Int. J. Corros. Scale Inhib., 2025, 14, no. 1, 397-419 397

Advanced corrosion protection for mild steel in acidic
environments: The power of 3-imino-3H-benzo[f]chromene-2-
carboxamide

H.H. Al-Doori,}® M.A.l. Al-Hamid,>® A.F. Mahmood,?
A.A.H. Kadhum*® and A.A. Alamiery>®*

Al-Karkh University of Science, Baghdad P.O. Box: 10001, Baghdad, Iraq
2Energy and Renewable Energies Technology Center, University of Technology, Baghdad
P.O. Box: 10001, Baghdad, Iraq
30il and Gas Engineering Department, University of Technology, Baghdad P.O. Box:
10001, Baghdad, Iraq
“Al-Ameed University College, P.O. Box: 56001, Karbala, Iraq
°Al-Ayen Scientific Research Center, Al-Ayen Iragi University, AUIQ, An Nasiriyah,
P.O. Box: 64004, Thi Qar, Iraq
*E-mail: dr.ahmed1975@gmail.com

Abstract

This research investigates the efficacy of 3-imino-3H-benzo[f]|chromene-2-carboxamide
(IB[f]CC) as a corrosion inhibitor for mild steel in hydrochloric acid. Through a combination
of weight loss measurements and density functional theory (DFT) calculations, the results reveal
an impressive inhibition efficiency of 91.6% at 303 K after five hours of immersion. Corrosion
rates lower notably with growing immersion times (1, 5, 10, 24, and 48 hours), with inhibition
efficiency stabilizing beyond 10 hours. Additionally, a moderate upward thrust in efficiency is
found as the temperature increases from 303 to 333 K. Adsorption of the inhibitor on the steel
surface follows the Langmuir isotherm, suggesting a blended mode of physical and chemical
adsorption. DFT calculations suggest sturdy interactions between the inhibitor’s useful
functional groups lactone, benzene rings, amino, carbonyl, and imino — with iron atoms,
resulting in a stable protecting layer. The findings highlight IB[f]CC as a promising candidate
for reinforcing the corrosion resistance of mild steel in acid-resistant materials used in industrial
applications.
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1. Introduction

Corrosion of metals, especially mild steel, is a substantial issue in diverse industries, in
particular the ones exposed to acidic environments. Mild steel, extensively used for its
mechanical properties and value-effectiveness, is at risk of degradation in acidic solutions,
including HCI [1, 2]. This degradation ends in monetary losses, structural failures, and


mailto:dr.ahmed1975@gmail.com
https://dx.doi.org/10.17675/2305-6894-2025-14-1-24
https://orcid.org/0009-0009-3609-281X
https://orcid.org/0009-0008-1680-0578
https://orcid.org/0009-0007-3100-0109
https://orcid.org/0000-0001-7140-6815
http://orcid.org/0000-0003-1033-4904

Int. J. Corros. Scale Inhib., 2025, 14, no. 1, 397-419 398

expanded renovation fees. Acidic media are generally used in industrial processes like
pickling, descaling, and acid cleaning, further heightening the need for effective corrosion
protection techniques. Inhibitors that may mitigate or prevent the corrosive attack of acids
on mild steel surfaces are hence of paramount significance [3, 4]. Organic corrosion
inhibitors, especially those containing heteroatoms (e.g., nitrogen, sulfur, and oxygen), are
known to be effective in reducing metallic degradation in acidic media. Adsorption of these
inhibitors with the metal surface effectively hinders the corrosive agents by forming a
protective film [5]. Among the various organic compounds examined, benzo[f]chromene
derivatives stand out in terms of structural versatility and functional-groups beneficial for
adsorption. The IB[f]CC is clearly impressive as a very good corrosion-inhibition agent,
thanks to its almost perfectly shaped configuration that presents sites from the active lactone
and benzene rings, as well as from amino, carbonyl, and imino groups all together. To assess
corrosion resistance, the efficiency of this inhibitor in an HCI medium must be evaluated to
enhance mild steel protection.

Corrosion for mild steel occurs in acidic media where it remains a regular problem for
the industrial applications [6, 7]. Traditional corrosion inhibitors may be inadequate in harsh
conditions or might also include environmental and value-related drawbacks [8]. This study
addresses the need for an effective, sustainable, and dependable inhibitor which could
significantly reduce the corrosion rate of mild metallic in hydrochloric acid. Despite existing
studies on organic inhibitors, there may be limited research on the particular effects and
performance of IB[f]CC. The lack of know-how at the adsorption mechanisms, structural
properties, and inhibition overall performance of this compound limits its business
applicability.

