
Vol.:(0123456789)1 3

Arabian Journal for Science and Engineering 
https://doi.org/10.1007/s13369-020-05229-4

RESEARCH ARTICLE-CHEMISTRY 

DFT and Electrochemical Investigations on the Corrosion Inhibition 
of Mild Steel by Novel Schiff’s Base Derivatives in 1 M HCl Solution

S. Alaoui Mrani1 · E. Ech‑chihbi1 · N. Arrousse1 · Z. Rais1 · F. El Hajjaji1 · C. El Abiad2 · S. Radi2 · J. Mabrouki3 · M. Taleb1 · 
S. Jodeh4 

Received: 8 May 2020 / Accepted: 9 December 2020 
© King Fahd University of Petroleum & Minerals 2021

Abstract
This study aims to explore the inhibitory action of certain derivatives of Schiff’s base, namely 4-(pyridin-2-ylimino) pentan-
2-one (CE5),4-(pyrimidin-2-ylimino) pentan-2-one (CE4) and 4-((1H-tetrazol-5-yl) imino) pentan-2-one (CE20) against mild 
steel (MS) corrosion in 1 M HCl by the gravimetric, stationary and transient method. For additional information on the inhibi-
tory properties of the studied compounds, scanning electron microscopy (SEM) and functional density theory (DFT) calcula-
tions were also performed. The effectiveness of the Schiff’s base derivatives studied follows the order: CE20 > CE4 > CE5. 
The electrochemical impedance curves show that the corrosion reaction is controlled by a charge transfer process, while the 
potentiodynamic polarization curves indicate that the synthesized compounds act as a mixed-type inhibitor. The adsorption 
process follows the Langmuir isotherm. Kinetic, as well as thermodynamic parameters, were calculated and discussed. The 
increase in EHOMO and decrease in gap energy ΔEgap lead to an increase in the inhibition efficiency. Results obtained from 
quantum chemical studies are in good agreement with quantum chemical parameters and experimental inhibition efficiencies.

Keywords Schiff base derivatives · Electrochemical Impedance Spectroscopy · Scanning Electron Microscopy · Adsorption

1 Introduction

Mild steel has been recognized as a preferential material 
for several industrial and structural applications. It is gener-
ally used due to its relatively low cost and good mechanical 
properties [1]. Hydrochloric acid is commonly used in the 
pickling bath to remove impurities, such as stains, inorganic 
contaminants, rust or scale from ferrous metals. In addition, 
in this study we have chosen this concentration to get an idea 
of our inhibitors in environments which are very aggressive 

because the inhibitors which give a high efficiency in 1 M 
HCl automatically give remarkable results with low con-
centration of HCl [2, 3]. In spite of its required qualities, 
mild steel can be prone to corrosion while in contact with 
aggressive environments such as acidic media [4]. Among 
the various preventions adopted to increase the devastating 
effects and to control the rate of corrosion, one of the most 
effective methods is the employment of organic compounds. 
Corrosion inhibition by organic compounds is explained as 
the result of adsorption on the surface of the metal forming 
a protective layer; this layer blocks the active sites present 
on mild steel surface and thereby isolates the mild steel from 
corrosive attack [5].

Factors that mainly affect the adsorption mechanism of 
inhibitors to the metal surface are: the molecular structure, 
the nature of the metal, environment of metal–solution inter-
face [6].

A compound’s effectiveness in a chemical reaction is 
related to its geometric and electronic molecular structure. 
The geometry of the molecule is related to the optimal way 
in which the inhibitor might cover the metal surface then has 
a strong influence on the adsorbability of the inhibitor on the 
metal surface. Thus, compounds that have planar geometry 
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often have higher inhibition efficiencies than correspond-
ing compounds that have less planar geometry. Interactions 
between the inhibitor and the MS surface depend strongly on 
the electron density distribution in the inhibitors. Regions in 
the molecule with high electron densities would preferably 
donate electrons to partially filled or empty “d” orbitals of 
the metal resulting in a donor–acceptor binding [7].

Recently, Schiff base ligands (also known as imine) have 
shown a great inhibition efficiency in acidic media due to 
the presence of the –C=N– group; the nitrogen atom has 
unshared lone pair of electron which can form coordinate-
covalent bonds with the metal surface by their unshared 
lone pairs of electrons, while the π-bond interacts physi-
cally to enhance their adsorption affinity [8–10]. DFT (Den-
sity functional theory) is a quantum mechanical calculation 
extensively employed to interpret experimental results and 
to obtain structural parameters for even huge complex mol-
ecules [11].

Accordingly, this study was undertaken to evaluate the 
adsorption behavior and inhibition effect of three newly 
synthesized Schiff base namely 4-(pyridin-2-ylimino) 
pentan-2-one, 4-(pyrimidin-2-ylimino) pentan-2-one and 
4-((1H-tetrazol-5-yl) imino) pentan-2-one using Electro-
chemical Impedance Spectroscopy (EIS) and Potentiody-
namic Polarization (PP) techniques. Furthermore, detailed 
DFT computations have been performed using a theoretical 
DFT method to establish the correlation between the inhibi-
tor molecular structure and the inhibition impacts.

2  Materials and Methods

2.1  Inhibitors

See Table 1.

