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ABSTRACT: The heterocyclic compound N-{2-[2-(5-methyl-1H-pyrazol-
3-yl)acetamido]-phenyl}benzamide monohydrate (MPAPB) was synthe-
sized and structurally characterized by using nuclear magnetic resonance
(NMR), mass spectrometry, and infrared (IR) spectroscopy. Its corrosion
inhibition performance for C38 in 1 M HCl was evaluated by using
gravimetric weight loss measurements, electrochemical impedance spec-
troscopy (EIS), and potentiodynamic polarization (PDP) techniques.
MPAPB demonstrated a high inhibition efficiency of 90.2% at a
concentration of 1 mM, accompanied by a substantial decrease in the
corrosion current density. Electrochemical results revealed that MPAPB
acts as a mixed-type inhibitor, reducing both anodic and cathodic reactions,
while increasing the charge transfer resistance (Rp) and decreasing the
double-layer capacitance (Cdl), indicative of effective surface adsorption.
The adsorption behavior of MPAPB was consistent with that of the Langmuir adsorption isotherm, suggesting a combination of
physical and chemical adsorption mechanisms. Density functional theory (DFT) calculations and molecular dynamics (MD)
simulations further elucidated the interaction between the MPAPB and the steel surface, highlighting the role of electron-donating
heteroatoms and π-electron systems in adsorption. These theoretical findings were in agreement with the experimental results,
confirming the formation of a protective layer that inhibits corrosion.

1. INTRODUCTION
Corrosion is continuously significant across several industries,
especially when metallic surfaces are subjected to harsh
conditions, such as in the petrochemical, maritime, and
construction sectors.1 In acidic environments, such as
hydrochloric acid (HCl), often used in industrial cleaning
and pickling, metals such as mild steel (C38) exhibit significant
susceptibility to corrosion. The deterioration of metals from
corrosion may result in substantial economic losses and
operational breakdowns. Consequently, finding effective
methods to protect metals from corrosive attacks is essential
in materials research and industrial applications. Several
methods are employed to protect steel surfaces, such as
corrosion inhibition,2,3 coatings and paints,4,5 and thin films.
Among these, corrosion inhibitors, especially organic

compounds, are widely employed because they are cost-
effective and easy to apply and provide robust protection.6−9

Organic corrosion inhibitors work primarily by adsorbing onto
the metal surface, forming a protective barrier that blocks the
interaction between the corrosive medium and the metal. This

adsorption depends on the chemical structure of the inhibitor,
the presence of heteroatoms with lone pairs of electrons, and
conjugated π-electron systems.10−14

Heterocyclic compounds are recognized for their versatility
due to their molecular structure, which contains heteroatoms
(such as nitrogen, oxygen, sulfur, and phosphorus) and
unsaturated aromatic rings. These structural features provide
multiple adsorption sites, allowing the compounds to interact
strongly with the metal surfaces. The heteroatoms, with their
lone pairs of electrons, act as electron donors, facilitating the
formation of coordination bonds with the vacant d-orbitals of
the metal atoms. Meanwhile, the π-electrons in the unsaturated
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aromatic rings contribute to the adsorption process by forming
additional interactions with the metal surface.15−17 The
effectiveness of heterocyclic compounds relies on factors
such as the electron density surrounding the heteroatoms, the
quantity of adsorption-active centers in the molecule, the size
of the molecule, the mode of adsorption, and the formation of
metallic complexes.18

Pyrazole and its derivatives encompass various organic
compounds used in industrial and biological applications.19

These compounds are of significant interest in industrial and
biological applications due to their diverse chemical,
pharmacological, and industrial properties. Over the years,
pyrazole derivatives have been extensively studied and utilized
in various fields, ranging from pharmaceuticals to corrosion
science. In pharmaceutical research, pyrazole derivatives have
been frequently explored for their therapeutic potential. A
growing body of literature has demonstrated that many of
these compounds exhibit notable anti-inflammatory, antimi-
crobial, anticancer, and analgesic properties, making them
promising candidates for treating various diseases and
disorders.20,21 The anticancer properties of pyrazole derivatives
have also been well-documented, with certain compounds
demonstrating the ability to inhibit the proliferation of cancer
cells and prevent metastasis.22,23

The growing demand for pyrazole derivatives has driven
synthetic chemistry researchers to explore their applications
beyond the pharmaceutical field, where they are well-known
for their biological activities. Notably, pyrazole derivatives have
shown significant promise as corrosion inhibitors for various
metals in acidic environments. Their high efficiency is often
attributed to their heterocyclic structure, which allows for
strong adsorption onto metal surfaces, forming protective films
that reduce the corrosion rates. Numerous studies have
reported on the corrosion inhibition performance of different
pyrazole-based compounds. Table 1 presents a summary of the
inhibition efficiencies of selected pyrazole derivatives for steel
in an acidic medium.24−32

In this context, the current study introduces a novel pyrazole
derivative, N-{2-[2-(5-methyl-1H-pyrazol-3-yl)acetamido]-
phenyl}benzamide monohydrate (MPAPB), as a potential
corrosion inhibitor for C38 steel in 1 M HCl. The compound
demonstrates a high inhibition efficiency of 90% at 10−3 M,
comparable to or exceeding those reported for similar
compounds in the literature.
The present study aims to evaluate a newly synthesized

heterocyclic compound as a corrosion inhibitor for C38 steel
in a 1 M HCl medium. To assess its efficacy, weight loss
measurements, polarization curves (PC), and electrochemical
impedance spectroscopy (EIS) will be employed. Additionally,
the influence of temperature on the corrosion behavior will be
studied over a range of 293 to 323 K. Quantum chemical
descriptors (QCDs) will be calculated using density functional
theory (DFT) at the B3LYP level with the 6-31G(d,p) basis
set. To further investigate the interaction and inhibition
mechanism of the synthesized compound with the iron surface,
molecular dynamics (MD) simulations will also be conducted.

