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This study examines the corrosion inhibition efficacy of a novel quinazolinone
derivative, 1'H-spiro[cyclohexane-1,2-quinazolin]-4'(3'H)-one (ZB5). The
compound was characterized by *3*C-NMR and *H-NMR spectroscopy, and its
corrosion inhibition activity on mild steel was evaluated in a 1.0 M HCl
solution using potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS). ZB5 demonstrated remarkable protection,
with an inhibition efficiency of 82.83% at 10~ M. Adsorption studies revealed
that ZB5 follows the Langmuir isotherm model, confirming monolayer
adsorption on the MS surface. Surface characterization by SEM/EDS, XRD, and
FTIR confirmed the formation of a protective layer, while ICP-OES analysis
provided information on elemental composition and ion release. Further
density functional theory (DFT) calculations and Monte Carlo (MC)
simulations established a strong correlation between the electronic structure
of ZB5 and its adsorption behavior, thus confirming the experimental results.
Overall, this work provides robust experimental and theoretical evidence for
ZB5's strong corrosion-inhibiting capacity, highlighting its potential as an
effective protective agent for mild steel in acidic environments.
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Introduction

Mild steel is widely used in various technical
applications, including storage tanks, heat
exchangers, pipelines, acid manufacturing, power
generation, and the oil industry [1]. However, it
has a significant limitation regarding corrosion
resistance, particularly in acidic environments
where exposure to hydrochloric acid (HCI) poses
a considerable challenge [2]. Corrosion, the
degradation of metallic materials due to chemical
or electrochemical with  their
environment, can lead to deterioration of the
metal's properties. This degradation often results
in substantial economic losses across industrial
sectors, including equipment failures, increased
maintenance costs, and diminished operational
efficiency [3,4]. Therefore, addressing corrosion
in mild steel is crucial for extending equipment

reactions

lifespan and minimizing associated expenses.
One practical approach to mitigate corrosion is
the use of organic inhibitors, chemical compounds

designed to slow or prevent corrosion by forming
a protective layer on the metal surface [5]. These
inhibitors primarily function through adsorption,
effectively creating a barrier that blocks corrosive
agents [6]. Their effectiveness, relatively low
costs, and ease of applications in various
corrosive environments, including acidic media,
make them highly valued in industrial settings [7].
The adsorption of these organic inhibitors is
significantly influenced by their physicochemical
properties, such as functional groups, the electron
density of donor atoms, and potential steric
effects [8,9]. These factors play a vital role in
determining the inhibition potential, primarily
through substitution effects.

Over the years, numerous organic compounds
have proven to be effective corrosion inhibitors,
including imidazoles [10], quinolines [11], and
quinazolines [12]. These compounds have shown
a high efficacy in various corrosive environments
by forming protective films on metal surfaces via
adsorption, thereby significantly reducing
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corrosion rates, especially in acidic media such as
hydrochloric acid (HCI) [13]. Studies report a
corrosion efficiency of imidazole-based inhibitors
of up to 98% in a 5.0M HCI solution [14], an
efficiency of 90% for quinoline derivatives [15],
and an efficiency of 93% for a compound, 2-(3-
pyridyl)-3,4-dihydro-4-quinazolinone, as a
corrosion inhibitor for mild steel in a 0.1 M HCI
[16]. Further research
quinazoline derivatives as environmentally
friendly corrosion inhibitors for carbon steel in 2
M HCI yielded an inhibition efficiency of 78%.
Taken collectively, these findings highlight the
potential of organic compounds as practical tools
for combating corrosion
environments [17].

This study focuses on evaluating the corrosion-
resistant properties of the
derivative, 1'H-spiro[cyclohexane-1,2-
quinazolin]-4'(3'H)-one, when applied to mild
steel in a 1.0 M HCI acidic environment. The
compound was synthesized and characterized
using proton (1H) and carbon (13C) nuclear
magnetic resonance (NMR) spectroscopy [18]. To
evaluate the inhibitory performance of the
organic compound, a combination of
electrochemical techniques was applied. The
surface morphology of mild steel was examined
using scanning electron microscopy (SEM)
coupled with energy-dispersive spectroscopy
(EDS), while structural and chemical changes
were further characterized by X-ray diffraction
(XRD) and Fourier-transform infrared
spectroscopy  (FTIR). analyses,
conducted with and without the inhibitor, were
performed using inductively coupled plasma
optical emission spectroscopy (ICP-OES) to
determine elemental composition and ion release.
In parallel, Monte Carlo (MC) simulations and
density functional theory (DFT) calculations were
performed to correlate the molecular structure of

solution on three

in various acidic

quinazolinone

Solution

the quinazolinone derivative with its corrosion-
efficiency. This integrated
experimental-computational approach

inhibition
offers

valuable insights into the relationship between
molecular properties and corrosion resistance.

Experimental
Synthesis of organic compound ZB5

Aromatic aldehydes (4-chlorobenzaldehyde and
2,4-dichlorobenzaldehyde) (1  mmol), 2-
aminobenzamide 2 (1 mmol), and (N:Hs)2SiFe
(0.1 mol%) were mixed in 2 mL of ethanol and
heated to 80 °C with continuous stirring. The
reaction progress was monitored by TLC using a
solvent system of ethyl acetate and petroleum
ether (1:4, v/v). Once the reaction was complete,
hot ethanol was added to the mixture. (N2Hs)2SiFs
was recovered by essential filtration and, after
cooling, the product was recrystallized from
ethanol [18].

