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A B S T R A C T   

Here, a novel, relatively inexpensive Schiff base ligand (HL) has been studied as a corrosion inhibitor for the 
protection of steel in acidic solution. Different concentrations (0–25 ppm) of HL were added to the test solution 
and corrosion rate of steel and inhibition efficiency were determined. The obtained results indicated that HL is an 
efficient steel inhibitor in HCl solution and exhibits the maximum inhibition efficiency of 87.3 % at low con
centration of 25 ppm. The EIS measurements revealed that polarization resistance increased from 319 Ωcm2 to 
2893 Ωcm2, when the HL concentrations increased from 0 ppm to 25 ppm in HCl solution. Electrochemical 
experiments revealed that HL acted as a mixed type inhibitor, slowing both cathodic and anodic processes 
through adsorption which obeyed the Langmuir isotherm. The increase in inhibition efficiency up to 94.6 % with 
increase in immersion time up to 24 h was observed. Corrosion morphologies were observed by SEM to verify 
qualitatively the results obtained by electrochemical measurements. Quantum chemical calculations showed the 
preferred sites through which the molecules can interact with steel surface.   

1. Introduction 

Owing to its relatively high mechanical strength, low cost of pro
duction and abundance, mild steel has long been of interest in a wide 
range of industrial applications. However, this alloy suffers from 
corrosion in aggressive environments. Additionally, there are some un
avoidable industrial processes, like industrial cleaning, acid scale 
removing and acid pickling in which HCl is used, which may also cause 
unwanted metal corrosion [1–5]. Corrosion has always been one of the 
main concerns of industrial users since it may result in huge economic 
loss and failure of components. Accordingly, great deals of effort have 
been made to overcome this phenomenon, including applying coatings 
and inhibitors onto the surface of the steel, and cathodic protection. The 
application of inhibitors is one of the simplest and most cost-efficient 
methods among the various methods used to control and minimize 
corrosion, [6–8]. Inhibitors are usually chemical compounds containing 
electron-rich atoms such as nitrogen, Sulfur, phosphorous and oxygen 
which contains conjugated π bonds and sometimes have aromatic rings. 
π bonds and electron-rich atoms provide the adsorption sites for these 
compounds to bind to the alloy surface [9–12]. Schiff base compounds 
containing the imine group (–C––N-) have proven to act effectively as 

corrosion inhibitors for metals in acidic media [13–16]. The key Schiff 
base condensation reaction, named after Hugo Schiff who first reported 
this type of reaction, simply involves the reaction of an amine with an 
aldehyde to eliminate water and give an imine [13]. Schiff bases, due to 
their high molecular mass, (C––N) presence of groups with carbon and 
nitrogen double bonds and the pair of free electrons on the π atom, the 
existence of bonds. In addition, it has good inhibition efficiency in acidic 
environments [13]. Schiff base ligands and related complexes are used 
in a wide range of applications such as anti-corrosion [15], anti- 
cancerous [17], anti-bacterial and anti-fungal [18,19] applications, as 
well as being used as nanocatalysts [20,21] and chemosensors [22]. The 
present work aims to report the inhibitive effeciency of 2-((3-((2-mor
pholinoethyl)(pyridin-2-ylmethyl)amino)propylimino)methyl)naphthalen 
assess the inhibitive potentiality of HL, a number of different experi
ments were performed. To evaluate the − 1-ol (HL), a novel chemical 
compound as an inhibitor for mild steel corrosion in HCl solution. To 
corrosion inhibition effect, weight loss, polarization, and impedance 
tests were conducted while mild steel microstructures were recorded 
using SEM analysis. Theoretical calculations have also been carried out 
to provide additional detailed information of the activity of HL as an 
inhibitor molecule. 
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2. Experimental 

2.1. Materials 

2.1.1. Specimen preparation 
Mild steel specimens (composition (wt.%): 0.393C, 0.009 Al, 0.138 

S, 0.024P, 0.009 Ti, 0.023 V, 0.012 Co, 0.079 Cr, 0.129 Ni, 0.561 Cu, 
0.575 Mn, 0.032 Nb, 0.016 Mo, remainder Fe) were cut into desired 
dimensions for each test. To prepare a suitable surface, before each test, 
the exposed surface of the specimen was abraded and polished by SiC 
papers (100–1500). 

