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This study reports the synthesis and corrosion inhibition evaluation of two imidazoll,2-alpyrimidine-Schiff
base derivatives (IPY 1 and IPY 2) for mild steel (MS) in 1.0 M HCl solution. Using weight loss (WL),
potentiodynamic polarization (PDP), and electrochemical impedance spectroscopy (EIS), both
compounds demonstrated excellent inhibition efficiencies, 96.10% for IPY 2 and 94.22% for IPY 2, at
107* M and 298 K. The effects of temperature and immersion time were also investigated, revealing
stable performance over extended exposure. Thermodynamic analysis showed that both compounds
followed the Langmuir adsorption isotherm, with high adsorption equilibrium constants (K,qs = 1.39 X
10°> M7t for IPY 2 and 1.48 x 10° M~! for IPY 2) and negative free energy values (AGags® = —39.29 and
—39.44 kJ mol™), indicative of spontaneous, mixed-mode adsorption. Surface characterization via
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), FT-IR, UV-visible spectroscopy,
and contact angle measurements confirmed the formation of a compact, hydrophobic protective layer
on the steel surface. The inhibition mechanism was further elucidated through Density Functional
Theory (DFT), Monte Carlo (MC), and Molecular Dynamics (MD) simulations, which supported the strong

interaction between the inhibitor molecules and the MS surface. Additionally, in silico toxicity
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Accepted 13th April 2025 assessments revealed low bioaccumulation potential, good biodegradability, and acceptable safety

profiles, supporting the environmental compatibility of these compounds. Together, the integration of
experimental, theoretical, and toxicological analyses highlights IPY 1 and IPY 2 as efficient, stable, and
eco-friendly corrosion inhibitors with strong potential for sustainable industrial applications.
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garners favor across a diverse range of industrial sectors owing
to its attributes, which include commendable strength, cost-
effectiveness, and widespread accessibility.® However, the
composition of mild steel, prominently featuring iron, a notably

1 Introduction

Corrosion results from chemical or electrochemical interac-
tions involving metals and alloys and their environment." It

represents a widespread concern in many industries and
substantially affects profitability and reliability. The impact of
corrosion includes major manufacturing interruptions and the
need to frequently replace deteriorated components, which
results in economic losses and environmental pollution.*?
According to the literature, researchers have usually concen-
trated on studying corrosion, especially in Mild Steel (MS).** MS
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reactive material, makes it inherently prone to corrosion.” This
vulnerability is particularly evident in the chemical and petro-
chemical sectors,® where MS directly encounters potent acidic
solutions, leading to a shortened operational lifespan and, in
some instances, catastrophic failures.’

Indeed, there are numerous methods for preventing metal
corrosion, including enhancing metal compositions, applying
organic and inorganic coatings, and introducing corrosion
inhibitors.’*'* Among these, incorporating corrosion inhibitors
appears to be the most beneficial and commonly used approach
to protect MS.">"* Recent efforts have focused on developing
non-toxic inhibitors for acidic environments, particularly for
industrial metals such as mild steel.** Although plant-based
inhibitors have received interest, their variable composition,
low solubility, and limited efficiency at high concentrations
pose challenges for industrial use.”® In contrast, synthesized
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corrosion inhibitors, especially those designed to be non-toxic,
offer a more practical and logical alternative, they provide better
solubility, stability, and efficiency, making them more suitable
for industrial applications.'® These compounds can be engi-
neered explicitly with functional groups and molecular struc-
tures that ensure high solubility and stability in harsh
environments, making them highly effective in industrial
applications. Additionally, effective corrosion inhibitors typi-
cally feature heteroatoms (e.g., oxygen, nitrogen, sulfur),
aromatic rings, multiple bonds, and regions of high electron
density, enabling strong interactions with metal surfaces.'”'®
Organic compounds can interact physically, chemically, or in
a combination way with metal surfaces,"*?° restricting access to
active sites and reducing cathodic, anodic, or both electro-
chemical processes, resulting in a robust dual-layer protective
effect.>® This mechanism has been extensively explored in
previous studies.”* Physical interactions involve adsorption via
van der Waals or electrostatic forces, while chemical interac-
tions utilize heteroatoms and conjugated groups to form bonds
by donating electrons to the metal surface.*

In recent years, several organic compounds have gained
prominence in materials science and engineering as corrosion
inhibitors.**** These compounds offer a promising avenue to
mitigate corrosion by forming protective layers on the metal
surface, inhibiting the electrochemical reactions responsible
for metal dissolution.>**” However, most commercial and
synthesized organic inhibitors are toxic, driving the need for
more efficient and eco-friendly alternatives. Imidazo[1,2-a]
pyridine, known for its easy and cost-effective synthesis, is
widely regarded as an environmentally friendly building block
with a broad spectrum of pharmacological properties. Its
distinct structure sets it apart from other organic inhibitors,
warranting investigation in corrosion prevention.

The integration of imidazo[1,2-a]pyridine heterocycles and
Schiff bases within a single molecular scaffold, which are well-
established as effective corrosion inhibitors, presents a prom-
ising approach for designing highly effective corrosion inhibi-
tors. While imidazopyridine-Schiff base derivatives have been
studied for their anticorrosion properties, literature surveys
that no  investigations have focused on
imidazopyrimidine-Schiff base derivatives. Compared to the
pyridine ring, the additional nitrogen atom in the pyrimidine
ring can significantly alter the compound's electronic proper-
ties and reactivity, thereby enhancing corrosion inhibition
potential. Heine, the primary objective is to develop two novel
imidazo[1,2-a]pyrimidine-Schiff base derivatives as corrosion
inhibitors that are anticipated to demonstrate a high level of
efficacy while ensuring safety and reduced toxicity for both
users and the environment. Therefore, (E)-2-(4-chlorophenyl)-N-
(3-nitrobenzylidene)imidazo[1,2-a]pyrimidin-3-amine (IPY 1)
and (E)-2-(4-chlorophenyl)-N-(2-nitrobenzylidene)imidazo[1,2-a]
pyrimidin-3-amine (IPY 2) were synthesized using an easy,
synthetic route allowing scale-up production. IPY 1 and IPY 2
were characterized by '"H NMR, *C NMR, Mass and FT-IR
spectroscopic methods. The corrosion inhibition properties in
1.0 M HCI solution at different concentrations, temperatures,
and immersion times were studied by methods such as weight

reveal
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loss (WL), potentiodynamic polarization (PDP), and electro-
chemical impedance spectroscopy (EIS) measurement. In
addition, the analysis of the metallic surface was conducted
using Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), FT-IR and UV-visible spectroscopic analysis.
Furthermore, quantum chemical studies using Density Func-
tional Theory (DFT), Monte Carlo (MC), and Molecular
Dynamics (MD) simulations were discussed to provide a better
insight into the relationship between the electronic parameters
and adsorption mechanism. Additionally, the study includes an
in silico toxicity assessment, focusing on their human health
and environmental profiles.

2 Experimental procedure

2.1. Synthesis

In this study, the imidazopyrimidine-Schiff base derivatives IPY
1 and IPY 2 were synthesized according to our earlier publica-
tion, using a simple and efficient synthetic approach that
adheres to several principles of green chemistry, enabling large-
scale production.”® The structures of the synthesized
compounds (Scheme 1) were confirmed by '"H NMR, >C NMR,
FT-IR and mass spectrometry, as detailed in the ESI files
(Fig. S1-S107) lists the assignments for the various chemical
shifts of the IPY 1 and IPY 2 peaks.