The working electrode and test solution

The mild steel used in this study for all corrosion
experiments had the following composition (by
weight): 0.09% P, 0.38% Si, 0.01% Al, 0.05% Mn,
0.21% C, and 0.05% S, with Fe as the balance.
Small cylindrical mild steel bars were embedded
in a plastic rod so that only the planar bottom
surface (area 1 cm?) was exposed to the test
solution. Before each electrochemical
measurement, the working electrode
polished with abrasive paper of varying grit sizes,
rinsed with distilled water, degreased with
acetone, air-dried, and immediately immersed in
the test solution. The quinazolinone derivative
was prepared in concentrations ranging from
107® M to 10~ M, with a blank solution prepared
for comparison. The aggressive HCl solution (1.0
mol/L) was obtained by diluting concentrated

hydrochloric acid (37%) with distilled water.

was

Electrochemical measurements

A conventional three-electrode cell comprising a
mild steel working electrode, spiral platinum wire
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counter electrode, and Ag/AgCl (KCl sat)
reference electrode was used for the
electrochemical measurements. A  Gamry

potentiostat surface 1010E was used for all
experimental measurements. Gamry software
was used to record data. The instantaneous
potentiodynamic polarization (PDP)
measurements were conducted in the anodic
direction at a scan rate of 1 mV-s-1 from -900 mV
to +100 mV relative to the open-circuit potential
(OCP). The EIS measurements were performed at
open-circuit potential (OCP) over a frequency
range from 100 kHz to 100 mHz, with 10 points
per decade. The amplitude of the applied AC signal
was 10 mV/ms. All experiments were performed
after 30 mn of mild steel immersion in 1.0 M HCIl
solutions in the absence and presence of different
concentrations of the two studied compounds.

Surface analysis

Several advanced analytical techniques were
employed to investigate the morphology, surface
condition, roughness, and the nature of corrosion
products formed on mild steel in hydrochloric
acid. Surface characterization was performed
using SEM coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS) with a FEI QUANTA FEG
450 instrument. Structural analysis was
conducted by XRD with Siemens D5000 and
Bruker AXS D8 instruments, while chemical
bonding and functional groups were examined
through FTIR using a BRUKER TENSOR II system.
Data were collected both before and after
exposure to the corrosive medium, in the absence
or presence of the inhibitor, at room temperature.

Solution analysis

The
concentrations produced on mild-steel surfaces in
the presence of a corrosion-inhibiting molecule
were explored using Inductively Coupled Plasma
(ICP) spectrometry. Mild steel samples were

elemental composition and ion

immersed in a solution of 1.0 M HCI alone (blank)
and a solution containing ZB5 for 48 h at 298 K.

Theoretical Framework

To understand how the quinazolinone derivative
affects corrosion inhibition, a theoretical analysis
was conducted using DFT. According to molecular
orbital theory, examining the electron densities in
the Highest Occupied Molecular Orbital (HOMO)
and the Lowest Unoccupied Molecular Orbital
(LUMO) can electrophilic or
nucleophilic nature of different centers within a
molecule. Specifically, HOMO is associated with a
molecule's ability to donate electrons, while
LUMO is associated with its ability to accept
[19,20]. Additionally, the Fukui
functions were calculated to determine the
nucleophilic or electrophilic nature of each atom
in the quinazolinone derivative. These functions
provide valuable insights into how different
atoms within the molecule interact with reactive
species. By analyzing the Fukui functions, it can
better found which parts of the quinazolinone
derivative are more likely to participate in
electron-donating or electron-accepting
processes, thereby influencing its effectiveness as
a corrosion inhibitor [21-23].

reveal the

electrons

DFT calculations

Using DFT optimization in Materials Studio 2017
(by Accelrys Inc.) [1], several quantum
parameters were defined and examined to
understand the relationship between chemical
structure and inhibitory effectiveness. Among
these parameters are the energies of the frontier
molecular orbitals (ELUMO and EHOMO), which
determine a compound’s ability to accept or
donate electrons, thereby influencing its
interactions with other molecules or chemical
species [2,3]. The energy gap between bands (AE)
serves as an indicator of a compound's stability
and reactivity. A larger gap reflects greater

stability and lower reactivity, whereas a smaller
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gap may indicate higher reactivity [4,5].
Additionally, electronegativity (x) measures an
atom's ability to attract electrons in a chemical
bond, playing a key role in bond polarity and
intermolecular interactions [6]. Hardness (1) and
softness (o) are complementary concepts that
respectively describe a compound's resistance to
electronic changes and its propensity to undergo
such changes [7]. Finally, the electron transfer
fraction (AN) reflects changes in the electron
distribution during a chemical reaction and
significantly the properties
inhibitory effectiveness of the studied compounds
[8]. The values of EHOMO and ELUMO are used to
calculate these parameters using the following
equations [9,10]:

influences and

AE = Erymo — Enomo (1
_ Erumo—Enomo
= ZLumo-Tiomo @
1
o= (3)
_ Z(Erumo+Eromo) (4)
2
_x
w=L (5)
AN _ ®—Xinh (6)

" 2(Mpe+Ninn)
Where, ®Fe = 4.82 eV, and the value of the global
hardness nFe of iron is considered zero.
As a part of this study, the calculation of double
Fukui Fukui
functions f;?, along with dual local softness Ay,

descriptors, or second-order
and dual local publicity Aw,, was performed to
identify the most reactive sites of molecules in
their neutral or protonated states [11]. These
descriptors, designed as analytical tools, enable
in-depth exploration of local chemical reactivity.
They highlight
significant interactions are likely to occur. The

molecular regions, where

mathematical expressions defining these
descriptors are as follows [12]:
fé=f—fc (7)
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Where, f;" and f;; represent the Fukui indices of

site k in cationic and anionic systems,
respectively.
Aoy = o — o (8)

In this context, g and o designate the local
softness quantities that describe nucleophilic and
electrophilic attacks, respectively.