2.1.2. Synthesis 
N1-(2-morpholinoethyl)-N1-((pyridine-2-yl)methyl)propane-1,3- 

diamine was synthesized according to literature methods [17]. For
mylpyridine, 2-hydroxy-1-naphthaldehyde, and 2-aminoethylmorpho
line were purchased from Sigma Aldrich Company and used without 
further purification. IR spectra were recorded using the Alpha-BRUKER 
IR device. NMR spectra were recorded on a Varian Inova 500 MHz 
spectrometer operating at 500.06 MHz. Mass spectra were recorded on 
an Agilent Technologies (HP) 5973 mass spectrometer operating at an 
ionization potential of 70 eV. CHN analyses were carried out using a 
Perkin-Elmer, CHNS/O elemental analyzer model 2400 series 2. 

2.1.3. Synthesis of 2-((3-((2-morpholinoethyl)(pyridin-ylmethyl)amino) 
propylimino)methyl)naphthalen-1-ol (HL) 

N1-(2-morpholinoethyl)-N1-((pyridine-2-yl)methyl)propane-1,3- 
diamine (0.5 mmol, 0.139 g) in ethanol (20 mL) was added dropwise to 
stirring solution of 2-hydroxy-1-naphthaldehyde (0.5 mmol, 0.086 g) in 
ethanol (50 mL). The mixture was stirred and refluxed for 12 h after 
which a brown oil was obtained which was collected, washed with cold 
ethanol and dried in vacuo.Yield: (88 %). Anal. Calc. for C26H32N4O2: C, 
72.19; H, 7.46; N, 12.95. Found: C, 72.50; H, 7.33; N, 13.12 %. IR (ATR, 
cm− 1): 3424, 1633 ʋ(C––N), 1590, 1470 ʋ(C––C). EI-MS (m/z): 432.55, 
Found: 433.00 [L + 1]+. 1H NMR (CDCl3, ppm) δ = 1.32 (s, 9H, H-r); 
1.43 (s, 9H, H-w); 1.88 (p, 2H, H-f); 2.40 (t, 4H, H-b); 2.49 (t, 2H, H-e); 
2.69 (t, 4H, H-c, H-d); 3.61 (t, 2H, H-g); 3.68 (t, 4H, H-a); 3.79 (s, 2H, H- 
i); 7.06 (d, 1H, H-k); 7.10 (t, 1H, H-m); 7.47 (t, 1H, H-s); 7.49 (s, 1H, H- 
p); 7.61 (t, 1H, H-l); 8.31(s, 1H, H-h); 8.51 (d, 1H, H-n); 13.81 (s, 1H, H- 
y). 13C NMR (CDCl3, ppm) δ = 29.28 (c-r); 29.43 (c-s); 31.32 (c-v); 31.52 
(c-w); 28.46 (c-f); 51.47 (c-c); 52.08 (c-d); 54.08 (c-b); 56.99 (c-e); 57.16 
(c-g); 60.94 (c-i); 66.91 (c-a); 117.80 (c-m); 121.85 (c-o); 122.83 (c-p); 
125.67 (c-k); 126.68 (c-t); 127.84 (c-u); 131.85 (c-l); 136.33 (c-q); 
148.91 (c-n); 157.80 (c-x); 160.14 (c-h); 165.96 (c-j) (Fig. 1). 

2.1.4. Electrolyte 
Using analytical reagent grade 37 % HCl, 1 M hydrochloric solution 

was made. The stock solutions were prepared in a 2:1 ethanol/HL 

mixture for complete solubilization with the following HL concentra
tion: 0 (blank), 5 ppm (11.5 μM), 10 ppm (23.1 μM), 15 ppm (34.67 μM), 
20 ppm (46.2 μM), 25 ppm (57.7 μM). 

