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A B S T R A C T

The efficacy of two compounds, namely 12-(4-chlorophenyl)-3,3-dimethyl-3,4,5,12-tetrahydrobenzo[4,5] imi-
dazo[2,1-b]quinazolin-1(2H)-one (Q-Cl) and 3,3-dimethyl-12-phenyl-3,4,5,12-tetrahydrobenzo[4,5]imidazo
[2,1-b]quinazolin-1(2H)-one (Q-H), in inhibiting corrosion on mild steel in 1.0M hydrochloric acid was evalu-
ated. Surface analytical techniques and electrochemical procedures were employed for examination. The results
demonstrated that both Q-Cl and Q-H significantly inhibit corrosion. Specifically, Q-Cl achieved an inhibition
efficiency of 85.2 % at a concentration of 10⁻3 M, while Q-H exhibited a higher inhibition efficiency of 91.5%.
Electrochemical investigations suggested that both Q-Cl and Q-H acted as inhibitors of mixed-type corrosion.
These chemicals efficiently prevented metal corrosion through adsorption, conforming to Langmuir’s adsorption
isotherm model. The adsorption mechanism of corrosion inhibition was further supported by surface in-
vestigations and scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX). Additionally,
Density Functional Theory (DFT) and other computational approaches were employed to study the anti-corrosion
mechanism of Q-Cl and Q-H. These simulations yielded theoretical results that aligned with the preceding
experimental findings.

1. Introduction

Each year, corrosion has significant global consequences by causing
the spontaneous destruction of metallic materials through chemical,
biological, and electrochemical interactions with the surrounding
environment [1,2]. This phenomenon dramatically influences several
industries, leading to potential pollution risks, the need for replacement
of corroded parts, or even production stoppages, resulting in substantial
economic costs. The frequent application of acid solutions in thermal or

chemical treatments of materials [3,4], such as pickling and cleaning of
boilers and oil wells, as well as the use of saline solutions as coolants in
certain sectors, often leads to significant corrosion issues that require
prompt intervention.

To solve this problem, many protection techniques have been
developed. Among the most widely used techniques are cathodic pro-
tection, treatment with metallic and polymeric coatings, and modifica-
tion of the corrosive environment [5,6]. The latter strategy is frequently
employed by industries and researchers. It involves injecting small
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quantities of corrosion inhibitors into the aggressive environment. These
compounds, known as ’corrosion inhibitors,’ must be environmentally
safe, cost-effective, and easy to use [7]. Their presence delays or even
prevents the dissolution reaction between the substance and its
environment.

Organic compounds have been widely recognized for their effec-
tiveness as corrosion inhibitors in industrial applications [8]. These
compounds typically contain a variety of functional groups and het-
eroatoms, such as oxygen, nitrogen, phosphorus, and sulfur, which
enable them to adsorb onto metal surfaces. This adsorption forms a
protective barrier between the metal surface and the corrosive envi-
ronment. Moreover, these inhibitors can effectively reduce corrosion by
blocking active sites on the metal surface [9–12]. Research indicates that
the inhibition efficiency of compounds containing heteroatoms gener-
ally follows the order O < N < S < P, which can be attributed to the
electronegativity of these atoms [13,14]. It is well-documented that the
corrosion inhibition process is primarily due to the formation of
donor-acceptor complexes on the iron surface and the electron-donating
ability of organic inhibitors [15,16]. Among various nitrogen-containing
compounds, Quinazoline Derivatives have been particularly noted for
their high efficacy in reducing corrosion rates and preventing hydrogen
embrittlement in steels exposed to acidic environments [17,18].

The purpose of the study is to investigate how mild steel is protected
in 1.0M HCl solution by examining the interactions of two distinct
organic molecules with the substrate: 12-(4-chlorophenyl)-3,3-
dimethyl-3,4,5,12-tetrahydrobenzo[4,5]imidazo[2,1-b]quinazolin-1
(2H)-one and 3,3-dimethyl-12-phenyl-3,4,5,12-tetrahydrobenzo[4,5]
imidazo[2,1-b]quinazolin-1(2H)-one. The inhibitory effects of these
compounds were compared using stationary and transient electro-
chemical methods. Complementary techniques, such as surface analysis
(SEM-EDAX) and solution analysis (ICP), were employed to provide
further insights into the inhibitory mechanism. However, these experi-
mental methods alone do not fully elucidate the mechanisms of action of
the inhibitors. To assess the relationship between the inhibitory effects
of the investigated derivatives and their molecular structures, Density
Functional Theory (DFT) simulations were conducted.

2. Experimental details

2.1. Materials and sample preparation

The studies are performed on plain steel samples whose chemical
composition (%) is shown in Table 1:

The steel substrate underwent a process of sequential polishing using
emery paper with different grit sizes, which ranged from 180 to 2000.
The samples were then cleaned with distilled water and ethanol and
dried at room temperature.

2.2. Preparation of solutions

Analytical-grade hydrochloric acid (37% w/w) was diluted with
distilled water to prepare a 1.0M hydrochloric acid solution, which
served as the corrosive medium for the experiments. It is recognized that
this solution will damage the steel’s surface. The study employed qui-
nazoline derivatives as inhibitors, with concentrations ranging from 10⁻⁶
M to 10⁻3 M. The solubility of the inhibitors in the corrosive mediumwas
investigated, and based on that, the aforementioned concentration
range was selected. Additionally, a blank solution was prepared for
comparison purposes. Table 2 displays the molecular structures of Q-Cl
and Q-H, as shown below.

2.3. Electrochemical cell

The investigation utilized electrochemical methods, including
potentiodynamic polarization curves and electrochemical impedance
spectroscopy (EIS), in a three-electrode cell setup with steel as the
working electrode. Prior to the experiments, the working electrode was
subjected to 30 minutes of free corrosion to establish a quasi-stationary
corrosion potential (Ecorr). Subsequently, polarization curves and EIS
measurements were generated using a PGZ100 potentiostat and
analyzed with EC-Lab V 9.97 software.