2. EXPERIMENTAL PROCEDURE
2.1. Synthesis of Compounds (3), (4), and (MPAPB).

2.1.1. Preparation of 4Z-(2-Oxopropylidene)-1,5-benzodia-
zepin-2-one (3). 1.5-Benzodiazepin-2-one (3) was synthesized
using a procedure reported in the literature.33,34 A blend of
0.02 mol (3.36 g) of dehydroacetic acid and 0.04 mol (4.32 g)

of o-phenylenediamine in xylene (80 mL) underwent heating
with magnetic stirring for 4 h. Following the cooling process,
the formed precipitate was subjected to filtration, and
subsequently, recrystallization was carried out utilizing ethanol
(Scheme 1). Yield: 75%; M.P. (K): 511; 1H NMR (300 MHz,

Table 1. Extracted Results Obtained on Corrosion
Inhibition Behavior of Different Pyrazole Compounds in
Different Media
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DMSO-d6, δ(ppm)): 2.00 (s, 3H, CH3); 3.00 (s, 2H, CH2);
5.20 (s, 1H, aliphatic CH); 7.10 (m, 4H, aromatic CH); 8.83
(s, 1H, NH amide) and 9.96 (s, 1H, NH amine); FTIR (ATR,
γ(cm−1)): 3321−3207 (band NH amine and amide); 1671
(C�O cyclic), 1607 (band C�O acyclic), and 1575 (band
C�C); MS: (ESI); m/z = 217[MH]+.

2.1.2. Synthesis of N-(2-Aminophenyl)-2-(5-methyl-1H-
pyrazol-3-yl)acetamide (4). A blend of 2 g of 4Z-(2-
oxopropylidene)-1,5-benzodiazepin-2-one and the stoichio-
metric amount of hydrazine hydrate was heated to reflux for
2 h in 40 mL of ethanol (solvent). Once the solvent volume
had been concentrated to 20 mL, the mixture was kept at rest;
the precipitate obtained was filtered and then recrystallized
from ethanol. Yield: 80%; M.P. (K): 445; 1H NMR (300 MHz,
DMSO-d6, δ(ppm)): 2.51 (s, 3H, CH3), 2.20 (s, 2H, CH2),
4.86 (s, 2H, NH2), 5.94 (s, 1H, H pyrazole), 6.52−7.16 (m,
4H, H aromatic), 9.25 (s, 1H, NH amide), 12.24 (s, 1H, NH
pyrazole); FTIR (ATR, γ(cm−1)): 3000−3400 (NH, NH2),
1737 (C�O); 1655 (C�N); MS (ESI): m/z = 230 [MH]+.

2.1.3. Synthesis of N-{2-[2-(5-Methyl-1H-pyrazol-3-yl)-
acetamide]-phenyl}benzamide Monohydrate (MPAPB). To
a solution of 5.10−4 mol of N-(2-aminophenyl-5-methyl-1H-
pyrazol-3-yl)acetamide in 10 mL of ethanol was added to
5.10−4 mol of benzoyl chloride under magnetic stirring at
room temperature for 4 h. After filtration and recrystallization
from ethanol, colorless single crystals were produced in 66%
yield (Scheme 1). M.P (K): 502−504; 1H NMR (300 MHz,
DMSO-d6, δ(ppm)): 2.21 (s, 3H, CH3), 3.89 (s, 2H, CH2),
6.31 (s, 1H, CH pyrazole), 7.23−7.98 (m, 9H, CH aromatic),
8.00 (s, 1H, NH CH2−CO (amide)), 9.94 (s, 1H, NH Ar−CO
(amide)), and 10.25 (s, 1H, NH pyrazole). 13C NMR (75
MHz, DMSO-d6, δ(ppm)): 11.09 (CH3), 34.16 (CH2), 106.43
(C pyrazole), 125.36−131.12 and 131.43−134.62 (C
aromatic), 143.33 and 144.01 (C pyrazole), 165.62 and
167.30 (C�O); FTIR (ATR, γ(cm−1)): 3225.56 (NH),
1674.76 and 1646.75 (C�O); MS (ESI):m/z = 335.15
[MH]+ (see Figures S1 and S4).
2.2. Used Material and Solution. The synthesized

compound (MPAPB) was applied at various concentrations
(from 0.05 to 1 mM) for C38 steel in a 1 M HCl medium. The
C38 steel, measuring 1 cm × 1 cm, is characterized by the
following weight percentages of its elemental composition:
0.370% carbon (MPAPB), 0.230% silicon (Si), 0.680%
manganese (Mn), 0.016% sulfur (S), 0.077% chromium
(Cr), 0.011% titanium (Ti), 0.059% nickel (Ni), 0.009%
cobalt (Co), 0.160% copper (Cu), with the remaining balance
being iron (Fe). In addition, a corrosive solution of 1 M HCl