2.2. Methods 

2.2.1 wt. loss method 
The basis of other approaches is weight loss measurement, which is 

one of the most accurate ways for determining inhibitory efficiency. 
Three mild steel specimens were cut with dimensions of 5 cm × 2.5 cm 
× 0.2 cm. The cleaned and air-dried specimen were then accurately 
weighed and immersed in the test solution with different concentrations 
at a constant temperature of 25 ◦C, with and without HL, for 24 h. At the 
end of the immersion time the specimens were removed, their surfaces 
were carefully cleaned with ethanol according to ASTM G-31 [23] to 
remove the corrosion product, and then naturally dried. After that, the 
specimens were weighed to measure the weight loss, which was calcu
lated by subtracting the weight of the specimens before and after im
mersion. The average weight of three specimens was used in the 
calculation in each case. The corrosion rates were determined before and 
after adding different concentration of HL. Using the following equa
tions, the inhibition efficiency ηw(%) was calculated from the corrosion 
rate (CR) [24,25]: 

CR =
weightloss (mg)

area (cm2)time(h)
(1)  

ηw% =

(

1 −
CR
CR0

)

× 100 (2) 

Where CR0 and CR are corrosion rates of mild steel (mg cm-2h− 1) 
before and after adding the inhibitor in different concentrations, 
respectively. There is also a parameter as surface coverage (θ) defined to 
be: 

θ =

(

1 −
CR
CR0

)

(3)  

2.2.2. Electrochemical measurements 
The inhibition impact of HL for mild steel corrosion was examined 

using electrochemical impedance spectroscopy (EIS) and the Polariza
tion test approaches. To allow sufficient potential stability, the elec
trodes were immersed at an open circuit potential for 1 h before 
recording. The electrochemical cell involved a three- electrode set up in 
which working electrode (WE) was the mild steel specimen, auxiliary 
electrode (AE) was platinum electrode and reference electrode was 
saturated calomel electrode (SCE). All the EIS tests were conducted at 
OCP at frequency range of 100 KHz to 10 MHz with single amplitude 
perturbation of 5 mV. Potentiodynamic polarization (PDP) measure
ments were conducted by sweeping the potential in the range of − 0.25 
to + 0.25 V with 1 mVs− 1 scan rate. Each of the tests was performed 3 
times (Fig. 2). 

2.2.3. Scanning electron microscopy 
One molar HCl solution with and without HL in different concen

trations was used to immerse the mild steel specimen for 24 h. After
wards, the mild steel samples were carefully removed from the solution 
and cleaned using acetone. To investigate the morphology of specimen 
surface, SEM method was performed utilizing Zeiss Sigma 300-HV at 
500 kV accelerating voltage and 2.5 Kx and 5 Kx magnifications. 

2.2.4. Calculation method 
The Gaussian software program was used to optimize the structure of 

the molecule HL [25] using the B3LYP and HF method 6–31++g(d, p) 
basis set. The quantum chemical parameters that were calculated 
included EHOMO, ELUMO, ΔE (HOMO-LUMO energy gap), electronega
tivity (χ), chemical potential (μ), chemical hardness (η), electrophilicity Fig. 1. Ligand HL.  
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(ω), nucleophilicity (ε), global softness (σ) and proton affinity (PA) 
[24,26]. 

3. Result and discussion 

3.1 Weight. loss test 

The results of the mild steel weight loss experiment in 1 M HCl with 
and without HL are presented in Table 1. The experiment parameters of 
corrosion rate (CR) and surface coverage (θ) are calculated using 
equations (1) and (3), respectively. It is visible that when the inhibitor 
concentration increases, the corrosion rate decreases whereas the sur
face coverage increases, which shows that the increase of HL concen
tration results in an increase of adsorption. Table 1 also confirms the 
proportional relationship between inhibition efficiency (calculated ac
cording to Eq. (2)) and concentration of HL. When the concentration of 
HL reaches 25 ppm, the inhibition efficiency of HL was 87.3 % which 
indicates that HL is an effective corrosion inhibitor for mild steel 
corrosion in 1 M HCl solution. 