2.2  Synthesis

The ligand CE4 was prepared according to the literature 
methods [12]. For CE5 and CE20: a mixture of pentan-
2,4-dione (25  mmol), 2-aminopyridine or 1H-tetrazol-
5-amine (25 mmol) and ethanol (30 ml) was steered and 
heated at 75 °C for 16 h. The solution was cooled at room 
temperature to precipitate the product; the solid was filtered 
and washed with ethanol. The new ligands CE5 and CE20 
were synthesized using a simple procedure by reacting an 
equimolar 1:1 of 2-aminopyridine or 1H-tetrazol-5-amine 
and pentan-2,4-dione. The desired products were isolated 
easily by precipitation in ethanol. Besides, CE5 and CE20 
were characterized by 1H, 13C NMR and melting point 
(Scheme 1).

(2Z)‑4‑(pyridin‑2‑ylimino)pent‑2‑en‑2‑ol (CE5) Brown 
Solid. Yield: 60%. 1H NMR (300 MHz,  DMSOd6) δ: 1.91 
(s, 3H,  CH3–C–OH); 2.04 (s, 3H,  CH3–C=N), 5.25 (s, 1H, 
CH enol); 6.99 (m, 2H,  HPy); 7.06 (m, 1H,  HPy); 7.34 (m, 
1H,  HPy).13C NMR (300 MHz,  DMSOd6) δ: 20.08 (1C, 
C–C=N); 29.62 (1C,C–C–OH); 98.57 (1C,C=C), 119.51 

Table 1  Molecular 
nomenclature, structures and 
abbreviated names of the 
exanimated inhibitors CE4, CE5 
and CE20

Molecular name Molecular structure Abbreviations

(2Z)-4-(pyridin-2-ylimino)pent-2-en-2-ol

N

N

H3C CH3

OH

CE5

(2Z)-4-(pyrimidin-2-ylimino)pent-2-en-2-ol

NN

N

H3C CH3

OH

CE4

(2Z)-4-((1H-tetrazol-5-yl)imino)pent-2-en-2-ol

N

H3C CH3

OH

N

N

NH

N

CE20
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(1C,  CPy); 120.94 (1C,  CPy); 130.60 (1C,  CPy); 139.82 (1C, 
 CPy); 160.11 (2C,  CPy and C=N); 195.87 (1C,C–OH).Mp: 
86–88 °C.

(2Z)‑4‑(pyrimidin‑2‑ylimino)pent‑2‑en‑2‑ol (CE4) Yellow 
Solid. Yield: 70%. 1H NMR spectrum shows signals strong 
signals at δ 2.50 (3H, s), 3.44 (3H, s), 6.52–6.55 (1H, t), 
6.62 (1H, s), 8.16–8.24 (2H, d) and 12.50 (1H, s) ppm. 
These have been assigned to –CH3 protons, pyrimidine pro-
ton, pentan-2, 4-dione proton, pyrimidine protons and –OH 
proton. 13C NMR spectrum shows signals at 40.02, 110.69, 
158.58 and 164.13 ppm assigned to –CH3 carbons, pentan-2, 
4-dione carbons, pyrimidine carbons, and –C=N carbon.

(2Z)‑4‑((1H‑tetrazol‑5‑yl)imino)pent‑2‑en‑2‑ol (CE20) White 
solid. Yield: 62%. 1H NMR (300 MHz,  DMSOd6) δ: 2.67 
(s, 3H,  CH3–C–OH); 2.86 (d, 3H,  CH3–C=N), 7.37 (m, 
1H, CH enol).13C NMR (300 MHz,  DMSOd6) δ: 16.94 (1C, 
C–C=N);25.46 (1C,C–C–OH); 113.75 (1C, C=C), 145.78 
(1C,  CTz); 155.15 (1C, C=N); 169.76 (1C, C–OH).Mp: 
228–230 °C.

2.3  Mild Steel Specimens

For weight loss, electrochemical and SEM analyses, the mild 
steel composition is given as 0.38 wt% (Si), 0.21 wt% (C), 
0.09 wt% (C), 0,05 wt% (S), 0,01 wt% (Al), 0,05 wt% (Mn) 
and 99.21 wt% (Fe) were employed. Before each test the 
specimens were polished with an abrasive paper (180–1200), 
rinsed by distilled  H2O, degreased with acetone and then 
dried under the flow of dry air.

2.4  Solutions

Analytical grade 37% HCl was diluted with distilled water to 
obtain the corrosive 1 M HCl solution. The range of concen-
tration considered was  10−6 to  10−3M of inhibitors.

2.5  Weight Loss Measurements

To evaluate the inhibition action of inhibitor, weight loss 
measurement was described in different literature publica-
tions. By using this method, the corrosion rate ( � ) and inhi-
bition efficiency (EIν%) were calculated from Eqs. (1) and 
(2), respectively, where m0 and mi are the mass of the test 
specimen before and after corrosion, S is the specimen’s 
surface, t is the immersion time, �i and �0 are corrosion rate 
of the MS specimen in HCl medium with and without dif-
ferent concentrations of inhibitors [13, 14]:

2.6  Electrochemical Studies

The corrosion inhibition performance of CE4, CE5, and 
CE20 on MS in 1 M HCl was analyzed by standard electro-
chemical methods. A standard three-electrode cell assembly 
was constructed with 1 cm2 exposed area of polished MS as 
working electrode (WE), saturated calomel electrode (Ag/
AgCl) as reference electrode (RE) and platinum as counter 

(1)�i =
m0 − mi

S.t

(2)EI�% =
�0 − �i

�0
× 100.