2.4. SEM/EDX

Surface morphological investigations were conducted using SEM and
EDX to validate the electrochemical findings. Steel samples, both with
and without Q-Cl and Q-H, were submerged in a 1 M HCl solution for
6 h and analyzed using the Quanta FEG 450 to produce SEM images.
EDX analysis was performed in tandem with SEM investigations.

2.5. ICP spectrometry

The elemental composition and ion concentration of mild steel sur-
faces were examined using inductively coupled plasma (ICP) spec-
trometry. This evaluation was conducted under two conditions: without
any added corrosion-inhibiting molecules and with them. Specifically,
the mild steel substrate was immersed in two different solutions: 1.0 M
hydrochloric acid and 1.0 M hydrochloric acid containing Q-Cl and Q-H
inhibitors, for a period of 6 hours at a temperature of 298 K. The results
of our investigation indicate that the addition of Q-Cl and Q-H inhibitors
to the HCl solution reduces the concentration of ions generated on the
mild steel surface, demonstrating the successful inhibition of corrosion
by these inhibitors. These findings have practical implications for the
development of new corrosion inhibitors specifically designed for mild
steel in aggressive environments.

Table 1
Mass content of impurities present in the studied plain steel.

Elements C Si Mn Cr Mo Ni Al Co Cu V W Fe
Teneur % 0.11 0.24 0.47 0.12 0.02 0.1 0.03 <0.0012 0.14 <0.003 0.06 98.7

Table 2
Noms, structures chimiques et abréviations des composés de pyrane étudiés.

Abbreviation Chemical structure Name / Molar mass

Q-Cl 12-(4-chlorophenyl)− 3,3-
dimethyl− 3,4,5,12-
tetrahydrobenzo[4,5]
imidazo[2,1-b]
quinazolin− 1(2H)-one
M=377 g/mol

Q-H 3,3-dimethyl− 12-
phenyl− 3,4,5,12-
tetrahydrobenzo[4,5]
imidazo[2,1-b]
quinazolin− 1(2H)-one
M=343 g/mol
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2.6. Theoretical details

The inhibitory properties of the studied organic molecules and their
chemical reactivity were evaluated using density functional theory
(DFT). Theoretical calculations were performed using Gaussian 09
software [19] with the B3LYP hybrid functional and the 6-311G(d,p)
basis set [20]. The electronic properties, such as the energies of the
highest occupied molecular orbital (EHOMO) and the lowest occupied
molecular orbital (ELUMO), as well as their energy gap (ΔEgap), hard-
ness (η), softness (σ), global electrophilicity, global nucleophilicity (ε),
back donation energy (ΔEb-d), and fraction of transferred electrons
(ΔN), were determined and analyzed. Moreover, Fukui indices were
used to evaluate the chemical reactivity of the studied inhibitor mole-
cules. The DFT calculations for the inhibitor molecules were performed
in an aqueous medium using water as the solvent. The integral equation
formalism of the polarizable continuum model (IEFPCM) was employed
to account for solvent effects in the calculations [21].

3. Result and discussion

3.1. Electrochemical studies

3.1.1. OCP
Prior to conducting electrochemical experiments, mild steel elec-

trodes were immersed in the solution for 1800s, and open circuit po-
tentials (OCPs) were recorded. Fig. 1 illustrates the OCP profiles for mild
steel samples in a 1.0 M HCl solution, both with and without varying
concentrations of Q-Cl and Q-H inhibitors, at 298 K. The plots reveal
that the corrosion inhibitors significantly influence the OCP compared
to the blank solution. The observed shifts in OCP are due to the
adsorption of the inhibitors onto the metal electrode surface, which
displaces corrosive species from the solution and alters the surface state
of the electrode. These findings provide evidence of the inhibitors’
adsorption on the metal surface.

3.1.2. EFM
Electrochemical Frequency Modulation (EFM) is a non-destructive

method for measuring corrosion, providing an estimate of the corro-
sion current. EFM involves subjecting the cell to two sine waves simul-
taneously, each at a different frequency. The system’s response to
potential stimulation is non-linear due to the non-linear relationship
between current and potential. Furthermore, the current response in-
cludes not only the two input frequencies but also various frequency

components, such as multiples, differences, and the cumulative total of
the input frequencies. These frequencies are deliberately selected rather
than chosen randomly. Opting for both frequencies as extremely small
integer multiples of the base frequency determines the experiment’s
duration. Representative waveforms for the frequency spectrum of mild
steel in 1.0 M HCl medium are illustrated in Fig. 2, showing input fre-
quencies of 2 Hz and 5 Hz, both in the presence and absence of variable
concentrations of Q-H and Q-Cl.

To ensure accurate measurements, the higher frequency used in
Electrochemical Frequency Modulation (EFM) experiments should be at
least twice the lower frequency. This frequency ratio helps achieve
reliable results by mitigating the influence of double layer charging on
the current response [22]. Typically, the upper frequency limit is set
around 10 Hz to maintain a moderate frequency range. The intermod-
ulation spectra obtained from EFM experiments are shown in Fig. 3,
where each spectrum plots the current response as a function of fre-
quency. The corrosion kinetic parameters detailed in Table 3 were
determined using the EFM technique, applying the relevant equations to
analyze the data and derive the parameters.

icorr =
i2ω̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

48(2iωi3ω − i2ω)
√ (1)

βa =
iωU0

2i2ω + 2
̅̅̅
3

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2iωiω − i22ω

√ (2)

βa =
iωU0

2
̅̅̅
3

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2i3ωiω − i22ω − 2i2ω

√ (3)

The notation "iω" indicates the instantaneous current density recor-
ded for the working electrode at frequency "ω," while "U0" stands for the
amplitude of the sine wave distortion.