2.2. TGA and DTA analysis

The thermal properties were assessed using Thermogravimetric
Analysis (TGA) and Differential Thermal Analysis (DTA) using
the DTA PT 1600 instrument. The analyses were performed
under standard atmospheric conditions, employing a heating
rate of 10 °C min~ ", from RT to 600 °C, using alumina (Al,O;)
crucibles as references.

The TGA (Fig. 1, blue curves) showed that IPY 1 and IPY 2
maintained stability up to 281 °C and 246 °C, respectively, with
minimal mass loss (~1%) due to absorbed water or residual
solvent. The DTA (Fig. 1, red curves) revealed endothermic
peaks at around 181 °C and 247 °C for IPY 2, corresponding to
their melting points. These results indicate that the materials
are suitable for applications that require moderate thermal
resistance.
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Scheme 1 Synthesis of the new compounds (IPY 1) and (IPY 2).
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Fig.1 Thermal analysis of IPY 1 and IPY 2.

2.3. Preparation and cleaning of the MS sample

For all experiments, we used MS samples with a composition of
Fe (99.21%), S (0.05%), P (0.09%), Si (0.38%), Al (0.01%), Mn
(0.05%), and C (0.21%) by weight. For weight loss studies, the
specimens were cut into rectangular shapes with dimensions of
2 X 2 x 0.4 cm, while circular specimens with a uniform surface
of 1.0 cm® were prepared for electrochemical tests. Before
testing, the MS specimens underwent a meticulous preparation
process, starting with sequential polishing using abrasive
papers graded from 220 to 2000. The samples were cleaned with
water, degreased with acetone, and left to air-dry at ambient
temperature. To prevent surface oxidation, the samples were
promptly utilized in the respective analyses.

2.4. Hydrochloric acid medium

The acidic environment consisted of a 1.0 M HCI solution
prepared by diluting analytical-grade 37% HCI from Sigma-
Aldrich with bi-distilled water. To carry out different experi-
mental methods, IPY 1 and IPY 2 solutions were precisely
prepared at distinct concentrations of inhibitors of 1 x 10, 5
x107%,107%,5 x 107> and 10> M within the hydrochloric acid
medium. These concentrations were selected based on prelim-
inary screening results, which indicated that inhibition effi-
ciency plateaued near 10> M, suggesting surface saturation.
Moreover, this range is widely used in corrosion studies,
allowing for effective comparison with literature reports and
ensuring a practical balance between performance, solubility,
and environmental relevance.
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2.5. Weight loss (WL) measurements

The MS samples were initially weighed with precision and the
immersion process was carried out with varying concentrations
of IPYs, under controlled conditions at 298 K for a duration of 6
hours. Upon the required time, the MS specimens were carefully
retrieved from the test solutions and underwent a thorough
cleaning process involving a non-metallic bristle brush, fol-
lowed by rinsing with distilled water and acetone. Subsequently,
the specimens were dried and reweighed with utmost precision
using a balance designed for accuracy.*

Each experiment was conducted three time to ensure
reproducibility. The corrosion parameters such as corrosion
reaction rate (CR), surface coverage (6), and corrosion inhibition
efficiency (n%) were calculated by using the corresponding
equations.?***!

m; — my

CR= —— 1
R S x At (1)
Cr — G xin
nwe (%) = R 100 (2)
Cr
Cinnh
=1 — —Rxinh
0 o ©)

where m; and m¢ represent the mass in mg of the MS coupons
before and after immersion, respectively, S denotes the total
surface area in cm” of the MS coupon, and At signifies the
immersion time in hours.

2.6. Electrochemical analysis

Electrochemical investigation stands out as a superior
approach compared to WL analysis when delving into corro-
sion behavior. Its primary advantage lies in its ability to swiftly
assess the corrosion rate of samples without the need for
protracted testing periods. Consequently, this methodology
has gained widespread acclaim in the realm of corrosion
inhibitor studies.

The experiments used a three-electrode cell configuration,
with a platinum counter electrode, a saturated calomel elec-
trode (SCE) as the reference, and a cylindrical mild steel
working electrode (WE) characterized by a 1 cm” exposed
surface area. The pretreatment procedure for the WE mirrored
the previously outlined process. Before initiating each experi-
ment, we allowed for a stabilization period lasting 1800
seconds, a duration verified sufficient for achieving a steady-
state Eocp. To ensure accuracy, the temperature was
controlled in a thermostatic water bath.*

PDP measurements were performed in a voltage range of
—800 to —200 mV vs. SCE, at a scan rate of 0.5 mV s~ '. These
measurements enabled the extraction of corrosion parameters
such as the corrosion potential (E.,) and corrosion current
density (i.or;) through Tafel extrapolation of the polarization
curves. The value of i, was used to determine the inhibition
efficiency nppp (%) as indicated by eqn (4).*

NpDp (%) _ Leorr 7 Leorrxinh % 100 (4)

lcorr

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where icorr and icorrinn correspond to the corrosion current
densities in the absence and presence of inhibitor,
respectively.

Our exploration of corrosion phenomena extended to EIS,
encompassing a wide frequency range from 100 kHz to 10 mHz
with a perturbation amplitude of 10 mV. The EIS parameters
were analyzed using a suitable equivalent circuit to calculate
inhibition efficiency ngs (%), as elucidated in the subsequent
eqn (5).*

Rct - Rct xinh

ners (%) = x 100 (5)

t
where, R, and R..inn Signify the charge-transfer resistance in
the absence and presence of the inhibitor, respectively.

2.7. UV-vis and FT-IR spectroscopy

This study utilized UV-visible spectrometry to assess the corro-
sive medium prior to and after immersion of the MS in the
medium. For FT-IR, the MS samples were exposed to a 10> M
solution of IPYs for 24 hours, and the MS surface spectra were
recorded both before and after immersion.

2.8. Surface morphology analysis

The surface morphology and roughness of the MS specimens
were analyzed to investigate morphological changes before and
after applying IPYs inhibitors at the optimal concentration,
confirming the adsorption process. This analysis was conducted
after 24 hours of immersion in aggressive solutions at 289 K.
Following immersion, each specimen was rinsed and dried. The
SEM observations were conducted using an FEI Nova Nano FEG-
SEM 450 microscope, while AFM observations were carried out
with a Veeco dilnnova atomic force microscope.