was prepared by diluting analytical acid (37% HCl) with
distilled water at room temperature.
2.3. Electrochemical Characterization. The electro-

chemical investigation was conducted using a potentiostat
PGZ101 Volta Master apparatus. In the electrochemical test,
we used three-electrode cells composed of C38 steel as the
working electrode, platinum (Pt) as the counter electrode, and
a saturated calomel electrode (SCE) as the reference electrode,
respectively. Before conducting all experiments, the potential
was allowed to stabilize at the free potential for 30 min.
Furthermore, potentiodynamic polarization analysis was
conducted at a scan rate of 1 mV/s from −800 to −0.1 mV.
Subsequently, electrochemical curves were performed with
open circuit potential in the frequency range of 100 kHz to 10
mHz with a signal amplitude of 10 mV.
2.4. SEM Analysis. The C38 steel surface was examined by

using SEM analysis without and in the presence of the MPAPB
compound. SEM images were obtained using a Quattro
ESEM-FEG instrument at a 20 kV accelerating voltage and a
magnification of ×4000.
2.5. Computational Details. The DFT method was

utilized to analyze the reactivity of the compound and compare
it to the experimental results. Global quantum chemical
descriptors (GQCDs), including the energy of the highest
occupied molecular orbital (EHOMO), energy of the lowest
unoccupied molecular orbital (ELUMO), electron affinity (EA),
ionization energy (IE), energy gap (ΔEgap), electronegativity
(χ), softness (σ), hardness (η), nucleophilicity (ε), electro-
philicity (ω), and electrons transferred from the inhibitor to
metal (ΔN110), were calculated using eqs 1−9.35 Recently, the
geometry and electronic structure of the investigated inhibitor
were carried out using the DFT method at B3LYP with the 6-
31G(d,p) basis set.36−38 The computations were performed
employing the Gaussian 09 software package.39

= EIE HOMO (1)

= EEA LUMO (2)

=E E Egap LUMO HOMO (3)

= +I A
2 (4)

=
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2
gap

(5)

= 1
(6)

=
2

2

(7)

= 1
(8)

=
+

N
2( )110

Fe(110) inh

Fe inh (9)

where ΦFe(110), χinh, ηFe, and ηinh are the work function of
Fe(110) (5.07 eV), the electronegativity of the inhibitor
studied, the absolute hardness of iron (0.0 eV), and the
hardness of the studied molecule, respectively. Further,
molecular dynamics (MD) simulation calculations were carried

Scheme 1. Synthetic Pathway for the Preparation of the
Studied Compound (MPAPB)
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out according to the procedure reported in many studies in the
literature.35,40,41

3. RESULTS AND DISCUSSION
3.1. Weight Loss Measurements. Weight loss experi-

ments were conducted to assess the inhibition effectiveness of
the newly synthesized inhibitor (MPAPB) at various
concentrations for C38 steel after 24 h of immersion in a 1
M HCl solution at 293 K. Further, the corrosion rate and the
inhibition efficiency values are summarized in Table 2. Also,
the corrosion rate (Wcorr) and inhibition efficiency (IE %) are
computed according to eqs 10 and 11,11,42,43

=
×

W
m

S tcorr (10)

= ×W W
W

IE(%) 100corr corr
inh

corr (11)

Let Δm, S, and t represent the mass variation between the
C38 steel substrate before and after corrosion, the surface area
of C38 steel, and the immersion time, respectively. Addition-
ally, Wcorr and Wcorr

inh are the weight loss without and with the
tested inhibitor at varying concentrations, respectively.
As per the information provided in Table 2, it is apparent

that the corrosion rate gradually declines as the concentration
of the tested inhibitor (MPAPB) increases. This observation
implies that the introduction of the inhibitor effectively retards
the corrosion of the C38 steel. Moreover, the inhibitory
efficiency shows an ascending trend with rising concentrations,
reaching its peak at 95.1% with an optimal concentration of 1.0
mM of (MPAPB) after 24 h of immersion.44,45 This trend is
attributed to the robust adsorption of the inhibitor (MPAPB)
onto the metal surface.46−48 Consequently, the results suggest
that an elevated inhibitor concentration produces more
adsorbed inhibitor molecules on the C38 steel surface. This,
in turn, leads to blocking more corrosion-active sites, thereby
enhancing the prevention of weight loss more effectively.
3.2. Polarization Plots. Figure 1 illustrates the polarization

plots for C38 steel in a 1 M HCl solution for both uninhibited
and inhibited media after the addition of various concen-
trations of the tested inhibitor (MPAPB). In addition, various
electrochemical parameters are outlined in Table 3. The
corrosion inhibition efficiency (IE%) was computed using the
equation provided in eq 12:46,49