In addition to measuring corrosion rate and Tafel parameters, EFM
also captures causality factors 2 and 3. These additional variables serve
to corroborate the acquired data.

Casuality factor(2) =
iω2 ± ω1

i2ω1

= 2.0 (4)

Casuality factor(3) =
i2ω2 ± ω1

i3ω1

= 3.0 (5)

Inhibition efficiency values (EEFM (%)) presented in Table 3 were
calculated from Eq. (5) [23]:
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Fig. 1. Open circuit potential with time in HCl medium at 298 K.
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Fig. 2. Waveform spectrum depicting input frequencies of 2 Hz and 5 Hz for mild steel in 1.0 M HCl, with and without varying concentrations of Q-H and Q-Cl.
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EEFM % = 1
− icorr
i0corr

× 100 (6)

where i0corr represents the corrosion current density without the inhibi-
tor, and icorrdenotes the corrosion current density in the presence of the
inhibitor.

When mild steel is exposed to a 1 M HCl solution without any in-
hibitors, the corrosion current density (icorr) is higher, indicating more
severe corrosion. However, as shown in Table 3, when inhibitors are
added, the corrosion current density decreases, and the inhibition

efficiency (EEFM %) increases as the concentration of the inhibitors
rises. This suggests that the inhibitors are likely forming a protective
layer by adsorbing onto the metal surface, reducing corrosion [24].
Among the inhibitors tested, Q-H shows higher inhibition efficiency
than Q-Cl. Furthermore, the causality factors, CF-2 and CF-3, which
correspond to theoretical values of 2 and 3 respectively, are derived
from the frequency spectrum of the current response. The close match
between these experimentally obtained causality factors and the theo-
retical values confirms the reliability of the data.
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Fig. 3. Intermodulation spectrum for Mild steel in 1.0 M HCl in absence and presence of various concentrations of Q-H and Q-Cl.
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3.1.3. Polarization studies
The kinetics of mild steel corrosion in acidic conditions were assessed

using potentiodynamic polarization experiments, as shown in Fig. 4. The
results revealed that the presence of Q-Cl and Q-H inhibitors in the 1.0 M
HCl solution influenced both the anodic and cathodic processes [25].
This behavior is attributed to the adsorption of inhibitors, which effec-
tively restricts metal solubility and delays the reduction of hydrogen
ions. Notably, all cathodic segments maintain their parallel configura-
tion, indicating that the Q-Cl and Q-H inhibitors haveminimal impact on
the hydrogen ion reduction process. Therefore, the main mechanism for
hydrogen release remains a charge transfer process [26,27].

Table 4 presents the electrochemical characteristics for various
concentrations of Q-Cl and Q-H inhibitors in 1 M HCl. These include the

anodic Tafel slopes (βa), cathodic Tafel slopes (βc), corrosion potential
(Ecorr), corrosion current density (icorr), and inhibition efficiency (ηpp
%). The inhibition efficiency (ηpp%) was calculated using the following
equation [28]:

ηpp% =
i0corr − icorr

i0corr
× 100 (7)

The corrosion current density of the blank solution is denoted by i0corr,
while that of the inhibited solution is denoted by icorr.

The results presented in Table 4 illustrate the impact of varying
concentrations of Q-Cl and Q-H inhibitors on the electrochemical pa-
rameters of mild steel exposed to a 1 M HCl solution. As the
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Fig. 3. (continued).

Table 3
Electrochemical kinetic parameters obtained by EFM technique for Mild steel in absence and presence of Q-H and Q-Cl in 1.0 M HCl at 298 K.

Conc.
M

icorr

µA cm¡2
βc

mV dec¡1
βa

mV dec¡1
CR
mpy

EEFM

%
C.F-2 C.F-3

1.0 M HCl – 755 162 177 344.9 – 1.52 2.86
Q-Cl 10− 6 138.5 103 113 75.4 81.6 1.70 3.15

10− 5 122.6 103 108 62.5 83.7 1.30 3.05
10− 4 96.8 111 123 49.9 87.1 1.59 2.91
10− 3 68.3 116 129 35.8 90.9 1.68 3.11

Q-H 10− 6 231.9 126 142 134.3 69.3 1.27 2.79
10− 5 217.2 105 112 116.4 71.2 1.28 2.22
10− 4 166.1 96 103 86.2 78.0 1.30 3.18
10− 3 125.6 98 108 63.9 83.3 1.53 3.11
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concentration of these inhibitors increases, there is a notable reduction
in corrosion current density (icorr) and a corresponding increase in in-
hibition efficiency. Specifically, at the optimal concentration of 10⁻3 M,
the corrosion current density decreases to 83 μA cm2 for Q-Cl and to 145
μA cm2 for Q-H. This reduction indicates that both inhibitors are effec-
tive in decreasing the rate of corrosion. Additionally, the percentage
inhibition efficiency (ηpp%) rises with the concentration of the in-
hibitors, reaching 91.5 % for Q-Cl and 85.2 % for Q-H. These values
show that both Q-Cl and Q-H significantly improve corrosion resistance,
with Q-Cl being slightly more effective [29].

In contrast, the corrosion potential (Ecorr) values exhibit only slight
variations, not exceeding 27 mV/SCE. This stability in Ecorr suggests that
the inhibitors primarily function as mixed-type inhibitors and act as
adsorbent inhibitors. Rather than significantly altering the fundamental
reaction mechanism of corrosion, the inhibitors provide protection by
forming a layer on the metal surface [30]. Therefore, the minimal
change in Ecorr supports the idea that the inhibitors work through
adsorption rather than changing the corrosion process itself. Overall, the
use of both Q-Cl and Q-H inhibitors in a 1 M HCl solution proves
beneficial, with Q-Cl showing slightly superior inhibition efficiency,
while the consistent Ecorr values confirm the adsorption-based mecha-
nism of inhibition.