Scheme 1  Schematic preparation of the ligands CE4, CE5, and CE20 
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electrode (CE). The cell was connected to a PGZ 100 type 
Potentiostat controlled using the Volta master 4 software. All 
the experiments were performed after 30 min of immersion 
time to attain the equilibrium state. EIS study was obtained 
over a frequency range of 100 mHz to 100 kHz at OCP with 
alternating current ± 10 mV of amplitude. The Tafel studies 
were carried out by applying the electrode potential from 
− 800 to − 200 mV at a polarization scan rate of 1 mV s−1. 
Both Tafel segments of cathodic and anodic curves were 
extrapolated to corrosion potential in order to determine the 
PP parameters.

The inhibition efficiency  (IEPP) was assessed by using icorr 
values as given in Eq. (3) [15]:

where icorr and i′
corr

 are the corrosion current without and 
with inhibitor, respectively.

2.7  SEM Analysis

The surface morphologies of MS specimen surface in the 
presence and absence of inhibitors were carried using SEM 
technique at low magnifications by using FEI quanta 200. 
For that, the samples were immersed in 1 M HCl alone and 
after addition of the effective inhibitor concentration for 
6 h. After the immersion time, the test samples were drawn 
out and rinsed with distilled  H2O and finally dried to be 
analyzed.

2.8  DFT Computational Details

DFT calculations were accomplished using B3LYP at 6-31G 
(d, p) basis set for neutral and forms. All quantum calcu-
lations were performed for neutral forms in the gas phase 
using Gaussian 09 software package. The quantum chemical 
parameters extracted from the output file such as HOMO 
(highest occupied molecular orbit) and LUMO (lowest unoc-
cupied molecular orbit), dipole moment (μ), softness (σ), 
fraction of electron transferred (ΔN), electrophilicity (ω), 
nucleophilicity (ε) and Fukui functions have been also cal-
culated to understand the activity and corrosion inhibiting 
properties of the studied compounds.

2.9  Monte Carlo (MC) Simulation

This method was used to obtain the low configuration 
adsorption energy of the interactions of the three imines 
derivatives with iron surface in the presence of water. The 
COMPASS force field was used to optimize the structures 
of all components of the system. Then, we added 100 mole-
cules of water to the simulation box and enlarged to (12 × 12) 

(3)IEPP% =

[

icorr − i�
icorr

icorr

]

× 100

supercell with a vacuum slab of 50 Å. The Monte Carlo 
simulation was carried out using Adsorption Locator module 
in Materials Studio 7.0 software [16].

3  Results and Discussion

3.1  Weight Loss Measurements

Weight loss measurement is often exploited to determine the 
corrosion protection behavior of an inhibitor due to its sim-
plicity. All weight loss measurements were repeated three 
times under the same conditions to obtain creditable values. 
The variation of the weight loss at 298 K is displayed in 
Table 2.

It appears from Table 2 that the rate of MS corrosion 
gradually decreases with the inhibitor’s concentration. The 
inhibitory behavior of these compounds is allocated to their 
adsorption on the MS surface, which restricts the dissolution 
by blocking the corrosion sites which generates a corrosion 
rate decrease. The IEν (%) of the three inhibitors follows the 
order CE20 > CE4 > CE5 [15, 17].

3.2  Potentiodynamic Polarization Measurements

Potentiodynamic polarization is a suitable method for moni-
toring the progress and the mechanism of the anodic and the 
cathodic reactions as well as identifying the effect of inhibi-
tor concentration on either cathodic or anodic reactions. 
Tafel curves for MS in the acidic solution with different 

Table 2  Effect of concentration of imine derivatives in 1M HCl 
obtained from weight loss measurements at 298 K after 6 h of immer-
sion

The values of the parameters marked in bolditalics are related to each 
other and have a significance on the protective power of the two prod-
ucts

Medium Concentration 
(M)

Corrosion rate 
(mg cm−2 h−1)

IEν (%)

1 M HCl – 0.6532 –
CE4 10−3 1.2280 88

10−4 1.2215 87
10−5 1.1104 70
10−6 0.7577 16

CE5 10−3 1.1758 80
10−4 1.0517 61
10−5 0.9929 52
10−6 0.8688 33

CE20 10−3 1.2411 90
10−4 1.2345 89
10−5 1.1431 75
10−6 0.8492 30
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concentrations of CE4, CE5, and CE20 are presented in 
Fig. 1.

Electrochemical corrosion kinetics parameters data 
obtained from the extrapolation of the polarization curves 
as a function of inhibitors concentrations, namely corrosion 
potential (Ecorr), current density (icorr), cathodic Tafel slopes 
(βc) and inhibition efficiency  (IEPP) are displayed in Table 3.