Can IB[f]CC function an effective corrosion inhibitor for mild steel in hydrochloric
acid, and what are the mechanisms contributing to its performance? Corrosion inhibition has
been considerably studied, with organic inhibitors regularly referred to their performance in
acidic environments [9]. Organic molecules containing nitrogen, oxygen, and sulfur atoms
can donate electrons to vacant d-orbitals of iron, establishing a defensive adsorption layer
on steel surfaces [10]. The adsorption of inhibitors usually follows isotherms, consisting of
the Langmuir or Freundlich isotherm, which describe the connection between inhibitor
awareness and surface coverage [11]. Studies have shown that chromene-based compounds
exhibit exceptional corrosion inhibition efficiency due to their m-electron systems and
functional groups [10, 12]. Research through Guo etal. (2023) established that
benzo[f]chromene can achieve high inhibition performance because of robust adsorption
onto metallic surfaces, mediated with the aid of useful functional groups that offer binding
sites [13]. Density functional concept (DFT) calculations in corrosion research offer a
theoretical framework for expertise the interactions between inhibitor molecules and metal
atoms [14, 15]. This approach has been used to assess electron density, molecular orbital
distribution, and different properties, which offer insights into the inhibitory mechanism.
Experimental methods such as weight loss measurements, electrochemical impedance
spectroscopy (EIS), and potentiodynamic polarization exams were broadly used to assess
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inhibitor performance [16, 17]. Weight loss measurements are in particular applicable as they
at once suggest modifications in metallic loss over time [18, 19], at the same time as EIS and
polarization checks assist determine the inhibitor’s effect on anodic and cathodic methods
[20]. Despite those findings, limited studies have centered especially on the usage of
IB[f]CC as a corrosion inhibitor. Existing literature does no longer sufficiently cover the
adsorption characteristics, performance balance across varying temperatures, and combined
physical-chemical adsorption mechanisms of this compound. Investigating its effectiveness
in HCI and exploring adsorption conduct using DFT can bridge this understanding gap and
offer a foundation for future industrial applications [21, 22].

The aim of the current investigation is to assist the corrosion inhibitive performance of
IB[f]CC for mild steel in HCI solution and to understand the mechanisms underlying its
adsorption and protective characteristics. Experimental and theoretical techniques seek to
identify the IB[f]CC’s effectiveness and the functional groups that contribute to its
adsorption on steel substrate. The research objectives can be summarized as follows:

1. To determine the corrosion inhibition efficiency of IB[f]CC for mild steel in hydrochloric
acid solutions across varied immersion times;

2. To analyze the impact of temperature on inhibition efficiency and to assess the stability of
the compound’s performance across a temperature range of 303—-333 K;

3. To investigate the adsorption behavior of the inhibitor on mild steel surfaces and validate
whether it follows the Langmuir adsorption isotherm;

4. To perform density functional theory (DFT) calculations for insights into the molecular
interactions and electronic properties that contribute to inhibitor effectiveness;

5. To evaluate the contribution of specific functional groups (e.g., lactone, benzene rings,
amino, carbonyl, and imino groups) in enhancing the inhibitor’s performance by forming
a stable protective film on the steel surface;

6. To provide recommendations for industrial applications of this inhibitor in acidic
environments, contributing to improved material longevity and reduced maintenance costs.
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Figure 1. The chemical structure of IB[f]CC.

2. Experimental Details

2.1. Materials

The study utilized mild steel with a specific chemical composition: 0.21 wt.% carbon (C),
0.005 wt.% manganese (Mn), 0.38 wt.% silicon (Si), 0.05 wt.% sulfur (S), 0.01 wt.%
aluminum (Al), and 0.09 wt.% phosphorus (P), with the remainder being iron (Fe). The
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corrosion inhibition effectiveness of IB[f]CC was tested in a 1 M hydrochloric acid (HCI)
environment. Steel samples, cut to dimensions of 4.0 cm*2.5 cmx0.1 cm, were used for the
experiments. To prepare the surfaces, each sample was polished sequentially with abrasive
papers of different grit sizes (400, 600, and 1200), achieving a smooth, uniform finish. The
polished samples were then washed with double-distilled water, followed by an ethanol rinse
to ensure all residues were removed. After drying at room temperature, the initial dry weight
of each sample was recorded for later comparison [23, 24].

2.2. Preparation of hydrochloric acid solutions

To create a 1 M HCI solution, analytical-grade hydrochloric acid (37% purity) sourced from
Merck, Malaysia, was diluted with double-distilled water. To assess the inhibitory effect of
IB[f]CC, varying concentrations of the compound were dissolved in this HCI solution,
ensuring thorough mixing for homogeneous distribution.

2.3. Weight loss measurements

The weight loss method was employed to quantify corrosion rates and evaluate the inhibition
efficiency of IB[f]JCC on mild steel in 1 M HCI. Polished samples, each with a 1 cm?
exposed surface area, were immersed in 500 mL of the acid solution in glass beakers. The
IB[f]CC inhibitor was tested at concentrations ranging from 0.1 mM to 1 mM, and
experiments were conducted at temperatures between 303 K and 333 K, controlled with a
thermostatic water bath [24, 25]. At immersion intervals of 5, 10, 24, and 48 hours, each
sample was removed, rinsed with ultrapure water and ethanol using an ultrasonic cleaner,
dried, and weighed to measure weight loss. The collected data allowed calculations of
corrosion rate, inhibition efficiency, and surface coverage [26, 27]. Figure 2 illustrates the
setup used to measure the corrosion of mild steel in 0.1 M HCI solution. The steel sample,
with a polished surface, is suspended in the solution using a wire, and the entire setup is
contained in a glass beaker.