2.9. Computational study

DFT and other quantum chemical methods are widely
employed to analyse molecular properties, elucidate action
mechanisms, and predict inhibitor effectiveness.** In this
investigation, the molecular geometries of IPY1 and IPY2 were
optimized using Gaussian 16 software with the DFT approach.®
All relevant quantum chemical parameters, including Energy of
the Highest Occupied Molecular Orbital (Eyomo), Energy of the
Lowest Unoccupied Molecular Orbital (Eumo), energy gap (AE),
electronegativity (x), global hardness (n), softness (o), fraction
of electron transfer (AN), and back-donation energy (AEpack-
donation); were calculated using the following standard
equations.®®

AEg, = Erumo — Enomo (6)
I = —Enomo 7)

A =—Erumo (8)

X = ~(Eromo 2—" Erumo) ©)
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_ Evrumo — Enomo

y = Fio Z Phowo (10)
1
o= — 11
, (11)
XFe — XlInh
AN = ————— 12
2(77Fc + nlnh) ( )

n
A Egack-donation = _Z

The MC simulation is frequently used to examine how
a molecule inhibitor interacts with a metal surface.’” The
adsorption locator, the Forcite module, and the MC simulation
approach are all used in Material Studio's MD simulations. In
order to find configurations with the lowest conformational
energy, this method is mainly utilized to investigate the inter-
actions among inhibitor molecules along with clean steel
surfaces under corrosive conditions. All investigated molecular
structures are optimized with the COMPASS III force field. The
simulation features are derived from previous simulation pha-
ses, which used the Fe (110) crystal surface within a simulation
box (42.823752 A x 42.823752 A x 53.241658 A). The interface
part is modeled with periodic boundary conditions, which
eliminate arbitrary border effects. A 40-vacuum layer is also
applied to the surface to accommodate the inhibitor and the
simulated corrosion medium, which contains 730 water mole-
cules as well as 08 hydronium and 08 chloride ions.

2.10. In silico toxicity assessment

The toxicity profiles of IPYs were predicted using two in silico
tools: ProTox-IIT*® and Deep-Pk.** Human health-related toxicity
was assessed using the ProTox-III server, which employs
machine learning algorithms trained on extensive toxicological
datasets. Predictions included the median lethal dose (LDs),
classified into six toxicity classes (1 = highly toxic to 6 = non-
toxic), organ-specific, and toxicity end points. Additionally,
pathway targets and Tox21 pathways were analyzed to identify
potential biological effects. Environmental toxicity was evalu-
ated using the Deep-Pk tool, a deep-learning-based platform
utilizing ecotoxicological data. Endpoints included avian
toxicity, biodegradability (based on biological oxygen demand),
aquatic toxicity (crustaceans and Daphnia magna), and the
bioconcentration factor (BCF).

3 Results and discussion

3.1. WL measurements

Weight loss analysis was employed as one of the simple and
reliable methods for evaluating the performance of the inhibi-
tors. The experiments involved immersing MS specimens in
a molar HCl medium with varying concentrations of the
synthesized IPYs for 6 hours at 298 K. The results summarized
in Table 1 include Cg, nwr, and 6 values for both IPY1 and IPY2.
The findings demonstrate a clear correlation between inhibitor
concentration and performance. As the concentrations

RSC Adv, 2025, 15, 12342-12363 | 12345
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Table 1 The corrosion parameters obtained by weight-loss analysis
for IPYs

Sample c M) Cr (mgem™2h™) nwe (%) 0
Blank 1 0.972 £ 0.081 — —
IPY 1 1073 0.047 £ 0.006 95.16 0.951
5x10°* 0.065 £ 0.001 93.31 0.933
107 0.079 £ 0.005 91.87 0.918
5% 10°° 0.106 £ 0. 013 89.09 0.890
107° 0.138 £ 0.009 85.80 0.858
IPY 2 103 0.055 £ 0.002 94.34 0.943
5x107* 0.071 £ 0.007 92.69 0.926
10~* 0.083 £ 0.004 91.46 0.914
5x 107° 0.120 + 0.001 87.65 0.876
10°° 0.146 + 0.022 84.97 0.849

increase, the corrosion rate of MS significantly decreases. In
contrast, the corrosion efficiencies increase reaching 95.16% for
IPY1 and 94.34% for IPY2 at 10 * M. These results align with the
common trend in corrosion studies, where higher inhibitor
concentrations correspond to improved inhibition efficiencies.
The enhancement in efficiency with increasing inhibitor levels
indicates that IPY1 and IPY2 effectively adsorb onto the MS
surface, forming a protective layer.*” This protective effect
becomes more pronounced at higher concentrations, which can
be attributed to the adsorption of the studied compounds on

View Article Online
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the steel surface, providing good metal surface coverage.*® The
following sections will delve deeper into the performance and
mechanisms of these inhibitors.

3.2. PDP measurements

This part aims to comprehend the influence of IPYs derivatives
at various concentrations on the corrosion kinetics and the
dynamics of metal dissolution. Fig. 2 illustrates the PDP curves
recorded at 293 K, while Table 2 summarizes the electro-
chemical parameters, derived from curve extrapolation.

Even at low concentrations, the addition of IPY 1 and IPY 2
caused both anodic and cathodic branches to shift towards
lower current densities. Therefore, The E.. has just a slight
shift within £30 mvV, as seen in Fig. 2 and Table 2, which
suggest that IPYs act as a mixed type inhibitor, simultaneously
retarding anodic and cathodic processes.** A noticeable reduc-
tion in i.,; was observed as IPY 1 and IPY 2 concentration
increased. Resulting in a significant increase in inhibition
efficiency, reaching 96.10% and 94.22% at 10> M for IPY 1 and
IPY 2, respectively.

Furthermore, the cathodic Tafel branch slopes remained
nearly unchanged following the addition of inhibitors,
revealing that IPYs do not affect the hydrogen evolution
mechanism.” In an acidic HCI solution, nitrogen-containing
IPYs are protonated into cationic species that outcompete H"

2 -
] N
o & 04
g g
] S [ P,
E _{e 1M < ]e10°Mm
T 246 5x10* M . T29]-e-5x10*M
&3] e 107Mm I 2] 104M
o 5x10°M e 5x107°M
e 10°M -7 10°5M
.5-4—®— Blank -54|—®— Blank
800 700 600  -500  -400 300 -200 -800 -700 -600  -500 -400  -300  -200
E (mV/SCE) E (mV/SCE)

Fig. 2 Tafel curves at various concentrations of IPYs.

Table 2 Tafel polarization parameters for MS in HCl solutions with and without the addition of various concentrations of IPYs

Sample c (M) —B. (mV dec ™) Ba (mV dec™) Ecorr (MV per SCE) icorr (MA cm ™ ?) Nopp (%)
Blank 1 163.2 140.4 —467.256 1.328671 —
IPY 1 1073 157.4 98.0 —491.594 0.051773 96.103
5x 1074 142.0 97.8 —473.724 0.104034 92.170
1074 132.7 113.7 —485.279 0.143260 89.217
5x 10" 170.4 142.7 —474.596 0.156154 88.247
107° 148.0 133.2 —477.496 0.196167 85.235
IPY 2 1073 164.7 106.1 —456.035 0.076751 94.223
5x 107 153.7 117.6 —475.649 0.124015 90.666
107 182.0 132.0 —487.159 0.138847 89.549
5% 10°° 167.9 121.0 —487.527 0.200083 84.941
107° 158.5 130.8 —484.734 0.245604 81.515
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ions for adsorption sites, effectively covering the steel surface
and lowering corrosion activity.*®

However, the effect of IPYs on the metal dissolution reaction
within the anodic branch depends on the applied potential.
Initially, the presence of inhibitors leads to a gradual reduction
in the iron dissolution rate within the range of E.,, and
—300 mV per SCE. As the potential increases further, the
corrosion rate sharply rises, resembling that of the uninhibited
solution. This behavior suggests that the adsorption of IPYs on
the metal surface results in forming an organic compact film,?
providing adequate protection to the steel at lower anodic
overpotentials. Nevertheless, the inhibitory efficiency of this
protective film diminishes as the potential reaches higher
anodic regions.* These observations confirm that IPYs effec-
tively adhere onto the steel surface, suppressing hydrogen
evolution and retarding anodic dissolution.****

