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Electrochemical, surface, DFT, and ADMET insights
into (E)-2-(2-hydroxybenzylidene)hydrazine-1-

carboxamide as a corrosion inhibitor

Hind Boughazi, & *2° Yamina Boudinar, © 2 Samira Tlili, © ¢ Amel Djedouani®
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In this work, (E)-2-((2-hydroxybenzylidene))hydrazine-1-carboxamide (HBHC) was investigated as a new

organic and eco-friendly corrosion inhibitor for mild steel in acidic medium through electrochemical

measurements including potentiodynamic polarization (PP), electrochemical impedance spectroscopy

(EIS), long-term immersion tests, surface characterization, theoretical calculations, and ADMET studies.

HBHC demonstrated excellent inhibition performance, achieving 94.50% efficiency by PP and 93.33% by
EIS at 200 ppm, and retained remarkable stability over 30 days of immersion with 97.64% efficiency.

Adsorption behavior was consistent with the Langmuir isotherm, with negative AG,,

. Values indicating

a mixed physisorption—chemisorption mechanism. SEM micrographs, EDX analysis, and elemental

mapping analysis confirmed the formation of a uniform protective film enriched with heteroatoms on
the steel surface. DFT calculations, including analysis of HOMO-LUMO frontier orbitals, revealed a low
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HOMO-LUMO energy gap (AE), supporting the high reactivity of HBHC and its strong donor—acceptor

interactions with the Fe(110) surface, while MD simulations further confirmed its adsorption stability.

DOI: 10.1039/d5ra05876g

rsc.li/rsc-advances

1. Introduction

Corrosion is a complex electrochemical process that causes
metals and alloys to deteriorate through their interaction with
aggressive environments.”” Mild steel (MS), with a carbon
content below 0.25%, is one of these metals that is often used
because of its many beneficial characteristics, such as its
affordability, excellent ductility, and high strength.® Its
machinability and durability make it an ideal material for
applications such as pipes, plates and beams for reinforcement
in industries like construction, automobile production, and
petrochemicals.* Mild steel, on the other hand, is highly
susceptible to corrosion, particularly when it is exposed to
acidic conditions such as the hydrochloric acid that is used in
the cleaning, pickling and descaling operations.** Different

techniques are wused to mitigate corrosion, such as
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Furthermore, ADMET predictions indicated low toxicity and good bioavailability, supporting the
environmentally benign character of HBHC.

electrochemical protection,”® coatings,”'® and corrosion inhib-
itors. Of these methods, using corrosion inhibitors is very
beneficial because it is affordable, effective, and practical.***?
a corrosion inhibitor is a specific chemical compound or
a mixture of substances that, when present in the appropriate
concentration and form in a given environment, prevents or
reduces corrosion,*' without causing a significant change in
the concentration of corrosive agents.' Recent studies indicate
a growing interest in using these inhibitors as a potential
solution, due to their effectiveness over a broad temperature
range, compatibility with protected materials, high water solu-
bility, affordable cost, and relatively low toxicity."®"” They are
able to adsorb on the surface, leading to the formation of
a protective barrier that displaces water and safeguards the
surface against deterioration. Effective organic inhibitors for
corrosion incorporate elements such as nitrogen, oxygen,
sulfur, and phosphorus.*®* Furthermore, these inhibitors can
also contain structural moieties that have w-electrons, which
work in conjunction with metal to facilitate the adsorption
process.'®2°

Hydrazine derivatives such as hydrazides, hydrazones, and
hydrazinones are widely recognized as effective organic inhibi-
tors for steel in acidic media.”*** Their efficiency is mainly
attributed to electron-donating heteroatoms and conjugated
systems that facilitate adsorption and the formation of stable

protective layers. Literature reports indicate that these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds generally act as mixed-type inhibitors, with inhi-
bition mechanisms governed by physicochemical adsorption
described by Langmuir or Temkin isotherms.?***” Their inhibi-
tion efficiencies are often high, with several studies reporting
values above 95% at low concentrations.**** The adsorption of
these inhibitors generally depends on the molecular structure
and the presence of functional groups such as methoxy, nitro,
or thioamide moieties.?*?***73%31 Quantum chemical calcula-
tions and molecular dynamics simulations have provided
insight into the electronic properties and adsorption mecha-
nisms, confirming that electron-donating groups and planarity
enhance inhibitor performance.?”****3 Surface analyses (SEM,
AFM) further confirm the formation of uniform, protective
layers that mitigate corrosion damage.'?**>%>

Cherrak et al reported that 1,5-dimethyl-1H-pyrazole-3-
carbohydrazide (PyHz) exhibited up to 96% inhibition effi-
ciency in 1 M HCI, with Langmuir-type adsorption confirmed by
electrochemical techniques, SEM/EDX, and theoretical
approaches (DFT and Monte Carlo).** More recently, Kumari
et al. investigated N'-[(4-methyl-1H-imidazole-5-yl)methylidene]-
2-(naphthalen-2-yloxy)acetohydrazide (IMNH), which also di-
splayed high anticorrosion activity in 1 M HCI, with efficiency
increasing proportionally to concentration. EIS and PDP anal-
yses confirmed its behavior as a Langmuir-type mixed inhibitor,
while SEM and AFM observations revealed a smoother and less
damaged surface for the inhibited steel.** Collectively, these
studies underline the strong potential of hydrazone and
hydrazide derivatives as promising corrosion inhibitors in
acidic environments. In general, hydrazide derivatives have
emerged as highly efficient organic corrosion inhibitors. Their
protective action is attributed to adsorption involving electro-
static interactions, coordination bonds, and the presence of
aromatic or polar functional groups, leading to dense protective
films. These features make them attractive alternatives to
conventional inhibitors for safeguarding metallic infrastruc-
tures in aggressive acidic environments.

In this context, the present study investigates the efficiency
of a novel organic inhibitor, HBHC [(E)-2-(2-hydrox-
ybenzylidene) hydrazine-1-carboxamide], for the protection of
A179 mild steel in an acidic medium. HBHC was selected as
a corrosion inhibitor because of its multifunctional structure,
which offers several adsorption centers. The hydrazine core (-
NH-NH-) contains nitrogen atoms with lone pairs of electrons
that serve as active sites for coordination with vacant d-orbitals
of the metal surface. The aromatic benzylidene ring enhances
m-electron interactions, while the hydroxyl substituent
increases polarity and facilitates hydrogen bonding and addi-
tional coordination. Finally, the carboxamide group (-CONH,)
contributes to molecular stability and promotes the cohesion of
the protective film. These synergistic features make HBHC
a strong candidate for efficient corrosion inhibition. Previous
studies have reported that hydrazide derivatives, structurally
related to HBHC, act as efficient corrosion inhibitors in acidic
environments. However, many of these compounds still suffer
from limitations such as toxicity, environmental concerns,
moderate efficiency, or poor long-term stability. To the best of
our knowledge, the corrosion inhibitive performance of HBHC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on mild steel in acidic medium has not yet been explored. This
study addresses that gap by demonstrating that HBHC
combines strong adsorption capacity with long-term stability
while maintaining an environmentally benign and non-toxic
profile. Moreover, through the integration of electrochemical
measurements, surface characterization, theoretical simula-
tions, and ADMET studies as a new dimension in corrosion
inhibitor research, the work delivers comprehensive mecha-
nistic and safety insights that distinctly differentiate HBHC
from previously reported hydrazide-based inhibitors.

2. Experimental

2.1. Characterization of the inhibitor

The tested inhibitor is a new compound named (E)-2-(2-
hydroxybenzylidene)hydrazine-1-carboxamide (HBHC). The
structure is depicted in Fig. 1. The compound is a whitish
powder with a molar mass of 179.07 ¢ mol . The structure of
this compound was confirmed through FTIR analysis, illus-
trated in Fig. 2.

2.2. Mild steel samples preparation

The material chosen for this study is A179 mild steel, with its
chemical composition (in weight percent) provided in Table 1.
The metal was cut using a machine that employs a cooling fluid
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Fig.1 Molecular structure of (E)-2-(2-hydroxybenzylidene)hydrazine-
1-carboxamide HBHC; formula = CgHgN3O,, molar mass = 179.07 g
mol ™.
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Fig. 2 FTIR spectrum for HBHC substance.
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Table 1 Elemental composition of A179 carbon steel

Element C Mn Si S P Fe
Value (%) 0.06-0.18 0.27-0.63 0.25 max 0.035 max 0.035 max Rest

to reduce mechanical damage. It was then attached to a copper
wire and encased in resin, leaving a 1 cm” surface of the metal
exposed to the acidic environment.

The surface was prepared by polishing with SiC papers (400
2000 grit), then washed with distilled water, rinsed with
acetone, rinsed again with distilled water, and finally dried
under an air stream.

2.3. Test solution

The corrosion inhibition study was conducted using a 1 M HCl
solution (pH approximately 1) as the corrosive medium. This
solution was prepared by diluting reagent-grade hydrochloric
acid (37 wt%) with distilled water. The experiments were per-
formed at a controlled temperature of 298 K (approximately 25 °©
C) to closely reflect standard room conditions, enabling the
simulation of corrosion behavior under conditions representa-
tive of a wide range of practical applications and environmental
exposures. HBHC solutions at different concentrations (ranging
from 50 to 200 ppm) were prepared by dissolving the inhibitor
in 1 M HCI, with 10% dimethyl sulfoxide (DMSO) used as an
organic solvent to enhance solubility.