Air

Polished Mild Steel

2.5 em

Figure 2. Experimental setup for weight loss corrosion test.
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The corrosion rate (Cr) in milligrams per square centimeter per hour (mg-cm=-h™'),
inhibition efficiency (/E%), and surface coverage (6) were determined using these equations
(1-3):

W
:a (D

W is the weight loss in grams, a is the exposed surface area of the steel sample (cm?), and ¢
is the immersion time (hours).

Cr

C..
IE% —ll—ﬂ]-loo 2)
R(0)

where: Cr() 1S the corrosion rate without the inhibitor (control), Crg 1s the corrosion rate
with the inhibitor.
C..
0=1-_"0 (3)
Cro)

These formulas provided a detailed assessment of IB[f]CC’s performance in reducing
corrosion, calculated from the weight loss measurements. The study adhered to NACE
standards for corrosion research, validating the reliability of the gravimetric approach in
measuring inhibitor efficiency [24].

2.4. Theoretical study

Quantum chemical calculations were carried out using GAMESS software to analyze the
inhibitor’s electronic properties. The molecular structure of IB[f]CC was optimized at the
DFT-B3LYP/6-31G(d) level [28]. Key quantum parameters were calculated, including the
highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular
orbital (LUMO) energy, and other indices related to reactivity (4—8):

Ionization potential (/): I =—Eiomo (4)

Electron affinity (4): A=-E, ,mo (5)

Electronegativity (y): = I%A\ (6)
: _ I-A

Chemical hardness (n): n= 5 (7)

Chemical softness (o): c=n" (8)

The electron transfer fraction (AN) between the inhibitor and the mild steel surface was
also computed based on equation (9):
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AN =i )
2Ny
where ;.. and n,, refer to the electronegativity and hardness of the inhibitor, respectively.
For these calculations, the reference values for iron (Fe) were taken as yg.=7 eV and
Nre=0 eV.
These theoretical characteristics provided insights into the electronic interactions
between the tested inhibitor molecules and the iron atoms located on the steel surface,
elucidating the mechanisms that improves corrosion impedance.

3. Results and Discussion
3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration

The impact of IB[f]CC concentration at the corrosion rate and inhibition efficiency (/E%)
for steel in a 1 M HCl solution at 303 K is proven in Figure 3. As the inhibitor concentration
multiplied from 0.1 mM to 0.5 mM, there has been a considerable decrease within the
corrosion rate, followed through a corresponding enhancement in inhibition performance.
The highest /E% of 91.6% become determined at an IB[f]CC concentration of 0.5 mM,
indicating a strong inhibitory effect. The facts advocate that IB[f]CC acts as a powerful
corrosion inhibitor, and its performance improves with growing concentration. This conduct
is attributed to the better coverage of the inhibitor molecules on the metallic surface at better
concentrations, which creates a defensive barrier that hinders the penetration of corrosive
species to the steel surface. The discovered fashion aligns with the concepts of adsorption,
where an increase in inhibitor concentration results in an extra wide variety of adsorbed
molecules, thereby improving surface coverage and corrosion protection [27, 28].
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Figure 3. Effect of IB[f]CC concentration on corrosion rate (Cr) and inhibition efficiency
(IE%) for mild steel in 1 M HCI solution at 303 K.
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3.1.2. Effect of immersion time

Figure 4 suggests the effect of immersion time on the corrosion rate and inhibition
performance at numerous concentrations of IB[f]CC. It is obvious that corrosion rate
decreases with prolonged immersion time, at the same time as inhibition performance
indicates a progressively increases reaching a stabilized state after approximately 5 hours.
The results indicate that IB[f]CC adsorbs onto the mild steel surface over time, with more
and more inhibitor molecules forming a dense shielding film. As immersion time progresses,
the inhibitor achieves greater surface coverage, enhancing its effectiveness. This time-
dependent behavior demonstrates that IB[f]CC can provide extended corrosion protection in
acidic environments [29].
1.4+ 100 —s—1h

5h
=190 —s—10h

s , ey »—24h
. = - — 48 h
~ L 80
| | ,
5 Lo '
< )
!\IIE T~ " L 70
| —
S 0.8 1 i
o . w
§, 'l S ) ~ 60
(14 S
O 0.6 1 = s

- 50

0.4 4 B L 40

0.2 T T T 30
0.1 0.2 0.3 04 0.5

Cinh (mM)

Figure 4. Effect of IB[f]CC concentration and immersion time on corrosion rate and
inhibition efficiency.