= ×i i
i

IE(%) 100corr corr
inh

corr (12)

here icorr and icorr
inh denote the uninhibited corrosion current

density and the inhibited corrosion current density, respec-
tively.
The examination of Figure 1 indicates that the addition of

various concentrations of the inhibitor (MPAPB) inhibits both
cathodic and anodic segments of the polarization plots,
resulting in displacements toward smaller current densities.
This can be ascribed to the adsorption of this organic
compound on the C38 surface. Consequently, Inhibitor C can
be classified as a mixed-type inhibitor. This observation
suggests that adding 1 mM does not affect the cathodic
reaction and that hydrogen reduction on the C38 surface
occurs principally via a charge-transfer mechanism. The
reduction observed in the cathodic segment may be due to
the adsorption of the compound (MPAPB) on the cathodic
sites.
Consequently, introducing this inhibitor (MPAPB) not only

diminishes the dissolution of C38 steel but also delays
hydrogen evolution reactions. On the anodic branch of the
polarization curve, the inhibitors are initially adsorbed on the
C38 surface, thus blocking the available active sites.50 Surface
coverage shows an upward trend with increasing inhibitor
concentrations. The development of a thin barrier layer
covering the C38 steel surface limits the number of active sites
that can be attacked by corrosion. This film effectively retards
the evolution of hydrogen, and metal dissolution provides
substantial corrosion protection for C38 steel.51 The electro-
chemical parameters extracted from these plots are outlined in
Table 3. The corrosion current density (icorr) values

Table 2. Corrosion Parameters Derived from Weight Loss
Experiments for C38 Steel in 1M HCl with Different
Concentrations of (MPAPB) at 293 K

concentration (mM) Wcorr (mg cm−2 h−1) IE (%)

blank 0.53 −
0.05 0.27 48.0
0.1 0.10 79.6
0.5 0.07 86.5
1.0 0.02 95.1

Figure 1. Polarization plots of C38 steel in 1 M HCl before and after
adding different concentrations of the inhibitor tested (MPAPB) at
303 K.

Table 3. Electrochemical Properties with the Corresponding
Inhibition Efficiencies Were Measured for C38 Steel before
and after the Addition of the Test Compound (MPAPB) to
1 M HCl

C [mM]
−Ecorr

(mV/SCE)
icorr

(μA cm−2)
βa

(mV dec−1)
−βc

(mV dec−1)
IE
(%)

1 M
HCl

419 879.6 92.5 148.0 −

0.05 465 490.0 78.1 110.9 44.3
0.1 460 311.1 63.9 110.8 64.6
0.5 451 140.5 75.5 106.5 84.0
1.0 426 77.6 60.0 139.8 91.2
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significantly decrease with escalating concentrations of the
tested inhibitor (MPAPB). This reduction is attributed to the
development of a barrier layer covering the C38 steel surface.
Simultaneously, the inhibition effectiveness rises as inhibitor
concentrations rise, reaching a maximum of 91.2% at the
optimum concentration of 1.0 mM.
3.3. EIS Measurements. Figure 2 shows Nyquist plots,

Bode plots, and phase angle plots for C38 steel under
uninhibited (Blank) and inhibited conditions with varying
concentrations of the synthesized inhibitor (MPAPB). The
capacitive curves shown in the Nyquist diagrams are not
centered on the real axis, suggesting frequency dispersion
associated with surface heterogeneity. This dispersion is linked
to factors including impurities, surface rugosity, delocalization,
adsorption of the compound, and the formation of porous
layers.52,53 As depicted in Figure 2, the diameter of the
capacitive loops after adding the synthesized inhibitor is higher
than that for the blank solution. This observation indicates that
the corrosion phenomena of C38 steel in a 1 M HCl solution
are prevented due to the inhibitive properties of the inhibitor
on the metal surface.54

The capacitive loop represents the charge transfer resistance
(Rct), diffuse layer resistance (Rdl), and resistance from other
accumulations at the metal/solution interface (Ra), which
collectively contribute to the polarization resistance (Rp = Rct +
Rdl + Ra). The deviation of the capacitive loop from an ideal
capacitor is commonly explained by frequency dispersion,
which occurs due to the inhomogeneity of the metal
surface.55,56 Different electrochemical impedance spectroscopy

parameters, such as the solution resistance (Rs), the charge
transfer resistance (Rp), double layer capacitance (Cdl), and
inhibition efficiency (IE%), are shown in Table 4. The

inhibition efficiency (%) for C38 steel derived from these
EIS graphs was then obtained by applying eq 13:

= ×R R
R

IE(%) 100ct
inh

ct
0

ct
inh (13)

where Rct
0 and Rct

inh denote the charge transfer resistance
without and in the presence of varying concentrations of the
inhibitor tested (MPAPB), respectively.
The Nyquist plots presented in Figure 2 reveal a single

capacitive loop, which signifies that the corrosion process of
C38 steel in a 1 M HCl solution is predominantly governed by
a charge transfer mechanism.57 This observation is consistent
with findings in the literature, which suggest that the corrosion

Figure 2. Nyquist, Bode, and phase angle diagrams of C38 steel in 1 M HCl without and with various concentrations of the tested inhibitor.