3.1.4. EIS studies
The EIS spectra were analyzed using a Randle electrical equivalent

circuit model, which includes important parameters such as the charge
transfer resistance (Rct), solution resistance (Rs), and constant phase
element (CPE). The NYQUIST plots are presented in Fig. 5, while the
BODE plots can be found in Fig. 6. The electrical equivalent circuit used

in the analysis is depicted in Fig. 7, and the resulting data are summa-
rized in Table 5. The corrosion inhibition efficiency and other parame-
ters were calculated using the following equations:

ƞimp% = [(Rct – R0
ct) / Rct *100]; θ = (Rct – R0

ct) / Rct (8)

Fig. 5 illustrates the Nyquist plots obtained with and without the
presence of our inhibitors. These plots reveal the appearance of a single
capacitive loop, indicating that the charge transfer mechanism pre-
dominantly controls the corrosion response. Additionally, an increase in
the resistance of the inhibitor film layer to charge transfer is correlates
with the diameter of the semicircle. The formation of a protective
coating on the mild steel surface by both inhibitors (Q-Cl and Q-H) may
explain these results [31,32]. The semicircular loops display a depres-
sion, which may be attributed to both the geometric nature of the cur-
rent distribution and the heterogeneity and roughness of the mild steel
surface [33]. The variation of the Nyquist plot with respect to the
semicircle diameter is comparable to the variation observed in the Bode
plot with different concentrations of Q-Cl and Q-H. All phase-frequency
angle curves exhibit a single wave, supporting the single constant
indicated in the Nyquist plot.

Furthermore, Table 5 provides evidence that the charge transfer
resistance (Rct) increases as the concentration of both Q-Cl and Q-H
inhibitors is increases in the aggressive HCl medium. This increase in Rct
is attributed to the formation of a protective layer at the metal/solution
interface, which impedes the corrosion process [34]. At the optimal
concentration of 10⁻3 M, both Q-Cl and Q-H exhibit substantial inhibi-
tory effectiveness. Specifically, Q-Cl achieves an inhibition efficiency of
91.6 %, while Q-H achieves 84.9 %. These efficiency values reflect the
extent to which each inhibitor reduces the corrosion rate. The observed
strong correlation between the inhibition efficiencies obtained from
different analytical techniques—namely, corrosion rate measurements,
Electrochemical Impedance Spectroscopy (EIS), and Potentiodynamic
Polarization (PDP)—supports the conclusion that Q-Cl is more effective
than Q-H. This correlation highlights the reliability and consistency of
the inhibition performance of Q-Cl across various methods of
evaluation.

3.2. Adsorption isotherm

To gain a deeper insight into the adsorption behavior of Q-Cl and Q-
H inhibitors on mild steel surfaces, we employed various adsorption
isotherm models, including Langmuir, Freundlich, Temkin, and Frum-
kin. These models were used to analyze the adsorption process and
understand the interaction between the inhibitors and the metal surface.
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Fig. 4. Tafel polarization curves for mild steel in 1.0 M HCl with and without of different concentrations of Q-Cl and Q-H.

Table 4
Polarization parameters for mild steel in 1.0 M HCl without and with of various
concentrations of Q-Cl and Q-H.

Medium Conc.
M

-Ecorr mV/
ECS

icorr

µA
cm¡2

-βc

mV
dec¡1

βa
mV
dec¡1

ηPP

%

1 M HCl – 498 ± 5 983 ± 6 140 ± 4 150 ± 5 -
Q-Cl 10− 6 473 ± 4 167 ± 3 136 ± 5 140 ± 4 83.0

10− 5 483 ± 6 153 ± 5 132 ± 4 135 ± 6 84.4
10− 4 460 ± 5 105 ± 4 126 ± 3 130 ± 5 89.3
10− 3 471 ± 3 83 ± 2 128 ± 5 129 ± 4 91.5

Q-H 10− 6 498 ± 5 284 ± 4 138 ± 3 145 ± 5 71.1
10− 5 497 ± 4 252 ± 5 134 ± 4 142 ± 4 74.3
10− 4 483 ± 6 195 ± 4 132 ± 5 139 ± 3 80.2
10− 3 509 ± 5 145 ± 3 129 ± 2 136 ± 4 85.2
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The data for these analyses were obtained from Electrochemical
Impedance Spectroscopy (EIS) measurements.Table 6 presents the linear
equations corresponding to each of the adsorption isotherm models,
which are used to fit the experimental data. Fig. 8 illustrates the fitted
data, showing howwell each model describes the adsorption behavior of

the inhibitors. By comparing the results from these different models, we
aimed to determine the most appropriate model that accurately repre-
sents the adsorption mechanism of Q-Cl and Q-H on mild steel

Fig. 8 depicts the linear fitting obtained through the electrochemical
approach for both inhibitors, and the corresponding adsorption

Fig. 5. NYQUIST plots of mild steel in 1.0 M HCl solution with and without different concentrations of Q-Cl and Q-H.

Fig. 6. Bode’s plots and Phase angle for mild steel in 1.0 M HCl solution with and without different concentrations of Q-Cl and Q-H.
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parameters derived from various isotherms are presented in Table 7.
Among the tested isotherm models, it is evident that Q-Cl and Q-H
exhibit conform with the Langmuir isotherm, as evidenced by the high
regression coefficient (R2 = 1) and a substantial deviation of the slope
from unity for both inhibitors. This suggests that the Langmuir model is
suitable for describing the adsorption process, which is supported by
previous research [35]. According to this model, the metal surface
possesses a fixed number of adsorption sites, with each site accommo-
dating a single adsorbed inhibitor molecule.