3.3. EIS measurements

EIS serves as a robust method for exploring metal-electrolyte
interactions, including corrosion mechanisms and charge
transfer reactions. Fig. 3 presents the Nyquist and Bode plots
depicting the behavior of MS, with and without the addition of
IPY 1 and IPY 2 at 289 K, revealing a single-time constant
indicative of charge-transfer control that limits electrochemical
kinetics.* The depressed semicircles in these plots, caused by
the “dispersion effect” due to inhibitor or corrosion particle
adsorption on the rough electrode surface, maintain their shape
regardless of the inhibitor's presence, suggesting no alteration
in the underlying corrosion mechanism.”” IPY molecules
modify the impedance response, increasing capacitance arc
diameter and impedance with higher concentrations. Elevated
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Fig. 3 Nyquist and Bode plots with varying amounts of IPYs.
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Fig. 4 Equivalent circuit employed to model the EIS results.

phase angles and greater low-frequency impedance confirm
IPYs adsorption, forming a protective layer and enhancing
corrosion inhibition.*

Fig. 4 illustrates the equivalent circuit model applied to
simulate the EIS data, incorporating a constant phase element
(CPE) to account for the non-ideal semicircles in the Nyquist
plots. Replacing the double-layer capacitance (Cq) with CPE
improves the analytical precision, offering deeper insights into
electrochemical interactions at the metal-electrolyte interface.*

Analysis of EIS data yields various corrosion parameters
(Table 3), including R, R, CPE, Cq;, phase shift (n), and 7ngs.
The stability of the corrosive environment, as evidenced by the
nearly constant R, remains unaltered upon the addition of the
inhibitors. However, R. increases, and Cq decreases with
higher IPY 1 and IPY 2 concentrations, affirming enhanced
corrosion resistance. This suggests effective adsorption of IPYs,
displacing water and constructing a compact protective film,
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Table 3 EIS issued data of MS corrosion in molar HCl with and without various amounts of IPYs (x% = 1075)
CPE

Sample c ™) Rs (Q em™?) R (Q em™?) Q (mFs"™) n Ca (LF cm™?) Nexs (%)

Blank 1 1.082 + 0.079 19.793 4+ 0.426 0.950 + 121.146 x 10~° 0.832 £ 0.024 427.4 —

IPY 1 1073 3.391 £ 0.127 433.534 + 4.874 0.096 4 2.232 x 10~° 0.809 + 0.003 44.91 95.434
5x107* 2.342 £ 0.137 283.505 4 2.478 0.124 4+ 5.586 x 10~° 0.811 £ 0.006 56.29 93.018
10°* 2.474 + 0.057 248.401 + 1.104 0.130 4 3.986 x 10~° 0.824 + 0.004 62.46 92.031
5x 1077 2.639 £ 0.122 204.786 + 1.196 0.158 4+ 7.068 x 10~ ° 0.815 £ 0.006 72.03 90.334
10°° 3.079 £ 0.129 145.451 4+ 1.068 0.183 4+ 9.871 x 10~° 0.818 £ 0.007 81.69 86.391

IPY 2 1073 2.998 £ 0.057 351.789 + 1.194 0.121 4 3.207 x 10~° 0.806 £ 0.003 56.51 94.373
5x 104 2.810 £+ 0.104 272.238 + 1.571 0.146 + 6.842 x 10~° 0.812 £ 0.007 69.05 92.729
10~ 3.027 £ 0.152 236.819 + 1.615 0.157 + 6.572 x 10™° 0.810 £ 0.007 72.82 91.642
5x107° 3.064 £ 0.110 157.597 £+ 0.957 0.166 + 6.249 x 10~ ° 0.825 £ 0.005 76.29 87.440
10° 2.610 £ 0.130 112.881 £+ 0.744 0.187 4 3.164 x 10~ ° 0.829 £ 0.003 84.96 82.465

resulting in decreased MS dissolution rates and increased 7g;s,
with maximum efficiencies of 95.43% for IPY 1 and 94.37% for
IPY 2 at 10> M. Slightly lower n values could be attributed to the
adsorption of inhibitor molecules or the formation of metal-
IPY complexes.>

The decreasing trend in Cq4 can be explained using the
Helmholtz model:**

_ e
Ca = dS

The inhibitors reduce the exposed metal surface by adsorb-
ing at the metal-solution interface. Their larger size and lower
dielectric constant enhance the double layer's thickness and
reduce its dielectric constant, forming a protective layer that
shields MS from corrosion.*

3.4. Effect of temperature

Temperature is well known to be a factor capable of changing
the inhibitory efficacy of organic inhibitors. Its impact on
inhibitor performance at the metal-electrolyte interface has
been widely studied due to its importance in corrosion
processes.>*** To investigate this effect, we used the PDP and
EIS methods at temperatures ranging from 298 to 328 K, with
and without 10° M of IPYs.

3.4.1. PDP results. Investigation of temperature impact on
performance of the inhibitors is depicted in Fig. 5. Table 4
presents the electrochemical parameters extracted from polar-
ization curves in 1.0 M HCI environments with and without the
presence of IPYs at 10> M at various temperatures. A noticeable
rise in i.o with increasing temperatures reflects an acceleration
in MS corrosion kinetics, indicating possible changes in the
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Fig. 5 PDP curves of MS at different temperatures in molar HCl medium at 10> M IPYs.
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Table 4 Polarization findings at different temperatures
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Sample T (K) —B. (mV dec™ ) Ba (mV dec™ ) Ecorr (MV per SCE) fcorr (MA cm ™ ?) Nepp (%)
Blank 298 163.2 140.4 —467.256 1.328671 —
308 181.6 148.7 —460.078 1.826412 —
318 174.6 175.3 —481.936 2.417380 —
328 169.7 156.0 —446.679 3.572790 —
IPY 1 x 1073 298 157.4 98.0 —491.594 0.051773 96.103
308 138.0 126.2 —462.074 0.112673 93.830
318 219.9 104.2 —429.282 0.176141 92.713
328 169.0 213.9 —499.869 0.425032 88.103
IPY 2 x 1073 298 164.7 106.1 —456.035 0.076751 94.223
308 113.8 136.3 —467.964 0.134310 92.646
318 207.3 115.2 —430.298 0.243423 89.930
328 119.1 116.6 —419.376 0.530531 85.150
inhibitor-metal interaction. Inhibition efficiency decreases as disruption of the inhibiting layer. Simultaneously, Cg

temperatures increase, dropping from 96.10% to 88.10% for IPY
1 and from 94.22% to 85.15% for IPY 2 between 298 and 328 K.

Typically, increasing temperatures weaken the stability of
orfgdganic layers or complexes on metal surfaces, leading to
their dissociation. This effect reduces the corrosion resistance
of MS under elevated temperature conditions.*®

3.4.2. EIS results. Fig. 6 shows Nyquist plots representing
the electrochemical behavior of MS at varying temperatures,
both in the absence and presence of 10~ M IPY inhibitors. The
plots feature a single capacitive loop, indicating charge transfer
control at the MS-solution interface. With increasing tempera-
ture, the size of these loops progressively diminishes. Table 5
provides a summary of the corresponding EIS parameters.