2.4. Electrochemical measurements

The electrochemical investigations were carried out within
a conventional three-electrode configuration, employing a plat-
inum counter electrode and an Ag/AgCl reference electrode in
a saturated KCl solution, and the working electrode is a square-
shaped steel surface (1 x 1 cm?) coated with resin.

The polarization experiments and electrochemical imped-
ance spectroscopic investigations (EIS) were performed using
an AUTOLAB model PGSTAT 302 N. Data were analyzed using
Nova 2.1.4 software.

The electrochemical measurement and polarization corro-
sion experiments were conducted in a 1 M HCI solution, with
two essential parameters being modified:

e The influence of the HBHC inhibitor concentration was
examined by immersing the electrode in solutions with
concentrations ranging from 0 to 200 ppm at room
temperature.

e The influence of immersion duration on the corrosion
inhibition performance of HBHC at optimal concentration (200
ppm).

Initially, a steady-state open circuit potential (E,,) was
established by immersing the working electrode in the test
solutions for 30 minutes. Subsequently, potentiodynamic
polarization curves were acquired at a scan rate of 0.5 mV s *
within a potential range of +250 mV relative to the Eg,.
Corrosion current density values were determined by extrapo-
lating the anodic and the cathodic Tafel lines to their inter-
section at the corrosion potential (Ecorr)-

38948 | RSC Adv, 2025, 15, 38946-38968

The inhibition efficiency (IE %) was calculated using eqn (1)
based on data obtained from the Tafel plots:*

sinh
IE(%) = (1 - (io—)) % 100 (1)

Here, 2. and iicl(‘,lr‘r represent the current density in bot unin-
hibited and inhibited solutions, respectively.

The EIS measurements were carried out in the range from
10° Hz to 10" Hz, with a 10 mV sinusoidal signal perturbation.
The frequency points per decade were set at 10 points per
decade. The resulting data were utilized to estimate the inhi-
bition effectiveness (Egis) using the following expression:*

Re— R
——< x 100 2
Ra @

where R and R, denote the charge transfer resistances in HCI
solution with and without HBHC inhibitor, respectively.

IE(%) =

2.5. Surface analysis

A179 carbon steel specimens were immersed in 1 M HCI solu-
tion for durations of 1 day and 30 days at room temperature,
both in the absence and presence of the HBHC inhibitor at its
optimal concentration (200 ppm). Prior to immersion, each
specimen was individually prepared, thoroughly cleaned, and
rinsed with distilled water before drying. The surface
morphologies of the inhibited and uninhibited samples were
analyzed using a Quanta FEG-250 scanning electron microscope
(SEM) operated at an accelerating voltage of 20 kv. Additionally,
the chemical composition and the surface mapping of the
examined surface areas were determined using Energy Disper-
sive X-ray Spectroscopy (EDX).

2.6. Quantum chemical study

Computational calculations were conducted to complement
and interpret the experimental findings. The main objective of
these theoretical analyses was to elucidate the structural
features of the organic corrosion inhibitors, clarify their inhi-
bition mechanisms, and provide a molecular-level explanation
of their coordination with the metal surface. This integrated
approach offers valuable insights into how these molecules
achieve optimal corrosion protection.

2.6.1. Theoretical approach and computational details.
The adsorption mechanism of the HBHC molecule, in both its
neutral and protonated forms, on the Fe(110) surface was
investigated using density functional theory (DFT) at the M06-
2X/6-31G(d) level, as implemented in Gaussian 09.*¢%7 All
calculations were carried out in the aqueous phase employing
the conductor-like polarizable continuum model (CPCM) to
accurately represent corrosion conditions.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Key quantum chemical descriptors were calculated,
including ionization potential (I), electron affinity (4), chemical
hardness (n), electronegativity (x), softness (), electrophilicity
index (w), and chemical potential (¢), computed using standard
equations*** (eqn (3)-(9)).

I = —Enowmo ()
A = —Erumo (4)
n=— AN (5)
x =+ A2 (6)
g=1mn 7)

w = x*(2n) (8)
e=—X ©)

where Eyomo and Eppmo are the energies of the highest occu-
pied and lowest unoccupied molecular orbitals, respectively,
and xre(110) and Nre(110) are the electronegativity and hardness of
the Fe(110) surface. The electron transfer fraction (AN;,;0) from
the organic molecule (HBHC) to the Fe(110) metal surface was
estimated using the electronegativity and hardness values of
both species:*

AN119 = (XFe(10) — XuBHCAV[2 X (MFe(iio) + MuBrC)]  (10)
Here, Xre110) = 4.82 €V represents the electronegativity of the
Fe(110) surface, derived from its work function, which theo-
retically explains the surface electronegativity.** This electron
transfer represents the movement of charge from the filled
orbitals of the organic molecule to the empty orbitals of the
metal surface, highlighting the interaction strength and the
charge redistribution that occurs at the interface. To better
understand the specific reactive sites within inhibitory mole-
cules, the analysis of Fukui indices is essential. These indices
identify regions that are likely to undergo electrophilic, nucle-
ophilic, or radical attack, depending on the change in electron
density upon the gain or loss of an electron.*>*

The Fukui indices are defined as follows:*
For a nucleophilic attack (addition of an electron) on atom k:

S =adN + 1) — g (V) (11)

e For an electrophilic attack (removal of an electron) on
atom k:

ST =aqdN) — (N = 1) (12)
e For a radical attack (average variation) on atom k:
K=V + 1) = gu(N = D)2 (13)

where qi(N), ¢ (N + 1), and qi(N — 1) represent the atomic
charges on atom k in the neutral, anionic, and cationic states,
respectively. These indices make it possible to determine the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sites most likely to interact with the metal surface, and thus the
preferential localization of inhibition. Additionally, the molec-
ular electrostatic potential (ESP) is another property calculated
via Density Functional Theory (DFT), representing the distri-
bution of the electric potential generated by the molecule in its
surroundings. The calculation of ESP enables the identification
of regions with high electron density (nucleophilic zones) and
electron-deficient regions (electrophilic zones).**** The ESP at
a point 7 in space is defined by the eqn (14):**

V(r) = 2ZJ|R, — r| — [[p()|r" — r|)d¥ (14)
where: Z, is the nuclear charge of atom A located at R,; p(r') is
the electron density at position 7.

The first sum represents the positive contribution of the
nuclei. The integral represents the negative contribution of the
electrons. Analysis of the ESP map allows for the visual identi-
fication of active sites for inhibitor metal surface interaction, as
these sites are generally correlated with regions of high negative
potential, favoring coordination to metal atoms.**

2.6.2. Monte Carlo (MC) simulations. The Monte Carlo
method was employed to simulate the statistical adsorption of
inhibitors on steel surfaces, evaluating the configuration and
thermodynamic stability of the resulting molecular complexes.
This stochastic technique helps to elucidate the spatial distri-
bution and surface coverage density of inhibitors, which are key
factors in determining the effectiveness of anticorrosion
protection.*

2.6.3. Molecular dynamics (MD). Molecular dynamics (MD)
is a powerful computational method for studying how mole-
cules behave on metal surfaces under different thermodynamic
conditions, such as changes in temperature and pressure. This
technique provides clear insights into the stability and move-
ment of inhibitor molecules, as well as the durability of the
protective layers they form against external disturbances.***

In this research, the interactions between the studied
molecules and the Fe(110) surface were examined using
molecular dynamics (MD) simulations with the Forcite module
in Materials Studio 2023. The simulation cell measured 24.82 x
24.82 x 30 A® and included 621 water molecules, 9 chloride ions
(CI7), and 9 hydronium ions (H;0"). The simulation ran for 500
picoseconds (ps) with a time step of 1.0 femtosecond (fs), while
the temperature was maintained at 300 K using the NVT
ensemble and the Andersen thermostat. The COMPASS III force
field was applied to accurately model the interactions within the
system. This approach allows for a detailed and reliable analysis
of molecular behavior at the metal-solution interface, sup-
porting a better understanding of corrosion inhibition
mechanisms.*

3. Results and discussion

3.1. FTIR spectra of HBHC

The FTIR analysis illustrated in Fig. 2 highlights significant
absorption peaks associated with essential functional groups,
thereby substantiating the molecular identity of the compound.
A band at 3489 cm ™ is attributed to O-H stretching vibrations,

RSC Adv, 2025, 15, 38946-38968 | 38949
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indicating the presence of a phenolic hydroxyl group. The peak
at 3140 cm ™' corresponds to N-H stretching, consistent with
the hydrazide moiety in the structure. The absorption at
2985 cm ™' is associated with C-H stretching in aliphatic or
aromatic systems. A strong band at 1693 cm ' is assigned to
C=0 stretching, confirming the presence of a carbonyl group,
while the adjacent peak at 1687 cm™ ' is attributed to C=N
stretching. The peaks observed at 1487 cm ™" and 1441 cm ™' are
due to aromatic C=C stretching vibrations.