From Fig. 1 and Table 3 it is obvious that the val-
ues of current density icorr of MS after addition of the 
studied compounds are much smaller than that in the 
blank solution, which is explained by better adsorption 
of investigated molecules on the metal surface. These 
observations confirm that the studied compounds exhibit 
excellent inhibition performance against the corrosion of 
MS in the HCl solution [13]. The values of icorr simultane-
ously decreased with inhibitor concentration and reached 
a minimum value at  10−3 M. Accordingly,  IEPP reaches 
a maximum value of 88% for CE20, indicating that this 
compound performs as an efficient inhibitor on MS cor-
rosion in acidic solutions.
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Fig. 1  Polarization curves for MS exposed to various corrosive solutions at 298 K

Table 3  Potentiodynamic polarization parameters for MS exposed to 
various corrosive solutions at 298 K

The values of the parameters marked in bolditalics are related to each 
other and have a significance on the protective power of the two products

Medium Concen-
tration 
(M)

− Ecorr 
(mV/Ag/
AgCl)

icorr (µA 
 cm−2)

− βc 
(mV 
 dec−1)

IEPP (%)

1 M HCl – 436 694 139 –
CE4 10−3 381 98 114 86

10−4 376 114 121 84
10−5 390 232 115 67
10−6 375 604 145 13

CE5 10−3 387 163 112 77
10−4 379 307 141 56
10−5 389 366 168 47
10−6 376 472 146 32

CE20 10−3 380 84 118 88
10−4 371 92 132 87
10−5 375 193 133 72
10−6 394 514 139 26
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From Table 3 we notice that the addition of CE4, CE5, 
and CE20 had a negligible effect on the cathodic Tafel slopes 
(βc), indicating that the adsorption does not imply a change 
in the mechanism of cathodic reaction [17, 18].

It is evident that the studied inhibitors compounds act as 
corrosion inhibitors by getting adsorbed onto MS by simply 
blocking the active sites, and these results point out that 
the addition of the inhibitors reduces the anodic dissolution 
and also retards the cathodic hydrogen evolution reaction, 
indicating that this inhibitors exhibit a mixed-type inhibi-
tion effect. Further, it is also observed that the addition of 
inhibitors caused as a light shift of the corrosion potential 
(Ecorr) toward more electropositive values. According to the 
literature, If the displacement of Ecorr(inh) in regard to the 
Ecorr blank solution is higher than ± 85 mV, the inhibitor can 
be considered as a cathodic or anodic type [1, 2].

The decreases in the corresponding current densities 
and the increase in the degree of surface coverage (θ) with 
increasing inhibitors concentrations through the formation of 
anodic protective films on the electrode surface [19] affirm 
that these compounds perform as corrosion inhibitors for 
MS dissolution. The inhibition efficiency can be arranged 
at the optimum concentration of  10−3 M in the order: CE20 
(88%) > CE4 (86%) > CE5 (77%). The order of inhibitory 
efficacy increases with the number of nitrogen (N) heter-
oatoms. The presence of several heteroatoms in the mol-
ecule promotes electron sharing which reflects its higher 
reactivity. In addition, this order of effectiveness changes at 
the concentration of  10−6 M:CE5 > CE20 > CE4. Therefore, 
there is the probability that CE20 and CE4 compounds can 
be degraded with strong dilution. These results indicate that 
the pyridine ring is more resistant to degradation compared 
to the pyrimidine and tetrazole ring.

3.3  EIS Measurements

This method is considered an efficient analytical tool for the 
evaluation of the nature of corrosion inhibitors on the metal 
without disturbing the double layer at the MS/solution inter-
face. Inhibitory behavior of MS in 1 M HCl solution with 
various concentrations of CE4, CE5, and CE20 inhibitor 
was identified by EIS at 298 K after 30 min of immersion. 
The Nyquist diagrams are depicted in Fig. 2.

The Nyquist plots display a single semicircle capaci-
tive loop at all the studied concentrations of inhibitors. By 
increasing the concentration of inhibitors, the diameter of the 
capacitive loops increases, indicating that the MS corrosion 
is related to the charge transfer process. Furthermore, the 
capacitive semicircle loop is depressed under the real axis, 
which is mainly related to the frequency dispersion effect 
of irregular and rough electrode surface [20, 21]. Hence, 
the perfect double layer is not formed and double-layer 

capacitance (Cdl) can be replaced by constant phase element 
(CPE) with surface regularity factor (ndl).

The experimentally obtained plots were fitted using the sim-
ple Randel circuit Fig. 3, which includes three elements, Rs 
(solution resistance), CPE and Rct (charge transfer resistance). 
The proposed model exactly fits the experimental results.

The electrochemical parameters of impedance involving 
charge transfer resistance (Rct), double-layer capacitance 
(Cdl) and inhibition efficiency  (IEimp, %) determined from 
this technique are registered in Table 4.

According to Table  4, it should be pointed that Cdl 
decreases and Rct increases with the inhibitor concentrations 
increasing. The decrease in the value of the double-layer 
capacitance may be in accordance with the increase in the 
thickness of the electrical double layer or the decrease in the 
local dielectric constant, illustrating the adoption process of 
these compounds on the surface of the MS. The increase in 
charge transfer resistance results from the formation of a bar-
rier film on the MS interface [22]. These results are approved 
by those obtained by the Potentiodynamic polarization. The 
inhibition efficiencies recorded by EIS at the maximum con-
centration are 85% for CE4 and CE20 and 75% for CE5. The 
high inhibitive properties of these compounds are mainly 
due to the availability of their π-electrons of –C=N azome-
thine double bond, –OH and methyl functional groups, 
which can coordinate with metals to form a barrier between 
the metal and corrosive elements [23] (Table 5).