Examining Fig. 6 and Table 5 suggests that increasing
temperature leads to a marked decrease in R, likely due to the

increases, indicating inhibitor desorption. Despite this, the
inhibition efficiency decreases from 95.43% at 298 K to 85.18%
at 328 K for IPY 1, and from 94.37% at 298 K to 83.23% at 328 K
for IPY 2. These results indicate that IPY 1 demonstrates better
stability and stronger adsorption on the MS surface compared
to IPY 2.%¢

3.5. Effect of immersion time

Electrochemical impedance spectroscopy EIS was used to eval-
uate the effect of immersion time on the corrosion inhibition
performance of IPY 1 and IPY 2. This technique was selected for
its in situ and non-destructive nature, which enables repeated
measurements on the same sample over time. Such capability
makes EIS especially valuable for monitoring the evolution of
electrochemical behavior at the metal-electrolyte interface. In
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Fig. 6 Nyquist diagrams for (MS, IPYs, 1.0 M HCl) electrochemical system at various temperatures.
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Table 5 EIS parameters for (MS, IPYs, 1.0 M HC) electrochemical system at various temperatures(y® = 1073)
CPE
Sample T (K) Rs (Q em™?) R (Q em™?) Q (mF S"™) n Ca (LF cm™?) Nexs (%)
Blank 298 1.082 + 0.079 19.793 + 0.426 0.950 + 121.146 x 10™° 0.832 + 0.024 427.4 —
308 1.303 + 0.056 17.631 + 0.166 0.897 + 59.486 x 10 °® 0.845 + 0.012 419.3 —
318 1.270 + 0.018 14.005 + 0.076 1.001 + 35.971 x 10°° 0.848 £ 0.006 466.4 —
328 1.322 + 0.040 12.89 + 0.130 1.081 + 86.116 x 10°° 0.838 + 0.015 517.4 —
IPY 1 x 1073 298 3.391 £ 0.127 433.534 + 4.874 0.096 + 2.232 x 10° 0.809 + 0.003 44.91 95.434
308 3.801 £ 0.107 316.483 + 1.638 0.114 + 38.759 x 10~ ° 0.819 + 0.046 55.58 94.429
318 3.024 £ 0.202 172.505 + 2.649 0.278 + 72.379 x 10~° 0.823 £ 0.002 144.9 91.881
328 2.185 + 0.527 87.027 + 2.762 0.554 + 13.531 x 10 ° 0.795 + 0.004 253.5 85.188
IPY 2 x 1073 298 2.998 £ 0.057 351.789 + 1.194 0.121 4+ 3.207 x 10° 0.806 + 0.003 56.51 94.373
308 3.794 + 0.100 282.038 + 1.949 0.128 + 3.653 x 10 ° 0.810 + 0.004 58.74 93.748
318 2.385 £ 0.099 154.724 + 0.777 0.374 + 3.243 x 10°° 0.837 £ 0.048 215.2 90.948
328 3.092 + 0.085 76.897 + 0.674 0.601 + 9.811 x 10~ ° 0.809 + 0.004 290.8 83.237

this study, measurements were performed at immersion inter-
vals of 0.5 h, 3 h, 6 h, 24 h, and 48 h, and each measurement was
conducted in duplicate to ensure accuracy and reproducibility.
The results were consistent across repeats, confirming the
reliability of the observed trends.

A concentration of 10> M was chosen for both inhibitors, as
it provided the highest efficiency in earlier tests. The Nyquist
plots in Fig. 7 illustrate the electrochemical behavior of MS in
1 M HCI, both with and without IPYs inhibitors, at different
immersion durations. Notably, as the immersion time
increases, there is a conspicuous expansion in capacitance arc
diameters indicative of the formation and growth of a protective
layer. This trend highlights that the adsorption of the inhibitors
onto the MS surface is a time-dependent process.

The electrochemical parameters derived from this study, as
detailed in Table 6, provide insights into the dynamic changes
occurring over different immersion times. For the inhibited

solution, R values initially increased up to 3 h, peaking at
95.76% ng;s for IPY 1 and 94.82% for IPY 2. However, extending
the immersion time from 3 to 48 h resulted in a decline in R,
values. R, for IPY 1 decreased from 535.24 to 239.28, with
a slight reduction in 7gs from 95.76% to 94.14%. Similarly, R .
for IPY 2 dropped from 438.04 to 205.74, accompanied by
a decrease in ng from 94.82% to 93.19%. The observed
reduction in Cq values with prolonged immersion indicates
enhanced inhibitor adsorption, reinforcing the protective layer
and mitigating corrosion.*”*®

In summary, the observed changes in electrochemical
parameters over varying immersion times underscore the
temporal evolution of the inhibitory process. The initial
formation and growth of the protective layer contribute to high
inhibitory efficiencies, while extended immersion times may
lead to the removal of some adsorbed inhibitors and alterations
in the protective film. Such behavior aligns well with previously
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Fig. 7 Nyquist diagrams for (MS, IPYs, 1.0 M HCl) electrochemical system at different immersion times.
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Table 6 EIS parameters for (MS, IPYs, 1.0 M HC) electrochemical system at different immersion times (x* = 1073%)
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CPE
Sample Time (h) Rs (Qem™?) R (Q em™?) Q (mFS"™) n Ca1 (LF cm™?) Nexs (%)
Blank 0.5 1.082 + 0.079 19.793 + 0.426 0.950 + 121.1 x 10°° 0.832 + 0.024 427.4 —
3 1.025 + 0.028 22.647 + 0.115 0.844 + 82.47 x 10 ° 0.855 + 0.024 431.6 —
6 1.138 £ 0.057 21.459 + 0.310 0.908 + 98.02 x 10~° 0.842 + 0.013 433.3 —
24 1.298 + 0.094 15.834 + 0.390 1.137 £ 16.16 x 10 ° 0.829 + 0.022 496.4 —
48 1.290 + 0.084 13.999 + 0.258 1.185 + 51.80 x 10°° 0.825 + 0.098 496.7 —
IPY1 x 10° 0.5 3.391 + 0.127 433.534 + 4.874 0.096 + 2.232 x 10°° 0.809 + 0.003 44.91 95.434
3 2.098 + 0.356 535.241 + 1.351 0.081 + 2.203 x 10~° 0.807 £ 0.002 38.24 95.768
6 2.910 + 0.035 497.335 + 2. 03 0.084 + 1.126 x 10 ° 0.792 + 0.001 36.48 95.685
24 3.142 + 0.053 358.637 £ 2.815 0.087 + 5.479 x 10~° 0.816 £ 0.003 39.80 95.584
48 2.874 + 0.043 239.286 + 2.103 0.092 + 5.093 x 10 ° 0.825 + 0.002 40.94 94.149
IPY 2 x 10° 0.5 2.998 + 0.057 351.789 + 1.194 0.121 + 3.207 x 10°° 0.806 £ 0.003 56.51 94.373
3 3.430 £+ 0.128 438.040 + 1.215 0.117 + 14.60 x 10~° 0.793 + 0.011 53.36 94.829
6 3.963 £ 0.171 413.234 + 3.611 0.115 + 3.745 x 10°° 0.813 £ 0.002 57.06 94.807
24 2.474 + 0.063 248.142 + 1.385 0.149 + 27.17 x 10°° 0.802 + 0.009 66.01 93.618
48 2.136 £ 0.127 205.747 £ 2.329 0.157 £+ 22.35 x 10°° 0.816 £ 0.009 72.40 93.196
reported studies®*® and underscores the importance of Cinh 1 c 14
considering immersion time when evaluating the long-term 0 K + Cinn (19)
stability and effectiveness of corrosion inhibitors in acidic
media.®* .
TemKkin:
. . 0 . 1 1
3.6. Adsorption and corrosion activation parameters 0= 20 In(Kaas) — 20 In(Cinn) (15)
The adsorption effectiveness of organic inhibitors was analyzed
using well-established isotherms. The relationships between 6 Frumkin:
and Cj,n, based on the assumptions of these isotherms are
: s 62,63 /)
described by equations. ln( ) = In(Kyqs) + 5d0 (16)
Langmuir: Cinn(1 - 0)
0,0012 1,0
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Fig. 8 Four different adsorption isotherms for MS in 1 M HCl containing various concentrations of IPYs at 298 K.
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Freundlich:

In(6) = In(K,gs) + z In(Cippy) (17)
where K,qs denotes the equilibrium constant, Cj,, represents
the inhibitor concentration, « signifies the lateral interaction
between the inhibitor and the surface, and # indicates the
surface coverage.