Absorptions in the range of 1349-1132 cm ™" are indicative of
C-N, N-N, and C-O stretching modes, reflecting the presence of
amine and phenolic functionalities. Finally, the bands at 943,
755, 629, and 543 cm ™' correspond to aromatic C-H out-of-
plane bending vibrations, confirming the aromatic nature of
the compound. Collectively, the FTIR data support the proposed
molecular structure and confirm the presence of hydroxyl,
carbonyl, imine, amine, and aromatic functional groups.

3.2. Effect of inhibitor concentration

3.2.1. OCP measurement. Open circuit potential (OCP)
measurements are widely used in electrochemical studies to
assess the corrosion behavior of metallic materials in various
environments. By monitoring the potential of a metal surface
over time in the absence of an external current, OCP curves were
recorded to evaluate the effect of different concentrations of
a corrosion inhibitor on the electrochemical stability of the
metal surface. Fig. 3 illustrates the OCP curves of A179 in an HCI
medium under various concentrations at 298 K, both in the
absence and presence of the HBHC inhibitor. The open circuit
potential (OCP) graph shows the evolution of potential over
time for samples containing increasing concentrations of
HBHC inhibitor (from 0 to 200 ppm). A progressive shift toward
more positive potentials is observed with increasing inhibitor
concentration, indicating the adsorption of protective inhibitor
molecules and suggesting enhanced corrosion resistance of the
metal surface. Notably, the sample with 200 ppm exhibits the
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4204 79 —0—Blank
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Fig. 3 Open circuit potential curves of A179 carbon steel potential
without and with different concentrations of HBHC inhibitor at 25 °C.
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most noble potential (around —401 mV vs. Ag/AgCl), which
indicates the formation of an effective protective film on the
metal surface. In contrast, the blank sample (without inhibitor)
shows a more negative potential (around —490 mvV), which
reflects active corrosion. Additionally, the stabilization of the
potential over time indicates that the system reaches electro-
chemical equilibrium.**

Overall, the OCP curves highlight the increasing effective-
ness of the inhibitor, with optimal performance observed at
200 ppm.

3.2.2. Potentiodynamic polarization measurements. Tafel
polarization measurements are a key electrochemical technique
used to evaluate metal corrosion characteristics and the effi-
ciency of corrosion inhibitors. They involve applying
a controlled potential sweep and measuring the resulting
current. In Fig. 4, Tafel polarization curves were recorded for an
A179 carbon steel substrate in a 1 M HCI solution for various
concentrations of HBHC inhibitor at ambient temperature.
Table 2 summarizes corresponding electrochemical parame-
ters, including corrosion potential (E..), corrosion current
density (icorr), anodic and cathodic Tafel slopes (8, and 8.), and
inhibition efficiency (IE %).

An initial analysis of these curves shows that the addition of
the inhibitor affects both the anodic and cathodic reactions.

In the 1 M HCI solution, the inhibitor reduces the anodic
partial current associated with metal dissolution and the
reduction in the cathodic current corresponds to a decrease in
proton concentration.

The cathodic curves present a linear Tafel region, confirming
that the hydrogen evolution reaction on the steel is controlled
entirely by activation.*®** The Tafel polarization curves show the
influence of different concentrations of the corrosion inhibitor
on the electrochemical behavior of the metal surface. As the
inhibitor concentration increases, a noticeable decrease in the

log i (MA/Cm?)

5 Blank
‘ ——— 50 ppm
H —— 100 ppm
] | —— 150 ppm
6 ——— 200 ppm
T T T
-0,75 -0,60 -0,45 -0,30 -0,15
E (V/(Ag/AGCI))

Fig. 4 Potentiodynamic polarization curves of Al179 in a 1 M HCl
solution in the absence and presence of HBHC at different concen-
trations at 298 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Polarization parameters of A179 carbon steel corrosion in 1 M HCl with varying concentrations of HBHC

Medium Ecorr (MV/Ag/AgCI) fcorr (MA cm ?) B (mV dec™) B (mV dec™ ) R, (Q) Surface coverage (f) IE (%)
Blank —451.01 £ 10.42 7.001 £ 0.08 338.6 200.64 8420 £+ 78 — —

50 ppm —460.53 £ 8.47 3.567 £ 0.11 344.2 183.48 15093 + 44 0.4905 49.05

100 ppm —425.53 + 12.44 2.0516 £ 0.07 332.96 175.25 38336 £ 125 0.7069 70.69

150 ppm —385.28 & 7.85 1.2644 + 0.04 356.34 156.34 45112 + 182 0.8194 81.94

200 ppm —390.93 + 8.77 0.3848 + 0.02 302.51 81.22 51679 £ 104 0.9450 94.50

corrosion current density (i.orr) is observed, showing a notable
decrease in the rate of corrosion. Among the tested concentra-
tions, 200 ppm is the optimal inhibitor concentration,
demonstrating the lowest (i.) value and a notable shift in the
corrosion potential (E.or;) toward more noble values, indicating
enhanced protection of the surface. The calculated inhibition
efficiency at this concentration is 94.50%, providing excellent
corrosion inhibition under the studied conditions.

Table 2 demonstrates that even a small amount of the
inhibitor significantly reduces the corrosion current density
(fcorr)- The icore Of the blank solution decreases from 7.001 pA
cm 2 to 0.3848 pA cm 2 with the addition of 200 ppm of HBHC.
Furthermore, polarization resistance (Rp) increases consider-
ably, rising from 8420 Q cm?” to 51 679 Q cm? without and with
the inhibitor at 200 ppm, respectively. Table 2 also indicates
that HBHC acts as a mixed-type inhibitor. This is evidenced by
the fact that the variation in corrosion potential (E.o,) in the
presence of the inhibitor is less than 85 mV compared to the
blank value.*****! In the present case, the maximum displace-
ment is less than 70 mV vs. Ag/AgCl. Additionally, both anodic
and cathodic partial
decreased, indicating that the inhibitor effectively suppresses
both anodic metal dissolution and cathodic reduction
reactions.

The reduction in the corrosion rate due to the adsorption of
inhibitors on the metal surface is a clear indicator that the

current densities are significantly

inhibitor molecules are successfully protecting the metal. The

type of adsorption, whether physisorption, chemisorption, or
a combination of both, determines the strength, reversibility,
and longevity of the corrosion protection.”® The functional
groups in HBHC inhibitor, such as oxygen and nitrogen, facil-
itate the adsorption of the inhibitor molecules onto the mild
steel surface.* The interactions formed between the inhibitor
and the metal surface lead to a robust and stable protective layer
that decreases the corrosion rate, positioning HBHC as an
efficient corrosion inhibitor. This protective mechanism guar-
antees extended corrosion protection by preventing corrosive
agents from reaching the metal surface.

3.2.3. Electrochemical impedance spectroscopy (EIS).
Electrochemical impedance spectroscopy (EIS) is a widely
recognized and powerful technique for investigating corrosion
mechanisms, offering valuable information on surface charac-
teristics. Fig. 5a and b presents Nyquist and Bode plots of
carbon steel A179 in a 1 M HCI solution both before and after
the addition of varying concentrations of HBHC inhibitor.

The impedance spectra in the absence of HBHC present one
capacitive loop, which depicts a depressed semicircle adjusted
with electrical circuit Fig. 6a. The depressed semicircle is
attributed to the frequency dispersion effect and surface irreg-
ularities and heterogeneities.*>** This loop can be attributed to
a charge transfer process.

In the presence of the HBHC inhibitor, examination of the
impedance spectra reveals the presence of two distinct loops.
The first loop, observed at high frequencies, is associated with
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Fig. 5 Nyquist diagrams (a) and Bode diagrams (b) of A179 carbon steel in 1 M HCl solution in the absence and presence of HBHC at different
concentrations after 1 h of immersion at 25 °C.
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the adsorption of the inhibitor film, whereas the second loop, at
low frequencies, corresponds to the charge-transfer processes
occurring at the metal/electrolyte interface. An increase in the
size of the loops is noted as the inhibitor concentration
increases. This result suggests that the inhibitor completely
changes the corrosion process at the A179 carbon steel/1 M HCI
solution interface.

Fig. 5b presents the Bode plots for A179 steel in the absence
and presence of various concentrations of HBHC. An increase in
log(Z) values, accompanied by a shift toward lower frequency
values, is observed with rising inhibitor concentrations. This
phenomenon can be associated with the development of
a protective film on the A179 steel surface.*® On the other hand,
the phase angle values increase up to a more negative value of
—80° for an optimal concentration of 200 ppm compared to the
blank (around —50°), which implies that the tested inhibitor is
effective.*

Fig. 6a presents the equivalent circuit (EC) employed to
analyze the impedance spectra in the absence of the inhibitor.
In this model, the constant phase element (CPE) is introduced
in place of the ideal double-layer capacitance, owing to the
depressed capacitive semicircles observed in the Nyquist plots.
The use of CPE in such circuits is a well-established practice in
corrosion studies, as the measured macroscopic impedance is
strongly influenced by various microscopic factors, including
surface roughness, charge inhomogeneities, and complex

electrochemical reactions. The circuit elements consist of the
solution resistance (Ry), the constant phase element (CPE) and
the charge-transfer resistance (Re).