3.1.3. Effect of temperature

The effect of temperature on the inhibition efficiency of IB[f]CC was studied across the
temperature range of 303—333 K, as shown in Figure 5. The results show a steady rise in
inhibition efficiency with increasing temperature, indicating that IB[f]CC remains effective
at higher temperatures. The increase in /E% with temperature could be due to enhanced
adsorption of the inhibitor at higher temperatures, leading to stronger interactions between
the inhibitor molecules and the metal surface. This behavior supports the concept of
chemisorption, where chemical bonding between the inhibitor and the metal surface
intensifies with increasing temperature. However, the stability of the corrosion rate at higher
temperatures suggests that IB[f]CC provides consistent protection, making it suitable for
high-temperature applications [30].
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Figure 5. Effect of temperature on IB[f]CC inhibition efficiency and corrosion rate.

3.2. Adsorption isotherm

The adsorption of IB[f]CC on the metallic surface was analyzed using various adsorption
1sotherms. The Langmuir adsorption isotherm provided an excellent fit for the experimental
data, as indicated by the high correlation coefficient (R*=0.9985), as shown in Figure 6. It is
suggested that IB[f]CC forms a stable, homogeneous, and protective layer on the metallic
surface of the metal. The key parameters from the Langmuir equation, namely, m and b, i.e.,
the slope and intercept, are 0.816 and 0.1427 respectively, which confirm that IB[/]CC forms
a protective layer. This agent was weakly adsorbed on the surface of mild steel at room
temperature. Its interaction with the surface could be attributed to electronic charges. In order
to provide more specific details of IB[f]CC’s interaction with mild steel, this work was
conducted by fitting data of initial concentration of the adsorbate taken as [IB[f]CC] (range
0.8055 to 1.4077 mM) into various adsorption models such as the Langmuir, the Freundlich,
and the Temkin isotherms. The correlation coefficients obtained were then compared to
determine the suitability of the adsorption model. The data suggest that the adsorption of
IB[f]CC is best described by the Langmuir isotherm with a high correlation coefficient of
0.9985 according to the R? values, related to the monolayer adsorption mechanism with a
uniform value of energy. On the other hand, Freundlich and Temkin models, according to
their correlation coefficients, were less favorable to be used in analyzing and understanding
the adsorption behavior in this system. Table 1 provides the data, which provided
quantifiable justification for the choice of the Langmuir model as the most appropriate for
the phenomenon under scrutiny.
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Table 1. Adsorption isotherm models and their correlation coefficients for IB[ f]CC adsorption on mild steel.

Adsorption isotherm Equation R? Adsorption
model characteristics
C. 1 Best fit; suggests
Langmuir isotherm g h — K_ +Ci, 0.9985  monolayer adsorption
L on uniform active sites.
Poor fit; suggests
1 heterogeneous surface
ichi logo =log K. +| = |logC. 2 &S
Freundlich isotherm g g Ke N glin 0.8723 adsorption but not
dominant in this system.
Poor fit; suggests weak
Temkin isotherm 0=BInK;C,, 0.8431 inhibitor-metal
interactions.
_ |Intercept 0.1424
055 - S|ope 0.816
R-Square 0.9985 ///.
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Figure 6. Langmuir adsorption isotherm for IB[f]CC on mild steel.

3.3. Quantum chemical calculations

Quantum chemical calculations offer crucial insights on the electronic structure and
reactivity of the IB[f]CC molecule, which are essential for understanding its performance as
a corrosion inhibitor. By considering the parameters together with the highest-occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies,
i.e., energy gap (AEp), electronegativity (), hardness (1), softness (o), and nucleophilicity
(AN), the electron-donation capability or effective adsorption of the molecule on a mild steel
surface, efc., can be explained (32). As shown in Figure 7, the HOMO-LUMO energies of
IB[f]CC fluctuates to indicate the capability of the molecule to donate and accept electrons,



Int. J. Corros. Scale Inhib., 2025, 14, no. 1, 397-419 406

respectively. The HOMO energy (Enomo=—11.65 eV) reveals the ability of the molecule to
donate electrons and adsorb onto the mild steel surface via interaction with the empty
d-orbitals of iron atoms. In contrast, The LUMO energy of —5.148 eV suggests its electron-
accepting ability that allows electrons to be drawn by the molecule from the metal. This
characteristic is noted to be beneficial for molecular stabilization on the metal and for
ensuring protection.

Optimized Structure

HOMO LUMO

Figure 7. Optimized structure, HOMO, and LUMO of IB[f]CC.