The appropriate adsorption isotherm was determined based
on data obtained from the PDP method. The isotherm models
illustrated in Fig. 8, along with the results presented in Table
S12, demonstrate that the adsorption behavior of IPY inhibi-
tors conforms to the Langmuir isotherm. This conclusion is
supported by the high linear correlation coefficients (R*> =
0.999). This model indicates monolayer adsorption on the
surface, leading to the formation of a uniform protective film on
the MS.>*

To derive adsorption equilibrium constant (K,qs) and calcu-
late Gibbs free energy of adsorption (AG,qs°), the intercept of
the isotherm plots was employed, using the equation:**

AGyys’ = —RTIn(55.5K,45) (18)

Examining the data from the Langmuir adsorption model,
the high K,4s values suggest the ease with which the two organic
compounds adsorb onto the surface. Furthermore, the strongly
negative AG,q.° reflect the spontaneous adsorption of the IPYs.
Additionally, AG,qs° for IPY 1 and IPY 2 (~—40 kJ mol ') are
suggestive of a combination of physisorption and chemisorp-
tion, with a predominant contribution from chemisorption.
This indicates a charge transfer process between the inhibitors
and the metal surface, resulting in the formation of coordina-
tion bonds that secure the inhibitors onto the metal in a stable
and adhesive manner.®**®

To elucidate the adsorption process and ascertain the acti-
vation parameters of MS dissolution, the Arrhenius kinetic
model was applied to the data obtained from PDP tests con-
ducted over the temperature range of 298 — 328 K. The Arrhe-
nius equation (eqn (19)) and the transition state (eqn (20)) were

1
employed to construct the model. Plotting the In(icor) vs. T

(Fig. 9a) allowed for an estimation of E,. Furthermore, AH, and

View Article Online

Paper

lcorr) VS. 1 plot,
T T

as depicted in Fig. 9b. The derived thermodynamic parameters
are summarized in Table S13.1 ¢

AS, of activation were calculated from the ln<

. E,
(i) = In(4) = 2% (19)
1 Leorr o ASa+ 1 i _ AH, (20)
") R T "N RT

where i., is the corrosion current density, E, represents the
activation energy, AH,, AS, represents the enthalpy and the
entropy of activation, and A denotes the Arrhenius pre-
exponential factor. R is the universal gas constant, N, is Avo-
gadro's number and 4 is Planck's constant.

The resulting linear fit, which is seen in Fig. 9, exhibit
correlation coefficients (R*) of 0.982 or higher than 0.982,
demonstrating that the Arrhenius kinetic model is a suitable fit
for determining how temperature affects the rate of corrosion.®®

The calculated E, values for inhibited solutions are higher
than those for the uninhibited medium, indicating that the
presence of IPY 1 and IPY 2 reduces the corrosion rate by
slowing the MS dissolution process.®® Additionally, the positive
values of AH, confirm that the metal dissolution is endo-
thermic, which explains the decline in inhibition efficiency at
elevated temperatures. The higher AH, values for inhibited
solutions suggest a slower dissolution in the presence of IPYs.
The AS, values provide insight into the system's order-disorder
dynamics. Increased AS, values in the inhibited solutions
indicate greater disorder during the formation of the activated
complex. This heightened entropy is attributed to the adsorp-
tion of inhibitors on the MS surface, leading to the displace-
ment of numerous water molecules and Cl™ ions previously
adsorbed on the steel surface.””

3.7. UV-visible and FT-IR analysis

Organic inhibitors have garnered significant attention in recent
years, particularly those capable of interacting with metal ions
on surfaces, forming insoluble chelates or complexes that
improve corrosion resistance. To explore the possible formation
of IPY-Fe complexes, which result from interactions with iron
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Fig. 9 (a) Arrhenius and (b) transition state plots.
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Fig. 10 The recorded UV/Vis spectra before and after immersion of mild steel.

ions generated during the corrosion process, UV-visible spec-
troscopy was used. Absorption spectra were obtained for solu-
tions containing 10 M inhibitors, both prior to immersion
(depicted as the red curve) and after 7 days of mild steel
immersion (shown as the blue curve), as presented in Fig. 10.

Prior to immersing mild steel, distinct peaks and shoulders
manifested around 231 nm and 346 nm for IPY 1 and 254 nm
and 347 nm for IPY 2. These peaks align with w-m* transitions,
engaging the compound's electronic structure. Simultaneously,
the shoulders may be associated with n-7* electron transitions
involving the lone pair electrons of the heteroatoms within the
compound.

After 7 days in the acidic medium, a shift in the absorption
maxima (Ama) Was observed. The peaks shifted to 217 nm for
IPY 1 and 251 nm for IPY 2, while the shoulder maxima for n-r
transitions moved to 332 nm for IPY 1 and 339 nm for IPY 2.
These changes confirm the inhibitors' interaction with Fe ions
through 7 electron and lone pair coordination with the d-
orbitals of Fe atoms, resulting in the formation of chemical
bonds. The reduced intensity of the absorption peaks post-
immersion further indicates that IPY inhibitors reacted with
ferrous ions generated during anodic corrosion, forming stable
IPY-Fe complexes on the steel surface.”>”?

o ————————————————— .,
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FTIR analysis was conducted to investigate the protective
layer formed by IPYs after immersion in a corrosive solution
containing 10~% M of IPYs. The FTIR spectra of pure IPY 1 and
IPY 2 (red line) and those of the metal surface post-immersion
(blue line) are illustrated in Fig. 11.

The FTIR analysis of the immersed MS surface revealed
peaks corresponding to the functional groups of the inhibitors,
confirming the presence of IPYs on the metal surface. While
some peaks showed reduced intensity compared to the pure
inhibitor spectra, indicating a depletion of molecules, a slight
shift towards lower wavenumbers suggested active participation
in the adsorption process on the steel surface.”

These experimental results strongly indicate that IPYs
molecules adsorb onto the MS surface, forming a protective
film. This barrier effectively reduces the corrosion rate by
limiting reactions at the active sites of the steel.