The equivalent electrical circuit (shown in Fig. 6b) was
proposed to fit the EIS data in presence of HCBC inhibitor, the
high-frequency loop is modeled by a Constant Phase Element of
the film (CPEg), which accounts for the non-ideal capacitive
behavior of the protective layer, connected in parallel with the
film resistance (R¢). The double-layer Constant Phase Element
(CPEq)) in parallel with the charge-transfer resistance (Rc)
represents the low-frequency loop.

From the electrochemical parameters obtained by fitting the
experimental data with the equivalent circuit (Table 3), it can be
observed that the capacitance of the constant phase element of
the double layer (CPEq;) decreases with increasing inhibitor
concentration, while the charge transfer resistance (R
increases. This behavior is attributed to the gradual replace-
ment of water molecules by HBHC inhibitor molecules at the
electrode surface, which reduces the number of active sites and
thereby retards the corrosion process.*® Finally, the inhibition
efficiency (IE %) for metal corrosion, calculated using eqn (2), in
the presence of HBHC increases with rising inhibitor concen-
tration. This indicates that a greater number of inhibitor
molecules are able to adsorb onto the metal surface, thereby
forming a thicker surface film or enhancing surface coverage.”
The value of the inhibition efficiency reached a maximum of

Table 3 EIS parameters of corrosion inhibition of A179 carbon steel with and without HBHC inhibitor in a 1 M HCl at different concentrations

CPE; CPEq,
C(ppm) Rs(Qem?)  Qe(Fs" ) x1077 =n R¢ (Q em?) Qa(Fs" ) x10™* n Re (Q em?) IE (%)
Blank 2.78 +£ 0.07 — — — 2.291 £ 1.658 0.898 £ 0.012 666.1 £+ 29.3 —
50 ppm 3.45 4+ 1.05 2.87 £+ 0.45 0.964 + 0.005 337,4 +£28.27 0.838 £ 0.781 0.864 + 0.023  5251.9 + 55.3 87.32
100 ppm  2.47 £0.14  0.755 £ 0.385 0.974 +£ 0.025 477.8 £71.8 0.571 £ 0.568 0.875 £ 0.011  8952.7 + 75.2 92.55
150 ppm  3.54 £ 0.05 0.581 4 0.104 0.988 = 0.001 510.8 £124.9 0.327 + 0.711 0.858 £ 0.014 9551.4 +122.4 93.03
200 ppm  3.61 £+ 0.12  0.302 + 0.021 0.989 + 0.002 582.9 £135.2 0.192 + 1.025 0.839 £+ 0.035 9998.6 + 107.9  93.33
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93.33% of effectivity at 200 ppm. Furthermore, Table 3 shows
that the electrolyte resistance Rs remains nearly constant across
different HBHC concentrations, indicating that the inhibitor
does not significantly affect the solution conductivity.*®>

The electrochemical performance of HBHC was compared
with literature data for structurally related hydrazide deriva-
tives. Abdallah et al. reported inhibition efficiencies of 92-93%
for H,HEH and H,MEH in 1 M HCl, with R, values up to 7285 Q
cm? at 10* M. In our study, HBHC achieved similar efficiencies
(93%) but with higher R, values (9998.6 Q cm?” at 200 ppm). This
close agreement indicates that HBHC follows a comparable
inhibition mechanism to other nitrogen-rich hydrazide deriva-
tives, supporting the reliability of our findings.*

3.3. Adsorption isotherm analysis

Adsorption thermodynamics is commonly applied in relevant
studies to describe the corrosion inhibitor adsorption behavior
or the interaction between metal and inhibitor. The calculated
thermodynamic parameters of adsorption play an essential part
in comprehending the adsorption process of the metal surface.
In many cases, it is for parameters such as the adsorption
equilibrium constant (K,qs) and adsorption free energy (AG, 4.)
that the adsorption types of an inhibitor on the metal surface
(i.e., physisorption or chemisorption, or both) can be distin-
guished.®* The objective of this study is to know more details on
the mechanism of adsorption of HBHC inhibitor on the surface
of A179 carbon steel. The analysis of adsorption isotherms
provides insight into how the organic molecule adsorbs onto
the metal surface to reduce corrosion.”” Using the inhibitor
concentrations and surface coverage # presented in Table 3, the
experimental data were fitted to different adsorption models,
such as Langmuir, Freundlich, Temkin, and Frumkin, and the
best correlation was found with Langmuir's adsorption
isotherm, as illustrated in Fig. 7.

Mathematically, Langmuir's adsorption isotherm is
expressed as in eqn (15):%
Cinn 1
= G 15
H Kads + inh ( )

where K,q4s represents the Langmuir adsorption constant, Ci,p, is
the inhibitor concentration in the corrosive medium, and 6
denotes the fraction of the surface covered by the inhibitor.

On the other hand, the Freundlich isotherm describes
multilayer adsorption of the tested inhibitor onto the steel
surface, and it can be expressed in linear form by eqn (16) as
follows:**

1
logh = logK; + o (logCinn) (16)
where K; represents the Freundlich equilibrium constant, C is
the inhibitor concentration, 6 is the surface coverage, and 1/n
reflects surface heterogeneity.

The Temkin isotherm considers the enthalpy change due to
inhibitor interactions. Where all molecules in the layer decrease
linearly with coverage due to inhibitor-inhibitor interactions,
and can be explained in linear form by eqn (17) as follows:**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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T hl(k) + T hl(Cinh)
where 6 is the surface coverage, b is the adsorption potential, R
is the gas constant, T is the temperature, and K is the equilib-
rium constant.

The Frumkin isotherm includes an interaction parameter to
account for attractions or repulsions between adsorbed inhib-
itormolecules. This can be expressed in linear form by eqn (18)
as follows:**

0= (17)

ln(1 f 6) = In(Kygs) + 2a6 (18)
where Ci,n is the inhibitor concentration, # is the surface
coverage, K,qs is the equilibrium constant, and a is the inter-
action parameter.

In Fig. 7, the Langmuir plot consists of a straight line with
a 0.9999 regression coefficient. The slope values that were ob-
tained were close to 1, which validated the plot's well-fitting
value.** The ratio 1/K,qs corresponds to the intercept of the
Langmuir isotherm (Fig. 7a). The adsorption equilibrium
constant K,qs obtained from this intercept was subsequently
used to calculate the standard free energy of adsorption AG,
using eqn (19).*°

AG., = —RTIn(55.5K4s) (19)

where R is the universal gas constant (8.314 J mol ' K1), T is
the absolute temperature, and 55.5 mol L " is the concentration
of water at 298 K.

According to the Langmuir isotherm, adsorption occurs as
a monolayer of inhibitor molecules uniformly covering distinct
adsorption sites on the metal surface, where each adsorption
site holds only one inhibitor molecule, with no interaction
between adsorbed molecules.®**

The value of K,qs is 44 752.74 L mol ™. The high value of
adsorption equilibrium constant K,4s shows good adsorption of
the HBHC inhibitor.®® The nature of the adsorption process was
further evaluated through thermodynamic analysis; the stan-
dard Gibbs free energy of adsorption AG, 4, provides insight into
the spontaneity of the adsorption process and the nature of the
adsorption mechanism. The resulting AG,,, was found to be
—36.483 kJ mol ". A negative AG,,, value confirms the spon-
taneous adsorption of the HBHC inhibitor onto the steel surface
and implies a strong interaction between the inhibitor mole-
cules and the metal substrate.”” Generally, AG,,, values less
than or equal to —20 kJ mol™" are indicative of physisorption,
which involves weak van der Waals forces, whereas values equal
to or more negative than —40 kJ mol ' are characteristic of
chemisorption, where stronger chemical bonds are formed. In
this study, the calculated AG,,, of —36.483 k] mol ™ indicates
that the adsorption of HBHC is thought to involve two different
types of interaction: chemisorption and physisorption, since
this value is close to the chemisorption threshold, it can be
concluded that adsorption is mainly dominated by chemisorp-
tion.®””® This is common for organic inhibitors that interact
with metal surfaces through mechanisms like electron dona-
tion, T—7t interaction, or coordination with metal sites.”>”*
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3.4. Impact of immersion duration

Fig. 8 shows electrochemical impedance diagrams obtained on
A179 carbon steel in 1 M HCI in the presence of 200 ppm of
HBHC immersed for 1, 6, 12, 18, 24, and 30 days at 298 K. This
study aimed to evaluate the long-term stability and adsorption
performance of HBHC under conditions simulating acid-
cleaning treatments in order to assess its durability in real-
istic industrial environments.