Gap energy has critical importance in determining the reactivity of the inhibitor. The
smaller AE,y,, means higher chemical reactivity, making it easier for the molecule to interact
with the metal surface. For IB[f]CC the calculated quantum chemistry gap is moderate,
indicating a balance between stability and reactivity, a favorable condition for adsorbing and
gaining a thin protective layer on the metallic surface [33]. Table 2 provides a compilation
of critical parameters for the molecule observed through quantum chemistry calculations.
Observations obtained for the 1onization potential (/), electron affinity (4), electronegativity
(%), chemical hardness (1), chemical softness (o), and electron transfer fraction (AN) allow
one to analyze the molecule’s reactivity and tendency to interact with the metal surface. 7 and
A were obtained from the Enomo and Erumo, which refer to the molecule’s acceptance of
electrons and donation of electrons, respectively. Elucidated above, while the
electronegativity () portrays the attracting ability of the molecule for electrons, higher
electronegativity enhances an extra attraction towards the steel-surface electrons and further
enhances adsorption. Chemical hardness (1) and Chemical softness (o) determine the
stability or reactivity levels of the molecule, while greater softness further enhances
reactivity for efficient adsorption onto the metal. Electron transfer fraction (AN) represents
the charge transfer between the inhibitor and the metallic surface. An advantageous AN
shows electron donation from the inhibitor to the metallic, which contributes to the
adsorption procedure.
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Table 2. Quantum chemical parameters of IB[f]CC.

Parameter Value
Ionization potential (/), (eV) 11.65
Electron affinity (4), (eV) 5.148
HOMO energy (eV) —-11.65
LUMO energy (eV) -5.148
Energy gap (eV) 6.502
Electronegativity (), (eV) 8.399
Chemical hardness (1), (eV) 3.251
Chemical softness (c), (eV ') 0.3075
Electron transfer fraction (AN) 1.177

Mulliken charge analysis offers data about the distribution of electron density in the
IB[f]CC molecule, which affects its interplay with the metallic surface. Atoms with
excessive negative charges, consisting of nitrogen and oxygen (Table 3), are likely energetic
sites for adsorption because of their electron-rich nature, promoting strong interactions with

the positively charged regions on the steel surface.

Table 3. Mulliken charge analysis of IB[f]CC.

Atom Mulliken charge
Cc(@) 0.2179
C(2) —-0.2139
C(@3) 0.0998
CH“) -0.1711
C(5) 0.0342
C (6 —0.0775
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Atom Mulliken charge
C() 0.0158
C(8) —0.0824
C©) 0.1846
0 (10) —0.1805
C(11) —-0.0222
C(12) —0.0678
C (13) —-0.0327
C(14) —0.0653
C (15) 0.4036
0 (16) —0.3504
N (17) —0.4165
N (18) —0.2448

The quantum chemical calculations support the experimental findings that IB[ f]CC acts
as an effective corrosion inhibitor. The negative HOMO energy indicates a high electron-
donating capacity, which facilitates the formation of a protective adsorption layer on the steel
surface. Additionally, the moderate energy gap suggests that IB[f]CC possesses optimal
reactivity to interact with the metal, while still maintaining structural stability. The presence
of electronegative atoms, particularly nitrogen and oxygen, provides sites for chemical
interaction with the steel surface, as indicated by the Mulliken charge analysis.

3.4. Suggested inhibition mechanism

The inhibition mechanism of IB[f]CC as a corrosion inhibitor for mild steel in hydrochloric
acid (HCI) solutions can be understood through multiple interdependent processes. These
include adsorption on the metal surface, formation of a protective layer, inhibition of both
anodic and cathodic reactions, influence of the electronic properties of the inhibitor, and
possible synergistic effects.

1. Adsorption on the metal surface

The adsorption of IB[f]CC is hypothesized to involve both chemisorption and physisorption,
primarily based on the molecule’s electronic structure and functional groups [32].
Chemisorption occurs when a strong chemical bond forms between the inhibitor molecules
and the metal surface. For IB[f]CC, chemisorption is facilitated by the presence of
electronegative atoms including nitrogen and oxygen, which could donate electrons to the
iron atoms on the metallic surface. This electron-sharing interaction results in the formation
of a covalent bond, strengthening the adsorption and enhancing the steadiness of the
protecting layer. Density functional theory (DFT) analysis reveals high electron density on
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nitrogen and oxygen atoms, facilitating this adsorption process. The m-electrons can interact
with the iron d-orbitals, creating a physical attraction that enhances surface coverage.
Although weaker than chemisorption, physisorption enables rapid initial adsorption, which
then transitions into stronger chemisorptive bonds, providing a comprehensive protective
effect.

2. Formation of a protective layer

After adsorption, IB[f]CC develops a protective layer on the mild steel surface, serving as a
physical barrier against the corrosive HCI solution. This layer acts as a physical barrier,
keeping apart the metallic surface from the corrosive HCI solution. The planar shape and the
presence of functional groups (like lactone, imino, and carbonyl groups) in IB[f]CC enhance
the molecule’s ability to spread across and cling to the metal surface, resulting in a dense,
cohesive layer [33]. This layer effectively blocks hydrogen and chloride ions, which are
responsible for initiating and accelerating corrosion. By preventing their interaction with the
metal, the inhibitor effectively reduces the corrosion rate. The combination of physisorption
and chemisorption allows IB[f]CC to form a layer that is both stable and adherent, providing
long-term corrosion protection [34].

