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ABSTRACT: This study investigates the inhibitory effects of 2-
(2,4,5-trimethoxy benzylidene) hydrazine carbothioamide
(TMBHCA) on the corrosion of carbon steel in a 1 M HCl
solution across various concentrations. The assessment employs a
comprehensive approach, combining gravimetric analysis, poten-
tiodynamic polarization tests, and electrochemical impedance
spectroscopy (EIS). Additionally, scanning electron microscopy
(SEM) and quantum chemical calculations are employed to
provide a thorough understanding of the corrosion inhibition
mechanism. The influence of exposure time on mild steel corrosion
is systematically examined. Results reveal a remarkable reduction in
the corrosion rate of steel, with TMBHCA demonstrating its
highest inhibition efficiency of 97.8% at 200 ppm. Potentiodynamic polarization studies characterize TMBHCA as a mixed-type
inhibitor, while Nyquist plots illustrate increased charge transfer resistance and decreased double-layer capacitance with escalating
TMBHCA concentrations. Consistency between weight loss measurements and electrochemical findings further validates the
efficacy of TMBHCA as a corrosion inhibitor. SEM images substantiate and visually support the obtained results. An immersion test
conducted at 25 °C over 28 days showcases a notable enhancement in TMBHCA efficiency (IE%) from 45.16% to 92.43% at 200
ppm as the immersion period progresses from 1 day to 28 days. This improvement is attributed to the augmented adsorption of
inhibitor molecules on the steel surface over time. These comprehensive findings significantly contribute to our understanding of
TMBHCA’s corrosion inhibition behavior, emphasizing its potential as a highly efficient corrosion inhibitor for diverse industrial
applications.

1. INTRODUCTION
Carbon steel finds widespread application in high-tech
industries owing to its commendable mechanical and physical
properties.1 However, its use in aggressive environments leads
to corrosion, posing a significant challenge across various
industries.2 The economic implications of its usage are
profound, given that steel-based infrastructures are the
backbone of modern economies. Despite its strengths, carbon
steel’s susceptibility to corrosion when exposed to aggressive
environments poses a formidable challenge, incurring sub-
stantial financial losses across various sectors. Corrosion’s
impact on the economy is not to be underestimated, as it is
estimated that effective corrosion prevention techniques could
slash prevention and maintenance costs by 15% to 35%, which
translates to significant savings in the context of large-scale
industrial operations.3

Health considerations are increasingly paramount in the
selection of corrosion prevention methods. Traditional
inhibitors often contain toxic substances that pose risks to
human health and the environment.4−6 In response to these
concerns, the industry’s focus has shifted toward developing
corrosion inhibitors that are nontoxic, economically viable, and
environmentally friendly. Schiff bases have emerged as a
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promising class of organic inhibitors, offering effective
corrosion resistance without the associated health risks.7−10

Production processes in industries such as petrochemical,
maritime, and construction, where carbon steel is predom-
inantly used, have been forced to reevaluate their corrosion
mitigation strategies due to stricter environmental regulations
and the demand for more sustainable practices. The
deterioration of steel in these sectors not only requires costly
maintenance but also leads to operational inefficiencies and, in
worst-case scenarios, catastrophic failures that can have severe
environmental and health repercussions.11,12

Recent literature further substantiates the urgency for more
efficient and safer corrosion inhibitors. Studies have indicated
that the shift toward green corrosion inhibitors is not only a
matter of environmental and health concern but also of
economic benefit. Innovative inhibitors that minimize toxic
waste and resource expenditure are being highlighted as keys
to sustainable industrial growth.13,14 Organic inhibitors,
particularly those functioning through adsorption, have been
the subject of extensive research, with studies delving into their
mechanisms of action through electrostatic and charge-sharing
interactions.15−18

The efficiency of these inhibitors is closely linked to their
molecular structures. The presence of appropriate functional
groups, aromaticity, and the electron density of donor atoms
contribute significantly to their adsorption properties and, by
extension, their inhibition performance.19−22 In addition,
quantum chemical techniques have become indispensable in
disentangling the complexities of these molecular interactions,
providing a deeper understanding that aids in the design of
more effective inhibitors.23,24

In contrast to several potent organic inhibitors that
incorporate toxic and costly elements, contemporary endeavors
are concentrated on the creation of corrosion inhibitors that
are nontoxic, economically viable, and environmentally
friendly, with Schiff bases being a notable example. Schiff
bases, with a broad functional range, have applications in
catalysis, corrosion inhibition, analytical chemistry, medicine,
and photochromics.25−28 Their efficacy as corrosion inhibitors
for diverse metals and alloys, particularly in challenging
environments, has been firmly established.29,30 Schiff bases
display notable corrosion inhibition characteristics, featuring a
C−N group, an electron cloud present on the aromatic ring,
and heteroatoms such as nitrogen, oxygen, and sulfur with
electronegative properties.13,31−33 Their popularity stems from
their cost-effectiveness, ease of synthesis, and minimal
environmental footprint, which align with current industry
trends toward more sustainable materials.34,35

This investigation centers on examining the inhibitory
effects of 2-(2,4,5-trimethoxybenzylidene) hydrazine carbo-
thioamide (TMBHCA) on carbon steel XC38 immersed in a 1
M HCl solution. The assessment encompasses gravimetric
(weight loss) analyses, potentiodynamic polarization, and
electrochemical impedance spectroscopy (EIS) techniques,
coupled with scanning electron microscopy (SEM) for visual
examination. Thermodynamic and kinetic parameters are
computed to ascertain the inhibition mechanism. Additionally,
the study delves into adsorption parameters and employs
density functional theory (DFT) calculations to elucidate the
molecular behavior and electron interactions occurring at the
metal interface. This research introduces a novel perspective by
unraveling the corrosion inhibition properties of TMBHCA

and elucidating its intricate molecular interactions with carbon
steel in aggressive acidic environments.

2. MATERIALS AND METHODS
2.1. Structural Analysis, Sample Preparation, and

Solution Formulation. The inhibitor under examination is a
Schiff base known as 2-(2,4,5-trimethoxy benzylidene)
hydrazine carbothioamide (TMBHCA), and its structural
representation is illustrated in Figure 1.

In this investigation, the material of interest is carbon steel
XC38, characterized by the specified nominal elemental
composition of the material that includes carbon (C: 0.38%),
silicon (Si: 0.27%), manganese (Mn: 0.66%), nickel (Ni:
0.02%), chromium (Cr: 0.21%), and molybdenum (Mo:
0.02%), with the remaining balance consisting of iron (Fe).
Samples extracted from this metal are employed in both the
gravimetric analysis and SEM examinations. These specimens
are fashioned into rod shapes with 2 × 0.5 × 0.2 cm3

dimensions. However, for the electrochemical assessments,
cylindrical specimens are utilized and fixed in an inert resin.
Before each utilization, the exposed surface area (0.27 cm2) is
meticulously polished via sandpaper of diverse grits, cleansed
with double-distilled water, and degreased with aceton.
The corrosive medium is prepared by diluting a reagent-

grade 37% weight HCl aqueous solution with distilled water to
achieve a 1 M hydrochloric acid (HCl) solution. Notably,
TMBHCA solutions of different concentrations (ranging from
25 to 200 ppm) are formulated by dissolving the inhibitor in a
1 M hydrochloric acid solution (HCl), aided by 10% dimethyl
sulfoxide (DMSO) as an organic solvent. This ensures proper
solubility of the inhibitor in the corrosive medium, meeting
one of the key criteria for evaluating its effectiveness as a
corrosion inhibitor.
2.2. Gravimetric Analysis. Gravimetric measurements are

performed by assessing weight loss in a 1 M HCl solution with
varying concentrations of the TMBHCA inhibitor. Prior to
immersion, samples undergo a series of preparations, including
polishing, cleaning, degreasing, and drying. Subsequently, the
treated samples are vertically immersed in the corrosive
medium. Weights are recorded both before immersion and at
various durations, ranging from 24 h (1 day) to 672 h (28
days). The corrosion rate (Wcorr) is determined under different
conditions using eq 1.