The Nyquist plots presented in Fig. 8a, illustrate the evolu-
tion of the metal's corrosion behavior over time in the absence
of the HBHC corrosion inhibitor. All the curves display a single
semicircle, which means the corrosion process is mainly
controlled by charge transfer at the metal-solution interface. As
the period of immersion increases from 1 day to 30 days, the
sizes of the semicircles consistently decrease. This decrease
indicates a gradual lowering of charge transfer resistance (R,
which implies that the metal is becoming more susceptible to
corrosion. In other words, with longer exposure times, the metal

38954 | RSC Adv,, 2025, 15, 38946-38968

surface becomes increasingly reactive and more likely to
corrode. The equivalent circuit used to fit the data, shown in the
inset, includes a solution resistance (R;) and a constant phase
element (CPEq)) parallel to R... The use of a CPE instead of an
ideal capacitor suggests some irregularity at the surface, likely
due to surface roughness corrosion product accumulation, or
uneven degradation.

When 200 ppm of HBHC inhibitor is present, the impedance
values increase steadily up to 18 days, indicating the progressive
formation and stabilization of the protective film. The slight
variation observed between days 24 and 30 falls within the
experimental margin of error and does not reflect a real
decrease in protection. Overall, the impedance values remain
stable at longer immersion times and are significantly higher
than those of the uninhibited sample, confirming the durability
and long-term protective effect of HBHC.

As shown in Fig. 8b, the impedance diagrams exhibit
a similar shape at different immersion times, characterized by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Measured EIS response of the A179 steel samplesimmersed for 1, 6, 12, 18, 24, and 30 days in (a) 1 M HCl solution and (b) 1 M HCl solution

containing 200 ppm of HBHC inhibitor at 298 K.

the appearance of two distinct loops. These correspond to two
time constants: the high-frequency loop is related to the
development of the inhibitor film, while the low-frequency loop
is associated with charge transfer resistance. Over time, the
capacitive loops expand, which is attributed to the adsorption of
HBHC molecules on the steel surface, forming a protective
barrier against corrosion.

The equivalent circuit model used to fit the impedance data
is presented in the inset of Fig. 8b. The high-frequency loop is
represented by a Constant Phase Element (CPE¢), simulating the
non-ideal capacitance of the film, in parallel with the film
resistance (Rg). The low-frequency loop corresponds to the
double-layer Constant Phase Element (CPEg4)) in parallel with
the charge transfer resistance (Rc).

A comparison of the electrochemical impedance parameters
is provided in Table 4 for steel samples immersed in the

corrosive medium with and without 200 ppm HBHC. In the
absence of the inhibitor, the charge transfer resistance (R.)
decreases markedly from 542.1 Q cm” on day 1 to 212.2 Q cm?
on day 30, indicating a continuous increase in corrosion
activity. In contrast, the presence of HBHC maintains much
higher R.; values, confirming its protective performance over
prolonged exposure.

At the same time, the double layer capacitance (Qg)
increases, suggesting a rise in the buildup of corrosion products
and deterioration of the surface.

In contrast, when 200 ppm of HBHC is added, a substantial
increase in both film resistance (Rg) and charge transfer R is
observed, with R, peaking at 9247.8 Q cm? from day 1 to day 30.
The lower Qg values and higher “n” factors (around 0.9) also
indicate a more uniform and capacitive behavior, consistent
with the presence of an effective barrier layer. This trend reflects

Table 4 Electrochemical impedance parameters of the corrosion of the A179 steel in 1 M HCl solution in the presence of 200 ppm of HBHC

inhibitor at different immersion times

CPE; CPEy,
Time (days) Ry (Qcm?) Qf(Fs")x10° n R; (Q cm?) Qa(Fs" ) x107® n R (Q em?) IE (%)
Blank
1 day 2.22 £0.04 — — — 1.29 £+ 0.05 0.878 £ 0.089 542.1 £ 98.2 —
6 days 1.58 £ 0.12 — — — 1.76 + 0.11 0.854 £+ 0.157 499.5 £+ 87.5 —
12 days 1.14 £ 0.03 — — — 3.82 £+ 0.09 0.888 £ 0.042 3854 £112.3 —
18 days 2.85 +0.22 — — — 6.41 £+ 0.06 0.865 £ 0.047 302.7 £103.3 —
24 days 3.05+0.17 — — — 22.5 = 0.08 0.834 £ 0.149 284.9 £ 85.7 —
30 days 2.87 £ 0.28 — — — 32.7 £ 0.07 0.824 + 0.258 212.2 £+ 45.2 —
200 ppm HBHC
1 day 8.25 £ 0.15 2.32 £ 0.17 0.902 £ 0.05 9240.2 + 125.8 2.54 + 0.148 0.911 £+ 0.047 2572.6 £ 225.1 78.92
6 days 7.55 + 0.09 1.51 £+ 0.24 0.944 £+ 0.04 9895.1 + 144.2 1.52 + 0.097 0.865 £+ 0.044 3645.4 + 205.3 86.29
12 days 8.04 £ 1.05 0.762 + 0.18 0.915 £ 0.02 10540.6 +274.1 0.855 4+ 0.284 0.922 £+ 0.055 5542.1 £+ 388.2 93.04
18 days 7.92 + 0.08 0.514 + 0.09 0.878 £ 0.05 11433.3 £387.4 0.654 £+ 0.254 0.887 £ 0.037 7445.9 + 378.8 95.93
24 days 8.33 £ 0.16 0.454 £ 0.16 0.889 = 0.01 11040.3 £ 454.3 0.551 £ 0.015 0.898 £+ 0.087 9247.8 £ 258.5 96.91
30 days 7.56 +£1.12 0.478 £+ 0.08 0.887 +0.02 10899.5 £ 405.2 0.674 £ 0.087 0.881 + 0.048 9025.7 +£178.7 97.64
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Table 5 Quantum chemical descriptors and reactivity indices calcu-
lated using DFT at the M06-2X/6-31G(d) level for the neutral and
protonated forms of the HBHC molecule

Descriptor Neutral HBHC Protonated HBHC
Optimized energy (hartree) —624.541 —624.973
Enomo (€V) —7.327 —8.457
Erumo (eV) —0.384 —2.063
Gap (HOMO-LUMO) (eV) 6943 6.394
I(eV) 7.327 8.457
A (eV) 0.384 2.063
7 (eV) 3.472 3.197
x (eV) 3.855 5.260
o (ev) 0.288 0.313
w (eV) 2.140 4.327
& (eV) 0.467 0.231
AN} = XFeu ~ Xinh 0.139 —0.069
2(77Fe1w + 77)

the gradual development of a stable and adherent film on the
metal surface that limits charge transfer and thus reduces
corrosion activity. The corresponding rise in inhibition effi-
ciency (IE %), as illustrated in Table 5, from 87.92% to 97.64%,
supports this interpretation and demonstrates that the HBHC
compound offers an intense and persistent corrosion inhibition
performance, suggesting its reliability for use in extended
corrosive exposure.

3.5. Surface morphology assessment

3.5.1. Scanning electron microscopy (SEM) analysis. This
research utilized scanning electron microscopy (SEM) to
investigate the surface morphology and corrosion behavior of
A179 MS exposed to 1 M HCI, with and without 200 ppm of
HBHC inhibitor, over both short-term (1 day) and long-term (30
days) immersion periods.

The shiny coupons showed no significant flaws except for
polishing scratches (Fig. 9a). In the case of HCI without inhib-
itor, the surface becomes noticeably damaged even after just
one day (Fig. 9b) with clear signs of corrosion characterized by
the existence of numerous corrosive pits distributed across the
surface. After 30 days, the damage becomes much more severe.
The surface of the A179 MS was strongly corroded with notable
localized pits (Fig. 9c), which could be attributed to the corro-
sive effect of the 1 M HCl solution. When comparing Fig. 9b and
c of MS in acidic medium without inhibitor to Fig. 9a of the
polished MS, it is evident that the surface exhibits uniform
corrosion accompanied by localized corrosion. On the other
hand, the samples treated with 200 ppm of HBHC inhibitor
show a stark contrast. Fig. 9d and e showed the changes in the
surface appearance caused by the existence of a protective layer
on the surface. After 1 day, the micrograph shows the absence of
corrosion, and the surface remains relatively smooth and
uniform, indicating that the protective film formed by the
inhibitor is already active. Remarkably, even after 30 days of
exposure, the inhibited surface still appears relatively intact and
smooth, with only minimal changes.

38956 | RSC Adv, 2025, 15, 38946-38968
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The results demonstrate that the HBHC inhibitor efficiently
adsorbs onto the A179 carbon steel surface, offering protective
coverage. Therefore, the HBHC inhibitor not only reduces
corrosion from the beginning but also offers continued
protection to the material over extended exposure periods.