3.8. Contact angle

The protective action of organic inhibitors against corrosion
involves replacing water molecules adsorbed on the metal
surface, leading to the formation of a protective inhibitor film.
This process often imparts hydrophobic properties to the metal
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Fig. 11 FTIR-ATR spectra of blank steel, IPYs and steel with inhibitors.
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Fig. 12 Contact angles measurements: (a) polished, (b) 6 hours of
exposure to molar HClL medium without inhibitors, and with (c) IPY 1
and (d) IPY 2.

surface.” To assess the hydrophobic or hydrophilic nature of
the MS surface, contact angle were investigated, with the
finding represented in Fig. 12. For freshly polished MS, the
contact angle was recorded at 68.02°, which decreased to 46.11°
after 6 hours in an uninhibited acidic solution. This reduction
suggests an increase in surface hydrophilicity, likely resulting
from the appearance of polar corrosion-related substances.”
Conversely, the MS surface treated with 10~ M solutions of IPY
inhibitors exhibited increased contact angles: 79.53° for IPY 1
and 91.28° for IPY 2. This rise in contact angle indicates
enhanced hydrophobicity, attributed to the presence of IPYs on
steel surface. The observed increase in hydrophobicity can be
linked to the alignment of hydrophobic groups of IPYs on the
MS surface.”*” These findings strongly suggest that IPYs
effectively adsorb onto the metal surface, forming a hydro-
phobic protective layer that reduces the interaction between the
corrosive medium and the metal. This protective layer high-
lights the inhibitors' capability to mitigate corrosion.””®

3.9. Surface morphology analysis

To obtain more detailed information about the effect of IPYs on
surface changes of MS, SEM and AFM analyses were performed,
both with and without IPY 1 and IPY 2. The resulting images,
depicted in Fig. 13, compare the well-polished MS samples with
those exposed to uninhibited and inhibited acidic solutions for
24 hours at 289 K. As presented in Fig. 13, the polished MS
surface displays a smooth and uniform texture with faint
scratches caused by sandpaper. However, exposure to the
uninhibited acidic solution resulted in significant surface
damage, leaving the surface highly irregular and severely
corroded due to extensive metal dissolution.

In contrast, the MS surfaces treated with inhibited solutions
containing IPY 1 or IPY 2 showed minimal surface degradation
and a considerably smoother than the uninhibited sample. This
improvement is ascribed to the development of a protective
inhibitor film on the steel surface, which mitigates the metal

12354 | RSC Adv, 2025, 15, 12342-12363
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Fig. 13 Visualization of the corrodent and modified mild steel surface
by SEM and AFM techniques.

dissolution.®*®* SEM and AFM analyses indicate a significant
reduction in corrosion in the inhibited solutions, aligning with
and further validating the conclusions drawn from earlier
experimental findings in this study.

3.10. Computational approach

3.10.1. DFT results. The graphical representation in Fig. 14
unveils the HOMO and LUMO orbitals, for the IPY 1 and IPY 2
compounds. The HOMO electron densities extensively cover the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structures of both compounds, owing to the high electron
density of nitrogen, oxygen, chlorine atoms, and electron-rich
aromatic rings. This feature enhances the ability of IPY 1 and
IPY 2 to donate electrons to vacant metal orbitals. Conversely,
the LUMO electron density is concentrated over the imine
function and the meta and ortho positions of the (nitrophenyl),
indicating a propensity to receive electrons from the Fe surface.
Consequently, IPY 1 and IPY 2 demonstrate a dual capacity for
both electron donation and acceptance, facilitating donor-
acceptor interactions with the metal's valence orbitals.
Quantum chemical parameters presented in Table 7
contribute to evaluating the corrosion inhibition performance.
The Exowmo relates to the ability of a molecule to share electrons
with the d orbital of the metal surface, and the energy of the

Table 7 The calculated quantum chemical descriptors for the IPY1
and IPY2 compounds

Theoretical parameters IPY 1 IPY 2
Eyomo (€V) —5.992871 —6.051667
Erumo (€V) —3.187281 —3.241025
AE (Epomo - Evumo) (€V) 2.80559 2.81064
I(eV) 5.992871 6.051667
A (eV) 3.187281 3.241025
x (eV) 4.590076 4.646346
7 (eV) 1.402795 1.405321
o(evh 0.712862 0.711581
AN 0.081952 0.061784
AFEpack-donation —0.530698 —0.531330

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

View Article Online

RSC Advances

lowest unoccupied molecular orbital (Epymo) represents the
ability to accept electrons from the metal. However, compounds
with a higher Eyomo are readily adsorbed to the metal surface
and provide better inhibitory efficacy.®>*

Enhancing the transport process through the adsorbed layer
is instrumental in increasing the inhibitor's efficiency since
increased values of Eyomo facilitate the inhibitor's adsorption.®*
In the case of IPY 1 and IPY 2, a decrease in Eyomo follows the
sequence Eyomo (IPY 1) > Eyomo (IPY 2), aligning with the
experimental inhibitor efficiency results. This suggests that IPY
1, with a higher Eyomo, has enhanced adsorption potential on
the metal surface, contributing to its inhibitory effectiveness.
Moreover, the energy gap (AE,,p,) is a crucial factor in describing
the molecular reactivity. A lower AEg,, value indicates easier
electron transfer from the HOMO to the LUMO molecular
orbital, which corresponds to higher inhibitory efficiency.

In the studied compounds, IPY1 exhibits a lower AE,,,
(2.80559 eV) compared to IPY2 (2.81064 eV), indicating higher
reactivity for IPY 1. This aligns with its experimental perfor-
mance, emphasizing its superior capacity to accept electrons
from the iron d-orbital, enhancing stability, and facilitating
effective adsorption to the metal surface, increasing the effec-
tiveness of its inhibitory effect.®®

Chemical hardness () and softness (o) are key properties for
evaluating a molecule's stability and reactivity.*® According to
the literature, a soft molecule typically has a small AEg,,, and
high corrosion inhibition efficiency is associated with a low n
value and a high ¢ value. Based on the n and ¢ parameters of the
inhibitors studied, it is evident that the IPY 1 inhibitor has the
lowest 7 value (1.402795 eV) and the highest o value (0.712862
eV), which accounts for its superior efficiency compared to IPY
2. Furthermore, examining the AN (fraction of transferred
electrons) and AEpaci-donation, IPY1 holds a more favorable
electron back-donation capacity, as indicated by AEp,cicdonation
value (—0.530698). This aligns with its superior inhibitory effect
observed experimentally.

The electrophilic and nucleophilic attack regions of IPY 1
and IPY 2 compounds were illustrated in the molecular Elec-
trostatic Surface Potential (ESP) map (Fig. 15), that provides
a visual representation of the charge distribution on the
molecular surface. In this map, the nucleophilic (red) regions
are prominently positioned around oxygen (O) and nitrogen (N)
atoms, indicating their potential as covalent bonding centers.
These regions are crucial in promoting corrosion inhibition, as
they facilitate strong chemical bonds between the inhibitor
molecules and the steel surface, thereby preventing the onset of
corrosion. The presence of these nucleophilic regions under-
scores the importance of heteroatoms, in the design of effective
corrosion inhibitors.*”*

To identify the active regions of the inhibitors studied,
Mulliken charges were calculated and are shown in Fig. 16. The
charge distribution on the atoms of IPY 1 and IPY 2 highlights
heteroatoms with negative charges and an excess of electron
density, designating them as nucleophilic centers during
interaction with the iron surface. As shown in Fig. 16, atoms N,
C, and O in both molecules exhibit the most negative charges,
designating them as primary contributors to nucleophilic

RSC Adv, 2025, 15, 12342-12363 | 12355
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Fig. 15 ESP maps of IPY 1 and IPY 2 compounds.