=
·

=
·

W
S t

m m
S tcorr

m 1 2
(1)

Here, the symbols m1 and m2 signify the masses of the
carbon steel sample prior to and following immersion in each
corrosive solution, respectively, while S (cm2) represents the
sample surface area. The parameter t denotes the exposure
time in hours in the studied medium. The inhibition

Figure 1. Molecular structure of TMBHCA; molar mass = 269.319 g·
mol−1, formula = C11H15N3O3S.
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effectiveness, expressed as IE (%), is computed using the
following expression:

= ·
C C

IE (%)
CR

100R R i( )

(2)

2.3. Electrochemical Measurements. In the electro-
chemical analyses, a three-electrode electrochemical cell is
employed, with carbon steel serving as the working electrode
(WE), platinum serving as the counter electrode (CE), and a
saturated Ag/AgCl electrode acting as the reference electrode
(RE). The open circuit potential (OCP) is determined initially
to assess the stability of the corrosion potential of the freshly
polished metal immersed in the corrosive environment (1 M
HCl) for 30 min until a stable state is achieved. Subsequently,
potentiodynamic polarization (PDP) curves are acquired by
scanning the potential range from −0.20 V/Ag/AgCl to +0.20
V/Ag/AgCl, with respect to the OCP, employing a scanning
rate of 1 mV·s−1. The inhibition efficiency (Eicorr%) is
determined from the Tafel plot using the subsequent equation:

= ·E
i i

i
(%)

( )
100icorr

corr
0

corr

corr
0

(3)

Here, icorr
0 , and icorr represent the current densities in both

uninhibited and inhibited solutions, respectively. The polar-
ization resistance (Rp) in ohm·cm2 is determined using the
Stern−Geary correlation as expressed in eq 4.

=
+

R
i2.30 ( )p

a c

corr a c (4)

where βa and βc are the anodic and cathodic Tafel slopes,
respectively. ER p

is given by

= ·E
R R

R
(%)

( )
100R

p p
0

p
p

(5)

R p
0 and Rp are the polarization resistance values obtained

before and after the addition of the inhibitor, respectively.
The EIS experiments were realized at an OCP, varying the

frequency from 50 kHz to 10 mHz and a signal amplitude of
10 mV. The resulting data were utilized to estimate the
inhibition effectiveness (EEIS) using the following expression:

= ·E
R R

R
(%)

( )
100EIS

ct ct
0

ct (6)

The surface coverage degree was also evaluated using

= R R
R

( )ct ct
0

ct (7)

where Rct and Rct
0 are the charge transfer resistances in the

HCl medium in the presence and absence of the inhibitor,
respectively.
2.4. Surface Analysis. The XC38 carbon steel specimens

were immersed in a 1 M HCl solution for 24 h at room
temperature, both with and without TMCBHA molecule at the
optimal concentration (200 ppm). Before immersion, the
specimens were individually prepared, cleaned, and dried with
bidistilled water. The surface morphologies of both uninhibited
and inhibited carbon steel samples were examined using a
Tescan Vega 3 microscope operating at a 20-kV accelerating
voltage.

2.5. DFT Theory Implantation. Throughout this
investigation, quantum Chemica camputations were conducted
via the Gaussian 09 W program package,36,37 while the results
were analyzed and visualized through GaussView 5.0.8
software.38 Molecular structure optimization was performed
employing DFT with Becke’s three-parameter hybrid exchange
functional and Lee−Yang−Parr correlation functionals
(B3LYP).39 The DFT calculations utilized the 6-31G (d,p)
basis set.40,41 Electronic characteristics of the most stable
conformers were assessed to determine quantum chemical
properties. The TMBHCA inhibitor was subjected to DFT-
based quantum chemical computations in both neutral and
protonated forms.42 To establish correlations between
molecular structures and anticorrosion activity, a variety of
global and local molecular reactivity indices were calculated.
Additionally, a non-covalent interaction (NCI) approach was
employed as a robust method for investigating and visualizing
weak interactions in three-dimensional space.43,44 This analysis
involved the computation of reduced density gradients
(RDGs) and electron densities (ρ) according to the equation:

= | |
s

1
2(3 )2 1/3 4/3 (8)

Here, ρ signifies the electron density, and ∇ρ denotes its
first derivative. NCI, encompassing interactions like hydrogen
bonding (HB), van der Waals (vdw) interactions, and steric
repulsions, was investigated at specific distances due to their
potential impact on molecular behavior.45,46 In this study, the
NCI based on RDG was conducted using the Multiwfn
program to observe the weak interactions within the system.47

The NCI analysis based on RDG was conducted using the
Multiwfn program, and the weak interactions within the system
were observed and visualized using the visual molecular
dynamics (VMD) interface.48 Additionally, the components
were graphically represented by gnuplot to generate color
scatter graphs.49

3. RESULTS AND DISCUSSIONS
3.1. Impact of Inhibitor Concentrations. 3.1.1. Gravi-

metric Measurements. The gravimetric method is a
fundamental and widely utilized technique for assessing the
mass loss of a metal due to corrosion after exposure to acidic
environments. In this study, we explored the impact of
introducing an inhibitor at concentrations ranging from 25 to
200 ppm on the corrosion of carbon steel in a 1 M HCl
solution, employing weight-loss measurements at 298 K, as
illustrated in Figure 2.
The inhibition efficiency (Ew %) was calculated using the

formula:

= ×E
W W

W
(%) 100w

corr corr

corr (9)

Here, W′corr and Wcorr represent the corrosion rates of the
metal in HCl solutions with and without the inhibitor,
respectively.
Table 1 presents the corrosion parameters, including

corrosion rate (Wcorr) and corrosion inhibition efficiency (Ew
%), obtained through weight loss measurements for XC38
carbon steel specimens immersed in a 1 M HCl solution. The
investigation explores the influence of various concentrations
(50−200 ppm) of the TMBHCA inhibitor at an ambient
temperature of 298 K. The results show a noticeable decrease
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in Δm as the concentration of the TMBHCA inhibitor
increases, leading to a corresponding rise in inhibition
efficiency, reaching 98.1% at 200 ppm. This phenomenon
suggests the deposition of TMBHCA molecules on the XC38
carbon steel surface in the aggressive solution (1 M HCl),
indicating effective protection. These outcomes suggest that
the inhibitor serves as a robust protector.50

3.1.2. Open Circuit Potential (OCP) Measurements. The
OCP curves play a crucial role in assessing the corrosion
inhibition effectiveness of TMBHCA on XC38 steel. Figure 3
illustrates the OCP curves of XC38 in an HCl medium under
various concentrations at 298 K, both in the absence and
presence of the TMBHCA inhibitor.
As demonstrated in Figure 3, the OCP curve serves as a

window into the thermodynamic equilibrium of the metal’s
surface in a corrosive milieu. The Eocp acts as an indicator,

signaling the dynamic parity between the oxidative and
reductive processes at the interval of the metal and the
solution. The shifts in Eocp with varying inhibitor concen-
trations provide a quantitative measure of TMBHCA’s ability
to fortify the steel against corrosion-induced degradation. The
Eocp value of the uncoated carbon steel electrode measured
after 30 min in 1 M HCl solution was −0.450 V. In both
situations, it is seen that the OCP rises over time before
stabilizing after a predetermined amount of time. This is
because the acid is constantly attacking the metal. But, when
the inhibitor is not present, the OCP potential seems to start at
a lower value than when the inhibitor is present, suggesting
that the inhibitor has a major impact on the metal’s
dissolution. Furthermore, this suggests that the TMBHCA
inhibitor may have an impact on both anodic and cathodic
polarizations.51,52

3.1.3. Polarization Examination. Figure 4 shows the
polarization curves attained following the submersion of

XC38 carbon steel in acidic solutions (1 M HCl), in the
presence and the absence of TMBHCA. Preliminary scrutiny
of these curves reveals that the introduction of TMBHCA
exerts a negligible effect on both the anodic and cathodic
segments.53−55 The extrapolation of Tafel polarization lines
allows for the determination of various electrochemical
parameters, including corrosion potential (Ecorr), corrosion
current density (icorr), anodic Tafel slope (βa), cathodic Tafel
slope (βc), and polarization resistance (Rp). The inhibition
effectiveness is computed using eq 14 from Tafel plots, and the
resulting parameters are succinctly presented in Table 2.