3.5.2. EDX analysis. To further, support our electro-
chemical findings that HBHC inhibits the corrosion of A179
carbon steel by forming a protective film on its surface, EDX
spectra were recorded both in the absence and in the presence
of HBHC at a concentration of 200 ppm. The elemental
composition was determined using energy-dispersive X-ray
spectroscopy (EDX). The EDX spectra in the Fig. 10 corre-
spond to the surface composition of A179 MS after exposure to
corrosive environments, both with and without a corrosion
inhibitor (HBHC), for different immersion durations, 1 day and
30 days. Spectrum and map EDX (Fig. 10a) correspond to the
sample immersed in 1 M HCI for 1 day. Here, the surface is
composed mainly of iron (77.25 wt%), with minor amounts of
oxygen (12.22 wt%), carbon (9.87 wt%), and chlorine (0.66 wt%),
suggesting that the metal has just begun to react with the acidic
environment, showing early signs of oxidation and slight chlo-
ride adsorption. In Fig. 10b, after 30 days in 1 M HCI without
any inhibitor, the elemental composition changes drastically.
Iron content falls sharply to 32.44 wt%, while oxygen and
chlorine contents rise substantially to 34.22 wt% and
25.83 wt%, respectively; this change signifies a superficial
alteration characterized by corrosion products, such as iron
oxides and iron chlorides. The significant buildup of chlorine
suggests a strong chloride assault, leading to considerable
deterioration of the metal surface over time. Spectrum in
Fig. 10c represents the condition after 1 day of immersion in
1 M HCI with 200 ppm of HBHC inhibitor. The iron content is
even higher than in (a) and (b), at 79.23 wt%, and the chlorine
level is lower at just 0.45 wt%, indicating that HBHC quickly
adsorbs onto the metal surface, forming a protective layer that
minimizes both oxidation and chloride penetration. The pres-
ence of nitrogen (2.69 wt%) and carbon (8.20 wt%) further
supports the adsorption of the organic inhibitor onto the
surface.” The oxygen (O) content was measured at 9.44 wt%.
This relatively low concentration indicates minimal surface
oxidation and limited formation of corrosion products, such as
iron oxides or hydroxides. The reduction in oxygen content
suggests that the existence of the inhibitor in the corrosive
environment effectively suppressed the development of corro-
sion products on the steel substrate, as oxygen is a primary
component in their formation.”*”®

In the spectrum (Fig. 10d), the sample immersed for 30 days
in the HCI with 200 ppm HBHC solution still shows a high iron
content (77.73 wt%), indicating excellent long-term corrosion
resistance. Nitrogen increases to 5.16 wt%, and carbon remains
stable at 8.30 wt%, indicating that the inhibitor layer remains
present and may even become more established over time. The
oxygen content slightly drops to 8.53 wt%, and chlorine
decreases further to 0.27 wt%, demonstrating continued
suppression of both oxidation and chloride attack. Overall, the
consistent carbon levels, rising nitrogen levels, and declining
chlorine levels suggest that the HBHC inhibitor offers enduring

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEM micrographs of A179 CS surface (a) sample freshly polished and immersed in (b) 1 M HCl for 1 day, (c) 1 M HCl for 30 days, (d) 1 M HCl
in the presence of 200 ppm HBHC inhibitor for 1 day, and (e) 1 M HCl in the presence of 200 ppm HBHC inhibitor for 30 days.

protection by creating a stable and firmly adhering film on the
metal surface, which substantially lowers corrosion during
extended exposure.

3.6. Theoretical results

3.6.1. Prediction of the major microspecies (pK, analysis).
Organic inhibitors such as HBHC can undergo protonation and

© 2025 The Author(s). Published by the Royal Society of Chemistry

deprotonation reactions at multiple ionizable sites depending
on the pH of the environment, which significantly affects their
inhibition efficiency. The distribution of HBHC protonation
states as a function of pH was computed using MarvinSketch
software,”® as shown in Fig. 11.

At low pH values (below 3), the protonated species at the
hydrazine nitrogen and the neutral form coexist in comparable

RSC Adv, 2025, 15, 38946-38968 | 38957
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Fig.10 EDXspectra and map EDX results of A179 CS surface immersed in (a and b) 1 M HCl for 1 day (c and d) 1 M HCl for 30 days (e and f) 1 M HCl

with 200 ppm HBHC for 1 day (g and h) 1 M HCl with 200 ppm HBHC for 30 days at 298 K.

proportions rather than a single dominant species. This coex-
istence is evident in Fig. 11, where each species constitutes
approximately 50% of the total distribution at around pH 1.08.
Hence, the molecular population at acidic pH reflects a dynamic

38958 | RSC Adv, 2025, 15, 38946-38968

equilibrium between these two forms, affecting the adsorption
characteristics and inhibitory performance.”

In the intermediate pH range (approximately 3 to 10), the
neutral form becomes stabilized, partly due to intramolecular
hydrogen bonding, and emerges as the predominant species. At

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alkaline pH values (above 11), both the phenolic hydroxyl (-OH)
and the hydrazine nitrogen moieties undergo deprotonation in
a narrow pH window, leading to the formation and coexistence
of several anionic species. The overlapping protonation and
deprotonation equilibria, due to closely spaced pK, values of
multiple functional groups in HBHC, result in the non-linear
and complex distribution curves observed. This behavior is

characteristic of polyfunctional organic molecules with

multiple ionizable sites and reflects genuine chemical
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equilibria rather than random fluctuations. Additionally, the
electronic properties and reactivity of the neutral and proton-
ated forms were analyzed through optimized molecular struc-
tures and spatial distributions of HOMO and LUMO orbitals,
providing insights into the protonation-dependent function-
ality of HBHC as a corrosion inhibitor.

3.6.2. DFT descriptors and frontier molecular orbitals. The
electronic properties and reactivity of HBHC were analyzed for
both the neutral and protonated forms. The optimized molec-
ular structures and the spatial distributions of the HOMO and
LUMO orbitals are presented in Fig. 12.

In the neutral form, the HOMO is primarily localized on
nitrogen and oxygen atoms, indicating potential electron-
donating sites, while the LUMO is distributed over the
aromatic ring, suggesting electron-accepting regions. Upon
protonation, significant changes in the localization of the
frontier orbitals are observed, reflecting the altered electronic
structure and reactivity.”® The calculated quantum chemical
descriptors are summarized in Table 5.

Table 5 presents the quantum chemical descriptors and
reactivity indices for the HBHC molecule in both its neutral and
protonated forms, calculated using DFT at the M06-2X/6-31G(d)
level. The optimized energy of the protonated form (—624.973
hartree) is lower than that of the neutral form (—624.541 har-
tree), indicating that protonation leads to a more stable
molecular structure. This increased stability may contribute to

Protonated HBHC

Fig. 12 Optimized geometry, HOMO, and LUMO orbitals of HBHC and HBHC™ in their neutral and protonated forms in aqueous solution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the enhanced persistence of the inhibitor under acidic
conditions.”

The Eyomo value, which reflects the ability of the molecule to
donate electrons,®® decreases from —7.327 €V in the neutral
form to —8.457 eV in the protonated form. This decrease
suggests that the protonated HBHC is less likely to act as an
electron donor compared to the neutral form. Conversely, the
Erumo value, which indicates the ability to accept electrons,®
also decreases significantly from —0.384 eV (neutral) to
—2.063 eV (protonated). This substantial reduction demon-
strates that the protonated form is a much better electron
acceptor.®

The HOMO-LUMO gap narrows from 6.943 eV in the neutral
form to 6.394 eV in the protonated form, smaller HOMO-LUMO
gap generally means higher chemical reactivity and greater ease
of electron excitation, making the molecule more likely to
participate in chemical interactions with the metal surface.*
Regarding the ionization potential (I) and electron affinity (A),
both parameters increase upon protonation (I: 7.327 —
8.457 eV; A: 0.384 — 2.063 eV). The higher ionization potential
indicates that the protonated molecule is more resistant to
losing electrons, while the increased electron affinity confirms
its enhanced capacity to accept electrons.*>

The chemical hardness () decreases slightly from 3.472 eV
in the neutral form to 3.197 eV in the protonated form. Lower
hardness is associated with higher reactivity, suggesting that
the protonated HBHC is more chemically active and may
interact more readily with the Fe(110) surface.®® The electro-
negativity (x) rises from 3.855 eV to 5.260 eV with protonation,
reflecting a stronger tendency of the protonated form to attract
electrons. This is further supported by the chemical potential
(¢), which becomes more negative upon protonation (—3.855 —
—5.260 €V), indicating a greater drive to acquire electrons from
the environment.** The softness (¢), which is the inverse of
hardness, increases from 0.288 eV (neutral) to 0.313 eV
(protonated), reinforcing the observation that the protonated
form is more reactive.*® A notable increase is observed in the
electrophilicity index (w), which nearly doubles from 2.140 eV in
the neutral form to 4.327 eV in the protonated form. This
substantial rise demonstrates that the protonated HBHC is
a much stronger electrophile, making it more effective at
interacting with the electron-rich sites on the iron surface.® The
electron transfer fraction (AN;;,) changes from a positive value
(0.139) in the neutral form to a negative value (—0.069) in the
protonated form. A positive AN;;, suggests electron transfer
from the inhibitor to the metal, while a negative value indicates
the reverse.*” This shift implies that the direction and mecha-
nism of charge transfer are affected by protonation, which could
influence the adsorption mode and inhibition efficiency.*”

These changes are expected to enhance the adsorption of the
protonated molecule onto the Fe(110) surface, consequently
improving its performance as a corrosion inhibitor, especially
in acidic environments where protonated species predominate.