3.2. Open circuit potential 

The variation of open circuit potential (OCP) of mild steel versus SCE 
was investigated as a function of immersion time in acidic solution in the 
absence and presence of HL. Fig. 3 shows the obtained results. In blank 
solution, the OCP altered quickly towards more negative values, 
showing the initial dissolution process of the pre-immersion and the 
attack on the bare metal [27]. The displacement in OCP of the inhibited 
solutions are less than blank’s solution. This results may be attributed to 
the delaying in dissolution action of mild steel by HL [28]. According to 
Riggs’s theory and others [29–31], if the changes in OCP is more than ±
85 mV/SCE in relation to the corrosion potential of the blank, the in
hibitor can be classified as a anodic or cathodic type, but the maximum 
shift in the presence of inhibitor is less than 25 mV/SCE, which shows 
that HL is a mixed-type inhibitor. Cao showed [32] if the shift in Ecorr is 

negligible, the inhibition is most probably caused by blocking of active 
sites with the adsorbed inhibitor on the electrode surface. 

3.3. Impedance test method 

The Nyquist plots of EIS before and after adding different concen
trations of HL are presented in Fig. 3. The shape of the plot is a com
pressed semicircle for all concentrations of HL which can be a sign of 
charge transfer resistance controlling the corrosion process. There is a 
visible increment in the diameter of the semicircular part of the Nyquist 
plot with the increasing concentration of HL, which shows that HL is an 
effective corrosion inhibitor in this case. A one-time constant electrical 
equivalent circuit shown in Fig. 4 was used to model the impedance 
plots and extract the electrochemical parameters. In this modeling, 
electrical circuit Rs, Rp and CPE are the solution resistance, total resis
tance or polarization resistance (Rp) and constant phase element, 
respectively. As it can be seen, the charge transfer resistance and con
stant phase element are both parallel and series to solution resistance. 
Different electrochemical parameters derived from EIS tests are pre
sented as in Table 2. In this table, the chi-squared (χ2) shows the square 
of the standard deviation between the fitting and the real data.. In other 
words, the lower value of (χ2) indicates that the data which was fitted 
and the experimental data are in good agreement [33]. The values of χ2 

are on the order of 10-3, which suggests the accuracy of the proposed 
equivalent circuits [34,35]. The inhibitory efficiency may be determined 
using the equation below in EIS measurements [36]: 

η(%) =

(
RP − R0

P

RP

)

× 100 (4) 

Where, R0
p and Rp are resistance of charge transfer before and after 

addition of inhibitor, respectively. Q and n are called CPE constant and 
CPE exponent which determines the phase shift, respectively. Parameter 
n can be used as a criterion of mild steel surface heterogeneity or 
roughness (0 < n less than 1) [37]. If n = 0, CPE represents a resistance 
and if n = 1 it represents a perfect capacitance with magnitude of Y. 

Fig. 2. Evolution of OCP for steel samples in 1MHCl solution containing 
different concentration of HL. 

Table 1 
Results of weight loss measurement for mild steel in solution of 1 M HCl con
taining different concentrations of HL for 24 h at 25 ◦C.  

Concentration (ppm)  CR (mg/cm2h) IE% θ 

0  0.10914  –  – 
5  0.03182  70.81  0.708 
10  0.02737  74.89  0.748 
15  0.02199  79.83  0.798 
20  0.01679  84.60  0.846 
25  0.01382  87.32  0.873  

Fig. 3. Nyquist diagram for mild steel in 1 M HCl solution in presence of 
different concentrations of HL. 

Fig. 4. One-time constant electrical equivalent circuit applied for the analysis 
of the impedance curves. 
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However, a perfect capacitance behavior is unusual and CPE usually 
behaves as a combination of resistance and capacitance. The values of n 
seem to be related to a non-uniform current distribution because of 
roughness and surface defects. The double layer capacitance for a circuit 
comprising a CPE can be calculated using equation below [38]: 

Cdl = Y

(

1
n

)

R

(

1− n
n

)

P (5) 

Where Y is the magnitude of CPE. Capacitance is inversely propor
tional to the thickness of surface film according to the Helmholtz model 
for the surface absorbed film capacitance [39,40]: 

Cdl =
ε0ε
d

S (6) 

where d is the thickness of film, S is the surface area of electrode, ε0 is 
the air permittivity, and is the local dielectric constant. The data shown 
in Table 2 reveals a decrease in Cdl as the concentration of HL increases. 
This is most likely owing to a decreasing in the constant of local 
dielectric caused by the replacement of pre-adsorbed water molecules 
and/or a thickening of the protective layer created at the electrode 
surface. [41,42]. 