= ·E
i i

i
(%)

( )
100icorr

corr
0

corr

corr
0

(10)

Here, icorr and i′corr are the corrosion current densities of
XC38 carbon steel in the blank (1 M HCl) and in the presence
of an inhibitor, respectively.
Figure 4 provides a clear visual representation of the shift of

both anodic and cathodic curves toward lower current
densities upon the addition of the inhibitor, signifying the
deceleration of carbon steel anodic dissolution. This
observation implies that the inhibitor effectively retards both
the anodic reaction of metal dissolution and the cathodic
hydrogen evolution.

Figure 2. XC38 steel weight loss in 1 M HCl solutions at different
TMBHCA concentrations with respect to immersion time (at T = 298
K).

Table 1. Corrosion Rate and Inhibition Effectiveness of
Carbon Steel at Various Time Intervals in 1 M HCl Solution
at Different TMBHCA Concentrations (298 K)

concentration
(ppm) Δm (g) × 10−3

Wcorr (g·cm−2·h−1)9 ×
10−6 Ew (%)

blank 44.3 15.9 -
25 ppm 7.2 2.47 84.46
50 ppm 5.7 1.87 88.23
100 ppm 5.4 1.59 90.00
200 ppm 0.9 0.3 98.10

Figure 3. XC38 steel open circuit potential with and without
TMCBHA inhibitor at different concentrations.

Figure 4. Potentiodynamic polarization curves of XC38 in a 1.0 M
HCl solution in the absence and presence of TMBHCA at different
concentrations.
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Electrochemical reactions at the metal’s surface lead to metal
dissolution, with the anodic and cathodic sites playing crucial
roles. Inhibitors modulate the charge transfer mechanism at
these sites to hinder metallic dissolution. In this instance, the
functional groups present in TMBHCA comprise heteroatoms
that facilitate the adsorption of inhibitor molecules onto the
steel surface, establishing robust coordination interactions with
the mild steel surface. Adsorption may take place through
physisorption, chemisorption, or a combination of both. The
reduction in the corrosion rate signifies the successful
adsorption of inhibitor molecules on the metal surface,
providing protection against corrosion.56,57

Table 2 illustrates that even a minimal quantity of the
inhibitor markedly diminishes icorr. The icorr of the blank
solution decreases from 305.3 to 23.72 μA·cm−2 for 200 ppm
of TMBHCA. Additionally, there is a noticeable increase in
polarization resistance (Rp), rising from 80.7 to 1296 Ω·cm2

without and with the inhibitor at 200 ppm, respectively. Table
2 also shows that the addition of the inhibitor does not cause a
significant shift in the Ecorr value. This indicates that the
synthesized inhibitor acts as a mixed-type inhibitor, affecting
both anodic and cathodic reactions.58 These findings suggest
that inhibitor molecules engage with the metal surface,
obstructing active sites and enhancing protection against
corrosion. Regarding efficiency values, it is evident that the

inhibition efficiency of TMBHCA improves with increasing
inhibitor concentration, reaching up to 93.77% at a
concentration of 200 ppm. This improvement results from
the enhancement of TMBHCA molecules on the XC38
surface, effectively protecting it in the acidic solution.

3.1.4. Electrochemical Impedance Spectroscopy (EIS).
Electrochemical impedance spectroscopy (EIS) stands as a
well-established and potent technique for corrosion mecha-
nism, providing insights into surface properties.59,60 The
related Nyquist and Bode plots of MS obtained in 1 M HCl
solution in the absence and presence of the inhibitor are shown
in Figure 5a,b, respectively. Hence, the EIS data were fitted to
experimental data, and the results are displayed in Table 3. For
this purpose, two electrical equivalent circuit diagrams were
suggested to define the XC38/solution interface. Where CPE
stands for a constant phase element composed of Yo and n.
Solution resistance is denoted by Rs, while phase shift, or
departure from an ideal capacitor and degree of surface
inhomogeneity, is represented by n. Due to its superior
representation of an actual system, a CPE element was chosen
above a double-layer capacitance (Cdl).
As can be observed from Figure 5a, the Nyquist plots of the

XC38 electrode obtained in the absence and presence of the
TMBCHA show depressed semicircular forms. As the
concentration of the inhibitor increases, so do the plot sizes.

Table 2. Polarization Parameters of XC38 Carbon Steel Corrosion in 1 M HCl with Varying Concentrations of TMBCHA

parameters Ecorr (mV) (Ag/AgCl) icorr (μA·cm−2) Rp (Ω·cm2) βa (mV/dec) βc (mV/dec) Ei (%) ERp
(%)

blank −411.42 305.30 80.7 91.9 159.50 - -
25 ppm −409.31 142.82 246.0 72.2 152.3 53.23 67.19
50 ppm −408.12 81.77 1081.0 89.2 231.9 73.21 92.53
100 ppm −406.32 25.12 1202.0 73.3 866.9 91.77 93.28
200 ppm −408.12 23.72 1296 89.2 231.9 92.23 93.77

Figure 5. Nyquist (a) and (b) Bode plots of mild steel in 1 M HCl solution in the absence and presence of TMBHCA at different concentrations
after 1 h of immersion.

Table 3. Electrochemical Impedance Spectroscopy Characteristics for the Carbon Steel Corrosion in 1 M HCl at Different
TMCBAH Concentrations

CPE CPE1

C (ppm) Rs (Ω·cm2) (F·s1(a−1)) n Rl (Ω·cm2) (F·s1(a−1)) n′ Rct (Ω·cm2) x2 x2/|Z| X/N1/2 EI (%)

blank 2.334 2.61 × 10−04 0.9904 113.8 - - - 603.9 0.635 3.838
25 ppm 3.844 7.47 × 10−05 0.9759 197.5 2.27 × 10−03 0.017 188.3 3564 0.304 9.323 39.57
50 ppm 13.09 1.21 × 10−05 0.9512 12.02 3.93 × 10−06 1.000 359.6 2185 0.138 7.390 68.35
100 ppm 9.196 4.95 × 10−06 0.9961 292.2 1.91 × 10−06 1.000 606.3 12000 1.606 17.110 81.23
200 ppm 9.223 2.27 × 10−06 0.9909 330 1.20 × 10−06 0.990 854.6 24023 2.190 25.830 86.68
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It appears that the corrosion of XC38 in 1 M HCl solution
primarily occurs via a charge transfer process because only one
time constant showed up in the Nyguist plots. In the absence
and presence of inhibitor at different concentrations, the
diagram consists of a semicircle loop, which may be related to
unstable adsorption intermediate molecules such (FeCl)ads and
(FeCl− Inh+)ads.

61 The parallel observations could be detected
from the corresponding Bode plots (Figure 5b). The similar
observation has been reported in the literature for steel
corrosion in HCl medium.
The capacitive semicircle is related to the charge transfer

resistance (Rct), diffuse layer resistance (Rd), and accumulation
resistance at the mild steel/solution interface (Ra), which also
provides a barrier effect. The total resistance is called the
polarization resistance, Rp (Rp = Rct + Rd + Ra).