Importantly, these theoretical descriptors correlate well with
the experimental inhibition trends. The relatively high Exomo of
the neutral form supports moderate inhibition efficiencies
under near-neutral conditions, where electron donation from

38960 | RSC Adv, 2025, 15, 38946-38968
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HBHC to Fe is favored. In contrast, the protonated form exhibits
a much lower E;yyo, narrower energy gap, and higher electro-
philicity index, all of which enhance its ability to accept electron
density from the Fe surface via back-donation. This dual charge-
transfer pathway, as reflected in the change of AN from positive
to negative values, explains the stronger and more stable
adsorption of protonated HBHC observed experimentally, and

hence its superior inhibition performance in acidic
environments.
3.6.3. Fukui functions and electrostatic potential mapping.

Fukui functions, charge density difference, and ESP maps were
used to identify the key reactive sites and visualize local reac-
tivity patterns. These analyses clarify the preferred adsorption
regions and electronic changes upon protonation (see Table 6
and Fig. 13). As shown in Table 6, N(10) and O(12) in the neutral
HBHC molecule exhibit the highest nucleophilic character (f~ =
0.1171 and 0.1065), making them likely sites for electron
donation. In contrast, N(9) displays the strongest electrophilic
behavior (f* = 0.1192). Upon protonation, all key atoms (N(9),
C(2), 0(12)) display strong electrophilic behavior (f* values up to
0.1105) and positive CDD values, indicating increased electron-
accepting ability.*® As illustrated in Fig. 13, the ESP maps
highlight the redistribution of electron density, with nucleo-
philic regions concentrated around N(10) and O(12) in the
neutral form and enhanced positive potential around N(9) and
C(2) in the protonated form. These findings indicate that
protonation enhances the molecule’s capacity to interact with
the Fe(110) surface through its electrophilic centers, supporting
a mechanism of strong and selective adsorption. Such behavior
is beneficial for corrosion inhibition in acidic environments
and is consistent with trends reported for similar organic
inhibitors.””

3.6.4. Monte Carlo simulations. Monte Carlo simulations
were performed to investigate the adsorption behavior of HBHC
on the Fe(110) surface. The key results obtained from these
simulations are summarized in Table 7. Monte Carlo simula-
tions indicate strong adsorption of both neutral and protonated
HBHC on Fe(110). The total energy is lower for the protonated
form (—349.5307 kcal mol ') than for the neutral form
(—333.2248 kcal mol '), reflecting greater stability.

Both forms exhibit highly negative adsorption energies
(HBHC: —1698.6080 keal mol % HBHC":
—1688.5220 kecal mol "), confirming strong surface binding.
The neutral form exhibits a more negative rigid adsorption
energy (—169.2090 kcal mol '), indicating a stronger initial
interaction with the surface. In contrast, the protonated form

Table 6 Fukui functions and Charge Density Difference (CDD) values
for selected atoms in neutral and protonated HBHC

Molecule  Atom  f (Nucleophilic) f' (Electrophilic) CDD

HBHC N(10) 0.1171 0.0272 —0.0899
0(12) 0.1065 0.0687 —0.0378
N(9) 0.0577 0.1192 0.0614

HBHC®  N(9)  —0.1951 0.1105 0.3056
c(2)  —0.1971 0.0875 0.2847
0(12) —0.1386 0.0694 0.2079

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Electrostatic potential (ESP) maps and Fukui function distributions (" and ") for the neutral and protonated forms of HBHC.

Table 7 Monte Carlo energetic parameters for neutral and protonated HBHC on Fe(110) surface (kcal mol™)

Structures Total energy Adsorption energy Rigid adsorption energy Deformation energy dE,q/dN;

HBHC —333.225 —1698.608 —169.209 —1529.399 —1698.608
HBHC" —349.531 —1688.522 —109.009 —1579.513 —1688.522
displays a significantly higher deformation energy in the neutral form, indicating stronger and more direct inter-

(—1579.5130 kcal mol "), suggesting greater structural adjust-
ment upon adsorption.** These findings indicate that both
forms possess high affinity and adaptability toward the surface,
with the protonated species demonstrating a particularly
pronounced ability to accommodate structural changes during
adsorption.

3.6.5. Molecular dynamics (MD) simulations. Molecular
dynamics simulations were performed to investigate the
adsorption configurations and stability of neutral and proton-
ated HBHC molecules on the Fe(110) surface. Fig. 14 shows the
top and side views of the most stable adsorption configurations
for both forms. Both neutral and protonated HBHC adopt
a nearly parallel orientation relative to the Fe(110) surface,
maximizing contact and favoring strong adsorption. The slight
differences in geometry between the two species reflect the
influence of protonation on their interaction with the iron
substrate. The calculated adsorption energies confirm strong
interactions, with both molecules adopting nearly parallel
orientations that maximize their contact with the metal surface.

The distances between the main reactive atoms of HBHC and
the Fe(110) surface, summarized in Table 8, further clarify the
adsorption behavior. For the protonated form, the Fe-N(9)
distance is reduced to 2.932 A compared to 3.144 A for Fe-N(10)

© 2025 The Author(s). Published by the Royal Society of Chemistry

action. Similarly, Fe-C(2) and Fe-O(12) distances are slightly
shorter or comparable in the protonated form, supporting the
observation of enhanced adsorption. These results are consis-
tent with previous studies, which have shown that protonation
enhances the adsorption and inhibitory performance of organic
inhibitors on metal surfaces by increasing their electrophilicity
and interaction strength.®*

3.6.6. Noncovalent interaction study. The Non-Covalent
Interaction (NCI) analysis, as illustrated in Fig. 15, offers
a comprehensive visualization of the weak intermolecular
forces governing the adsorption of HBHC inhibitors, both in
their neutral and protonated forms, on the carbon steel surface.
The color-coded RDG isosurfaces and scatter plots distinctly
characterize the nature and intensity of these interactions
within the system.

In the neutral HBHC structure, the RDG scatter plot reveals
prominent blue regions at sign(2,)p values around —0.020 a.u.,
corresponding to strong hydrogen bonding interactions. These
are predominantly localized near the nitrogen and oxygen
atoms, with RDG values peaking at approximately 1.5, indi-
cating significant stabilization through hydrogen bonding.

Green regions, centered near sign(4,)p = 0 a.u. and RDG
values between 0.5 and 1.2, reflect the presence of van der Waals

RSC Adv, 2025, 15, 38946-38968 | 38961
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Fig. 14 Adsorption geometries of neutral and protonated HBHC on Fe(110) surface: top and side perspectives from MD simulations.

Table 8 Distances between key reactive atoms of protonated
(HBHC") and non-protonated (HBHC) inhibitor molecules and Fe
atoms on the Fe(110) surface

Molecule Fe/atom pair Distance (A)

HBHC Fe/N(10) 3.144
Fe/O(12) 3.564
Fe/N(9) 3.328
Fe/C(2) 3.208

HBHC' Fe/N(9) 2.932
Fe/C(2) 3.195
Fe/O(12) 3.625

forces, particularly across the aromatic rings and methoxy
groups.

Red regions, observed at positive sign(4,)p values up to 0.020
a.u., signify steric repulsion, but their relatively limited inten-
sity (RDG < 0.5) suggests that the molecular geometry of HBHC
efficiently mitigates unfavorable crowding at the interface.

Upon protonation, the HBHC molecule exhibits an intensi-
fication of blue regions in the RDG plot, with sign(4,)p values
extending to —0.025 a.u. and RDG maxima approaching 1.8.
This enhancement indicates stronger and more numerous
hydrogen bonds, especially around the protonated nitrogen
centers, which act as effective electrophilic sites for interaction
with the electron-rich steel surface.”* The green van der Waals
regions remain well distributed, supporting stable adsorption,

38962 | RSC Adv, 2025, 15, 38946-38968

while the red steric repulsion zones do not increase signifi-
cantly, confirming that protonation does not introduce
substantial spatial hindrance. Quantitatively, the RDG isovalue
range from —0.035 to 0.020 a.u. across both forms of HBHC
demonstrates a balanced interplay between attractive and
repulsive interactions. The predominance of blue and green
regions, coupled with the limited presence of red, underscores
the favorable adsorption profile of HBHC, ensuring robust
surface coverage and effective inhibition of corrosive species.
The analysis confirms that both neutral and protonated HBHC
molecules form stable, protective layers on carbon steel by
maximizing hydrogen bonding and van der Waals interactions
while minimizing steric repulsion. The protonated form, in
particular, enhances adsorption strength, which is advanta-
geous for corrosion inhibition in acidic environments. These
findings are consistent with the observed trends in the RDG
plots and support the molecular design principles for efficient
organic corrosion inhibitors.

3.7. Proposed inhibitory mechanism

The illustrated mechanism presented in Fig. 16 represents the
adsorption behavior of the inhibitor HBHC onto an iron surface
(Fe**/Fe*"), showing both neutral and protonated forms of the
molecule. Two main processes govern the interaction of HBHC
with the metal surface: chemical adsorption (chemisorption)
and physical adsorption (physisorption). Chemical adsorption
of HBHC on the metal surface occurs mainly through electron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Comparative NCI (RDQ) isosurfaces and scatter plots for (a) protonated and (b) neutral HBHC inhibitors.
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Fig. 16 Proposed adsorption and protection mechanism of metal surface in acidic media.
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transfer interactions between electron-rich atoms or groups in
the HBHC molecule and the d-orbitals of iron (Fe) atoms. First,
lone pair electrons (n) from heteroatoms such as nitrogen
(found in -NH-NH- groups and amide functionalities) and
oxygen (from hydroxyl and carbonyl groups) donate electron
density to the vacant Fe d-orbitals (n — d), represented by solid
blue arrows. Second, the delocalized m-electrons of the aromatic
benzene rings interact with the Fe surface by donating electron
density to the metal d-orbitals (m — d), illustrated by dashed
black lines, through mechanisms such as w-backbonding or 7-
complex formation.