Aoy = wff — wf 9)

Where, wi — wy correspond to local philic

quantities describing nucleophilic and
electrophilic attacks, respectively.

MC simulation

The molecular dynamics (MD) simulation

method is used to develop a two-layer adsorption
model using Materials Studio 2017. The first layer
represents the metallic surface with the Fe (110)
plane, and its dimensions are 37.24 x 37.24 x
14.19 A% [13]. The second layer corresponds to
the solvent layer and consists of 1 inhibitor
molecule, 600 water molecules, 6 H;0" ions, and 6
Cl” ions. The solution and water layers are
constructed using the Amorphous Cell module
[14,15]. The COMPASSII force field is used to
optimize the system, and the MD simulation is
conducted in the canonical ensemble (NVT) using
the Discover module. The MD calculations are
carried out at 298 K, with an Andersen
thermostat. The simulation time step is 1 fs, and
the total simulation duration is 1,000 ps [16].

Results and Discussion
Potentiodynamic measurements

Figure 1 shows the I-E curves for mild steel in 1.0
M HCI at 298 K, both in the absence and presence
of ZB5 at concentrations ranging from 1073 M to
10°® M. The parameters,
including the corrosion potential (Ecorr), cathodic
(Bo), and anodic (Ba) Tafel slopes, as well as the

electrochemical
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inhibition efficiency (WPP), are summarized in
Table 1.

The results reveal exponential and parallel
polarization curves, demonstrating that both the
anodic iron oxidation and the cathodic hydrogen
evolution are controlled by a charge-transfer
mechanism, regardless of the presence or absence
of the inhibitor [24]. These findings indicate that
the inhibitor does not modify the fundamental
of mild The

reaction mechanisms steel.

polarization curves display well-defined anodic
and cathodic branches, confirming that corrosion
proceeds through a pure activation-controlled
mechanism  without  diffusion influence.
Moreover, the presence of the inhibitor produced
no significant potential shift compared to the
blank solution, thereby classifying it as a mixed-
type inhibitor that simultaneously affects both

anodic and cathodic processes [25,26].

10*

107

10°

I (Alcm?)

|—a— Blank 1.0 M HCI
|—o—10°m
|—o— 10" m

10°m

10°m

10° |

—_

10-6 1 1 1
-0,9 -0,8 -0,7 -0,6

-0,5 -0,4 -0,3 -0,2 -0,1

E (V/IAg/AQCI)

Figure 1. Polarization graphs for mild steel reprogrammed at 298 K in the studied environment before and after

including various amounts of ZB5

Table 1. Electrochemical characteristics of mild steel were measured at 298 K before and after adding varying
amounts of the investigated inhibitor to the media

BTG Conc. Ecorr icorr - Be Ba 133
M mV/Ag/AgCl MA cm? mV dec? mV.dec?! %
HCl 1.0M -- -498 983 140 150 -
103 -450 147 119 105 85.04
VAR 104 -447 187 121 108 80.97
105 -460 320 130 118 67.44
106 -456 355 132 126 63.88

The analysis of the results in Table 1 shows that
with increasing inhibitor concentration, icorr
values decline sharply. Hence, as the inhibitor
concentration increases, the inhibitory efficiency
"Npp%" also rises, peaking at 85.04%. This result
suggests that both products adsorb efficiently

onto the metal surface's active sites, forming a
protective film that reduces dissolution reactivity
[27]. The inhibition efficiency () has been
determined according to the following:

MNpp = [(iocorr'icorr)’iocorr] x 100 (10)
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Where, i°or and icrr indicate the corrosion
current density before and after adding the
chemical inhibitor.

The absolute values of Ec.r decrease as ZB5
concentration increases, suggesting a shift in the
corrosion potential. It may be inferred that ZB5
functions as a mixed-type inhibitor, as these
values are lower than +85 mV compared to the
corrosion potential of the free combination. With
these mixed-type inhibitors, mild steel rusts less
in a 1.0 M HCI solution because the anodic (metal
oxidation) and cathodic (oxygen or proton
reduction) processes occur more slowly [28,29].

EIS measurements

To determine and collect data on the protection
mechanism (charge transfer, diffusion,
adsorption), EIS measurements were performed.
Figure 2 displays the Nyquist (2a) and Bode (2b)
curves for the electrochemical characteristics of
mild steel in "1.0 M HCI" at 298 K in the absence
and presence of different amounts of ZB5.