3.4  Adsorption Isotherm and Thermodynamic 
Parameters

The adsorption isotherms afford important information 
about the exchanges inhibitor molecules/metal surface. To 
show maximum adherence of an inhibitor to an appropriate 
model and the assumptions upon which it was derived, the 
slope of the plot should be unity. It is believed that the closer 
the slope is to unity, the more likely the inhibitor obeys the 
isotherm model.

The adsorption isotherm models are given by the follow-
ing equation:

(4)

KCinh =
�

1 − �
;

Cinh

�
versus Cinh (Langmuir isotherm)

(5)
e(−2f �) = KCinh; � versus ln(Cinh) (Temkin isotherm)

(6)
� = KCn

inh
; ln (�) versus ln

(

Cinh

)

(Freundlich isotherm)

(7)

�

1 − �
e(−2f �) = KCinh;

� versus ln

(

Cinh

1 − �

�

)

(Frumkin isotherm)
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The experimental data obtained from electrochemical 
frequency modulation measurements were applied to dif-
ferent adsorption isotherm equations such as Langmuir, 
Freundlich, Temkin, and Frumkin (Fig. 4). The fitted linear 
regression coefficients (R2) as well as the slopes close to 
unity indicate that the adsorption of all studied compounds 
on the mild steel surface is accord to the Langmuir isotherm, 
which is explained by a single-layer characteristic [24, 25]. 
The adsorption isotherm relationship of Langmuir is repre-
sented by Eq. (8) [26, 27]:

where Cinh is the inhibitor concentration, K is the equilib-
rium constant of the adsorption/desorption process and θ is 
the surface coverage of inhibitor.

It seems evident from Fig. 4 that the plot of the linear fit 
is a straight line with a standard coefficient of regression 
and a slope value proximately unity which confirms that 
the Langmuir isotherm model is the most adequate for the 
three inhibitors.

The value of the equilibrium constant, Kads, which can 
be determined from the reciprocal of the intercept of C/θ-
axis is used to estimate the standard free energy of inhibi-
tor adsorption, ΔG0

ads, on the metal surface. The following 
equation is reported for the calculation of ΔG0

ads at different 
temperatures.

The free energy of adsorption (∆Gads) is calculated using 
Eq. (9) [28, 29]:

(8)
Cinh

�
= Cinh +

1

K
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Fig. 2  EIS diagrams of MS immersed in diverse concentrations of inhibitors at 298 K

Fig. 3  Randel Electrical equivalent circuit
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where R is the gas constant (R = 8.314 J mol−1 K−1), Τ is the 
absolute temperature (K) and the factor 55.5 is the  C(H2O) 
in mol/L.

It is believed that an inhibitor molecule is physi-
cally adsorbed by generating an electrostatic interaction 
between the charged molecules and the metal if the free 
energy values are around − 20 kJ mol−1 [29], whereas 
values close to − 40 kJ mol−1 or higher indicate the for-
mation of a coordinated covalent bond explained by a 
chemical adsorption process that involves the transfer 
(or sharing) of electrons between the inhibitor molecules 
and the surface of the metal [30]. Values of ΔG0

ads calcu-
lated for CE4, CE5 and CE20 are − 42.22, − 40.69 and 
− 40.07 kJ mol−1, respectively. It is thus evident that the 
Schiff Base compounds chemically adsorb on MS surface 
at ambient temperature in acidic media with the help of a 
coordinate bond formed between the investigated inhibi-
tor molecules and the surrounding d-orbital of the surface 
of mild steel through lone pair of electrons of N, and O 
atoms.

(9)ΔGads = −RT ln(55.5K)

3.5  Temperature Effect and Thermodynamic 
Parameters

The temperature outcome on the corrosion inhibition of MS 
in acidic solutions in the absence and presence of various 
concentrations of the Schiff’s base inhibitors studied was 
tested using polarization experiments over a temperature 
range from (298 to 322 K) and shown in Fig. 5. The cor-
responding parameters (Ecorr, icorr, bc, and  IEPP) collected 
from the curves are listed in Table 6. These results reveal 
that the increase in temperature has a slight influence on 
the corrosion inhibition of MS in the presence of inhibitors 
compared to the blank solution. It can be deduced that the 
dissolution of the metal takes place by a chemical adsorption 
process involving strong interactions between the different 
inhibitors and the surface of MS.

Table  6 shows that the increase in the temperature 
decreases the inhibition efficiency of the three inhibitors as 
a consequence of a partial desorption of the inhibitor’s mol-
ecules from the metal surface.

The energy of activation (Ea) was estimated using the 
Arrhenius Eq. (10) and registered in Table 7 [31]:

where Τ is the absolute temperature, and Ɍ is the gas 
constant.