In contrast, the adsorption constants (Kads) derived from the
Freundlich isotherm are relatively low, suggesting that this model does
not fit the adsorption data as well as others. Moreover, the regression
coefficients for the Frumkin and Temkin isotherms are also low, despite
the relatively higher Kads values obtained from these models. This in-
dicates that the adsorption behavior of the inhibitors does not align well
with the assumptions of the Frumkin and Temkin isotherms. To further
evaluate the adsorption characteristics, the standard free energy of
adsorption (ΔGads) can be determined using the Van’t Hoff Eq. (10) [36,
37]. This calculation will provide additional insight into the thermo-
dynamic aspects of the adsorption process.

ΔGads = − RTln (55.5Kads) (9)

where the molar concentration of water in the solution is 55.5, the
thermodynamic temperature (in this case, 298 K), and R represents the
universal gas constant.

According to the data presented in Table 7, the standard free energy
of adsorption (ΔGads) for Q-Cl and Q-H is approximately − 42.8 kJ/mol
and − 41.1 kJ/mol, respectively. These negative values suggest that the
adsorption of Quinazoline molecules onto the steel surface involves a
chemical adsorption process, which is typically characterized by stron-
ger interactions between the inhibitor molecules and the metal surface
[38]. The magnitude of these ΔGads values indicates that the adsorption

is spontaneous and likely involves the formation of chemical bonds.
Furthermore, the adsorption–desorption equilibrium constants (Kads) for
both Q-Cl and Q-H, also provided in Table 7, are notably high. This
reflects a strong affinity of these inhibitors for the steel surface, implying
that once the Quinazoline molecules adsorb onto the surface, they tend
to remain attached, effectively protecting the steel from corrosion [39].
The high Kads values further reinforce the conclusion that these in-
hibitors exhibit strong and stable adsorption behavior, making them
effective at mitigating corrosion in harsh environments.

3.3. Thermodynamic parameters and temperature effects

Temperature is a critical parameter that can impact corrosion
effectiveness in an aggressive solution. It can accelerate mild steel’s
reaction with an aggressive solution, whether inhibitors are present or
not. The present investigation evaluated the polarization curves of MS in
1.0 MHCl, both with and without 10⁻3 M of our inhibitors Q-Cl and Q-H,
at various temperatures ranging from 298 K to 328 K. The findings are
displayed in Fig. 9, and Table 8 provides a summary of the associated
electrochemical parameters. The polarization curves with and without

Fig. 7. Electrochemical equivalent circuit used to fit the impedance and
BODE’s spectra.

Table 5
Impedance parameters for mild steel in 1.0 M HCl solution in absence and addition of different concentrations of Q-Cl and Q-H.

Conc.
(M)

Rs

(Ω cm2)
Rct

(Ω cm2)
Cdl

(µF.cm¡2)
ndl Q

(Ω¡1 Sn cm¡2)
Ɵ ƞƞimp

%

1 M HCl – 1.12 ± 0.3 34.7 ± 0.6 121.0 0.773 ± 0.02 419 ± 2.8 - -
Q-Cl 10− 6 2.0 ± 0.1 197 ± 0.4 96.8 0.736 ± 0.01 345.7 ± 2.0 0.824 82.4

10− 5 2.1 ± 0.2 225 ± 0.4 88.7 0.780 ± 0.008 284.6 ± 1.8 0.845 84.5
10− 4 2.1 ± 0.3 291 ± 0.3 84.6 0.803 ± 0.004 243.0 ± 1.7 0.881 88.1
10− 3 2.0 ± 0.2 416 ± 0.4 75.0 0.773 ± 0.002 164.6 ± 1.4 0.916 91.6

Q-H 10− 6 1.0 ± 0.1 117 ± 0.4 112.6 0.820 ± 0.008 338.4 ± 2.4 0.703 70.3
10− 5 1.5 ± 0.2 132 ± 0.5 102.8 0.772 ± 0.009 318.9 ± 2.3 0.737 73.7
10− 4 2.2 ± 0.3 167 ± 0.3 97.4 0.765 ± 0.005 256.0 ± 1.6 0.792 79.2
10− 3 1.3 ± 0.2 230 ± 0.4 86.5 0.830 ± 0.01 266.8 ± 1.5 0.849 84.9

Table 6
Different isotherms linear equations.

isotherm Forme linéaire Courbe

Langmuir kadscinh =
θ

1 − θ
Cinh

θ
vsCinh

Temkin e− 2fθ = kadsCinh θvsln (C||inh)
Freundluich θ = kadsCninh ln(θ)vsln(Cinh)

Frumkin θ
1 − θ

e− 2fθ = kadsCinh ln
(

Cinh
1 − θ

θ

)

vsθ
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Fig. 8. Different adsorption isotherms of mild steel in 1.0 M HCl in the pres-
ence of Q-Cl and Q-H.
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Q-Cl and Q-H are all parallel to one another, as shown in Fig. 9, sug-
gesting that temperature has no effect on the protective mechanism
[40]. Furthermore, an increase in temperature encourages the desorp-
tion of adsorbed molecules, which accounts for the corresponding rise in
current density.

The findings in Table 8 show that as the temperature of the solution
rises, the corrosion current densities of mild steel also increase. How-
ever, this effect is more pronounced when inhibitors are not present
compared to when Q-Cl and Q-H compounds are used. Moreover, it is
observed that the temperature somewhat reduces the inhibition effi-
ciency (ηpp%), which might be due to the desorption of inhibitor mol-
ecules from the steel substrate [41]. The maximum ηpp% values were
83.6 % for Q-Cl and 77.6 % for Q-H, demonstrating the effectiveness of
these two inhibitors in mitigating steel corrosion in 1.0 M hydrochloric
acid solution.