The Nyquist plot in the presence of an inhibitor,
as shown in Figure 2a, has a more pronounced arc
diameter than that seen for the blank solution.
The development of an inhibitive coating on the
metallic surface, which slows down the corrosion
process, is the most plausible explanation. The
fact that each graph shows only one capacitive
loop indicates that the charge-transfer process is
primarily responsible for controlling the
corrosion response [30]. Incomplete semicircles
was obtained in the Nyquist spectra. This is most
likely caused by various non-uniformities or
rough [31]. The Bode
magnitude and phase plots, shown in Figure 2b,
provide a clearer visual aid by referencing an
equivalent circuit with a single constant phase
element at the metal-environment contact. As the
concentration of the molecules increases, so does
the phase angle and the Bode graph. This suggests
that the adsorption capacity of the inhibitor

and

electrode surfaces

particles on the mild steel surface determines
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their protective capacity [32]. The model chosen
to simulate the Niquist diagrams is shown in
Figure 3 (equivalent circuit). Solution resistance
(Rs), parallel constant phase element (CPE) ((Qa,
na) or (Ca, na)), and a charge transfer resistance
made up this electrical circuit (R¢t). As a result, all
experimental data fit well in the existence and
quinazoline The
expression denotes the impedance function of the
CPE [33]:

Zcre=1/Q(jw)-na (11)

Where, Q represents the CPE's magnitude, j
stands for an imaginary number (j2 = -1), and w
represents the angular frequency. na, the
deflection parameter, denotes a phase shift (-1 <
na <+1). The CPE stands for a pure resistor if na =
0, an inductor if nq = 1, and a pure capacitor if ndl
= 1. Moreover, the following Equation has been
used to determine the double-layer capacitances,
Ca, for a circuit that incorporates a CPE [33]:

Ca= Q (Zﬁ(l)max)ndl_l

absence of derivatives.

(12)

Where, Wmax (Wmax = 2mfmax) & fmax are
frequencies at the highest value of the imagined
section of the impedance profile.

Table 2
parameters obtained for the ZB5 compound,
including Rs, Rct, Q, ndl, and nimp (%). The results
show that Rct values increase progressively with
concentration, reaching a maximum of 202.2
at 1072 M. Likewise, ndl values are
consistently higher than those of the blank
solution and rise with increasing concentration.
These observations confirm that the inhibitor
molecules adsorb effectively onto the steel
surface, forming a stable protective layer [34].

The inhibition efficiency of the compound
increases with concentration, from 56.14% at 10-
6M to 82.83% at 10-3M. This further confirms that
the protective film formed by the quinazolinone
molecules on the electrode surface becomes

summarizes the electrochemical

Q-cm?

denser, effectively shielding the metal from
localized corrosion caused by chloride ions [35].
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Figure 2. The EIS results for mild steel corrosion in 1.0 M HCI solution, with and without the ZB5 inhibitor,
including Nyquist impedance graphs (2a) and Bode angle graphs (2b)
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Figure 3. Corresponding circuits fitting with experimental impedance data

Table 2. Electrochemical impedance parameters for the inhibitory activity of mild steel were determined at 298
Kin 1.0 M HCI solution before and after adding various quantities of ZB5

Conc. Rs Ret
(M) (@ cm?)
HClI1M - 1.12
10-3 1.849
ZB5 10-4 1.835
10-5 1.469
10-6 1.687

Adsorption isotherm

In corrosion inhibition, adsorption isotherms
help explain the interactions between inhibitor
molecules and the metal surface. They provide
insights into the nature of the adsorption process,
whether physical (physisorption) or chemical
(chemisorption).

For the adsorption of organic inhibitors on mild
steel, various isotherm models are commonly
used, including the Langmuir, the Freundlich, and
the Temkin isotherms. The criterion for selecting
the best adsorption isotherm was the value of the
regression coefficient (R2) that was closest to
unity for the Langmuir adsorption isotherm
model. According to this model, the degree of
surface coverage (0) is related to the inhibitor
concentration (Cinh) by the following Equation
[36]:

1163

(2 cm?)

34.7
202.2
149.7
90.81
79.13

Q nimp
()

(WF. Sn'?) i %

419 0.773 - -
222 0804 0.8283 82.83
245 0.794 0.7682 76.82
268 0.796 0.6178 61.78
258 0.704 0.5614 56.14

Cinh 1 .
0 ﬁ + Cinh (13)

Where, 0 is the surface coverage (calculated from
inhibition efficiency), Cinh is the inhibitor
concentration, and Kads is the adsorption
equilibrium constant.

The plot of the Langmuir adsorption isotherm
(Cinh/8 vs. Cinh) for corrosion of mild steel in an
environment of 1.0 M HCl is presented in Figure 4.

The high regression coefficient values (R* =
0.9999 for Z5) confirm the appropriateness of this
model. From the adsorption constant (Kads), the
values of "AG°ads" were calculated using the
following Equation (14) [37]:

AGads = —RT In (55.5 * Kads) (14)

Where, RR denotes the universal gas constant,
55.55 represents the molar concentration of
water in solution (mol L™), and TT is the absolute
temperature (K).
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Figure 4. Langmuir adsorption curves for different quinazolinone derivatives on mild steel in 1.0 M HCl media at

298K

Table 3. Thermodynamic parameters obtained for the adsorption of ZB5 on mild steel in 1.0 M HCl at 298 K
using the Langmuir adsorption isotherm

Inhibitor Kads (L/mol)

ZB5 212907.74

Generally speaking, the values of Kads and AGads
can serve as a basis for evaluating the adsorption
capacity of quinazolinone molecules on metal
surfaces. The higher value of Kads, the inhibitor
molecule, and the metal surface, will generate
stronger interactions [38]. The result shows that
the Kads of ZB5 is 212907.74 L/mol, indicating a
strong bond between the metal and the inhibitor.
The inhibition is absorbed spontaneously, as
evidenced by the negative Gads readings [39]. Itis
well established that adsorption of organic
molecules onto steel surfaces generally occurs via
two primary mechanisms: physisorption and
chemisorption. Physisorption, characterized by
between
inhibitor molecules and the metal surface, is

electrostatic  interactions charged
typically inferred when AGads values are equal to
than -20 kJ-mol™. In contrast,

chemisorption is assumed when AGads values are

or less

R? AGads (KJ/mol)

