitor (1) molecules 
in the solution adsorb on the carbon steel surface and rearrange to form 
a compact and denser film gradually. Obviously, with the increasing 
immersion time, more inhibitor (1) and its derivative molecules in the 
solution were adsorbed on the metal surface, as a consequence the 
inhibiting performance became stronger [69]. Furthermore, compared 
the results of inhibitor (1) and (2), the IE improved remarkably by using 
(2), and the IE reached the maximum value of 99.7% after 24 h im-
mersion of carbon steel in inhibitor (2)-containing solution. The diam-
eter of the semicircle in the presence of the inhibitor (2) increased 
remarkably in comparison with 1 and 4 h exposure times. As a result, 
this indicated the continuous adsorption of inhibitor (2) on the metal 
surface and the approach in the improvement of surface protection. 

3.3. Surface characterization 

Fig. 6 demonstrates the SEM images and their EDS analysis of carbon 
steel surfaces before and after immersion in 1.0 M HCl in the absence 
and presence of inhibitors (1) and (2). As can be seen in Fig. 6a, the 
surface of the carbon steel before immersion in 1.0 M HCl is very smooth 
and clear and there is no corrosion on the surface. The EDS analysis of as- 
received carbon steel shows iron and carbon peaks corresponding to its 
natural composition. The sample immersed in inhibitor-free hydro-
chloric acid solution showed that the surface was severely corroded due 
to steel dissolution and aggressive ion attack (Fig. 6b). It has been re-
ported that the surface of steel sample became seriously corroded in a 
free-inhibitor 1.0 M HCl [23]. The presence of an oxygen peak in the 
EDS spectrum of the carbon steel exposed to 1.0 M HCl in the absence of 
inhibitors signifies the formation of the oxide products due to the steel 
corrosion. In contrast, the surfaces of the carbon steel in the presence of 
2.0 mM (1) and (2) are much less corroded than the sample immersed in 
1.0 M HCl (Fig. 6c and d) indicating that substantial protection to the 
carbon steel surface is provided by the synthetic inhibitors. It is notable 
that the inhibitor (2) showed better performance in comparison to in-
hibitor (1), which was confirmed by there being no considerable vari-
ation of the surface, except for the emery lines. The lack of presence of 
oxygen peak in the carbon steel sample immersed in 1.0 M HCl con-
taining inhibitor (2) confirms again that obtained results. Generally, the 
presence of synthetic inhibitors reduced the steel atoms participating in 
corrosion reaction and consequently increases the lifetime of samples in 
aggressive acidic solutions. The smooth surface for carbon steel in 
inhibitor-containing solution (e.g. PPQ and MPPQ) has been observed 
by Chen et al. [23]. They reported that the corrosion of steel greatly 
reduced with PPQ and MPPQ by a protective film formation on the metal 
surface. Amini et al. [21] has been reported that the surface of mild steel 
dipped in the chloride solution for 24 h can be protected by adding in-
hibitor. It is fair that our observation of the protected surface of steel are 
quite similar or better than the other research works on this area [21, 
23]. 

Based on the obtained results in EIS analysis, the charge transfer 
resistance for 1.0 M HCl was equal 126.06 Ω cm2, which was lower than 
the all samples in inhibitor-containing solutions. As compared with SEM 
image of steel surface in 1.0 M HCl (Fig. 6a), horrible and fearful 
corrosion of sample took place by attack from strong acidity and chlo-
ride ions. This observation is fairly accordance with EIS findings, in 
which the sample in inhibitor-free solution did not suffer aggressive 
attack from chloride solution. While, corrosion resistance improvement 
was detected with both inhibitor (1) and (2) (e.g. Fig. 6c and d). As the 

best corrosion resistance, charge transfer resistance, as high as 
1084.0 Ω cm2, was achieved with inhibitor (2)-containing solution for 
carbon steel. As can be seen in Fig. 6d, the SEM image of the carbon steel 
is obviously similar to the as-received carbon steel one (Fig. 6a). The 
carbon steel surface in a 2 mM inhibitor (2) solution looks more smooth 
and uniform than the corroded one in the inhibitor-free solution 
(Fig. 6b). Based on the EIS results, the relatively poor protection from 
chloride ions for the samples in inhibitor (1) compared inhibitor (2) is 
clearly consistent with our observation in the SEM images (e.g. Fig. 6c 
and d). Therefore, the inhibitor protection from the corrosive 1.0 M HCl 
solution can be confirmed by the SEM image and EIS analysis of the 
carbon steel samples. 