The thermodynamic condition of the metal/Corrosive solution sys-
tem are analyzed using the data presented in Table 8. This analysis in-
cludes examining the activation parameters for the system both in the
presence and absence of Q-Cl and Q-H inhibitors. These parameters
provide information about how the metal surface responds to changes in
the physical and chemical factors of the solution. The primary param-
eter, Ea, which represents the activation energy required for the reaction
to proceed. Ea is crucial for understanding the reaction rate: a higher
activation energy indicates a slower reaction, while a lower activation
energy suggests a faster reaction. By evaluating the activation energy,
we can assess how the presence of inhibitors affects the rate of corrosion.
The activation energy of the corrosion process can be determined using
the Arrhenius Eq. (11) [42], which allows for the calculation of Ea based
on temperature and reaction rate data. This equation provides a quan-
titative measure of how the corrosion rate changes with temperature,
offering further insight into the effectiveness of the inhibitors in altering
the corrosion dynamics of the metal surface.

icorr = Ae
− Ea
RT (10)

Where icorr is the corrosion current density, A is the pre-exponential
factor, Ea is the apparent activation energy, R is the gas constant (R=
8.314 J.mol− 1. K− 1) and T is the absolute temperature.

To gain a better understanding of the corrosion reaction processes, it
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Fig. 9. Effect of temperature on the polarization curves of mild steel in 1 M hydrochloric acid solution without and with 10− 3 M of Q-Cl and Q-H at different
temperatures from 298 to 328 K.

Table 7
Adsorption parameters deducted from linearizing various adsorption isotherms
for mild steel corrosion in 1.0 M HCl in the presence of Q-Cl and Q-H at 298 K.

Isothermes Parameters Q-Cl Q-H

Langmuir R2 0.99999 0.99998
Kads (L mol− 1) 568.2 103 290.6 103

Slope 1.0 1.1
ΔGads (KJ/mol) ¡42.8 ¡41.1
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is essential to consider two energy components: the enthalpy of activa-
tion (ΔHa) and the entropy of activation (ΔSa). These energies govern
the differences in heat and disorder, respectively. The application of
these equations is demonstrated in Fig. 10, and the corresponding results
are summarized in Table 8.

ln
(
icorr
T

)

=

[

ln
(

R
hNa

)

+

(
ΔSa
R

)]

−
ΔHa

RT
(11)

Where Avogadro’s number (Na), apparent activation energy (Ea), and
Planck’s constant (h)

In our study, we observed that the activation energy value obtained
in the absence of Q-Cl and Q-H inhibitors was lower than when they
were present. This indicates that the presence of Q-Cl and Q-H in the
solution reduces the corrosion current density, likely due to the
adsorption process. Furthermore, we found that the oxidation of Fe to
Fe2+ at the electrode-electrolyte interface was diminished in the pres-
ence of Q-Cl and Q-H, suggesting that the charge transfer at the contact
is influenced by these inhibitors. This phenomenon is likely caused by a
reduction in the surface area available for metal oxidation, leading to
increased effectiveness in corrosion inhibition.

Additionally, the positive values of activation enthalpy (ΔHa) indi-
cate that the corrosion of mild steel is an endothermic process, requiring
additional energy for the oxidation reaction to occur [43]. This endo-
thermic nature suggests that corrosion becomes more challenging in the
presence of these inhibitors. The negative values of entropies (ΔSa)
suggest a behavior characterized by reduced disorderliness. This is likely
attributed to the rate-determining phase involving an activated com-
plex, indicating an association phase rather than a dissociation stage. In

a dissociation stage, disorder would diminish as reactants transition
from reactants to the activated complex [44].

3.4. Surface analysis

a. SEM/EDX

To further our understanding of the adsorption process behind
corrosion prevention, we examined the surface morphologies and EDX
spectra of the mild steel substrate. The results of this study are presented
in Table 9 and Fig. 11. The surface morphology of the mild steel sub-
strate was severely degraded due to exposure to 1.0 M HCl, as shown in
Fig. 11. However, the substrate’s surface became smoother and less

Table 8
Temperature effects on mild steel electrochemical parameters and Activation parameters Ea, ΔHa and ΔSa in 1 M hydrochloric acid present and absent 10− 3 M of Q-Cl
and Q-H addition.

Compounds Tempe
K

-Ecorr
mV/ECS

icorr
µA cm− 2

-βc
mV dec− 1

βa
mV dec− 1

ηPP
%

Ea (KJ/mol) ΔHa (KJ/mol) ΔSa (J/mol K)

Blank 298 498 983 140 150 - 21.0 18.5 − 126.0
308 477 1200 184 112 -
318 487 1450 171 124 -
328 493 2200 161 118 -

Q-Cl 298 471 83 128 129 91.5 38.8 36.2 − 86.8
308 515 128 172 109 89.3
318 477 192 163 119 86.7
328 464 359 154 115 83.6

Q-H 298 509 145 129 136 85.2 32.4 29.8 − 104.0
308 500 198 145 110 83.5
318 522 278 162 122 80.8
328 518 492 156 113 77.6
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Fig. 10. Arrhenius plots for mild steel corrosion in 1 M HCl in the absence and in presence of 10− 3 M of Q-Cl and Q-H.

Table 9
Lists the percent Mass of the various elements determined by EDX study of the
substrate steel in 1.0 M HCl absent and present Q-Cl and Q-H at 298 K.

Elements % Mass of steel in
Blank solution

% Mass of steel in blank
solution with Q-Cl

% Mass of
steel in
blank
solution
with Q-H

C 2.91 3.2 3.6 
O 25.91 2.1 10.9 
Si 0.35 – – 
Cl 1.04 – – 
N – 0.8 0.6 
Fe 69.79 93.9 84.9 
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porous when immersed in an aggressive solution containing 10− 3 M of
Q-Cl and Q-H inhibitors. This enhancement can be attributed to the
formation of a thicker protective layer on the substrate’s surface, which
offers improved corrosion protection. Overall, our findings suggest that
the adsorption of Q-Cl and Q-H inhibitors enhances the mild steel sub-
strate’s resistance to corrosion by forming a protective layer. These in-
sights provide valuable understanding of corrosion inhibition
mechanisms and have potential implications for the development of
novel corrosion inhibitors in the future.