0.9999 -40.32

equal to or greater than -40 k]-mol™, reflecting
charge sharing or electron transfer from the
inhibitor molecules to the iron atoms (Table 3)
[40]. Given that the AGads value in this study is
close to =40 kJ-mol™, it can be inferred that the
ZB5 compound undergoes

chemisorption onto the iron surface.

spontaneous

Temperature effect and activation parameters

By analyzing corrosion rate trends at different
temperatures, typically using electrochemical
methods, an inhibitor's thermal stability and
effectiveness in mitigating corrosion can be
assessed across various temperature ranges [41].
The effect of temperature on the corrosion rate
of Mild steel in 1.0 M HCI, both with and without
103 M ZB5
temperatures ranging from 298 to 328 K. The

inhibitor, was investigated at
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polarization curves and parameters resulting
from this study are shown in Figure 5 and
summarized in Table 4, respectively. The study
shows that current density increases with rising
temperature for mild steel in 1 M HCI, both in the
absence and in the presence of inhibitors. This can
be attributed to accelerated chemical processes,
indicating that the corrosion rate of mild steel is

1000

Blank
100

I (mA/cm?)

E=]

—a—208K
0,01} —*—308K
318K

—+— 328K

1E_3 1 1 1 1 1 1
0¢ 08 07 06 05 04 03 02 01

E (VIAg/AgCI)

I (Alcm?)

temperature-dependent [42]. Furthermore, the
inhibitory efficacy of the product decreases with
increasing temperature, suggesting that the
inhibitor molecule adsorbs onto the steel surface
via either chemical adsorption or weak chemical
bonds [43]. These findings highlight the
sensitivity of the inhibition process to
temperature variations.

T T T T T
0,9 0,8 0,7 0,6 05 0,4 03 0,2 0,1
E (V/IAg/AgCI)

Figure 5. Mild steel's polarization curves in 1.0 M HCl in the presence and absence of inhibitors at various

temperatures

Table 4. Polarization plot parameters of mild steel in 1.0 M HCl containing '10-3 M' of ZB5 at various temperatues

BTG Temperature Ecorr
(K) mV/Ag/AgCl

298 -498

308 -477

Blank 318 -487

328 -493

298 -450

ZB5 308 -464

318 -441

328 -448

The Arrhenius Equation and activation energy
calculations are commonly applied to assess the
impact of temperature on corrosion rates and
inhibitor  efficiency. = The  kinetic  and
thermodynamic parameters, including apparent
activation energy (E.), activation enthalpy (AH,),
and activation entropy (AS.) for dissolving mild
steel in 1.0 M HCl, both in the absence and

iCOl‘l‘ = BC Ba

HA cm2 mV dec! mV dec1 E%
983 140 150
1200 184 112
1450 171 124
2200 161 118
147 119 105 85.04
320 123 117 73.33
450 140 126 68.69
686 156 130 68.81

presence of 10-3 M ZB5 at temperatures ranging
from 298 to 328 K, are shown in Figure 6 and
Table 5. These activation parameters were
derived using the Arrhenius Equation as the
foundational model for the calculations [44]:

icorr =Ae'Ea/RT (15)
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Taking the logarithm from both sides of the
Arrhenius Equation, Equation (16) is obtained:

Lnicr =Ln A - Eo/RT (16)

The transition state Equation was used to
determine the variation in enthalpy (AH.) and
entropy (AS.) for producing the activated complex
in the state of transition [45]:

In(

<) = [In(-) + (%) 1 — AHa/RT (17)

Where, icorr is the corrosion current density, A
denotes pre-exponential factor, h is Planck's
constant, Na indicates Avogadro's number, E, is
the apparent activation energy, R denotes gas
constant (R = 8.314 ] moll. K1), and T is the
absolute temperature.

The plots of In(icorr) and In(icorr/T) as a function
of 1000/T, shown in Figure 6, display a straight

6,6

6,3

6,0

corr

In(i_ ) mA/cm®

57

]
54| @

Blank
Zz5
B

Fitting cruves

51

4,8 |-

3,05 3,10 3,15 3,20 3,25 3,30
1000/ T K™

line with a slope corresponding to (-Ea/R). The
activation energy (E.) values were determined
from the slope of this line and are presented in
Table 5.

The higher activation energy (Ea.) observed in the
solution containing 10™* M of ZB5, compared to
the wuninhibited medium, indicates that the
quinazolinone derivative is physically adsorbed
onto the mild steel surface. This behavior can be
attributed to the formation of a thin protective
film that increases the energy barrier to
corrosion. The presence of this adsorbed inhibitor
layer effectively hinders charge-transfer reactions
at the steel interface, thereby reducing the
oxidation rate. Overall, these findings confirm that
ZB5 enhances the corrosion resistance of mild
steel by making the corrosion process more
difficult under the tested conditions [46].