The enthalpy and entropy of activation ( ΔH∗ and ΔS∗ ) 
could be determined through the alternative formulation of 
the Arrhenius Eq. (11) [32, 33]:

(10)Ln icorr = −
Ea

RT

Table 4  Impedance parameters 
for MS in diverse concentrations 
of inhibitor compounds at 
298 K

The values of the parameters marked in bolditalics are related to each other and have a significance on the 
protective power of the two products

Medium Concen-
tration 
(M)

Rs (Ω  cm2) Rct (Ω  cm2) Cdl (µF  cm−2) ndl Q (µF  Sn−1) Ɵ IEimp (%)

1 M HCl – 1.09 35 121 0.769 427 – –
CE4 10−3 1.56 226 33 0.782 97 0.845 85

10−4 1.52 207 43 0.780 121 0.831 83
10−5 1.52 79 62 0.788 191 0.556 56
10−6 1.17 37 85 0.776 309 0.054 05

CE5 10−3 1.57 138 54 0.773 165 0.746 75
10−4 0.82 74 60 0.757 223 0.527 53
10−5 1.48 64 74 0.768 255 0.453 46
10−6 2.55 50 64 0.824 175 0.300 30

CE20 10−3 1.46 236 34 0.782 97 0.852 85
10−4 1.51 198 42 0.767 127 0.823 82
10−5 1.42 61 73 0.748 285 0.426 43
10−6 2.14 38 85 0.744 368 0.078 08

Table 5  Equilibrium constant and ΔG0
ads values for MS 1 M HCl in 

the existence and nonexistence of studied compounds at 298 K

Inhibitor K (L  mol−1) ΔG0
ads (kJ mol−1)

CE4 1.50 × 105 − 42.22
CE5 5.39 × 105 − 40.69
CE20 1.5 × 104 − 40.07
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where N refers to Avogadro’s number, and h is the Plank’s 
constant.

Figure 6 presents the variation in the logarithm of the 
corrosion rate as a function of 1000/T for different concen-
trations. Figure 7 illustrates the change in Ln icorr/T versus 
1000/T. As can be seen, straight lines fit are given for all 
studied inhibitors. The obtained results are compiled in 
Table 7.

From the results of Table 7 we observe an increase in the 
Ea in the presence of the optimum concentration for the vari-
ous inhibitors studied when compared to that in its absence, 
this increase can be interpreted as a process of adsorption of 
physical nature which by forming electrostatic bonds. The 
ΔH* values are positive for the three studied inhibitors; this 
implies that the adsorption of the inhibitors molecules on 
MS is controlled by an endothermic process. [34].

(11)Ln
icorr

T
=

RT

Nh
e

ΔS∗

R e−
ΔH∗

RT

Moreover, an inspection of ΔS* data shows that the acti-
vation entropies obtained in the presence of inhibitors are 
greater than those in the absence of inhibitors. The negative 
values of ΔS* imply a decrease in the disorder when the 
reagents are transformed into an activated complex [35]. 
Inhibitor molecules might freely move in the blank solution 
before they adsorb onto the MS but with the progress in the 
adsorption, inhibitor molecules were orderly adsorbed on the 
mild steel surface which involves an entropy decrease. It is 
believed that since the adsorption is an exothermic process 
there must be a decrease in entropy [37, 39].

3.6  Surface Analysis

For the surface characterization, scanning electron micros-
copy (SEM) is a powerful tool to examine the morphology 
of the metal surface and the accumulation of the corrosion 
products on the corroded specimens. Figure 8a–e SEM 
image of (a): mild steel, (b): Blank immersed at 1 M HCl, 
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Fig. 4  Langmuir, Temkin, Freundlich, and Frumkin models for the adsorption of CE20, CE4 and CE5 on MS surface in 1 M HCl at 298 K
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(c):  10−3 M of CE4 inhibitor, (d):  10−3 M of CE5 inhibitor 
and (e):  10−3 M of CE20 inhibitor, respectively, shows the 
SEM image of uninhibited and inhibited mild steel speci-
mens in 1 M HCl for 6 h of the immersion at the effective 
concentration of the Schiff base inhibitors.

We observe that the surface is relatively smooth for the 
MS inhibited specimens, whereas the surface of the unin-
hibited mild steel specimen is highly corroded by reason of 
acid attack [30, 31]. This proves that the inhibition is done 
through the formation of an adsorbed film of the Schiff base 
molecules on the metal surface.

3.7  Evaluative Study Via Quantum Chemical 
Calculations

This study was undertaken to establish the relationship 
between the electronic properties of molecular structure and 
the corresponding inhibitive effect on the MS surface. Figure 8 

shows optimized geometry structures of HOMO: Highest 
Occupied Molecular Orbital and LUMO: Lowest Unoccupied 
Molecular orbital of the studied compound. The geometrically 
optimized structure and electronic properties (EHOMO, ELUMO, 
total energy, dipole movement) are obtained by DFT method 
and other quantum chemical parameters such as energy gap 
(ΔE), total energy, dipole moment (µ), global hardness (η), 
softness (σ), electronegativity (χ) and fraction of electrons 
transferred from the inhibitor molecule to the metal surface 
(ΔN) are summarized in Table 9. The different parameters are 
calculated by the following equations [40–43].

(12)ΔEgap (eV) = ELUMO − EHOMO

(13)� =
1

2

(

EHOMO + ELUMO

)
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Fig. 5  Polarization curves of the Blank solution and the solutions with the presence of the effective concentrations of CE4, CE5, and CE20
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where χFe and ηFe are the absolute electronegativity and 
hardness of the metal, respectively.

χinh and ηinh are the absolute electronegativity, and the 
absolute hardness of the inhibitor molecule, respectively.