3.4. Adsorption and inhibition mechanism 

The adsorption of inhibitor on the surface of the carbon steel elec-
trode is a vital step in an inhibition mechanism [70]. The main reason 
for higher corrosion protection in the presence of inhibitors is the 
adsorption of this material on the carbon steel surface. The cathodic 
corrosion reaction is hydrogen evaluation on the surface of carbon steel, 
which is accomplished by the following pathway [39]: 

Fe+H+ ↔ (FeH+)ads (8)  

(FeH+)ads + e− →(FeH)ads (9)  

(FeH)ads +H+ + e− →Fe2+ +H2 (10) 

The adsorption of inhibitor molecules can occur on the carbon steel 
instead of the hydrogen ions at the cathodic region. Therefore, the rate 
of hydrogen molecules evaluation can decrease effectively [66]. In the 
inhibitor-free 1.0 M HCl solutions, the following anodic reactions is 
proposed at the anodic sites: 

Fe+Cl− ⇄(FeCl− )ads (11)  

(FeCl− )ads⇄(FeCl)ads + e− (12)  

(FeCl)ads→
(
FeCl+

)
+ e− (13)  

FeCl+⇄
(
Fe2+)+Cl− (14) 

According to above mechanisms, (FeCl− )ads groups formed on the 
carbon steel surface through the reaction (11) by the adsorption of the 
chloride ions. This group undergoes two-electron loss by the reactions 
(12) and (13) to form cationic iron chloride on the metal surface. At the 
final stage, corrosion reaction of carbon steel occurs by the decompo-
sition process (reaction (14)). While, in terms of the inhibitor-containing 
solution, nitrogen molecules in imine group can be able to protonate and 
adsorb at the anodic sites on the carbon steel surface by electrostatic 
bond with (FeCl− )ads species [39]. The following reaction can take place 
in competition with the chloride ions adsorption on the metal surface: 

(FeCl− )ads + inh+⇄(FeCl− inh+)ads (15) 

Thereby, in the case of inhibitor containing solutions, the rate of 
reaction (15) should be much faster than electron-loss reactions, as it 
can be confirmed by the lower values of absolute adsorption free energy, 
calculating by the adsorption model. 

Based on the previous studies [12,54], the Langmuir adsorption 
model is the best model to explain the adsorption process of the in-
hibitors on the surface of carbon steel in 1.0 M HCl. The Langmuir 
relationship, a plot of C/θ against C, should yield a straight line with a 
slope of unity for inhibitor-containing solutions. Based on the calcula-
tions, the slopes of the lines obtained 1.47 for (1) and 1.22 for (2), which 
are far from being equal to one, suggesting that they do not follow the 
Langmuir adsorption model. In addition, the outcome of the Langmuir 
isotherm reveals that the correlation regression coefficient (R2) values 
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for inhibitors are found to be 0.841 and 0.892, again it confirm that the 
inhibitor (1) and (2) adsorption on steel surface do not follow the 
Langmuir monolayer adsorption. 

The data were plotted as the Temkin isotherm (Fig. 7), a model that 
gives a good fitting to the experimental data. The Temkin adsorption 
isotherm is presented as follows: 

exp( − 2aθ) = KCinh (16)  

where c is the inhibitor concentration, a is an interaction parameter, and 
K the adsorption coefficient and θ the fraction of surface coverage by the 
inhibitor molecules, which the calculation formula of θ was as follows 
[38]: 