2,0

15 F L

10 |

0,5

0,0

corr

In(i_/T)mA/cm”K™*

®  Blank
° zs5

Fitting cruves

20,5

1 1 1 1 1 1 1
3,05 3,10 3,15 3,20 3,25 3,30

1000/T K™

Figure 6. Straight recomposition of In (icorr /T) vs. the opposite of the temperature employed to collect the

activation parameters of ZB5

Table 5. Activation parameters for mild steel in 1.0 M HCl solution in the absence and presence of ZB5 inhibitor

Ea (KJ/mol) AHa (KJ/mol) ASa (J/mol.K)
Blanc 21.0 18.5 -126.0
ZB5 40.46 37.87 -75.62

Data also show that the enthalpy of activation
(AH.) obtained in the presence of ZB5 is higher
than that of the solution-free, indicating an
endothermic corrosion process between the
compound (ZB5) and Fe in an acidic environment

[47]. Furthermore, the entropy change (AS,)
decreases upon addition of ZB5, indicating a less
disordered state, as the complex is active during
the speed establishment phase.
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Surface characterization
SEM/EDS analysis

The surface morphology of mild steel was
examined by SEM after 6 hours of immersion in
1.0 M HCI, both in the absence and presence of
1073 M ZB5. The untreated sample exposed to the
uninhibited solution (Figure 7a, BLK) exhibited
severe surface damage and pronounced
roughness caused by the corrosive medium. In
contrast, the specimen treated with the film-
forming ZB5 solution (Figure 7b) displayed a
markedly smoother and less deteriorated surface,
confirming the effectiveness of the protective
layer. These results demonstrate that adsorption
of the quinazolinone derivative onto the mild steel
surface substantially mitigates corrosive attack.
To validate the elemental composition of the film
formed on the steel surface, energy-dispersive X-
ray spectroscopy (EDS) analysis was conducted.
Figure 7 (c and d) shows the characteristic peaks

of C, O, Cl, and Fe detected before and after
immersion in 1.0 M HCl containing 1073 M ZB5.
The corresponding elemental percentages on the
steel electrode are summarized in Table 6.

The ZB5 spectrum shows a significant reduction
in signals from C and O relative to the untreated
sample, while Fe content increases. This indicates
that the quinazolinone derivative is well adsorbed
onto the metallic surface, forming a barrier layer
that resists corrosion.

FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy
was used to examine the chemical composition
changes on the surface of mild steel after 6 hours
of immersion in the treated and untreated
samples (Figure 8). This technique allows the
identification of functional groups present and
helps analyze the interaction between inhibitor
molecules and the metal surface [48,49].

Figure 7. SEM micrographs (a, b) & EDS spectra (c, d) of the mild steel after 6 H immersion in 1.0 M HCl before

and after adding 10-3 M of ZB5
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Table 6. Compositions of the mild steel surface tested by EDS analysis

Elements Blank ZB5
C 7.62 4.21
0 27.95 16.2
Fe 62.89 79.58
Cl 1.04 --
Si 0.35 --

100 |-
é\\
95
90 /
X 2371.97 cm!
85 F M 17547 cmt
O
c -1
g 80 | 1380.32 cm
g 1221.7 cm!
P 75 -
©
Fo}
65 |-
—— MS after immersion in HCI 1.0 M
60 - — s after immersion in HCI 1.0 M + 10" M of ZB5
55 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber cm?

Figure 8. FT-IR spectrum of the mild steel surface layer before and following the introduction of ZB5

The FT-IR spectrum (Figure 8) of the solution
containing the ZB5 inhibitor shows several
characteristic peaks at specific wave numbers,
corresponding to the different
vibrations of the functional groups present in the
inhibitor. These peaks confirm the presence of
ZB5 adsorbed on the Mild steel surface, indicating
an interaction occurred between the inhibitor

molecular

molecules and the metal surface.

In contrast, in the absence of ZB5, these peaks
disappear from the spectrum, suggesting that
there is no significant adsorption of other
compounds or the formation of a protective film
on the surface. This indicates that the ZB5
inhibitor protects against corrosion by forming a
barrier on the mild steel surface, reducing its
direct exposure to the aggressive HCI solution.
This protective layer limits corrosion by blocking

active sites on the steel surface, thereby
enhancing resistance to the corrosive attack.

X-ray analysis

Figure 9 shows the XRD diffractograms. The
results for the untreated solution reveal Fe304 and
Fe;03 peaks (iron oxides) at 26 = 29.40° and 65°,
respectively. These iron oxides form as a result of
the corrosive attack by the acidic solution on the
steel surface. The formation of these oxides is a
clear sign of ongoing corrosion, as the steel reacts
with  hydrochloric acid, producing these
compounds.

In contrast, incorporation of the ZB5 inhibitor
resulted in a significant reduction in the peak
intensities of the iron oxides (Fe;0, and Fe,053).
This reduction suggests that the formation of
these oxides has been inhibited, indicating that
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the steel surface has been effectively isolated and
protected from the aggressive acidic environment
by a protective layer formed by ZB5. This
protective film likely blocks the active corrosion
sites on the steel surface, preventing further
oxidation reactions and the formation of iron
oxides [43].

Solution analysis by ICP-OES

Inductively coupled plasma optical emission
spectrometry (ICP-OES) enables the accurate
determination of the elemental composition and
concentration of dissolved iron ions in mixtures
with and without inhibitors. Table 7 presents the
concentration values of Fe?* jons found ina 1.0 M
HCI solution alone, as well as after the addition of
different concentrations of ZB5.

The results show that the concentration of Fe?*
ions in the solution decreases as the inhibitor

ZB5, the
concentration of Fe?* ions drops from 1,152 mg/L
in the control solution (without inhibitor) to
590.3-175.9 mg/L as the inhibitor concentration
increases from 107 M to 1073 M.