Table 4. EIS Parameters for C38 Steel in a 1M HCl
Solution, Both in the Absence and Presence of Various
Concentrations of the Studied Inhibitor (MPAPB) at 293 K

C (mM) Rs (Ω·cm2) Rp (Ω·cm2) Cdl (μF·cm−2) IE (%) θ
0 2.7 ± 0.2 12.5 ± 0.5 804.0 ± 2.5 −
0.05 2.8 ± 0.2 28.2 ± 0.8 564.0 ± 1.8 55.6 0.556
0.1 2.8 ± 0.3 55.4 ± 0.7 453.9 ± 1.5 77.4 0.774
0.5 3.0 ± 0.4 82.2 ± 1.1 484.1 ± 1.5 84.8 0.848
1 2.9 ± 0.4 127.7 ± 2.4 311.4 ± 1.2 90.2 0.902
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of steel in acidic media is primarily controlled by electron
transfer at the metal/solution interface, rather than by other
processes such as mass transport or diffusion. The existence of
a single loop, confirmed in both the Nyquist and Bode plots,
suggests that the corrosion mechanism remains unchanged
with the addition of the inhibitor, reinforcing the idea that the
inhibitor does not alter the fundamental corrosion process.
Instead, it operates primarily through surface adsorption,
acting as a protective barrier on the steel surface, thereby
reducing the rate of corrosion without disrupting the
electrochemical pathways that lead to steel dissolution.58−60

On the other hand, capacitive loop diameters increase with
higher inhibitor concentrations. This phenomenon is ascribed
to the formation of a thin barrier layer over the steel surface,
which helps improve inhibition performance. As indicated in
Table 4, inhibition efficacy clearly rises with higher
concentrations of the inhibitor tested (MPAPB). It achieves
its maximum value of 90.2% at the optimum concentration of 1
mM, corresponding to a higher value of Rp (127.7 Ω cm2). The
double-layer capacitance (Cdl) decreases in parallel with that of
the pure 1 M HCl solution (blank solution). Simultaneously,
the double-layer capacitance (Cdl) decreases from 804 μF·cm−2

(in the absence of the inhibitor) to 311.4 μF·cm−2 at 1 mM,
reflecting the thickening of the electric double layer due to the
adsorption of inhibitor molecules on the steel surface. This
results in a reduction in ion flow at the metal/solution interface
and enhanced barrier properties.
According to the [Helmholtz model], these trends are

ascribed to an increment in the electric double-layer thickness
as well as to a local decline in the [dielectric constant] at the
HCl/C38 interface.61,62 This observation highlights the
process of the adsorption of inhibitors to the C38 steel
surface. In addition, to investigate the impedance diagrams, the
EEC (equivalent electrical circuit) pictured in Figure 3 was
utilized, consisting of the solution resistance (Rs), the charge
transfer resistance (Rp) and the constant phase angle element
(CPE).

The presence of a singular constant phase angle element
effectively characterizes the interfacial impedance. Additionally,
at lower frequency values, the Bode plot illustrates an elevated
absolute impedance, indicating enhanced protection that
correlates with the concentration of the inhibitor
(MPAPB).45,47,48 Consequently, it can be concluded that the
charge transfer process, governed by the dissolution mecha-
nism, is influenced by the concentration of the inhibitor
(MPAPB) for both uninhibited and inhibited scenarios using
various concentrations.63 The findings from the electro-
chemical impedance spectroscopy (EIS) study align with

those previously recorded through potentiodynamic polar-
ization and weight loss methods.
3.4. Temperature Effect and Thermodynamic Param-

eters. Examining the impact of temperature on corrosion
kinetics is crucial for comprehending the mode of action and
mechanisms involved during the corrosion process. The rise in
temperature has a noticeable effect on the dissolution of the
film formed by the organic chemicals, leading to a reduction in
the C38 corrosion resistance.64,65 To understand the effect of
temperature on the inhibitory efficacy of the used product
(MPAPB), polarization data were plotted without and with the
addition of 1 mM of the compound (MPAPB) over a range of
temperatures (from 293 to 323 K). As shown in Figure 4, the
influence of temperature is depicted for both uninhibited
conditions and following the addition of 1 mM inhibitor
(MPAPB) in 1 M HCl. The corresponding electrochemical
values are summarized in Table 5.
According to the findings presented in Table 5, icorr

(corrosion current density) values show an upward trend
with increasing temperatures, irrespective of the existence of an
inhibitor in the corrosive solution. The rise in icorr displays a
constant and significant increase, reflecting the increased metal
dissolving with increasing temperature. The inhibitory efficacy
of C diminishes as the temperature rises, which is related to the
enhanced desorption of the investigated compound first
adsorbed on the metallic surface.66 In conclusion, increasing
the temperature reduces the inhibition phenomenon.
The activation energy (Ea) was measured based on icorr

values determined from the polarization curves plotted at
different temperatures according to the Arrhenius law (eq
14):67
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k
jjj y
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R T

ln( ) ln
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a

(14)

where A, R, and T represent the pre-exponential factor of
Arrhenius, the ideal gas constant, and the temperature,
respectively.
Figure 5 illustrates the Arrhenius plots of ln(icorr) vs 1/T for

C38 steel in the corrosive environment. The presentation
covers both uninhibited conditions (blank) and after adding 1
mM compound (MPAPB).
To derive the standard thermodynamic activation parame-

ters such as *Ha and *Sa of the corrosion process, the
transition state equation (eq 15) was utilized:68
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here R, h, N, and represent the deal gas constant, the Planck
constant, Avogadro’s number, the activation standard enthalpy,
and the activation standard entropy, respectively. The
evolution of ln (icorr/T) versus the inverse of temperature is
a straight line (Figure 6) with slope = *H R/a and y-

intercept = + *
ln R

Nh
S

R
a .