62 In the
inhibited solutions, the corrosion process is again activation-
controlled. When the concentration reaches 200 ppm, the
diameter of the depressed semicircle increases as it is related to
Rp. In this case, the polarization resistance takes film resistance
into account in addition to the previously discussed blank
solution’s. The observation that resistance and protection
efficiency increase as TMBCHA concentration increases
implies that a greater number of inhibitor molecules are able
to adsorb on the metal surface, leading to a thicker surface film
or higher surface coverage.63−65

As it is shown in Table 3, the n value being less than 1 is due
to the metal/solution interface not behaving as an ideal
capacitor. The reduction in double-layer capacitance (CPE)
values in the presence of the TMBCHA inhibitor (from 2.61 ×
10−04 μF·cm−2 to 2.27 × 10−06 μF·cm−2) is associated with the
Helmholtz model, suggesting a substitution of H2O molecules
on the steel surface by inhibitor molecules. This decline
signifies TMBCHA adsorption on the XC38 metal surface,
creating a protecting layer with a reduction in the dissolution
reaction degree. The correlation between these findings and
data from weight loss and polarization experiments suggests a
potential link to a reduced local dielectric constant and an
increased electrical double-layer thickness.65 Consequently,
this inhibitor demonstrates effective protection for the metal.
The inhibition efficiency (IE %), calculated using eq 15 is
90.33% at 200 ppm, indicating a significant limitation of XC38
carbon steel corrosion by HCl owing to the addition of
TMBHCA.

= ·R R
R

IE (%) 100ct ct

ct (11)

where Rct and Rct signify the charge transfer resistances with
and without the inhibitor, respectively.
Figure 6 depicts the equivalent circuit (EC) employed for

analyzing impedance spectra. In this circuit, the constant phase
element (CPE) is utilized to replace the double-layer
capacitance, a choice made due to the presence of depressed
capacitive loops observed in Nyquist plots. The inclusion of
the CPE in the EC is a well-recognized approach in corrosion
studies. This is because the macroscopic carefully weighed
impedance is intricately linked to numerous microscopic
material characteristics, including surface defects, local charge
inhomogeneities, and numerous complicated electrochemical
reactions.66,67 The elements within the circuit include the Rs,
CPE, Rl, and Rct.
The inhibitor’s introduction into the acidic solution

improves the transfer resistance while concurrently minimizing
the double-layer capacitance in the inhibitor’s presence. The
constant phase element undergoes a reduction akin to the
observed corrosion current densities (icorr) in this study. This
decrease is ascribed to the adsorption of these compounds on
the metal surface, resulting in the creation of an acidic solution
film.
3.2. Impact of Immersion Time. The efficacy of

TMBCHA as a corrosion inhibitor for mild steel in 1 M
HCl was evaluated through meticulous EIS analysis over an
extended immersion period of 28 days, conducted at a constant
temperature of 25 °C. This investigation aimed to discern the
long-term stability of TMBCHA’s adsorption properties under
conditions mimicking acid-cleaning operations. EIS analysis,
illustrated in Figures 7 and 8 demonstrates a significant
enhancement in corrosion inhibition performance correlated
with increased immersion time. This trend indicates an optimal
inhibition efficiency of 92.43% achieved at a concentration of
200 ppm after 28 days. The progressive increase in inhibition
efficiency with time is attributed to the improved adsorption of
TMBCHA molecules onto the surface of mild steel, thereby
facilitating a denser and more protective barrier against
corrosion in an aqueous HCl environment.68−70

The consistent trend observed in the EIS analysis, as
depicted in Figures 7 and 8, further substantiates the impact of
immersion time on the corrosion inhibition effectiveness of
TMBCHA. As detailed in Figure 7, the Nyquist plots for XC38
carbon steel in 1 M HCl, both with and without 200 ppm of
TMBCHA inhibitor, exhibit clear variations with changing
immersion durations. As the immersion time progresses from 1
to 28 days, the Nyquist plots indicate a continuous

Figure 6. Proposed electrical equivalent circuit model for fitting impedance data points and its significance on the corrosion of XC38 steel without
(a) and with the TMBHCA inhibitor (b).
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improvement in the inhibition effectiveness of TMBCHA. This
is reflected in the evolving impedance spectra, highlighting the
inhibitor’s enhanced ability to resist the corrosive effects on the
carbon steel surface. As well, in Figure 8a, the Nyquist plots
offer a detailed insight into the corrosion behavior of mild steel
under different immersion durations for the blank solution.
Figure 8b further supplements this information by presenting
the Bode plot for the blank at various immersion times,
revealing the presence of a second time constant in the system.
Moving to Figure 8c,d, the Nyquist and Bode plots,
respectively, provide a comprehensive perspective on mild
steel’s corrosion response under varying immersion durations
in the presence of TMBCHA inhibitor. The noticeable
alterations in the size and shape of the impedance spectra
clearly underscore the influence of immersion time, emphasiz-

ing its significant impact on the corrosion inhibition
effectiveness of TMBCHA.
Furthermore, the analysis of the EIS data, as presented in

Table 4, provides valuable insights into the corrosion
inhibition effectiveness of TMBCHA over varying immersion
durations. The evolution of key parameters such as Rs, Rct, and
CPE offers a comprehensive understanding of the inhibitor’s
performance. For the blank sample, Rs decreases steadily from
1.063 Ω·cm2 at 1 day to 0.996 Ω·cm2 at 21 days before
increasing slightly to 1.042 Ω·cm2 at 28 days. In contrast, for
TMBCHA-treated samples, Rs exhibits a different trend,
starting at 5.988 Ω·cm2 at 1 day, decreasing significantly to
2.563 Ω·cm2 at 3 days, and then gradually increasing to 13.730
Ω·cm2 at 21 days before decreasing to 12.840 Ω·cm2 at 28
days. Similarly, Rct for the blank sample fluctuates between

Figure 7. Immersion time effect on the Nyquist plots for XC38 carbon steel in 1 M HCl without and with 200 ppm of TMBCHA and at various
immersion durations: (a) 1 day, (b) 3 days, (c) 7 days, (d) 14 days, (e) 21 days, and (f) 28 days.
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87.84 Ω·cm2 and 26.68 Ω·cm2, while for TMBCHA-treated
samples, Rct ranges from 160.2 Ω·cm2 to 528.9 Ω·cm2. These
variations highlight the dynamic changes in the corrosion
inhibition mechanism with varying immersion durations,
confirming its pivotal role in augmenting the adsorptive
interaction between the inhibitor molecules and the steel
surface, concluding in significantly enhanced corrosion
protection.
3.3. Adsorption Isotherm Analysis. The exploration of

how corrosion inhibitors interact with metal surfaces’ active
sites is significantly advanced by leveraging established
adsorption isotherm models, such as those proposed by
Freundlich, Temkin, Flory−Huggins, Frumkin, and Lang-
muir.71,72 These models provide a robust theoretical

foundation for delving into the mechanisms through which
corrosion inhibitors adsorb onto metal surfaces.
In this study, the adsorption dynamics are methodically

characterized through the application of three distinguished
isotherm models:73,74

= ·b CLangmuir:
(1 ) eq

(12)

= ·a K CTamkin mode: exp( 2 ) eq (13)

= ·K CFrumkin mode:
1

exp( 2 ) eq
i
k
jjj y

{
zzz (14)

Figure 8. Nyquist and bode plots for XC38 carbon steel in 1 M HCl without (a and b) and with 200 ppm of TMBCHA (c and d) at various
immersion durations and proposed electrical equivalent circuit model for fitting impedance data points and its significance on the corrosion of
XC38 steel with TMBHCA inhibitor after 21 days (e).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10240
ACS Omega 2024, 9, 27945−27962