The relaxation time constant of a surface state is the time required for 
return of the charge distribution to equilibrium after an electrical 
disturbance, and in the case, when no distributed element is inserted to 
replace the double layer capacitance, it is calculated by using following 
equations [43,44]: 

τ = Cdl × Rct 

In general, with increasing the inhibitor concentration, the time of 
the adsorption process becomes much higher, which attributed to a slow 
adsorption process [44,45]. According to Table 2, the addition of HL 
caused an increase in relaxation time constant values, therefore, the 
time of adsorption process becomes much higher which means a slow 
adsorption process. 

According to Table 2, it can be clearly observed that as the concen
tration of HL increases, the value of Rp increases as well. As it can be 
seen, the maximum value of Rp (1446 Ωcm2) is obtained when the 
concentration of HL reaches 25 ppm. This demonstrates that inhibitor 
molecules adsorbed on the mild steel surface have a larger surface 
coverage. The n values continue increasing as the concentration of HL 
reaches higher amounts contributed to the reduction of surface in
homogeneity and roughness as a result of the adsorption of inhibitor 
molecules. 

3.4. Polarization test 

The curves resulted from mild steel polarization tests are showed in 
Fig. 5, before and after the addition of 5–25 ppm of HL. As revealed by 
these plots, an increase in HL concentration has caused the curves to 
shift to the left. The study of these curves provides information about 
cathodic and anodic reactions. Recordings were conducted in Tafel 
mode and electrochemical parameters like corrosion potential (Ecorr), 
corrosion density of current (icorr), cathodic and anodic Tafel slope (βc 
and βα) and have been derived using extrapolation approach as shown in 

Table 3. By obtaining the values measured for icorr before and after 
addition of inhibitor, named i’corr and icorr respectively, the inhibition 
efficiency can be obtained using the equation below: 

η(%) = (1 −
icorr

i′corr
) × 100 (7) 

The results demonstrate that the difference between the specimen’s 
corrosion potential value in the presence and absence of inhibitor is less 
than 85 mV. Hence, the performance of HL as inhibitor has been a mix of 
anodic and cathodic. It is obviously observed that both anodic and 
cathodic curves shift to the lower current densities as the concentration 
of HL increases. It can also be seen that adding HL, up to the greatest 
value of 25 ppm, reduces corrosion current density, resulting in a rise in 
inhibition efficiency. This rise in efficiency is attributed to the anodic 
and cathodic inhibitory performance of HL adsorption on the mild steel 
surface, which blocks active sites on the mild steel surface. Both anodic 
and cathodic Tafel slopes change a little with augmented concentration 
of HL. It also indicates that HL could suppress both cathodic and anodic 
reactions, functioning as mixed-type inhibitors. 

3.5. Adsorption isotherm 

The surface coverage parameter (θ) must be collected to determine 
which adsorption isotherm best fits the behavior of HL on the mild steel 
surface. To describe the kind of interaction between mild steel surface 
and inhibitor molecules several models including Langmuir, Temkin, 

Table 2 
Results of electrochemical impedance measurements for mild steel in 1 M HCl with different concentrations of HL.  

C 
(ppm) 

Q 
(µSsncm− 2) 

n Rp 

(Ωcm2) 
Chi-Square Cdl 

(μFcm− 2) 
τ 
(s) 

η 
(%) 

0  101.8  0.796 159.5  0.00797  1221.3  0.155  – 
5  35.5  0.847 690  0.00811  220.7  0.152  76.88 
10  32.3  0.848 793.5  0.00843  199.3  0.158  79.89 
15  39.8  0.843 888.5  0.00387  279.9  0.249  82.04 
20  27.2  0.851 1111.5  0.00957  166.0  0.184  85.65 
25  35.0  0.876 1446.5  0.00388  162.4  0.255  88.97  

Fig. 5. Polarization curves for mild steel in 1 M HCl solution with different 
concentrations of HL. 

Table 3 
Polarization results of mild steel in 1 M HCl with different concentrations of HL.  