These findings demonstrate that the studied
inhibitor rapidly inhibits steel dissolution. The
higher the inhibitor concentration, the lower the
amount of Fe?* ions released into the solution.
This significant reduction in the concentration of
Fe?* ions in the corrosive solution indicates that
the inhibitors form a protective barrier on the
steel surface, thus preventing the dissolution of
in hydrochloric acid [41]. This
protective mechanism, through the adsorption of
inhibitors on the metal surface, is therefore
essential for extending the durability and
resistance of steel in corrosive environments.

concentration increases. For

the metal

Fe

Blank

Inhibitor ZB5

A_ iy A;J‘

Intensity (a.u)

A

.._A.AAAA

20 25 30 35 40 45 50

55 60 65 70 75 80 85 90

20 (degree)

Figure 9. Diffractograms of mild steel surface after six hours of immersion in 1.0 M HCI (with and without 10-3

M of ZB5)

Table 7. Concentration of Fe2* ions in 1.0M HCIl with and without the presence of various quantities of ZB5

Compounds

HClI1M

ZB5

Conc. Conc. Fez*
(M) ions (mg/L)
- 1152
10-3 175.9
10-4 274.9
10-5 385.1
10-6 590.3

1169



H. Malki et al. / Adv. . Chem. A 2026, 9 (6), 1155-1178

DFT calculation

Figure 10 illustrates the optimized geometry and
the distribution of the frontier orbitals of the
molecule in its two states: the neutral form in the
gas phase and the protonated form in the aqueous
phase. In both configurations, the highest
occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are
primarily localized on nitrogen and carbon atoms.
This orbital distribution is particularly significant
as it promotes the adsorption of the molecule onto
a metallic surface. The nitrogen atoms, especially
those with lone pairs of electrons, interact
effectively with the active sites of the metallic
surface [17]. Localizing orbitals in specific regions
increases the likelihood of
forming chemical or physical bonds with the
metallic atoms, thereby enhancing the efficiency
of the corrosion-inhibition This
interaction is especially pronounced in the gas
phase, where the neutral form of the molecule
exhibits enhanced adsorption characteristics due
to electrostatic effects and increased polarity.

of the molecule

process.

Neutral

Protonated

The energy values of the highest occupied
molecular orbital (Enomo) and the lowest
unoccupied molecular orbital (ELumo) were used
to calculate the energy gap (AE = Erumo - Enomo)
and to analyze interactions. Various chemical
reactivity  descriptors,
electronegativity (x), hardness (1), softness (o),
and electrophilicity (w), were evaluated for the
neutral form in the gas phase and the protonated
form in the aqueous phase. These results are
summarized in Table 8. According to the frontier
molecular orbital (FMO) theory, a molecule's
ability to exchange electrons is determined by the
energy levels of its ELymo and Exomo orbitals. A high
Enomo indicates a strong tendency for the inhibitor
to donate electrons to the metal's vacant orbitals,
enhancing adhesion to the metal surface and
protective  efficiency  [5].

such as absolute

improving  its

Conversely, a low Erymo indicates the inhibitor's
superior ability to accept electrons from the
metal, further contributing to its effectiveness
[18].

Figure 10. Optimized geometries and frontier orbital density distributions of ZB5 molecule
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The molecular processes involved in chemical
reactions are comparable to those in adsorption,
in which only the HOMO and LUMO orbitals near
the Fermi level participate of the substrate. Figure
11 illustrates the energy levels of the frontier
orbitals for the neutral and protonated forms of
the inhibitor, along with their relationship to the
Fermi level. The HOMO orbitals of the molecule
are closer to the Fermi level of Fe (-5.177 eV) than
the LUMO orbitals, which is particularly notable
for the neutral form. This proximity facilitates the
migration of electrons from the HOMO orbitals to
the metallic surface [19,20]. Conversely, electron
transfer from the metal to the molecule's LUMO
orbitals is less likely due to a significant energy
gap. The molecule acts as an electron donor,
accumulating electrons on the iron surface until
equilibrium is established.

Based on the quantum-chemical parameters
presented in Table 8, the neutral form of the
inhibitor appears to be the most stable. However,
this form has a relatively large energy gap and
high hardness. Due to its low reactivity, the

neutral form does not interact optimally with the
metal surface, thereby limiting its potential to
inhibit corrosion in acidic solutions such as HCL. In
contrast, the protonated form of the inhibitor
exhibits characteristics that significantly enhance
its effectiveness as a corrosion inhibitor. The
energy gap of this form is considerably lower,
indicating greater chemical reactivity.
Furthermore, the protonated form has reduced
chemical hardness, making it more flexible and
able to interact with the metal surface [2,21-23].
Its higher softness enables better interactions
with the surface's active sites, promoting the
adsorption of the molecule [24]. Additionally, the
increased electronic transfer in the protonated
form suggests an improved ability to donate
electrons to the metal surface, strengthening
adsorption and corrosion inhibition in an acidic
environment containing HCl [16,25]. These
properties make the protonated form much more
effective in protecting metal surfaces from
corrosion, particularly under acidic conditions.