27952

https://pubs.acs.org/doi/10.1021/acsomega.3c10240?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10240?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10240?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10240?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The parameters b, K, a, and α represent the adsorption
coefficient, the equilibrium adsorption constant, and the
molecular interaction parameter, respectively.
These isotherms are instrumental in defining the distinctions

of inhibitor−metal surface interactions, offering insights into
the extent of surface coverage (θ), which is corroborated by
gravimetric analysis as defined by the relation:

= IE (%)
100 (15)

The observed results indicate that mild steel can significantly
retard the corrosion rate in the HCl medium by creating a
corrosion−inhibitor coating on its surface. To facilitate the
adhesion of corrosion inhibitor molecules to mild steel
surfaces, water molecules must first be displaced,27,75 as
expressed in eq 16:

+

+

mInh H O

Inh H O

(solution) 2 (adsorption)

(adsorption) 2 (solution) (16)

Here, Inh(solution) and H2O(solution) represent the inhibitor and
water molecules in the solution, respectively, and Inh(adsorption)
and H2O(adsorption) signify the inhibitor and H2O molecules
adsorbed onto surfaces, respectively, with m defining the
number of H2O molecules displaced by the inhibitor
molecules.
Diverse isotherms were employed to interpret experimental

data, with the Langmuir adsorption isotherm model demon-
strating the most favorable alignment. This model facilitated
the quantification of θ across varying concentrations of
TMBCHA in 1 M HCl, aiming to elucidate the adsorption
behavior. Figure 9 illustrates Cinh/θ in relation to Cinh for
varying concentrations of TMBCHA, revealing linear correla-
tions with coefficients (R2) approaching unity and slopes near
one. Such findings underscore the alignment of TMBCHA
adsorption with the Langmuir model principles, where θ
correlates directly with the inhibitor concentration as denoted
in eq 17:

= +C
K

C1
(17)

In Figure 9, the equilibrium constant for the adsorption
process is represented by the symbol K, where C denotes the
inhibitor concentration, and θ (calculated as EWL %/100)
represents the fraction of the metal surface covered by the
inhibitor. This relationship between C, θ, and K not only
facilitates a deeper understanding of the inhibitor’s adsorptive
behavior but also underscores the Langmuir isotherm model’s
applicability in describing the interaction dynamics between
the inhibitor and the metal surface. The use of K in this context
yields critical insights into the adsorption process’s efficacy,
evidencing the inhibitor’s capacity to establish a robust
protective layer against corrosion on the metal interface.76

3.4. Surface Microscopic Observation. The investiga-
tion of material surfaces and the changes they undergo is
essential in understanding their properties and modifications.
SEM analysis stands as a widely utilized technique for
scrutinizing surface characteristics. In the present study, SEM
was employed to discover alterations in the surface properties
of XC38, with and without TMBCHA corrosion inhibitor.
Figure 10 displays the SEM images obtained during the
investigation. Figure 10 presents SEM images of the XC38
surface after immersion for 24 h in 1 M HCl solution, both

Table 4. Electrochemical Impedance Spectroscopy Characteristics for the Carbon Steel Corrosion in 1 M HCl without and
with 200 ppm of TMBCHA at Various Immersion Durations

CPE CPE1

time (days) Rs (Ω·cm2) (F·s1(a−1)) n Rl (Ω·cm2) (F.·s1(a−1) n′ Rct (Ω·cm2) x2 x2/|Z| X/N1/2 EI (%)

Blank
1 day 1.063 1.26 × 10−03 0.909 87.84 - - - 64.12 7.7 0.985 -
3 days 1.975 7.19 × 10−04 0.909 85.19 - - - 35.41 2.68 1.086 -
7 days 1.816 1.02 × 10−03 0.892 82.19 - - - 8.23 1.973 0.754 -
14 days 1.454 1.14 × 10−03 0.907 71.62 - - - 16.7 1.126 0.746 -
21 days 0.996 2.42 × 10−03 0.906 46.53 - - - 4.583 1.573 0.39 -
28 days 1.042 2.98 × 10−03 0.861 26.68 - - - 5.318 0.061 0.286 -
TMBCHA
1 day 5.988 7.48 × 10−05 0.846 160.2 9.22 × 10−04 0.974 138.7 911.2 0.114 4.963 45.16
3 days 2.563 1.90 × 10−03 0.999 222.9 6.61 × 10−05 0.835 135.5 1276 0.172 5.578 61.78
7 days 8.753 2.26 × 10−03 0.981 355.1 2.79 × 10−05 0.805 367.4 12376 0.18 18.29 76.85
14 days 8.276 1.03 × 10−03 0.93 385.1 2.81 × 10−05 0.796 491.9 4573 0.151 11.12 81.40
21 days 13.730 1.19 × 10−03 0.794 528.9 3.15 × 10−05 0.803 369.8 6027 0.112 12.76 91.20
28 days 12.840 6.29 × 10−05 0.75 352.8 5.31 × 10−03 0.994 323.8 7819 0.118 13.98 92.43

Figure 9. Langmuir isotherm model plots for XC38 carbon steel in 1
M HCl with different TMBCHA concentrations.
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without and with 200 ppm of TMBCHA. In Figure 10a, the
SEM image reveals the polished XC38 carbon steel surface,
which appears smooth, flat, and clean. This image serves as a
reference for the initial state of the surface. In Figure 10b, the
metal surface immersed in HCl appears highly damaged,
exhibiting numerous pits and cracks indicative of extensive
XC38 steel dissolution. However, in Figure 10c, the steel
surface shows significant improvement with the accumulation
of 200 ppm of TMBCHA in the corrosive medium. A
protective inhibitive coating is visible, covering the XC38
carbon steel surface. This film acts to reduce metal dissolution,
providing substantial corrosion prevention.77 The SEM images
are consistent with the findings derived from the previously
discussed electrochemical measurements, providing additional

support for the efficacy of the organic film in inhibiting
corrosion.
3.5. Quantum Chemical Computations. 3.5.1. Global

Chemical Reactivity. Historically, the quest for novel
corrosion inhibitors relied on modifying the structures of
conventional inhibitors or empirical investigations.78−81

However, there has been a recent shift toward employing
quantum chemical methods, particularly DFT computation, to
delve into the electronic and molecular properties of
inhibitors.82,83 DFT calculations, known for their accuracy,
robustness, and utility, provide a valuable avenue for
comprehending inhibitor properties, delineating their behavior,
and facilitating the design and analysis of innovative inhibitors.
In this study, DFT-based calculations are employed to

Figure 10. SEM images of (a) polished XC38 carbon steel, (b) XC38 carbon steel in 1 M HCl (blank), and (c) XC38 carbon steel with 200 ppm
inhibitor after exposing for 24 h at ×10,000 magnification.