Concentration of HL 
(ppm) 

icorr 

(μA/cm2) 
Ecorr vs SCE 
(mV) 

βα 
(mV/dec) 

βc 

(mV/dec) 
η 
(%) 

0  47.2  − 450.7 32 68  – 
5  13.0  − 471.3 41 46  72.5 
10  10.8  − 447.3 30 51  77.1 
15  8.16  − 465.6 33 48  83.1 
20  7.0  − 455.4 34 53  85.2 
25  5.8  − 432.0 32 51  87.7  
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Freundlich and Frumkin may be considered. 
The equations related to these isotherms are as follows [46,47]: 

Cinh

θ
=

1
Kads

+ Cinh Langmuir (8)  

θ
1 − θ

exp( − 2αθ) = b × CinhFrumkin (9)  

exp( − 2αa) = b × CinhTemkin (10)  

log(θ) = log(Kads)+ n log(Cinh)Freundlich (11) 

Where θ is the surface coverage, Kads is the standard adsorption 
equilibrium constant and Cinh is the concentration of inhibitor. It was 
determined, from plots of Cinh/θ versus Cinh, that the best model for the 
interaction between HL and mild steel conforms to the Langmuir 
isotherm, giving a straight line with a slope of 1.0805 (Fig. 6). This 
shows that the adsorption of HL forms a secure monolayer on the mild 
steel surface resulting in an entirely smooth surface. For various metals, 
inhibitors, and acid solution systems, the Langmuir adsorption isotherm 
model has been widely employed in the previous study [31,48,49]. 
According to the Langmuir equation, it can be seen that the C intercept 
of diagram is equal to 1/Kads and hence, the value of Kads was calculated 
as follows: 

1
Kads

= 0.0015→Kads = 666 (12) 

Using the following equation, the standard Gibbs free energy of 
adsorption for HL was calculated [50]: 

ΔG0
ads = − RTln (55.5 Kads) (13) 

where R is universal gas constant and the absolute temperature is 
represented by T. According to equation (13), the value of standard 
adsorption Gibbs free energy is − 26.058 kJ/mol; therefore, it can be 
demonstrated that HL molecules have been adsorbed on the mild steel 
surface through a combination of chemical and physical adsorption 
process. 

3.6. Effect of immersion time 

The relation between both inhibition efficiency (η) and Rp with the 
immersion time for blank solution and 25 ppm of HL solution is pre
sented in Fig. 7. It can be seen that when the immersion period is 
extended, the inhibition efficiency increases. For the blank solution, the 
values of Rp have decreased as the immersion time increases. However, 
for the 25 ppm of HL solution the values of Rp continues to increase with 
the increase of immersion time until 12 h, due to an increase in 
adsorption, but after 12 h it starts decreasing as a result of desorption. 
Still, as the amounts of Rp are also decreasing for the blank solution, it 
can be demonstrated that in presence of HL, the inhibition efficiency has 
increased. 

3.7. Scanning electron microscopy 

Fig. 8 shows the specimen surfaces in solutions including different 
concentrations of HL. It is observed that surface of MS becomes clearer 
and cleaner with an increase in the concentration of HL. Pits are easily 
visible in blank specimens but there are only a few of them in the 
samples treated with 25 ppm of HL. Even the samples treated with 15 
ppm of HL show less and a more uniform type of corrosion. It is clearly 
observed that the surface of samples is rough in the absence and smooth 
in the presence of HL. This indicates that HL performs well as a corrosion 
inhibitor for mild steel in HCl solution, notably in terms of minimizing 
pitting and cracking by adsorbing inhibitor molecules in the form of a 
layer on the mild steel surface. 

3.8. Theoretical studies 

Theoretical calculations were made to compare the inhibition ac
tivities of inhibitor molecules, generating a number of quantum chem
ical parameters about inhibitor molecules (Table 4 & 5). Among the 
quantum chemical parameters derived from theoretical calculations, the 
two most common parameters are HOMO and LUMO, which explain the 
inhibition by interacting chemically with an electron exchange. 

The molecule with the highest HOMO energy numerical value of the 
inhibitor molecules has higher inhibitory activity. On the other hand, 
the molecule with the lowest LUMO energy numerical value of the in
hibitor molecules has the highest inhibitory activity [39,51]. Given 
these two parameters, the inhibitory activity of the L molecule is higher. 
Apart from this, all parameters found as a result of the calculations are 
given in Table 4 and 5. The representations of the calculated parameters 
of the inhibitor molecules are shown in Fig. 9. 