Finally, there is a retro-donation process where electrons
from the Fe d-orbitals are back donated into the * antibonding
orbitals of HBHC (d — 7t*), shown as dashed green lines, which
further stabilizes the metal-inhibitor complex by strengthening
the interaction with a partial covalent character. On the other
hand, physical adsorption involves electrostatic attractions
between the positively charged Fe**/Fe’" ions on the metal
surface and the negatively charged or Polar regions of the
inhibitor, such as lone pair-bearing atoms or deprotonated
groups. Red dashed lines depict these interactions. Although
weaker than chemisorption, physisorption can facilitate initial
binding, especially in the early stages of inhibition. The
diagram clearly distinguishes the adsorption behavior in the
neutral versus protonated forms of HBHC. Protonation
enhances the electron-withdrawing character of the molecule,
often increasing the molecule's dipole moment and solubility in
acidic environments (such as 1 M HCl), thereby improving its
adsorption efficiency.

In the protonated form, new sites become positively charged,
promoting stronger electrostatic interactions with the metal
surface and possibly improving hydrogen bonding with adsor-
bed water molecules. Overall, this dual adsorption mechanism,
involving both donor-acceptor interactions (chemisorption)
and electrostatic forces (physisorption), enables HBHC to form
a stable protective layer on the iron surface. This layer effectively
isolates the metal from the corrosive environment, reducing
both anodic and cathodic reactions and confirming HBHC's

Table 9 Key ADMET-related properties for HBHC and HBHC 2 de
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potential as a high-performance corrosion inhibitor in acidic
media.

3.8. ADMET analysis for HBHC corrosion inhibition

The pharmacokinetic, toxicity, and operational properties of
HBHC and its protonated form (HBHC") were predicted using
ADMETIab 2.0.°> The main descriptors, including lipophilicity
(log P), solubility, bioavailability, plasma protein binding,
membrane permeability, and potential toxicity risks, are
summarized in Table 9 and S1. Both HBHC and HBHC" exhibit
log Pvalues within the optimal range (0-3), indicating favorable
lipophilicity, and predicted topological polar surface area (TPSA
< 140 A% and Caco-2 permeability values suggest acceptable
membrane permeability. However, the human intestinal
absorption (HIA) probabilities remain low, indicating limited
oral absorption.

Regarding systemic distribution, both molecules display
high plasma protein binding (>90%) and a strong likelihood of
blood-brain barrier penetration. Predicted clearance rates (7.5-
8.5 mL min ' kg~ ') indicate moderate elimination. In terms of
toxicity, HBHC and HBHC' show potential risks of mutagenicity
(Ames positive probability ~0.4), drug-induced liver injury
(DILI), and skin sensitization, while hepatotoxicity and carci-
nogenicity probabilities are relatively low. Both compounds also
show low predicted human toxicity overall, supporting worker
safety and suitability for industrial use.

From an environmental and operational perspective, HBHC
and HBHC" demonstrate good water solubility (log S between
—2 and —3), chemical stability under operational conditions,
and low bioaccumulation, ensuring effective dispersion,
uniform metal surface coverage, long-term corrosion protec-
tion, and minimal long-term environmental impact.®*** HBHC"
exhibits slightly lower aquatic toxicity and bioaccumulation,
making it more environmentally favorable in contexts where
discharge into water systems is possible.

Overall, the ADMET predictions indicate that HBHC and
HBHC" possess drug-like physicochemical profiles, moderate
bioavailability, and acceptable safety margins, with certain

Property HBHC HBHC'

Human toxicity Low Low
Hepatotoxicity: 0.029 Hepatotoxicity: 0.033
DILI: 0.77 DILI: 0.913
Ames: 0.417 Ames: 0.407

Aquatic toxicity Moderate Low

Bioaccumulation: 0.586, LC50FM: 4.58,

LC50DM: 4.318
Good (—2.748)
High

Water solubility (log S)
Chemical stability

Stable under operational conditions,

no instability alerts

Bioaccumulation Low

Bioaccumulation factor: 0.586

Bioaccumulation: 0.593 LC50FM: 4.474,
LC50DM: 4.316

Good (—2.945)

High

Stable under operational conditions,
no instability alerts

Low

Bioaccumulation factor: 0.593

“ DILIL: Drug-Induced Liver Injury. ” Ames: Ames Mutagenicity Test. ° LC50FM: Lethal Concentration 50% — Fathead Minnow. ¢ LC50DM: Lethal
Concentration 50% - Daphnia magna. ¢ log S: Logarithm of Aqueous Solubility.
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Table 10 Comparative analysis of corrosion inhibition efficiency of HBHC in comparison to selected literature findings

Inhibitor Metal/alloy Solution IE (%) Ref.
N H NH
~
“ N
e (o) Mild steel 1M HCL 77.7% PDP 94
87.29% EIS
(E)-2-(1-Triazylidineethyl)pyridine
——N——N— Stainless steel 1M HCI 86.6% PDP 25
86.2% EIS
1-(4-Methylbenzylidene)-2-((4-methylcyclohexa-2,4-
dienyl)methylene)hydrazine
N Stainless steel 1 M HCI 86.3% PDP 95
CHy CHy 85.2% EIS
1-(1-(Cyclohexa-2,4dienyl)ethylidene)-2-(1-
phenylethylidene)hydrazine
OH
e E NH
C \\‘\, A \n/ )
Mild steel 1M HCL 94.5% PDP This work
(o]

(E)-2-((2-Hydroxybenzylidene))hydrazine-1-carboxamide

toxicity alerts (DILI, skin sensitization) that require further
experimental validation. Both compounds meet key criteria for
operational performance, worker safety, and environmental
protection, making them effective, stable, and safe corrosion
inhibitors for industrial applications, with HBHC" preferred in
environmentally sensitive contexts.

3.9. Comparative analysis with literature data

In our study, we evaluated the corrosion inhibition efficiency of
HBHC against results reported in the literature, as presented in
Table 10. This comparison provides insight into HBHC's
performance relative to other established inhibitors and
underscores its distinctive characteristics as a corrosion inhib-
itor for mild steel. HBHC demonstrates excellent corrosion
resistance, as confirmed by different tests such as PDP and EIS
analyses. Its corrosion inhibition efficiency varies between
93.33% (EIS) and 94.50% (PDP), depending on the specific
method and experimental conditions applied. When compared
with previous studies, HBHC exhibits equal or superior effec-
tiveness in mitigating corrosion. For instance, it performs better
than (E)-2-(1-triazylidineethyl) pyridine for protecting carbon
and mild steel in 1 M HCL* It also surpasses 1-(4-
methylbenzylidene)-2-(4-methylcyclohexa-2,4-dienyl methylene)

© 2025 The Author(s). Published by the Royal Society of Chemistry

93.33% EIS

hydrazine*® and 1-(1-(cyclohexa-2,4-dienyl) ethylidene) 2-(1-
phenylethylidene) hydrazine®® for protecting stainless steel in
1 M HCl in electrochemical tests, confirming its high efficiency
and adaptability under acidic conditions. This comparison
highlights HBHC's competitive advantage and its valuable
contribution to corrosion inhibition research. The promising
results encourage further research into HBHC for corrosion
mitigation, paving the way for new, effective industrial
applications.

4. Conclusion

This study demonstrates the strong anticorrosion performance
of  (E)-2-((2-hydroxybenzylidene)) hydrazine-1-carboxamide
(HBHC) as a novel inhibitor for A179 steel in 1 M HCL
Electrochemical measurements confirmed its optimal efficiency
at 200 ppm, with inhibition efficiencies above 93%, and
revealed its mixed-type inhibition behavior. Adsorption fol-
lowed the Langmuir isotherm, involving both physical and
chemical interactions through heteroatoms. Long-term
immersion tests further highlighted the stability of the protec-
tive film, with efficiency increasing up to 97.6% after 30 days.
Surface analyses (SEM-EDX) verified the formation of a uniform
protective layer, while theoretical studies (DFT and molecular
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dynamics) supported the strong affinity of HBHC and its
protonated form toward the steel surface. Moreover, ADMET
analysis confirmed its favorable safety and environmental
profile.

The promising anticorrosion performance of HBHC under-
scores its potential for practical applications in acidic environ-
ments. Its high efficiency at low concentrations and long-term
stability make it suitable for protecting steel pipelines and
equipment in oil and gas industries, as well as in chemical
processing systems. Furthermore, its favorable ADMET profile
suggests that HBHC can serve as a safer and more sustainable
alternative to conventional toxic inhibitors.
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