Neutral Protonated
| ’_.
A | LUMO
| 15,53 ev
| 4,864 ev !
! ! Fermi level
——— ' E;=-5.177eV
0,22 ev
3566ev  1OMO
I

Figure 11. The energy gaps of the orbitals relative to the Fermi level were calculated using the B3LYP/6-

311G+(d,p) method
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Table 8. Quantum chemical parameters from DFT calculation

ELUMO (ev)
EHOMO (ev)
AE(eV)
n(ev)

S (eV)
x(eV)
AN110

w

The local reactivity indices of the studied
inhibitors were calculated and are illustrated in
Figure 12. It is widely recognized that when the
double local descriptors (fiZ AS, and Awy) show
values below zero, this indicates a high
probability of electrophilic attack at site k due to
its high electron density. Conversely, when these
descriptors are above zero, a nucleophilic attack
is favored, suggesting that the site has low
electron density and thus attracts nucleophiles
[26,27]. Figure 12 reveals that the two analyzed
forms have several active centers. Some of these
centers show local descriptor values below zero,
suggesting a high probability of electrophilic
attack, while others show values above zero,
favoring nucleophilic attack. These observations
indicate that the molecule primarily acts via a
back-donation mechanism, thereby enhancing
adsorption and improving corrosion-inhibition
efficiency. The carbon (C), oxygen (0), and
nitrogen (N) atoms play a key role in this process,
as they are often the active sites for electrophilic
and nucleophilic interactions. Their ability to form
strong bonds with the metallic surface is crucial
for ensuring the optimal adsorption and effective
corrosion inhibition.

1172

Neutral Protonated
-0.313 0.353
-4.957 -1.611
4,643 1.964
2.321 0.982
0.430 1.017
2.635 0.628
0.470 2.133
4,643 1.964

MC simulation

Figure 13 shows the equilibrium adsorption
geometries of the studied inhibitor molecule in
both its neutral and protonated states in a
solution containing 7 H ions, 7 Cl” ions, and 700
water (H,0) molecules. This setup allows for a
detailed analysis of the interaction between the
inhibitor molecules and the metallic Fe(110)
surface. As shown in Figure 13, the inhibitor
molecule aligns parallel to the metallic surface,
thereby optimizing the interactions between its
functional groups and the surface atoms. These
interactions are primarily governed by the
carbon, nitrogen, and oxygen atoms in the
molecular structure of the inhibitor. In the
protonated state, the interaction is generally
stronger, as the positive charge enhances
electrostatic attraction to the metallic surface.
Conversely, in the neutral state, the interactions
are dominated by van der Waals forces and
coordination interactions involving electron-
donating atoms, such as nitrogen and oxygen [24].
These findings confirm that the effectiveness of
the inhibitor molecules depends strongly on their
orientation and on the specific interactions
between their functional groups and the metallic
surface.
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Figure 12. Graphical display of the local dual descriptors (Afk, Ac, and Aw) of ZB5

Fe (110)/ ZB5

Fe (110)/ ZB5/7 H+/7Cl-/700H20

Figure 13. The equilibrium adsorption configurations of ZB5 on the Fe (110) surface

After optimization, Table 9 presents the
estimated adsorption energies of the molecules
on the Fe (110) surface for the gas-phase and
aqueous-phase protonated forms. The results
show that both forms, protonated and neutral,
exhibit more negative adsorption energies. This

1173

suggests more stable adsorption, which could
enhance the effectiveness of these molecules as
corrosion inhibitors, as more stable adsorption
provides better surface protection against
corrosion [28,29].
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Inhibition mechanism for ZB5

The chemical structures of the inhibitor

molecules and the type and charge of the metal

generally play key roles in the mechanism of

action of corrosion inhibitors on metal surfaces in
acidic media. Based on the available data, the

adsorption process of the compounds on the mild

steel surface can be described as follows (Figure

13):

1) Studies conducted in HCl medium showed
that the metal surface becomes positively
charged [30]. The tested compound,
containing nitrogen and oxygen atoms,
undergoes facile protonation in this medium.
In addition, the positively charged CS surface
facilitates the adsorption of chloride ions
(CI), serving as a bridge between the

2)

protonated SB5 molecules and the CS surface.
This  bridging effect enhances the
electrostatic  interactions among the
components, consistent with a physisorption
mechanism (Figure 14).

As shown by the previously mentioned
results, chemisorption can also inhibit
corrosion. The presence of electron-rich
rings and heteroatoms (N and O) facilitates
the transfer of electrons from SB5 molecules
to the electron-deficient orbitals of iron. In
this mechanism, the non-shared electron
pairs of nitrogen and oxygen atoms can
donate their electrons to the vacant iron
orbitals (chemisorption), and donor-
acceptor interactions can occur between the
m-electrons of the phenolic rings and the
vacant iron orbitals (retro-donation) [17].

Table 9. Adsorption energy (k] mol-1) of the three inhibitory molecules studied on the iron surface under
solvation conditions

Total energy (kJ/mol) Adsorption energy (kJ/mol)
SB5 /Fe (110)
-604.22 -212.6
SB5 /Fe (110) /7 H30+/7 Cl-/700 H20
-50295.31 -109164.17

—emmg Chemisorption ol

Physisorption

—smm  Retrodonation

Figure 14. Corrosion inhibition scheme of mild steel by SB5

1174



H. Malki et al. / Adv. J. Chem. A 2026, 9 (6), 1155-1178

Conclusion

In conclusion, the quinazolinone derivative ZB5
remarkable efficiency as a
inhibitor for mild steel
environments, achieving up to 82.83% protection
at a concentration of 1073 M. The adsorption
behavior of ZB5 followed the Langmuir isotherm
model, and surface analyses (SEM/EDS, XRD,
FTIR, and ICP-OES) confirmed the formation of a
protective layer on the steel surface. Furthermore,
theoretical studies using DFT and MC simulations
provided strong evidence linking the electronic
and adsorption properties of ZB5 to its
experimental These
comprehensive findings highlight ZB5's potential
as a promising corrosion protection candidate in
aggressive acidic media. Future work could
explore its long-term stability, scalability, and
performance under
further validate its practical applicability.

demonstrated

corrosion in acidic

inhibition performance.

industrial conditions to
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