Figure 11. Optimized structures obtained viaquantum chemical computations, HOMO, LUMO orbitals, and MEP of neutral and protonated
TMBHCA molecules.
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investigate the relationship between the corrosion behavior
and the structural characteristics of TMBHCA. Figure 11
illustrates the optimized structures of TMBHCA in its neutral
state, alongside the corresponding protonated highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) electron density distributions. These visual-
izations offer valuable understandings into the electronic
characteristics and reactivity of TMBHCA.
The analysis of frontier molecular orbitals (FMOs) is pivotal

in elucidating interactions between molecules and other
species. Specifically, the energies of the EHOMO and ELUMO
provide insights into the strong inclination of inhibitor
compounds to either donate or accept electrons from the
metal surface. Summarized in Table 5, the obtained results

enable the calculation of reactivity indices. The energy gap,
denoted by ΔEgap, acts as an indicative parameter of the
reactivity of inhibitor molecules to adsorption on metal
surfaces. A smaller ΔEgap signifies higher reactivity and
enhanced efficiency of inhibitor adsorption, resulting in
increased inhibition efficiency.84,85 Moreover, the χ of the
TMBHCA inhibitor molecule reflects its propensity to release
electrons to accepting species. A higher χ value indicates a
stronger electron-holding ability, while a lower value suggests a
greater likelihood of electron donation. Additionally, the η and
σ values serve as valuable indicators of chemical reactivity and
inhibition ability.23,86 A lower η value and higher σ value
correspond to higher reactivity and increased inhibition ability,
respectively. The molecular ω describes the electrophilic
power of the molecule structure, with a higher ω value
signifying a superior capacity of the molecule to accept
electrons.87−90

Comprehending the protonation state of TMBHCA
inhibitor molecules holds paramount importance, as it
profoundly influences their reactivity and efficacy in corrosion
inhibition. In aqueous solutions, the prevailing protonated
state of inhibitors is attributed to the presence of hydrogen
ions (H+). The protonation process enhances the interaction
of TMBHCA inhibitor compounds with the metal surface,
thereby augmenting their corrosion inhibitory capabilities. A
comprehensive examination of both protonated and non-
protonated states of TMBHCA molecules provides a nuanced
understanding of their reactivity and effectiveness in diverse
environmental conditions.88 Understanding this information is
crucial for advancing the development of corrosion inhibitors
that demonstrate enhanced efficiency and effectiveness across a
spectrum of industrial applications.

Additionally, scientific investigations consistently emphasize
that the adsorption of inhibitors onto metallic surfaces can be
attributed to donor−acceptor interactions. This is notably
evident in the interaction between the π electrons of
heterocyclic compounds and the unoccupied d orbitals of
metal surface atoms. These interactions play a crucial role in
the development of a protective layer on the metal surface,
thereby enhancing corrosion inhibition. Simultaneously, the
spatial distribution of electrons, controlled by the HOMO,
dictates electrophilic attacks, which tend to occur at atomic
sites with a high density of HOMO orbitals. Figure 11 offers
insightful visualizations of this phenomenon, with the blue and
orange areas representing FMOs of opposite phases. The blue
color signifies the positive phase, while the orange color
denotes the negative phase. Notably, the distributions of the
LUMO and HOMO orbitals are similar in both neutral and
protonated states. Furthermore, the HOMO orbital distribu-
tion spans the conjugate part of the molecule and all
heteroatoms (O, N, and S), indicating a widespread
distribution of π-electrons throughout the entire molecule.
This distinction underscores the primary adsorption sites of
these substances. The presence of additional adsorption sites
has the potential to influence the formation of a flat surface on
iron metal, thereby affecting the adsorption behavior and
corrosion inhibition properties of TMBHCA molecules.
Furthermore, molecular electrostatic potential (MEP)

provides a visual representation of the electrostatic distribution
within a molecule, aiding in the identification of binding sites
and interactions with neighboring molecules. In Figure 11, the
MEP profile is presented through a color-coded map. Regions
with maximum negative potential, promoting electrophilic
attack, are visualized in red. Conversely, areas with significant
positive potential, favoring nucleophilic attack, are shown in
blue, while the zero-potential region is indicated in green. The
intensity, shape, and extent of positive, negative, and neutral
electrostatic potentials are effectively conveyed through
distinct color gradients, where the potential increases in the
order red < orange < yellow < green < blue. As a results, from
the MEP map presented in Figure 11, it is evident that the high
electronic density suitable for electrophilic attack (yellow
region) is proximate to the sulfur atom, whereas the green
region corresponds to carbon and hydrogen. Notably, the
protonated form of TMBHCA exhibits the highest potential,
signifying a greater inclination for electrophilic and nucleo-
philic attacks. The red areas signify negative charges conducive
to nucleophilic attack, indicating a high potential for covalent
bond formation with iron d orbitals. In the protonated form,
the blue regions suggest electron-receiving capabilities of the
metal. These findings offer valuable insights into the molecular
structure and characteristics of TMBHCA, emphasizing its
effective inhibitory capacity against corrosion.

3.5.2. Local Chemical Reactivity. To identify the active
sites responsible for nucleophilic and electrophilic interactions
within TMBHCA in both its neutral and protonated forms, we
conducted calculations involving Fukui indices. Fukui index is
one of the largest used reactivity parameters to explain
chemical reactivity of an electrophilic and nucleophilic attack
site in a molecule. The two types of Fukui functions +fk and fk
are used to characterize the electrophilic and nucleophilic
powers of atoms. The most reactive site of the molecule is
probably the one with the highest value of the Fukui
function.The atom condensed form of Fukui functions was

Table 5. Calculated Reactivity Indices Using DFT
Functional for Various Parameters

parameter neutral protonated

ET (eV) −1215.967 −1216.405
EHOMO (eV) −5.455 −6.464
ELUMO (eV) −1.534 −2.824
energy gap (ΔEgap, eV) 3.921 3.640
chemical potential (μ, eV) = −χ −3.495 −4.644
ionization potential (I, eV) = (−EHOMO) 5.455 6.464
electron affinity (A, eV) = (−ELUMO) 1.534 2.824
hardness (η, eV) = 0.5 * (I − A) 1.961 1.820
softness (σ, eV) = 1/η 0.255 0.275
electronegativity (χ, eV) = (I + A)/2 3.495 4.644
global electrophilicity (ω, eV) = (μ * μ)/η * 2) 1.557 2.962
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proposed by Yang et al.91 The forms of three Fukui functions’
types are defined as follows:

= [ + ]+f q N q N( 1) ( ) Nucleophilic attackk k k

= [ ]f q N q N( ) ( 1) Electrophilic attackk k k

=
[ + ]

f
q N q N( 1) ( 1)

2
free radical attackk

k k0

Here, f k, qk(N), qk(N + 1), and qk(N − 1) are, respectively,
the Fukui function corresponding to site k, the popular
electronics of the k atom in the neutral molecule, in the anionic
molecule, and in the cationic molecule.
The local electrophilicity +

k can be calculated from the
global electrophilicity index (ω) and the electrophilic Fukui
index ( f+) according to the following equation:

=+ +fk (18)

The results of Fukui and local electrophilicity indices are
summarized in Table 6.

The values of f+ and ω+ indicate that the carbon atom (C16)
has the highest values; thus, it is the most susceptible to attack
by a nucleophilic reagent. On the other hand, the highest
values of f− and ω− are those of the sulfur atom (S16),
suggesting that this atom is susceptible to electrophilic attack.
We also remark that the two nitrogens (N15) and (N17) have
acceptable values of f+, f−, ω+, and ω−, so they can contribute
to electrophilic or nucleophilic attack.