The HOMO value is higher in the zone to the ester 
oxygen and nitrogen, which is attributed to the posses-
sion of the inhibitor’s atoms O and N of a lone pair of 
electrons. Hence, the preferred active sites for donating 
electrons are mainly located within the regions around 
oxygen and nitrogen atoms. The LUMO densities are 
higher on the pyridine region, indicating the preferred 
active sites for accepting electrons. Thereby it is reason-
able to assume that the ester oxygen donates electrons 
and form strong interaction with unoccupied d-orbitals of 
metal. The interaction of inhibitor and metal surface can 
occur based on donor–acceptor interactions [44]. Table 8 
shows the higher value of EHOMO indicating a tendency to 
sharing electrons with suitable acceptors that have vacant 
molecular orbital. The lower value of ELUMO indicates 
the ability to accept an electron from a donor molecule 
[45]. The EHOMO value of iron is Fe (− 0.201 eV),  Fe+2 
(− 1.001 eV), and  Fe+3 (− 1.765 eV) which is less than 
that of the inhibitor molecules (− 6.29, − 6.73, − 6.92 eV). 

(14)� =
1

2

(

EHOMO − ELUMO

)

(15)�=
1

�

(16)ΔN =
�Fe − �inh

2
[

�Fe + �inh
]

Table 6  Polarization parameters and corresponding inhibition effi-
ciencies for CE4, CE5 and CE20 in 1 M HCl solution at various tem-
peratures

The values of the parameters marked in bolditalics are related to each 
other and have a significance on the protective power of the two products

Medium Tem-
perature 
(K)

− Ecorr 
(mV/Ag/
AgCl)

icorr (µA  cm−2) − βc 
(mV 
 dec−1)

IEPP (%)

1 M HCl 298 436 694 139 –
308 457 910 105 –
318 454 1300 93 –
328 452 1991 94 –

CE4 298 381 98 114 86
308 440 147 129 84
318 444 222 105 82
328 437 370 104 81

CE5 298 387 163 112 77
308 462 246 93 73
318 438 389 98 70
328 439 700 109 65

CE20 298 380 84 118 88
308 441 174 129 81
318 436 294 114 77
328 442 558 132 72

Table 7  Dissolution parameters of MS in in corrosive solution with 
and without the addition of the inhibitor’s CE4, CE5, and CE20 effec-
tive concentrations

Medium Ea (KJ  mol−1) ΔH∗ (KJ  mol−1) ΔS∗ (J mol−1 K−1)

1 M HCl 30.38 27.69 − 113.32
10−3 M of CE4 38.01 35.33 − 104.68
10−3 M of CE5 41.72 39.04 − 88.58
10−3 M of 

CE20
53.76 51.08 − 54.40
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Hence it is clear that the inhibitor molecules donate elec-
trons to the metal. The energy gap between EHOMO and 
ELUMO is referred to as ΔE. Lower energy gap means easy 
jumping of electron HOMO to LUMO of the other mol-
ecule, which may result in high efficiency values [46]. 

In addition, it can be seen in Table 8 that EC20 has the 
highest value of softness (0.3726) and the lowest value 
of hardness (2.6835), which indicates that this compound 
is the most reactive compared to the other compounds 
[47]. Electronegativity (χ) is the measure of the power of 
an electron or group of atoms to attract electrons toward 
itself [48]. The calculated electronegativity values pre-
sented in (Table 1) show that CE20 has higher χ value 
than CE4 and CE5. This implies that CE20 has a higher 
power to attract electrons to itself and hence a better cor-
rosion inhibitor. The electrophilicity (ω) and nucleophi-
licity (ε) are chemical reactivity descriptors that provide 
the capacity of the molecule to receive and release elec-
trons. In our case, the inhibitor CE20 with high electro-
philicity value and low nucleophilicity value than the 
other compounds, has the highest inhibition efficiency.

The high dipole moment values are linked to high inhi-
bition efficiency resulting from the large dipole inhibitor’s 
molecule and the metal surface interaction, all inhibitors 
have higher dipole moments compared to water (1.8 D), and 
hence they easily displace water molecule from the metal 
surface [49]. According to the literature [40, 44, 46] if ΔN 

Fig. 8  SEM of MS: a polished; b immersed in 1 M HCl for 6 h; c immersed in  10−3 M of CE4, d immersed in  10−3 M of CE5 and e immersed in 
 10−3 M of CE20

Table 8  Quantum chemical parameters for neutral molecules of CE4, 
CE5, and CE20 calculated with DFT/B3LYP/6-31G (d,p) method in 
a gas phase

Parameters CE5 CE4 CE20

EHOMO (eV) − 6.2982 − 6.7363 − 6.9232
ELUMO (eV) − 0.8650 − 1.1720 − 1.5562
∆Egap (eV) 5.4331 5.5643 5.3670
η (eV) 2.7165 2.7821 2.6835
σ  (eV−1) 0.3681 0.3594 0.3726
χ (eV) 3.58164 3.9541 4.2397
ω 2.3610 2.8099 3.3492
ε 0.4235 0.3558 0.2985
∆N 0.6291 0.5473 0.5142
μ (D) 3.7040 2.7129 5.2068
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is less than 3.6 the inhibitor has the tendency to donate an 
electron to the mild steel surface. In this, study the values of 
ΔN are less than 3.6 for all the inhibitors which confirm that 
the three inhibitors strongly interact with the metal surface 
[50, 51]. All these calculations correlated the experimental 
results.