θ = 1 −
Ci

dl

Cb
dl

(17)  

where Cb
dl and Ci

dl are the capacitive response of the carbon steel elec-
trode in a free-inhibitor and containing inhibitor solution. Temkin 
adsorption isotherm, a plot of Ln(Cinh) against θ, is shown in Fig. 7. The 
R2 values (shown in Fig. 7) give a good agreement between the EIS and 
Temkin data for inhibitor (1) (R2 =0.0.9401) and inhibitor (2) (R2 

=0.9720). The values of a and K are − 12.13 and 3.36 × 105 for (1) and 
− 6.08 and 2.12 × 103 for (2). The negative values of a indicate repul-
sion forces among the surface adsorbed molecules [71]. It has been 
observed that value in (1) and (2)-containing solution is negative, 
revealing that repulsive force exists in the adsorption surface. It is well 
known that the value of K illustrates the strength between the adsorbent 
and adsorbate [72]. The higher values of K, the better inhibition effi-
ciency will give in 1.0 M HCl [71]. According to K values, the reduced 
form of (1) shows higher strength among the adsorbate and steel surface 

than (1)-containing solution. 

3.5. Theoretical studies 

Theoretical calculations are a widely used method that provides 
important information about many properties of molecules and for this 
study the Gaussian software program was used. In this program, many 
quantum chemical parameters were obtained using the basis sets of the 
B3lyp, HF, and M062X method 6–31 + +G(d,p). The resulting values of 
these parameters are given in Table 4 and Table 5. The two most 
important and most commonly used parameters among those obtained 
are the numerical values of the HOMO (Highest Occupied Molecular 
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) of the in-
hibitor molecules. 

The HOMO energy values of the inhibitor molecules show the ability 
of inhibitor molecules to donate electrons. The LUMO energy value 
shows the inhibitor molecules’ ability to receive electrons. These two 
parameters are used to explain the ability of inhibitor molecules to 
become inhibitors to prevent corrosion by binding with metal atoms. 
The molecule with the highest HOMO energy value of the inhibitor 
molecules has the highest inhibitory activity [73]. On the other hand, 
the inhibitor molecules with the lowest LUMO energy value have the 
highest inhibitory activity [74]. Another important parameter is GAP, 
which refers to the difference between the energy values of the HOMO 
and LUMO orbitals; the molecule with the lowest numerical value of this 
parameter has the highest inhibitory activity, because a low value of this 
parameter facilitates electron transfer [75]. 

Fig. 8 shows the optimized structures of the inhibitor molecules (1) 
and (2) as well as the HOMO, LUMO, and ESP representations. Many 
quantum chemical parameters of molecules have been calculated by 

Fig. 7. (a) SEM image and EDS analysis of the as-received carbon steel surface, and SEM image of carbon steel taken after immersion in (b) 1.0 M HCl (inhibitor- 
free), (c) 2.0 mM inhibitor (1) and (d) 2.mM inhibitor (2). 
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theoretical calculations. The most important of these calculated 

parameters are HOMO and LUMO. When the numerical value of the 
HOMO parameter is compared, it is generally seen that the numerical 
value of the HOMO parameter of compound 2 is more negative at the 
M062X/6–31 g level. Therefore, it is seen that the inhibitory activity of 
(1) is higher. On the other hand, when the numerical value of the LUMO 
parameter of the molecules is examined, it is seen that the LUMO energy 
value of (2) is more positive at the M062X/6–31 g level. However, it is 
seen that the DE energy gap value is larger in (2) than in the other 
molecule. It is seen that the inhibitory activity of compound 1 with a 
small DE energy gap value is higher. 

It was seen that the parameters obtained as a result of the calcula-
tions were in great agreement with the experimentally obtained data. 
The obtained parameters confirm that Compound 1 is a better corrosion 
inhibitor. 