3.5.3. Noncovalent Interaction Study. The NCI concept
stands as an advanced computational approach extensively
performed for unraveling intermolecular interactions and
depicting weak forces in molecular structures. This theory
utilizes visualization indicators based on density and relevant
metrics, color-coded to reflect strength according to RDG
values at low densities. The NCI method involves evaluating
electron density (ρ) and multiplying it by the sign of the
second-highest eigenvalue (λ2) of the Hessian matrix of the
electron density at each point on the isosurface. This product,
represented as (λ2) × ρ, indicates whether intermolecular
forces are attractive or repulsive. A negative sign of the product
(λ2) × ρ denotes primarily attractive interactions, often
associated with hydrogen bond formation. Conversely, a
positive sign indicates the presence of steric repulsion or

nonbonding interactions.92,93 Figure 12 displays the NCI-RDG
plots derived from the density analysis of the investigated
TMBHCA compound. The plots unveil various intermolecular
interactions in both the neutral and protonated states of the
TMBHCA molecule. HB, VDW, and steric repulsive
interactions are visualized in blue, green, and red, respectively.
The RDG isovalue within the range of −0.035 to 0.020 au and
the sign of (λ2) × ρ signifies the strength and nature of these
interactions. Electron clouds within these regions exhibit
stability through interactions with appropriate acceptors. The
scatter diagram, depicted in red, illustrates that the interaction
among the TMBHCA and the targeted metal surfaces
effectively minimizes steric-repellent interactions. This inter-
action is facilitated by N and S heteroatoms, as well as methoxy
or aromatic groups within the corrosion inhibitory substance’s
chemical structure. These properties foster the creation of an
effective adsorption coating layer, reinforcing interactions with
the metal surface.
Therefore, this consistent observation is in line with the

insights derived from our comprehensive analyses, encompass-
ing FMO, MEP, and Fukui analyses. The amalgamation of
these analyses serves to underscore the nuanced reactivity and
bonding characteristics inherent in TMBHCA molecules. By
delving into the electronic structure through FMO, the spatial
distribution of electron density via MEP, and the site-specific
reactivity using Fukui indices, we gain a holistic understanding
of the molecular attributes influencing the inhibitory
mechanism. Meanwhile, this enhanced understanding of the
inhibitory mechanism, derived from a comprehensive analysis
of these quantum chemical parameters, enriches our
comprehension of how TMBHCA effectively safeguards
metal surfaces from corrosion. It is essential to note that
while these quantum chemical parameters provide valuable
theoretical insights, their direct correlation with experimental
inhibition efficiencies has been a subject of recent criticism in
the literature.76 As such, the focus on DFT calculations in this
study was intended to confirm the inhibition potential of
TMBHCA and establish correlations with experimental
inhibition efficiencies.
3.6. Proposed Inhibitory Mechanism. Exploring the

inhibition mechanism at the interface of XC38 carbon steel
and HCl has been pivotal in deciphering the intricate processes
that underlie corrosion inhibition. This investigative approach,
guided by a blend of experimental analyses and computational
insights, has provided valuable understandings into the
underlying corrosion inhibition mechanisms of TMBHCA
molecule. The elucidation of the inhibition mechanism in HCl
is attainable through an understanding of the adsorption mode.
The adsorption process is altered by the charge on the metal
surface, the nature of interaction with the metal surface, and
the molecular structure of the inhibitor molecules.94

In this study, we propose the adsorption mechanism of
TMBHCA. Initially, TMBHCA undergoes protonation in the
presence of HCl, and the liberated Cl− anion adheres to the
XC38 metal surface, potentially influencing the nucleophilicity
of other heteroatoms (N�C, NH, and S�) (Figure 13 a). In
this scenario, the charge on the metal surface may influence the
adsorption of Cl− ions. However, we acknowledge that we did
not directly determine the excess surface charge, and it is
crucial to note that our conclusion about the positive charge
on the metal surface enhancing Cl− ion adsorption is based on
the proposed mechanism and may require further inves-
tigation. To strengthen the validity of this proposed

Table 6. Local Reactivity Parametersof Studied Molecule

atoms f− f+ ω+ ω−

N15 0.0103 0.0109 0.0098 0.0092
C16 0.0790 0.6226 0.5586 0.0709
N17 0.0091 0.0115 0.0103 0.0082
S18 0.8922 0.3533 0.3170 0.8004
H33 0.0084 0.0002 0.0002 0.0076
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mechanism, future work may involve direct determination of
the excess surface charge to ascertain the nature of the metal
surface charge and its impact on Cl− ion adsorption.95 This
additional step would provide more concrete evidence and
further insight into the adsorption process, enhancing the
overall understanding of the corrosion inhibition mechanism of
TMBHCA.96−99 Figure 13 b offers a schematic representation
of diverse adsorption modes at the metal−acid interface.

In addition to physical adsorption, neutral inhibitors can
chemically adsorb onto the XC38 carbon steel surface through
direct electron sharing, based on donor−acceptor interactions
between the π-electrons of the heterocyclic ring and the
unoccupied d-orbitals of surface iron atoms. Iron tends to
coordinate with the inhibitor heteroatoms, creating an
adsorptive film. Whether through physical or chemical
adsorption, or a combination of both, the establishment of

Figure 12. RDG scatter plots (left) and NCI plots (right) isosurface (s = 0.5 au) of (a) neutral and (b) protonated TMBHCA.

Figure 13. (a) TMBHCA molecule protonation in the presence of HCl and (b) proposed inhibition mechanism for the XC38 surface employing
TMBHCA.
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an adsorptive film on corroding steels leads to a reduction in
the corrosion rate. As the inhibitor concentration increases, the
adsorptive film extends to cover larger surface areas,
contributing to an amplified inhibition efficiency.
In summary, this enriched understanding of the inhibitory

mechanism is derived from a thorough analysis that integrates
theoretical and experimental aspects. This holistic approach
not only recognizes the inherent limitations of current
methodologies but also acknowledges the ongoing debates
within the field of corrosion inhibition. By bridging theoretical
insights with experimental observations, this study actively
contributes to the evolving discourse on the evaluation of
corrosion inhibitors. Looking ahead, further additional
analyses, including molecular dynamics simulations, are
essential for advancing our understanding and providing a
more comprehensive insight into the complex interactions
between the metal surface and the inhibitor. These simulations
hold promise for providing deeper insights into the intricacies
of the adsorption/interaction energies between the metal
surface and the inhibitor, further advancing our understanding
of corrosion inhibition mechanisms.
3.7. Conclusion. In summary, the studied compound

demonstrated significant effectiveness as an inhibitory
corrosion inhibitor for XC38 steel under acidic medium,
showing an increasing trend in inhibition efficiency with
elevated TMCBHA concentration. The comprehensive array
of results allows for the following key conclusions:

• Gravimetric analysis revealed that TMCBHA effectively
inhibited XC38 steel corrosion in a 1 M HCl medium,
reaching an impressive inhibition effectiveness up to
98%. The detected increase in inhibition efficiency with
rising inhibitor concentrations was consistent with
weight loss examinations.

• Potentiodynamic polarization measurements indicated a
reduction in corrosion currents upon the addition of
TMCBHA, influencing both anodic and cathodic
processes. TMCBHA displayed characteristics of a
mixed-type inhibitor, with Tafel polarization values
supporting an inhibition effectiveness of 93%.

• Electrochemical impedance spectroscopy (EIS) meas-
urements demonstrated a rise in charge transfer
resistance (Rct) and a reduction in double-layer
capacitance (Cdl) in the presence of inhibitors, indicating
the adsorption of TMCBHA inhibitor on the XC38
carbon steel surface. These findings propose that the
TMCBHA molecules interact with the surface of metal,
effectively blocking active sites and contributing to the
development of corrosion protection.

• Scanning electron microscopy (SEM) images performed
a visual confirmation of the creation of a protecting
coating composed of TMCBHA inhibitors on XC38
carbon steel surface.

• The immersion test conducted over 28 days under acid
cleaning conditions showcased the effectiveness of the
considered inhibitor. The evaluation revealed a sub-
stantial rise in inhibition effectiveness from 45.16% to
92.43% at 200 ppm as the immersion period extended
from 1 day to 28 days. This enhancement is ascribed to
the heightened adsorption of TMCBHA molecules on
the XC38 surface, ensuring more comprehensive cover-
age and effective protection against corrosion.

• Quantum chemical investigations provided intricate
insights into the donor−acceptor interaction mode,
affirming the adsorption capability of TMCBHA on the
XC38 surface. The horizontal alignment of active species
within TMCBHA, displacing preadsorbed water mole-
cules, enhances corrosion resistance.