Apart from these parameters, another calculated parameter is the ΔE 
parameter, which is known to have high activity if the numerical value 
of this parameter is low [52]. The low value of this value facilitates 
electron transfer. Another parameter is electronegativity, which is the 
power of each of the atoms forming a bond to attract bond electrons, the 
numerical value of this parameter is known to have the highest activity 
of the smallest molecule [53]. 

Many properties of molecules are examined with the calculations 
made. Another calculated parameter is chemical hardness and softness, 
which are important parameters that express the measure of reactivity 
and stability [54]. Softness, which is the opposite of chemical hardness 
(1/η), expresses the polarization property of molecules. Soft molecules 
are more reactive than hard molecules as they readily offer electrons to Fig. 6. The plot of C/θ according to concentration in 25 ◦C.  

Fig. 7. Rp against immersion time, as well as inhibition efficiency against 
immersion time plot for mild steel in 1 M HCl for a blank and 25 ppm of 
HL solution. 
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an acceptor molecule. 
As a result of the theoretical calculations, many parameters were 

obtained. By using the numerical values of these parameters, inhibitory 
activity comparison can be made. In the calculations made, the nu
merical value of the HOMO parameter in the B3LYP method of the HL 
molecule is − 5.8440, since this numerical value is higher than the other 

molecule, its inhibitory activity is higher. On the other hand, the nu
merical value of the HOMO parameter in the B3LYP method of the HL 
molecule, from the protonated molecules obtained as a result of the 
protonation of the molecules, is − 5.4040. Since this numerical value is 
higher than the other molecule, its inhibitory activity is higher. Like
wise, the numerical value of the HOMO parameter in the HF method of 

Fig. 8. SEM images recorded after immersion of mild steel samples in 1 M HCl before and after adding of 15 ppm and 25 ppm of HL in different magnification a) 2.5 
Kx b) 5 Kx. 

Table 4 
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              
L  − 5.9210  − 1.7505  5.9210  1.7505  4.1704  2.0852  0.4796  3.8357  − 3.8357  3.5279  0.2835  3.7320  − 37526.6582 
HL’  − 5.8440  − 1.4471  5.8440  1.4471  4.3969  2.1984  0.4549  3.6455  − 3.6455  3.0226  0.3308  2.3203  − 37558.9455 
HF/6–31 g LEVEL              
L  − 7.9178  0.9598  7.9178  − 0.9598  8.8775  4.4388  0.2253  3.4790  − 3.4790  1.3634  0.7335  3.8903  − 37286.8127 
HL’  − 7.9254  0.9399  7.9254  − 0.9399  8.8653  4.4326  0.2256  3.4927  − 3.4927  1.3761  0.7267  2.8953  − 37317.9215  
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the protonated HL molecule is − 8.4889. The results of the numerical 
values of these parameters show that the experimental results have 
higher inhibitory activity of the HL molecule than the theoretical results 
for a great agreement. 

4. Conclusions  

1. In a 1 M HCl solution, HL acts as a great corrosion inhibitor against 
mild steel corrosion. Values of the inhibition efficiency were found to 
be proportional to the concentration of inhibitor. 

2. The electrochemical tests show that HL molecules adsorb success
fully at the metal-solution interface, with a mixed type of adsorption 
process.  

3. According to EIS measurements, raising the concentration of HL 
increased the polarization resistance of the mild steel electrode 
(working electrode) while decreasing its capacitance.  

4. The adsorption of HL on the mild steel surface obeyed the Langmuir 
adsorption isotherm and the value of ΔG0

ad demonstrates that the 
adsorption was both physical and chemical.  

5. SEM analysis justify that the presence of HL as an inhibitor reduces 
the corrosive effect and smoothened the surface of the mild steel 
specimen as compared to uninhibited medium.  

6. Many quantum chemical parameters have been discovered as a result 
of theoretical calculations. Considering these parameters, it was seen 
that the inhibitory activity of the HL molecule was higher than the 
other molecule. Since the theoretical calculations are generally made 
in a pure and isolated environment, there is no solvent or experi
mental input. Therefore, there may be slight differences between the 
experimental results. 
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