4. Conclusion 

The corrosion behavior of carbon steel in 1.0 M HCl with and 
without inhibitors was investigated by using electrochemical tech-
niques. From Tafel results, the icorr for carbon steel in (1) and (2)-con-
taining solution decreases by raising the concentration of (1) and (2) 
from 0.2 to 2.0 mM. The reduced form (2) was found to show a better 
inhibitor characteristic than (1) due to the higher stability in an HCl 
solution. An increment of inhibitor (1) and (2) concentration, while the 
charge transfer resistance of carbon steel enhanced as the inhibitor 
concentration increased. The result showed that the inhibition efficiency 
of (2) enhances with increasing the concentration and presented the 
highest value at a concentration of 2.0 mM (e.g., 88.37%). The SEM 
images and EDS analyses of the carbon steel in inhibitor free and con-
taining solutions revealed that the surface of electrode is well protected 
by adsorption of inhibitor molecules on the metal surface, even after 
12 hr immersion in corrosive solution. Adsorption of both inhibitors, (1) 
and its reduced form (2), was found to obey the Temkin adsorption 
isotherm. As a result of the quantum chemical parameters of the in-
hibitor molecules with theoretical calculations, it has been observed that 
the inhibitor (1) has more inhibitory activity than the other molecule. 
Since the made theoretical calculations are made in a pure and isolated 
environment, it is quite normal that there are differences between 
experimental procedures. 

Table 5 
The calculated quantum chemical parameters of molecules.   

EHOMO ELUMO I A ΔE η σ χ Pİ ω ε dipol Energy 

B3LYP /6–31 g LEVEL                           
X1  -5.7504  -1.4939  5.7504  1.4939  4.2564  2.1282  0.4699  3.6221  -3.6221  3.0824  0.3244  2.0622  -33313.9859 
X2  -5.5229  -0.5546  5.5229  0.5546  4.9683  2.4841  0.4026  3.0387  -3.0387  1.8585  0.5381  0.1660  -33378.6669 
HF/6–31 g LEVEL                           
X1  -8.8081  0.9543  8.8081  -0.9543  9.7624  4.8812  0.2049  3.9269  -3.9269  1.5796  0.6331  4.0602  -33102.5069 
X2  -8.8370  0.9685  8.8370  -0.9680  9.8054  4.9027  0.2040  3.9343  -3.9343  1.5785  0.6335  4.6558  -33164.7402 
M062X/6–31 g LEVEL                           
X1  -6.7354  -0.2314  6.7354  0.2314  6.5040  3.2520  0.3075  3.4834  -3.4834  1.8656  0.5360  1.6045  -33360.2485 
X2  -6.7849  -0.2411  6.7849  0.2411  6.5438  3.2719  0.3056  3.5130  -3.5130  1.8859  0.5302  1.6849  -33363.6069  

Table 6 
The calculated quantum chemical parameters of protonated form.   

EHOMO ELUMO I A ΔE η σ χ Pİ ω ε dipol Energy 

B3LYP /6–31 g LEVEL                           
X1  -8.0476  -4.3656  8.0476  4.3656  3.6820  1.8410  0.5432  6.2066  -6.2066  10.4621  0.0956  11.6628  -33323.4206 
X2  -7.7703  -4.3988  7.7703  4.3988  3.3715  1.6858  0.5932  6.0845  -6.0845  10.9806  0.0911  14.7274  -33387.9930 
HF/6–31 g LEVEL                           
X1  -10.8068  -2.0153  10.8068  2.0153  8.7915  4.3958  0.2275  6.4111  -6.4111  4.6751  0.2139  12.5751  -33111.8134 
X2  -10.7842  -2.3187  10.7842  2.3187  8.4655  4.2328  0.2363  6.5515  -6.5515  5.0702  0.1972  16.2184  -33173.9645 
M062X/6–31 g LEVEL                           
X1  -9.4721  -3.7288  9.4721  3.7288  5.7433  2.8716  0.3482  6.6004  -6.6004  7.5855  0.1318  12.0291  -33308.7439 
X2  -10.7842  -2.3187  10.7842  2.3187  8.4655  4.2328  0.2363  6.5515  -6.5515  5.0702  0.1972  16.2185  -33173.9643  

Fig. 8. Temkin adsorption isotherms involving inhibitor (1) and its reduced 
form (2). 

Fig. 9. Representations of optimized structures, HOMO, LUMO, and ESP shapes 
of (a) inhibitor (1) and (b) inhibitor (2) molecules. 
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