These results enabled us to calculate Ea, *Ha , and *Sa for
C38 steel in the absence and presence of the used inhibitor
(MPAPB). Thermodynamic parameter values derived from
Figures 5 and 6 are reported in Table 6. An exploration of
Table 6 indicates that the positive values reported for the
enthalpy demonstrate the endothermic character of the steel
dissolution process. Hence, a rise in the values of the activation

Figure 3. EEC used for modeling the interface C38 steel/1 M HCl.
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enthalpy is consistent with a drop in C38 dissolution.54

Furthermore, large negative entropy values suggest a reduction
in the disorder when reactants are converted into a complex of
activated iron molecules in solution.69,70

3.5. Adsorption Isotherms. Adsorption isotherms are
essential for elucidating the mechanism of electrochemical
reactions. Various models, including Langmuir, Frumkin,

Temkin, etc., are employed to define the relevant mechanism
for the studied compound.55 In this study, the Langmuir
isotherm model was determined to be the best fit. Figure 7
displays the curve of Cinh/θ as a function of Cinh, typical of the
Langmuir model at 293 K. If it was assumed that the values of
IE(%) were not significantly divergent from the impedance

Figure 4. Polarization curves of C38 steel in 1 M HCl medium under both uninhibited conditions and the presence of 1 mM inhibitor at various
temperatures.

Table 5. Electrochemical Parameters of C38 Steel in 1M HCl Solution in the Absence and Presence of 1 mM at Varying
Temperatures

T (K) −Ecorr (mV/SCE) icorr (μA cm−2) IE % Ea (kJ mol−1) ΔSa (J mol−1 K−1) ΔHa (kJ mol−1) Ea − ΔHa (kJ mol−1)

(C38 steel/1 M HCl) system
293 415 879.6 − 17.1 −139.1 14.6 2.6
303 453 1045.7 −
313 449 1164.3 −
323 461 17632 −

(Inhibitor (MPAPB)/C38 steel/1 M HCl) system
293 426 77.6 91.18 31.8 −109.7 29.2 2.6
303 398 94.3 90.98
313 414 154.6 86.72
323 429 254.7 85.55

Figure 5. Arrhenius plots of ln(icorr) vs 1/T for C38 steel in the
corrosive environment.

Figure 6. Plot of ln(icorr/T) vs 1/T of C38 steel in 1 M HCl before
and after adding 1 mM MPAPB compound.
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measurements, then the coverage rate was calculated using eq
16:

= +C
K

C1inh

ads
inh

(16)

where θ, Cinh, and Kads are the surface coverage degree, the
inhibitor concentration, and the equilibrium constant of the
adsorption process, respectively.
The Kads value serves as an indicator of the degree of

adsorption by the organic species onto the C38 surface.71 To
estimate the relevant parameters of adsorption, linear plots
were established by means of the least-squares method.
Equation 17 relates the Kads to the standard free energy of
adsorption, as follows:
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In general, smaller values of ΔG°ads together with a
correspondingly high value assigned to Kads indicate that the
inhibitor is strongly attached to the C38 surface. As is well-
known, a ΔG°ads inferior to −40 kJ/mol is quoted for
chemisorption, suggesting the establishment of chemical bonds
between tested organic species and the metal surface.72 A
ΔG°ads value of above −20 kJ/mol signifies physisorption, i.e.,
electrostatic interaction.73 The ΔG°adsvalue computed for the
inhibitor tested (MPAPB) was −16.67 kJ/mol, showing that
the physisorption of the inhibitor species on the steel surface.74

3.6. SEM Analysis. To further explore the protective effect
of MPAPB on C38 steel, scanning electron microscopy (SEM)
analysis was conducted. SEM images of the steel surface were
recorded after 24 h of immersion in 1 M HCl with and without
the addition of MPAPB at a concentration of 1 mM, at 303 K.
The SEM image of the bare C38 steel surface (Figure 8) before
immersion shows a relatively smooth and undamaged surface,
with visible scratches from the pretreatment process. After
immersion in 1 M HCl, the steel surface exhibits significant

corrosion, including deep pits and cavities resulting from the
aggressive chloride ions in the solution (Figure 8). However,
when MPAPB is added to the acidic medium, the SEM image
reveals a surface with much less damage, showing no obvious
corrosion pits, indicating that MPAPB effectively mitigates
corrosion.
3.7. Computational Studies. The density distributions of

the highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO), the optimized
geometry structure, and the molecular electrostatic potential
(MEP) of the synthesized inhibitor (MPAPB) are displayed in
Figure 9. The molecular inhibitor employed contains varying
active centers such as carbonyl, aromatic ring, and amide
group, which possess pairs of π-electrons π and double and
triple bonds, making them active sites for excellent corrosion
inhibition.75 Further, the molecular reactivity of the inhibitor
was determined using HOMO and LUMO orbitals. Then,
EHOMO and ELUMO denote the capacity of the synthesized
compound to give and receive electrons on the substrate
surfaces, respectively. Also, the higher EHOMO and lower ELUMO
values of inhibitory activity indicate a strong electron-donating
ability and easier electron accepting, respectively. As shown in
Figure 9, the density distribution of the HOMO of the
molecule studied (MPAPB) was located and centered on the
amide group (electron pairs of the oxygen and nitrogen
heteroatoms) and −CH2− aliphatic. Then, the density
distribution of the LUMO of the molecule used (MPAPB)
was located and centered on the carbonyl group (electron pairs
of the oxygen atom C�O) and aromatic phenyl ring (double
bonds π).55 These active centers are responsible for the
interactions with the vacant d-orbitals of the metallic area.
Molecular electrostatic potential (MEP) suggests that the
electron donor centers (orange to red region) are distributed
on the oxygen and nitrogen heteroatoms and some carbon
atoms. Then, the acceptor centers (sky to blue region) are
distributed on the rest of the inhibitor used (MPAPB). The
red regions in the MEP correspond to the density distribution
of HOMO, resulting in strong agreement between the MEP
and HOMO surface.76 For global quantum chemical descriptor
(GQCD) calculations, see Table 6. As shown in Table 6, the
lowest energy gap (ΔEgap) of the inhibitor studied (MPAPB)
indicates more reactivity toward the adsorption on the C38
steel surface. Then, the hardness (η) value is higher than zero
and the lowest softness (σ), indicating the charge transfer to
the inhibitor (MPAPB) followed by back-donation and
accepting electrons. Also, the highest electrophilicity (ω) and

Table 6. GQCD Calculations Utilizing the DFT Method at the B3LYP/6-31G(d,p) basis Set

EHOMO (eV) ELUMO (eV) ΔEgap (eV) η (eV) ω (eV) ε (eV−1) χ (eV) σ (eV−1) ΔN110

−5.963 0.640 6.603 3.301 1.062 0.942 2.648 0.303 0.367

Figure 7. Langmuir adsorption isotherm of the synthesis inhibitor
(MPAPB) on C38 steel in 1 M HCl at 293 K.

Figure 8. SEM images of mild steel specimens after corrosion in 1 M
HCl without and with MPAPB.
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lowest nucleophilicity (ε) values suggest the higher capacity of
inhibitors to accept electrons. From Table 6, the electrons
transferred from the inhibitor to metal lower than 3.6 (ΔN110 <
3.6) indicates a higher susceptibility to give electrons to the
metallic surface.77

3.8. Fukui Function Descriptors. The electrophilic and
nucleophilic functions ( f k

+ and f k
−), the local electrophilicity

(ωk
+ and ωk

−), the local softness (σk
+ and σk

−), the dual Fukui
function ( f k

2), the dual local softness (Δσk), and the philicity
(Δωk) of the inhibitor (MPAPB) were calculated according to
eqs 18−24:78−80

= ++f P N P N( 1) ( )k k k (18)

=f P N P N( ) ( 1)k k k (19)

=± ±fk k (20)

=± ±fk k (21)

= +f f fk k k
2

(22)

= +
k k k (23)

= +
k k k (24)

The main active sites identified are given in Table 7 and Figure
10.

Figure 9. Optimized structure, HOMO, LUMO, and MEP of the studied inhibitor.

Table 7. Fukui Functions and Dual Descriptors for the Most Active Centers of the Inhibitor (MPAPB)

site f k
+ f k

− σk
+ σk

− ωk
+ ωk

− f k
2 Δσk Δωk

C2 0.02138 −0.03674 0.00648 −0.01113 0.02271 −0.03902 0.05812 0.01761 0.06173
C6 −0.00804 −0.05654 −0.00244 −0.01713 −0.00854 −0.06005 0.0485 0.01469 0.05151
C12 0.00982 −0.05741 0.00298 −0.0174 0.01043 −0.06097 0.06723 0.02038 0.0714
C18 0.35353 −0.37088 0.10712 −0.11238 0.37545 −0.39387 0.72441 0.2195 0.76932
C19 0.02404 −0.02213 0.00728 −0.00671 0.02553 −0.0235 0.04617 0.01399 0.04903
O29 −0.02328 −0.03735 −0.00705 −0.01132 −0.02472 −0.03967 0.01407 0.00427 0.01495
C33 0.37854 −0.15181 0.1147 −0.046 0.40201 −0.16122 0.53035 0.1607 0.56323
C35 −0.10043 −0.1272 −0.03043 −0.03854 −0.10666 −0.13509 0.02677 0.00811 0.02843
N39 −0.01561 −0.05768 −0.00473 −0.01748 −0.01658 −0.06126 0.04207 0.01275 0.04468
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As shown in Table 7, the electrophilic function displays
maximum values at the active sites as follows: C2 (0.02138),
C18 (0.35353), C19 (0.02404), and C33 (0.37854). Further,
the highest values of the local softness and local electrophilicity
ω+ for the active sites are located at the same carbon atoms,
such as C2, C12, C18, C19, and C33. These active sites are
favorable for nucleophilic attacks.78,81 According to the data in
Table 7, the main active sites have f k

2, Δσk, and Δωk values
greater than zero. These results suggest that the synthesized
product (MPAPB) can donate electrons to the C38 surface,
confirming that these active sites are favorable for electrophilic
attack.82,83