The obtained spectra are illustrated in Fig. 11, and Table 9 provides
information on the weight percentages of different elements adsorbed
on the steel surface. The peak for iron (Fe) and oxygen (O) in the blank

spectra in Fig. 11 indicates the formation of iron oxide/hydroxide on the
steel sample’s surface. However, when the inhibited specimens (with Q-
Cl and Q-H) were examined, a reduced percentage of oxygen was
detected. This suggests that Q-Cl and Q-H significantly reduce iron oxide
formation, making them effective inhibitors of mild steel corrosion. The
proportions of the different components identified on the mild steel
surface are reported in Table 9. The presence of the distinctive nitrogen
(N) peak in Fig. 11 and the percentage of N (0.8 % for Q-Cl and 0.6 % for
Q-H) in Table 9 demonstrates adsorption on the mild steel. Furthermore,
the adsorption on mild steel is further evidenced by the presence of the
characteristic nitrogen (N) peak in Fig. 11 and the percentage of N
(0.8 % for Q-Cl and 0.6 % for Q-H) reported in Table 9.

Fig. 11. A mild steel surface was examined using SEM microscopy and EDX spectra before and after 6 hours of immersed in 1.0 M HCl present and absent Q-Cl and
Q-H at 298 K.
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3.5. Inductively coupled plasma (ICP) spectrometry

ICP spectrometry was used to examine the elemental composition
and concentration of dissolved iron ions in both inhibited and unin-
hibited solutions. Table 10 presents the acquired Fe2⁺ ion concentrations
as well as the inhibitory effectiveness following a 6-hour immersion. As
shown in Table 10, the concentration of Fe2⁺ ions decreased with an
increase in the concentration of the two investigated inhibitors. Spe-
cifically, the concentration of Fe2⁺ ions was 328.9 mg/L in the control
group, 25.8 mg/L in the Q-Cl group, and 53.4 mg/L in the Q-H group.
The effectiveness (ηICP%) also increased with the reduction in the
concentration of Fe2⁺ ions in the inhibited solution. These findings imply
that steel dissolution is effectively prevented in the presence of the
examined inhibitors. Therefore, our data suggest that Q-Cl and Q-H in-
hibitors have a significant inhibitory impact on steel corrosion in acidic
conditions. The results of our study could be useful in the development
of innovative corrosion inhibitors for mild steel in HCl solution.

3.6. DFT calculations

3.6.1. Prediction of the major microspecies
In an acidic medium, inhibitor molecules have the ability to undergo

protonation. In this study, the consideration was given to only the most
protonated species of the studied inhibitors to accurately simulate the
experimental conditions. To identify the most likely forms of proton-
ation in acidic media, calculations were conducted to determine the
distribution of microspecies as a function of pH (ranging from 0 to 14)
for the studied derivatives. This analysis allowed us to assess the relative
abundance of different protonation states and select the most probable
forms of protonation for the inhibitors under consideration. The selec-
tion of the most stable forms was carried out using the MarvinSketch
software [45]. Fig. 12 displays the analysis of the existing forms of the
Q-Cl and Q-H at different pH levels using the Marvinsketch program.
The optimized structures of the most stable forms are superimposed in
Fig. 12.

3.6.1.1. DFT descriptors. One crucial aspect is examining the electron
distribution within the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). In this context, frontier
molecular orbital (FMO) studies provide insights into the interaction
mechanism between the organic inhibitor molecule and the Fe surface.
Fig. 13 shows the optimized molecular structures of Q-Cl and Q-H.
Frontier molecular orbitals and HOMO–LUMO energy gaps of Q-Cl and
Q-H in their protonated form were calculated using the B3LYP/6–311G
(d,p) level of theory in aqueous solution. The quantum chemical de-
scriptors were computed and summarized in Table 11. After optimizing
the molecular geometry of the studied molecules, it was revealed that
both the benzimidazole and quinazolinone rings exhibited a planar
orientation. This planar conformation renders them highly suitable for
adsorption onto metal surfaces. The planar structure facilitates a larger
contact surface area and promotes better interaction with the metal

substrate, thus favoring their adsorption and potentially enhancing their
inhibitory properties.

Moreover, the analysis of the electron density distributions in the
HOMO and LUMO of the studied inhibitors reveals that electron density
is evenly distributed throughout the entire molecular framework. This
characteristic indicates a similarity in the donor-acceptor capacity of the
molecules. The chlorine atom in Q-Cl serves as an electron donor, which
can contribute to its higher inhibitory capacity compared to the Q-H
molecule. Moreover, the HOMO state indicates the molecule’s potential
to donate electrons, while the LUMO state indicates its ability to accept
electrons. We can therefore deduce that the capacity of an inhibitory
molecule to donate electrons increases as its EHOMO values increase,
while its propensity to accept electrons increases as its ELUMO values
decrease [46]. Further analysis of Fig. 14, it is evident that the Q-Cl
molecule exhibits a significantly lower ΔE value (4.516 eV), indicating a
higher degree of chemical reactivity when compared to Q-H (4.530 eV).