In conclusion, the exhaustive combination of experimental
and theoretical analyses presented in this study collectively
emphasizes the considerable promise of TMCBHA as a potent
corrosion inhibitor. The comprehensive insights gained not
only deepen our understanding of the inhibitory mechanisms
at play but also pave the way for the prospective application of
TMCBHA in diverse industrial settings. This integrative
approach, considering both theoretical and experimental
aspects, underscores the potential significance of TMCBHA
as a corrosion inhibitor, offering valuable contributions to the
ongoing discourse in corrosion science. Furthermore, addi-
tional analyses, including molecular dynamics simulations, are
essential for a more thorough exploration of the intricate
interactions that govern the effectiveness of TMCBHA, thus
providing avenues for continued research and development in
corrosion inhibition.
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Richardson, N. V. Passivation of Copper: Benzotriazole Films on Cu
(111). J. Phys. Chem. C 2014, 118 (16), 8667−8675.
(54) Chang, T.; Leygraf, C.; Wallinder, I. O.; Jin, Y. Understanding
the Barrier Layer Formed via Adding BTAH in Copper Film
Electrodeposition. J. Electrochem. Soc. 2019, 166 (2), D10.
(55) Lewandowski, B. R.; Lytle, D. A.; Garno, J. C. Nanoscale
Investigation of the Impact of PH and Orthophosphate on the
Corrosion of Copper Surfaces in Water. Langmuir 2010, 26 (18),
14671−14679.
(56) Pareek, S.; Jain, D.; Hussain, S.; Biswas, A.; Shrivastava, R.;
Parida, S. K.; Kisan, H. K.; Lgaz, H.; Chung, I.-M.; Behera, D. A New
Insight into Corrosion Inhibition Mechanism of Copper in Aerated
3.5 Wt.% NaCl Solution by Eco-Friendly Imidazopyrimidine Dye:
Experimental and Theoretical Approach. Chem. Eng. J. 2019, 358,
725−742.
(57) Fekri, M. H.; Omidali, F.; Alemnezhad, M. M.; Ghaffarinejad,
A. Turnip Peel Extract as Green Corrosion Bio-Inhibitor for Copper
in 3.5% NaCl Solution. Mater. Chem. Phys. 2022, 286, 126150.
(58) Jayaperumal, D. Effects of Alcohol-Based Inhibitors on
Corrosion of Mild Steel in Hydrochloric Acid. Mater. Chem. Phys.
2010, 119 (3), 478−484.
(59) Qiang, Y.; Li, H.; Lan, X. Self-Assembling Anchored Film
Basing on Two Tetrazole Derivatives for Application to Protect
Copper in Sulfuric Acid Environment. J. Mater. Sci. Technol. 2020, 52,
63−71.
(60) Xiong, S.; Liang, D.; Ba, Z.; Zhang, Z.; Luo, S. Adsorption
Behavior of Thiadiazole Derivatives as Anticorrosion Additives on
Copper Oxide Surface: Computational and Experimental Studies.
Appl. Surf. Sci. 2019, 492, 399−406.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10240
ACS Omega 2024, 9, 27945−27962

27960

https://doi.org/10.1016/j.molstruc.2020.128885
https://doi.org/10.1016/j.molstruc.2020.128885
https://doi.org/10.1016/j.molliq.2021.117032
https://doi.org/10.1016/j.molliq.2021.117032
https://doi.org/10.1016/j.molliq.2021.117032
https://doi.org/10.1016/j.ijbiomac.2023.128089
https://doi.org/10.1016/j.ijbiomac.2023.128089
https://doi.org/10.1016/j.ijbiomac.2023.128089
https://doi.org/10.1016/j.ijbiomac.2023.128089
https://doi.org/10.1016/j.ccr.2021.214105
https://doi.org/10.1016/j.ccr.2021.214105
https://doi.org/10.1016/j.inoche.2023.110451
https://doi.org/10.1016/j.inoche.2023.110451
https://doi.org/10.1016/j.apsusc.2004.05.143
https://doi.org/10.1016/j.apsusc.2004.05.143
https://doi.org/10.1016/j.apsusc.2004.05.143
https://doi.org/10.1016/j.corsci.2021.109268
https://doi.org/10.1016/j.corsci.2021.109268
https://doi.org/10.1016/j.corsci.2021.109268
https://doi.org/10.1080/10408436.2023.2274900
https://doi.org/10.1080/10408436.2023.2274900
https://doi.org/10.1080/10408436.2023.2274900
https://doi.org/10.1039/C9RA10692H
https://doi.org/10.1039/C9RA10692H
https://doi.org/10.1039/C9RA10692H
https://doi.org/10.1016/j.jiec.2014.11.046
https://doi.org/10.1016/j.jiec.2014.11.046
https://doi.org/10.1016/j.jiec.2014.11.046
https://doi.org/10.1021/acssuschemeng.2c05225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c05225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c05225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c03326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c03326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c03326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1016/j.molliq.2022.120033
https://doi.org/10.1016/j.molliq.2022.120033
https://doi.org/10.1016/j.molliq.2022.120033
https://doi.org/10.1016/j.molliq.2022.120033
https://doi.org/10.1021/ja100936w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2023.121789
https://doi.org/10.1016/j.molliq.2023.121789
https://doi.org/10.1016/j.molliq.2023.121789
https://doi.org/10.1016/j.molliq.2023.121789
https://doi.org/10.1016/j.matchemphys.2019.122420
https://doi.org/10.1016/j.matchemphys.2019.122420
https://doi.org/10.1016/j.matchemphys.2019.122420
https://doi.org/10.1016/j.matchemphys.2019.122420
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/j.molliq.2023.121637
https://doi.org/10.1016/j.molliq.2023.121637
https://doi.org/10.1016/j.molliq.2023.121637
https://doi.org/10.1016/j.corsci.2011.01.055
https://doi.org/10.1016/j.corsci.2011.01.055
https://doi.org/10.1016/j.corsci.2011.01.055
https://doi.org/10.1016/j.corsci.2011.01.055
https://doi.org/10.1016/j.jcis.2015.09.057
https://doi.org/10.1016/j.jcis.2015.09.057
https://doi.org/10.1016/j.jcis.2015.09.057
https://doi.org/10.1016/j.jcis.2015.09.057
https://doi.org/10.1021/jp411482e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp411482e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2.0041902jes
https://doi.org/10.1149/2.0041902jes
https://doi.org/10.1149/2.0041902jes
https://doi.org/10.1021/la102624n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la102624n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la102624n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2018.08.079
https://doi.org/10.1016/j.cej.2018.08.079
https://doi.org/10.1016/j.cej.2018.08.079
https://doi.org/10.1016/j.cej.2018.08.079
https://doi.org/10.1016/j.matchemphys.2022.126150
https://doi.org/10.1016/j.matchemphys.2022.126150
https://doi.org/10.1016/j.matchemphys.2009.09.028
https://doi.org/10.1016/j.matchemphys.2009.09.028
https://doi.org/10.1016/j.jmst.2020.04.005
https://doi.org/10.1016/j.jmst.2020.04.005
https://doi.org/10.1016/j.jmst.2020.04.005
https://doi.org/10.1016/j.apsusc.2019.06.253
https://doi.org/10.1016/j.apsusc.2019.06.253
https://doi.org/10.1016/j.apsusc.2019.06.253
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(61) Boulechfar, C.; Ferkous, H.; Djellali, S.; Amin, M. A.; Boufas,
S.; Djedouani, A.; Delimi, A.; Ben Amor, Y.; Kumar Yadav, K.; Jeon,
B.-H.; Benguerba, Y. DFT/Molecular Scale, MD Simulation and
Assessment of the Eco-Friendly Anti-Corrosion Performance of a
Novel Schiff Base on XC38 Carbon Steel in Acidic Medium. J. Mol.
Liq. 2021, 344, 117874.
(62) Solmaz, R.; Dursun, Y. A.; a̧hin, E. A.; Gecibesler, I. H.;
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