3.9. MD Simulation. MD simulation provides valuable
insights into the interaction and behavior of the inhibitor at the
molecular level on a metallic surface. MD simulation was
realized through the Forcite module of Materials Studio
software, which was developed by BIOVIA Inc.84,85 at varying
temperatures (293, 303, 313, and 323 K). The dynamic
process was carried out until the entire system achieved a state
of equilibrium, characterized by a balanced temperature and
energy within the system. The equilibrium adsorption
configuration (top and side views) of macromolecule resins
on the iron surface (Fe(110)) at 293 K is displayed in Figure
11a. As shown in Figure 11a, the macromolecule resins can be

adsorbed on the metallic area owing to nitrogen and oxygen
atoms and also the double bonds of aromatic rings.37 Figure
11b displays the density field distribution of macromolecular
resins on the Fe(110) surface. It can be inferred that a dense
barrier layer is likely formed in the three-dimensional space,
contributing to the resistance against corrosion and providing
effective anticorrosive protection. The adsorption energy (Eads)
was calculated as a function of the following eq 25:

= + ++ +E E E E E( )ads total surf solu inh solu solu (25)

where Etotal, Esurf+solu, Einh+solu, and Esolu are the total energy,
which includes iron crystal, the adsorbed inhibitor macro-
molecule resins, the potential energies of the system
uninhibited, the potential energies of the system inhibited
without the iron crystal, and the potential energy of the H2O,
respectively. The adsorption energies were derived from the
average adsorption energies of the obtained equilibrium
configurations. From Figure 11c, the extracted Eads values are
−832.1, −829.3, −815.2, and −804.7 kJ/mol at temperatures
of 293, 303, 313, and 323 K, respectively. These data reveal
that at all observed temperatures, the adsorption energies are
negative, indicating a spontaneous adsorption process.
Typically, a more negative value of Eads suggests a stronger
adsorption interaction between macromolecular resins and the
metallic surface.55 It appears that the absolute Eads values
decrease with increasing temperatures, which is consistent with
the order of the observed anticorrosive performance.2

3.10. Mechanism of Adsorption and Inhibition. The
adsorption and inhibition effects of MPAPB on the C38 steel
surface in 1 M HCl can be understood through experimental
and theoretical findings. It is well-established that MPAPB
inhibits corrosion by adsorbing onto the steel surface, a process
that depends on the molecular structure of MPAPB and the
surface characteristics of the steel. The adsorption of MPAPB
onto the metal occurs via interactions involving the unshared
electron pairs of heteroatoms (such as nitrogen and oxygen) as
well as the π-electrons of aromatic rings, which interact with
the vacant d-orbitals of surface iron atoms. In the presence of
MPAPB, adsorption on the C38 steel follows a mechanism
similar to that depicted in Figure 12, where the inhibitor
molecules create a barrier that protects the steel from the
corrosive action of chloride ions (Cl−). The active adsorption

Figure 10. Graphical representation of dual descriptors ( f k
2, Δσk, and

Δωk) for the main active centers of inhibitor (MPAPB).

Figure 11. (a) Equilibrium adsorption configuration of MPAPB on the Fe(110) surface; (b) density field distribution, and (c) dependence of
adsorption energy on temperature.
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sites, which include the lone pairs on heteroatoms and
delocalized π-electrons in unsaturated and aromatic regions,
are crucial for the formation of a stable protective layer.
MPAPB contains heteroaromatic and aromatic rings and
nitrogen and oxygen atoms, which play a vital role in bonding
with the steel surface during adsorption. This interaction forms
coordination bonds between MPAPB and the iron atoms, thus
shielding the steel from further corrosive attack.

4. CONCLUSION
The aim of this study is to assess the corrosion inhibition
efficacy of N-{2-[2-(5-methyl-1H-pyrazol-3-yl)acetamido]-
phenyl}benzamide monohydrate (MPAPB) as a newly
synthesized inhibitor for the corrosion of C38 steel in 1 M
HCl. Potentiodynamic polarization (PDP) results revealed that
MPAPB acts as a mixed-type inhibitor, effectively reducing
both anodic and cathodic reactions, thereby offering complete
protection against corrosion. Electrochemical impedance
spectroscopy (EIS) outcomes showed that the addition of
MPAPB increased the polarization resistance (Rp) values while
decreasing the double-layer capacitance (Cdl), indicating that
the inhibitor molecules adsorb onto the metal surface, forming
a protective layer. At a concentration of 1 mM, MPAPB
exhibited a corrosion inhibition efficiency (IE%) of 90.2%.
Additionally, the introduction of MPAPB resulted in a
significant decrease in current density, from 879.6 μA·cm−2

in the blank solution to 77.6 μA·cm−2 at a 1 mM concentration
at 293 K, as observed from the PDP findings. Moreover, DFT
calculations and MD simulations were conducted to simulate
the interaction between the inhibitor and the iron surface. The
agreement between the calculated and experimental outcomes
validates the theoretical models and enhances our confidence
in understanding the inhibitory behavior. Several directions for
further investigation are proposed to provide a broader context
for this study and guide future research. First, exploring the
performance of MPAPB in more aggressive corrosive environ-
ments, such as higher concentrations of HCl or the presence of
other industrial corrosive agents, would help assess its efficacy
under more challenging conditions. Furthermore, advanced
computational studies, including molecular dynamics simu-
lations at different temperatures, could provide a better
understanding of the interaction mechanisms of the inhibitor
and optimize its design for industrial applications.
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