Several other electronic properties were determined and discussed,
including softness (σ) and hardness (η) values, the global electrophilicity
(ω), the back-donation energy (ΔEb-d), and the fraction of transferred
electrons (ΔN). These properties provide valuable insights into the
reactivity and stability of the inhibitor molecules and contribute to a
comprehensive understanding of their inhibitory effects. These de-
scriptors were estimated with the following Equations [47,48]:

ΔEgap = ELUMO − EHOMO (12)

χ =
− (ELUMO − EHOMO)

2
(13)

η =
ELUMO − EHOMO

2
(14)

σ =
1
η (15)

ω =

(
χ2

2η

)

(16)

ΔEb− d = −
η
4

(17)

ΔN =
φFe − χinh

2(ηFe + ηinh)
(18)

The terms φFe and ηFe correspond to the "work function" and absolute
hardness of iron (Fe) metal, with values specified as 4.82 eV and 0 eV,
respectively. In contrast, χinh and ηinh denote the electronegativity and
hardness parameters of the inhibitor, respectively [49].

3.6.1.2. Haut du formulaire. Higher softness and lower hardness indi-
cate a greater tendency for inhibitor molecules to interact with metals.
These properties influence the molecular behavior and binding affinity
with metal surfaces, and hence the inhibitory properties of the studied
compounds [50]. Moreover, the global electrophilicity value (ω) sheds
light on the electron-accepting capacity of inhibitor compounds. Since
△Eb-d < 0, the charge transfer to donate electrons from the inhibitor is
energetically advantageous, and these electrons are then back-donated
in the opposite direction, according to the electron back donation
(△Eb-d) indicator [51].

The value of ΔN is positive, which indicates the transfer of electrons
from the studied molecules to the Fe surface. Also, Q-H and Q-Cl show
ΔN values below 3.6 (Table 11), indicating that electrons are transferred
from the inhibitor molecules to the iron surface. This electron transfer
facilitates the formation of coordination bonds and promotes the
development of a protective layer against corrosion [52]. In this study,
the trend of inhibition observed in the studied compounds (Q-Cl>Q-H)
aligns with their electronic properties presented in Table 9.

Table 10
Concentration of iron ions in 1.0 M HCl with and without different concentra-
tions of Q-Cl and Q-H after 6 h immersion.

Medium Conc.
M

Conc. of Fe2+ ions
mg/L

ηICP%

1.0 M HCl – 328.9 –
Q-Cl 10− 6 58.9 82.1

10− 5 52.7 83.9
10− 4 38.4 88.3
10− 3 25.8 92.1

Q-H 10− 6 100.4 69.4
10− 5 82.6 74.9
10− 4 71.5 78.2
10− 3 53.4 83.7
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3.6.1.3. Local reactivity. The Fukui indices (FI) are commonly used to
assess the local chemical reactivity of an inhibitor compound [53]. This
analysis helps identify atoms within the molecule susceptible to elec-
trophilic and nucleophilic attacks. To calculate the Fukui indices, the
electronic population parameters of the atom in the neutral system (ρN)
and the charged systems, namely anionic (ρ(N-1)) and cationic
(ρ(N+1)), are utilized:

f+N(r) = ρ(N+1)(r) − ρN(r) (19)

f −N(r) = ρN(r) − ρ(N− 1)(r) (20)

A positive Fukui function (fN+) at a particular center indicates a pro-
pensity for nucleophilic attacks. On the other hand, a negative Fukui
function (fN– ) implies a preference for electrophilic attacks. The values of
the Fukui indices for the protonated forms of Q-Cl and Q-H were

calculated and presented in Fig. 15. These parameters were used to
determine the atomic centers within the molecules that are susceptible
to nucleophilic or electrophilic attacks.

According to the Fig. 15, for both molecules, the regions corre-
sponding to the benzimidazole and quinazolinone rings are character-
ized by a dual electrophilic/nucleophilic property. In addition, in the Q-
H molecule, the oxygen atom O26 (fN+= 0.0614 and fN– = 0.0971), and in
the Q-Cl molecule, O27 (fN+ = 0.0583 and fN– = 0.0971) and Cl24 (fN+=
0.0240 and fN– = 0.0146) are also characterized by significant values of
the Fukui indices. Furthermore, it can be also observed that these lo-
cations are highly consistent with the full distribution of HOMO and
LUMO along the Q-H and Q-Cl structures.
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Fig. 12. Percentage of distribution of different forms of (a) Q-Cl and (b) Q-H as a function of pH obtained by the Marvinsketch Software.

Fig. 13. Optimised geometry of (a) Q-Cl and (b) Q-H in their protonated form in aqueous solution.

Table 11
Quantum molecular descriptors for investigated inhibitor molecules aqueous phase.

Molecule EHOMO (eV) ELUMO

(eV)
ΔEgap (eV) η

(eV)
s
(eV− 1)

ΔEb-d (eV) χ
(eV)

ω ΔN

Q-Cl –6.797 − 2.281 4.516 2.258 0.442 − 0.564 4.539 4.562 0.062
Q-H − 6.780 − 2.249 4.530 2.265 0.441 − 0.566 4.5152 4.499 0.067
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4. Conclusion

This study investigates the effectiveness of quinazoline compounds
in reducing steel corrosion in a 1.0 M hydrochloric acid (HCl) solution.
By employing polarization curves and Electrochemical Impedance
Spectroscopy (EIS), we determined that these compounds exhibit sig-
nificant mixed-type inhibition properties. Specifically, the inhibition
efficiency follows the order Q-Cl > Q-H. This finding is corroborated by
morphological analyses, which confirm that the inhibitors successfully
mitigate both anodic dissolution and cathodic hydrogen gas evolution in
HCl solutions. The Langmuir adsorption model effectively describes the
adsorption behavior of the inhibitors, with thermodynamic parameters
suggesting that the adsorption process is predominantly chemical.
Additionally, analysis of the electron density distribution reveals that

the structure of the inhibitors plays a crucial role in their adsorption
onto the metal surface. Calculations of Density Functional Theory (DFT)
descriptors further support the observed trend in corrosion inhibition
efficiency, highlighting Q-Cl’s superior performance compared to Q-H.
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