3. Inhibition of anodic and cathodic reactions

Anodic reactions in acidic environments involve the dissolution of iron ( Fe — Fe?* +2e7).
IB[f]CC inhibits this mechanism by using adsorbing onto anodic sites at the metal surface,
thereby reducing the rate at which iron ions are released into solution. This effect is largely
due to the strong chemisorption interplay among the inhibitor molecules and the anodic sites,
which blocks these energetic regions and suppresses the dissolution of iron. The formation
of a solid layer through chemisorption, as discussed earlier, guarantees that the inhibitor
stays powerful in preventing iron dissolution, even when exposed to higher temperatures or
extended immersion times. Cathodic reactions in acidic media often involve the discount of
hydrogen ions (2H" +2e~ — H,). IB[f]CC inhibits this response with the aid of blocking the
sites in which hydrogen ions are reduced, thereby lowering the supply of electrons for
hydrogen evolution. The functional groups in IB[f]CC, particularly nitrogen-containing
ones, can accept protons, reducing the likelihood of hydrogen evolution on the metal surface
[35]. Additionally, physisorption contributes to blocking off cathodic sites, which facilitates
to decrease rate of the cathodic reaction, lowering the manufacturing of hydrogen evolution
and mitigating corrosion [36].

4. Role of electronic properties

Electronic properties of IB[f]CC play a vital role in its inhibition efficiency. As proven via
quantum chemical calculations, IB[f]CC has optimal HOMO-LUMO energy gap, which
indicates a balance between stability and reactivity. The excessive HOMO strength suggests
that IB[f]CC can effectively donate electrons to the metal surface, that is critical for forming
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a strong chemisorption bond [37]. The Mulliken charge analysis discovered that oxygen and
nitrogen atoms in the IB[f]CC molecule exhibits high reactivity, making these atoms
energetic sites for adsorption at the undoubtedly charged metallic surface. These electronic
interactions enhance the molecule’s adsorption ability, contributing to the formation of a
dense, solid layer that impedes both anodic and cathodic reactions. Additionally, AN
calculation shows that IB[f]CC donates electrons to the metal surface, reinforcing its
interplay with the metal, which supports the adsorption technique, mainly chemisorption.

5. Synergistic effects

The inhibition efficiency of IB[f]CC is further enhanced by the combined effect of its
functional groups, which collectively contribute to its protective performance. The
functional groups, in particular lactone, benzene rings, imino, amino, and carbonyl, allow
the molecule to interact with the metal surface at multiple adsorption sites. This multi-factor
attachment strengthens the adsorption and complements the uniformity of the protecting
layer [31, 33]. Furthermore, the conjugated structure of IB[f]CC, with n-electron structures
in the benzene rings, allows for n-d interactions with iron atoms, adding an extra layer of
adsorption strength. This synergistic impact between unique functional groups and structural
elements in IB[f]CC maximizes surface coverage, improves layer stability, and ensures a
consistent inhibition impact throughout varying temperatures and immersion times. The
inhibition mechanism of IB[/]CC on metal in HCI involves multiple synergistic mechanisms
to reduce corrosion. Adsorption, each through chemisorption and physisorption, bureaucracy
the idea of safety, main to the formation of a dense, protective layer. This layer prevents
penetration of corrosive ions to the steel surface and disrupts anodic and cathodic reactions,
appreciably reducing the corrosion rate. The electronic properties of IB[f]CC, blended with
synergistic effects from its functional groups, beautify adsorption strength and coverage,
making IB[f]CC an effective and durable inhibitor for metal in acidic environments. Based
on Figure 9, IB[f]CC molecules are adsorbed onto the metal surface via both chemisorption
(strong bonding through nitrogen and oxygen atoms) and physisorption (weaker interactions,
probably via n-electrons in benzene rings).

BN Mild Steel Surface
Protective Layer

Chemisorption Physisorption

/0 8 0’0
I

Figure 9. Mechanism of IB[f]CC corrosion inhibition on mild steel surface.
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The inhibition efficiency of a corrosion inhibitor is closely tied to its adsorption
behavior on the metal surface, which can occur through either physisorption or
chemisorption. These two distinct adsorption mechanisms influence different
electrochemical processes, namely the hydrogen evolution reaction (HER) and anodic
dissolution, in unique ways. Physisorption involves weak interactions, such as Van der Waals
forces or electrostatic attraction, between the inhibitor molecules and the metal surface. This
type of adsorption is typically reversible and does not involve significant electron transfer.
When an inhibitor undergoes physisorption, it physically blocks the active sites on the metal
surface, thereby reducing the availability of sites for proton reduction during HER. In
contrast, chemisorption involves the formation of strong chemical bonds (covalent or ionic)
between the inhibitor molecules and the metal surface, accompanied by significant electron
transfer. This process is often irreversible and leads to the formation of a stable protective
layer on the surface. Chemisorption effectively alters the electronic properties of the metal
surface, thereby inhibiting the anodic dissolution process.