The local reactivity of the studied inhibitors is investi-
gated using the condensed Fukui indices which are an indi-
cation of the reactive centers of molecules (nucleophilic and 
electrophilic centers) [49]. Electrophilic f −

k
 and nucleophilic 

f +
k

 attacks are calculated using Eqs. (17) and (18) [52]:

Table 9 includes the values of the Fukui functions for 
the three molecules after a nucleophilic and electrophilic 
attack. Analysis of this results shows that the highest values 
of f +

k
 are localized on the atoms C7 and N6 for the molecule 

CE20, on the atoms C2, C6 and N1 for the molecule CE4 
and on the atoms C2, C3, C6, C8 and N1 for the molecule 
CE5 which argues that these sites are electrons acceptors, 
while the high values of f −

k
 are shown on the atoms O12 and 

N6 for the molecule CE20 and the atoms O13 and N7 for 
both the atoms CE5 and CE4 which implies that these sites 
are electrons donor. These results explain the high adsorp-
tion of those molecules on the MS surface [53].

3.8  Monte Carlo (MC) Simulation

In order to better understand the adsorption behavior of 
the inhibitors tested. We have considered Monte Carlo 

(17)For nucleophilic attack ∶ f +
k
= Pk(N + 1) − P

k
(N)

(18)For electrophilic attack ∶ f −
k
= Pk(N) − Pk(N − 1)

simulations of the inhibitor molecules on Fe (110) surface 
in the presence of water molecules. The most stable low-
energy adsorption patterns of CE5, CE4 and CE20 inhibitors 
on Fe (110)/100 H2O molecule system are shown in Fig. 9.

In general, the mechanism of corrosion inhibition is 
by adsorption [54]. It is clear from the absolute value 
of the adsorption energies of studied inhibitors on the 
iron surface in the presence of water follows the order: 
CE20 > CE5 > CE4. This ordering also corroborates with 
the result obtained by experimental Techniques and DFT 
method. In all studied systems, the adsorption energies of 
the inhibitors are far higher than that of  H2O molecules 
(Table 10) and reflect the possibility of gradual substitu-
tion of  H2O molecules from the Fe (110) surface [55], 
indicating a great capacity of these molecules to form a 
protective film by adsorption on the surface of Mild steel 
[56, 57] (Fig. 10).

4  Conclusions

The undertaken experimental and theoretical studies on 
the corrosion inhibitive action of novel Schiff base com-
pounds on mild steel in 1 M HCl solution were investi-
gated. The results obtained lead to the conclusion that 
CE4, CE5, and CE20 act effectively in reducing the cor-
rosion rate of mild steel in corrosive solutions. Increas-
ing the concentrations of these inhibiting compounds 
increases their inhibiting effectiveness to its highest 
value (88%) at  10−3 M of CE20. The potentiodynamic 
polarization curves indicate that the studied Schiff’s base 

Table 9  Fukui functions of the 
Schiff’s base inhibitors CE4, 
CE5, and CE20

Inhibitor Atom k P (N) P (N + 1) P (N − 1) f +
k

f −
k

CE 5 1 N 7.48268 7.59011 7.4696 0.10743 0.01308
2 C 5.92461 6.03574 5.90503 0.11113 0.01958
3 C 5.56215 5.69649 5.57564 0.13434 − 0.01349
6 C 6.12641 6.3081 6.11087 0.18169 0.01554
7 N 7.48919 7.49707 7.30376 0.00788 0.18543
8 C 5.61647 5.73312 5.5806 0.11665 0.03587
13 O 8.5401 8.54284 8.2865 0.00274 0.2536

CE 4 1 N 7.50123 7.61299 7.48626 0.11176 0.01497
2 C 5.88517 6.05421 5.8696 0.16904 0.01557
6 C 5.86742 6.08908 5.85336 0.22166 0.01406
7 N 7.51176 7.51454 7.34795 0.00278 0.16381
13 O 8.53936 8.54067 8.26818 0.00131 0.27118

CE 20 6 N 7.5002 7.62218 7.30211 0.12198 0.19809
7 C 5.63764 5.88652 5.59282 0.24888 0.04482
12 O 8.54103 8.54613 8.30448 0.0051 0.23655
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molecules are of a mixed type. The impedance graphs 
show that the studied inhibitors have a higher inhibition 
performance is related to high values of charge transfer 
resistance which arises from the adsorption on the metal 
surface. The adsorption of inhibitor molecules on the sur-
face of mild steel results in the formation of a barrier film 
that blocks the reaction sites following Langmuir adsorp-
tion isotherm in our case. Surface analysis confirms the 
presence of a protective layer formed on the surface of 

Fig. 9  Optimized structure, HOMO and LUMO energies of CE4, CE5, and CE20

Table 10  Adsorption energies for studied inhibitors on 
Fe(110)/100H2O system obtained using the Monte Carlo simulation 
(all units in kcal/mol)

Systems Adsorption energy 
inhibitor

Adsorp-
tion energy 
water

Fe(110)/CE4/100H2O − 1656.83 − 14.12
Fe(110)/CE5/100H2O − 1657.02 − 12.62
Fe(110)/CE20/100H2O − 1675.69 − 15.48
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MS. The theoretical studies are in agreement with the 
experimental ones.
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