DFT can provide additional insights into adsorption mechanisms by modeling the
electronic interactions between the inhibitor and the metal surface. Physisorption is
characterized by low adsorption energy and minimal charge transfer, whereas chemisorption
exhibits high adsorption energy and significant electron exchange. Analysis of the HOMO-
LUMO gap and charge distribution further supports the distinction between these two
adsorption processes.

3.5. Comparison of IB[f]CC with other published corrosion inhibitors

To comprehensively evaluate the overall performance of IB[f]CC as a corrosion inhibitor,
it’s miles important to evaluate its inhibition performance, effectiveness throughout one of a
kind corrosive media, compatibility with diverse metals, and adsorption mechanisms with
different broadly studied inhibitors. This evaluation facilitates function IB[f]CC inside the
broader context of corrosion inhibition studies and assesses its ability advantages and
barriers relative to other inhibitors. Table 4 presents a comparative analysis of IB[f]CC’s
performance relative to other well-studied corrosion inhibitors, focusing on key factors such
as the corrosive medium, optimum temperature, immersion time, inhibition efficiency, and
adsorption mechanism.
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Table 4. Comparative analysis of IB[f]CC with other published corrosion inhibitors.

. Optimum . Inhibition .
. Corrosive Immersion . Adsorption
Inhibitor type . temperature, . efficiency, . Ref.
solution time, (h) o mechanism
(K) (%)
Mixed This
IB[f]CC 1 M HCI 303-333 5 91.6 (Physisorption &
. . Study
Chemisorption)
1- . .
Phenylimidazole 1 M HCI 298-323 6 80-90 Chemisorption [37]
Schiff base 0.5M . .
derivatives HbSO4 298-313 4 85-90 Chemisorption [38]
Salicylic acid 1 M HCI 303-323 3 50-80 Physisorption [39]
Benzotriazole  3.5% NaCl 298-323 12 75-85 Mixed [40]

1. Inhibition efficiency

The inhibition efficiency of IB[f]CC, which reaches up to 91.6% at most suitable
concentrations, is corresponding to or exceeds that of several properly-studied corrosion
inhibitors, consisting of imidazole derivatives, Schiff bases, and organic acids. Each of these
classes possesses specific functional groups and mechanisms that contribute to their
effectiveness in reducing corrosion [37-39].

e Imidazole derivatives: Imidazole-primarily based compounds are widely recognized
for their corrosion inhibition properties, specifically in acidic environments.
Derivatives like 1-phenylimidazole typically achieve inhibition efficiencies of 80—
90% in HCI. The nitrogen atoms inside the imidazole ring have interaction with the
metallic surface, forming a stable adsorption layer. IB[f]CC matches or slightly
exceeds the performance of many imidazole-based inhibitors owing to its superior
electron-donating ability from multiple functional groups, which include nitrogen,
oxygen, and m-electrons from benzene rings;

o Schiff bases: Schiff bases represent another class of effective corrosion inhibitors,
especially those with heteroatoms like nitrogen and oxygen. These compounds
generally attain inhibition efficiencies round 85-90% in acidic media. Schiff bases
adsorb on steel surfaces via their azomethine (—C=N-—) group, providing sturdy
binding to the steel;

e While similar in efficiency, IB[f]CC offers additional functional groups, inclusive of
lactone and carbonyl, which enhance its interaction with the metallic surface and oftfer
slightly better inhibition efficiencies in a some cases;

e Organic acids: Organic acids, including benzoic acid and salicylic acid, are broadly
used as corrosion inhibitors in each acidic and neutral environments. However, their
inhibition efficiencies are usually ranges between 50—80% due to their particularly



Int. J. Corros. Scale Inhib., 2025, 14, no. 1, 397-419 413

simple molecular structures and weaker adsorption at the steel surface. Compared to
those acids, IB[f]CC demonstrates advanced inhibition performance, as it has a
greater complicated shape with a couple of adsorption sites, enhancing its ability to
shape a sturdy shielding layer.

The high inhibition efficiency of IB[f]CC, driven by its unique structure with multiple
electron-rich functional groups, makes it highly competitive with other corrosion inhibitors,
particularly in acidic environments.

2. Corrosive solution type (acid vs. base)

The performance of corrosion inhibitors varies significantly between acidic and basic media,
as the inhibitor’s solubility, ionization, and adsorption behavior change with pH. Most
organic inhibitors, including IB[f]CC, are optimized for acidic environments, where they
demonstrate higher inhibition efficiencies [40, 41].

e Acidic media: IB[f]CC has been specifically studied in 1 M hydrochloric acid, an
acidic medium where it shows strong inhibition efficiency. The acidic environment
promotes protonation of the nitrogen atoms in the IB[f]CC molecule, which enhances
its adsorption onto the steel surface through electrostatic interactions. This behavior
aligns well with other inhibitors like imidazole derivatives and Schiff bases, which
also perform optimally in acidic media. The similarity in performance in acidic
solutions suggests that IB[f]CC could be used interchangeably with these other
inhibitors for acid-based applications;

e Basic media: The performance of IB[f]CC in basic media has not been extensively
studied. Generally, organic inhibitors like imidazole derivatives and Schiff bases are
less effective in basic environments due to decreased adsorption strength. In basic
media, metal surfaces are often passivated, reducing the effectiveness of organic
inhibitors. Certain organic acids exhibit higher effectiveness in basic media due to
their interaction with metal hydroxide layers. IB[f]CC may require modification or
combination with other compounds to achieve similar efficiencies in basic solutions.

3. Metal type (steel vs. other alloys)

Corrosion inhibitors often show various effectiveness depending on the metal kind. While
IB[f]CC is particularly studied for mild steel, understanding its potential performance on
different metals and alloys affords insight into its broader applicability [42—44].

e Mild steel: IB[f]CC has been proven to offer high inhibition performance for mild
steel in acidic environments. Its adsorption on steel surface is strong because of the
interplay of nitrogen, oxygen, and m-electrons with iron atoms. This is similar to
imidazole derivatives and Schiff bases, which additionally perform well on steel
surfaces. The more than one adsorption sites in IB[f]CC permit it to efficiently cover
the metal surface, thereby decreasing corrosion;
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e Stainless steel: Stainless steel, alloyed with chromium and nickel, naturally forms a
passive oxide layer that protects against corrosion in various environments. In acidic
environments where the oxide layer is compromised, inhibitors like Schiff bases and
imidazoles enhance corrosion resistance via adsorbing onto uncovered metallic sites.
While IB[f]CC ought to probably be effective for stainless steel in acidic situations,
its performance may differ from that on mild steel due to the preexisting passive layer;

e Copper and aluminum alloys: Copper and aluminum alloys exhibit different
behavior from steel due to their unique electrochemical properties. Copper, for
instance, naturally forms a stable oxide layer in environments, and natural inhibitors
like benzotriazole generally more effective than imidazoles or Schiff bases.
Aluminum alloys, on the other hand, are highly reactive in both acidic and basic
solutions, and inhibitors that can form a stable complex with aluminum, such as
organic phosphates, are often preferred. The benzene rings and nitrogen/oxygen
functional groups in IB[f]CC may allow some level of adsorption on copper, but it is
unlikely to match the efficiency observed on steel.

In summary, IB[f]CC shows great potential as a corrosion inhibitor for mild steel,
particularly in acidic environments, but may not be as effective for other metals like copper
and aluminum alloys, where alternative inhibitors may be preferred.

4. Adsorption mechanism

The adsorption mechanism of IB[f]CC, as discussed previously, involves both physisorption
and chemisorption. Comparatively, other corrosion inhibitors also display characteristic
adsorption behaviors influenced by their molecular structures [45, 46].

e Imidazole and benzimidazole derivatives: Imidazole and benzimidazole
derivatives typically adsorb onto metal surfaces via the nitrogen atoms within their
rings, forming a chemisorptive bond with the metal. This process is often
characterized by strong covalent interactions that create a stable protective layer. Like
IB[f]CC, these inhibitors rely on electron donation from nitrogen atoms for
adsorption; however, IB[f]CC has additional functional groups that enhance
adsorption through multiple interactions;

o Schiff bases: Schiff bases adsorb on metal surfaces through the azomethine (C=N)
group, which provides a site for strong chemical bonding with metal atoms. This
adsorption mechanism is highly effective in acidic media, similar to IB[f]CC, but
may not involve the same level of multi-point adsorption due to fewer functional
groups [47].

4. Conclusion

This study demonstrates that IB[f]CC is a highly effective corrosion inhibitor for mild steel
in HCI environments. Through gravimetric analysis, quantum chemical calculations, and
adsorption research, IB[f]CC has shown excellent inhibition performance, reaching 91.6%



Int. J. Corros. Scale Inhib., 2025, 14, no. 1, 397-419 415

at the highest studied concentration. The inhibitor’s effectiveness is attributed to its precise
molecular shape, which combines multiple functional groups including nitrogen, oxygen,
and m-electron structures that facilitate strong adsorption onto the steel surface. IB[f]CC
adsorption mechanism involves both chemisorption and physisorption, resulting in a strong
and cohesive defensive layer that significantly reduces corrosion rates and inhibits both
anodic and cathodic reactions. Compared to other organic inhibitors, including imidazoles,
Schiff bases, and organic acid derivatives, IB[f]CC exhibits high inhibition efficiency in
acidic solution, specifically for mild steel. Its electronic properties, confirmed through DFT
calculations, highlight its robust electron-donating potential and balance, which enhance its
adsorption strength and effectiveness. The inhibitor’s overall performance is further
enhanced by interactions among its functional groups, ensuring stability across various
temperatures and immersion durations.
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