centers. In their interaction with the iron surface, these atoms

3.10.2. MD and MC simulations. Understanding the

will likely play a pivotal role, serving as active adsorption fundamental mechanisms of corrosion inhibition necessitates
centers. a theoretical foundation, enabling predictions of geometric
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structures and adherence patterns of corrosive entities to metal
surfaces. Therefore, an exploration of corrosion inhibitor
adsorption in corrosive solutions and its inhibition mecha-
nisms becomes crucial.®** MD is used to simulate a wide variety
of systems, from single molecules to materials. It can be used to
study dynamic processes such as diffusion, molecular confor-
mation, and chemical reactions, as well as the thermodynamic
and structural properties of systems.® In MC simulations, the
adsorption energy is a key parameter used to characterize the
interaction between a compound and a surface. It represents
the energy change associated with the adsorption process,
where compounds adhere to the surface of a material. Fig. 17
illustrates the lowest energy configuration of IPY 1 and IPY 2
compounds on the Fe(110) surface. Both inhibitors are adsor-
bed onto the Fe(110) surface, adopting a configuration that
maximizes surface contact through their nitrogen, oxygen, and
chlorine atoms.”* Fig. 18 presents the adsorption energies (kcal
mol ") of the inhibitors. The data show that IPY 1 exhibits
a more negative adsorption energy (Eaqs = —218.85 kcal mol )
compared to IPY 2 (E,qs = —203.75 kcal mol %), indicating
stronger interaction with the Fe(110) surface. These results

0.5
E,, =-203.75 kcal/mol . IPY1
iPY2
0.4 1
0.3 1
=
= 0.2
0.1
0.0
T T T T T T T
-240 -230 -220 -210 -200 -190 -180

E  (kcal/mol)

ads

Fig. 18 Distribution of the E 45 of IPY 1 and IPY 2 compounds on the
Fe(110) surface.

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

suggest that IPY 1 is likely to be the more effective corrosion
inhibitor.”*

The adsorption on metal surfaces can be assessed through
the Radial Distribution Function (RDF) analysis of the MD
trajectory derived from corrosion simulations. This technique is
fundamental for such investigations.*

The RDF analysis is utilized to characterize the adsorption
nature of IPY 1 and IPY 2 inhibitors on the metal surface.
According to existing literature, a peak between 1 and 3.5 A
typically signifies a chemical bond between the inhibitor and
the metal surface, while a peak beyond 3.5 A indicates a physical
bond. Fig. 19 illustrates the RDF of the Fe (110) surface in
relation to specific atoms of IPY 1 and IPY 2 inhibitors in this
study.

Fig. 19 shows that the RDF value for oxygen atoms in IPY 1 is
2.95 A, for nitrogen atoms is 3.31 A, and for chlorine atoms is
3.19 A from the Fe(110) surface [125]. In comparison, IPY 2
absorbs oxygen atoms with an RDF distance of 2.87 A, nitrogen
atoms at 3.15 A, and chlorine atoms at 3.31 A. The close prox-
imity of the IPY 1 and IPY 2 atoms to the metal surface confirms
a strong interaction between the inhibitors and the metallic
surface.®*

3.11. The inhibition mechanism

Organic compounds containing heteroatoms, and bonds such
as C=C and C=N, effectively inhibit corrosion by adsorbing
onto metal surfaces via lone pair electrons. This adsorption at
the steel/solution interface blocks reactive sites and lowers
corrosion activation energy, reducing MS corrosion.”

In HCI solutions, IPY 1 and IPY 2 protonate into cationic
species, enhancing interaction with chloride ions and leading
to physical adsorption and the formation of a protective (FeCl-
IPY").qs layer. Their larger size allows these inhibitors to effec-
tively compete for adsorption sites, covering the steel surface,
reducing H' ion interaction with reactive sites, and mitigating
corrosion activity.”

Furthermore, the lone pair electrons and the 7t-bonds act as
key contributors to the formation of a protective layer. These

RSC Adv, 2025, 15, 12342-12363 | 12357
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Fig. 20 Adsorption mechanism of IPYs on the MS surface.

serve as multiple adsorption centers in the chemisorption
process, interacting with the vacant d-orbitals of iron atoms.
Simultaneously, back-bonding (retrodonation) occurs as iron-
occupied orbitals supply electrons back to the inhibitor mole-
cules, reinforcing the stability of the adsorption layer.®”

Fig. 20 depicts the proposed mechanism for the adsorption
of IPYs on the MS surface in an acidic medium, illustrating the
interplay of physisorption and chemisorption in forming
a robust protective film.

4 Comparison of investigated
inhibitors with reported related
derivatives

The corrosion inhibition efficiencies of the studied inhibitors
were evaluated in comparison with closely related derivatives.
Table 8 summarizes the performance of various imidazo[1,2-a]
pyridine derivatives at a concentration 10~* M for MS in molar
HCI medium. The analysis highlights that the investigated IPY
derivatives exhibit superior corrosion inhibition efficiency
relative to their counterparts. This enhanced performance can
be attributed to the structural features of the imidazo[1,2-a]
pyrimidine framework, which incorporates two nitrogen atoms
compared to the single nitrogen in the pyridine ring. Addi-
tionally, the presence of Cl and NO, substituents further

12358 | RSC Adv, 2025, 15, 12342-12363

enhances the inhibitors' protective capabilities by facilitating
adsorption and film formation on the MS surface.

These findings underscore the significant advantages of the
studied IPY derivatives in corrosion inhibition, showcasing
their potential for advancing corrosion protection strategies.

5 Toxicity assessment
5.1 Toxicity analysis of human health implications

The in silico toxicity assessment of IPY 1 and IPY 2, conducted
using the ProTox-III server,*’ provided valuable insights into the
safety profiles of these compounds, particularly regarding their
handling and potential accidental exposure (Table 9). As these
molecules are designed for industrial corrosion inhibition
applications rather than human consumption, the analysis
emphasizes their safety under controlled usage. The analysis
incorporated general toxicity,'”® organ toxicity,®® toxicity
endpoints,'®* Tox21 pathways,'” and molecular pathways.'®
General toxicity predictions classified both molecules in
Toxicity Class 3 (out of 6), with a predicted LDs, of 1800 mg
kg~ '. This classification indicates mild toxicity, suggesting
moderate risks if exposure occurs under improper conditions.
Organ toxicity predictions indicated active hepatotoxicity and
neurotoxicity, with probabilities of 0.52 and 0.62, respectively.
However, the low probabilities reduce the certainty of these
predictions. Nephrotoxicity was predicted as inactive, with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a probability of 0.70, indicating a low likelihood of kidney-
related toxicity. Respiratory toxicity was predicted as active
with a probability of 0.53, reflecting a mild potential for respi-
ratory system effects. Although flagged as active, the low prob-
abilities (<0.7) across these predictions suggest limited risks
under controlled conditions. The analysis of toxicity endpoints
revealed activity for carcinogenicity, mutagenicity, and immu-
notoxicity, with probabilities of 0.62, 0.89, and 0.54, respec-
tively. The relatively higher probability of mutagenicity

O,N

highlights the need for awareness, but the other endpoints
suggest only mild potential risks.'® Cytotoxicity and clinical
toxicity were predicted as inactive, with probabilities of 0.63 and
0.53, respectively, indicating minimal concerns in these areas.
Tox21 pathway analysis showed limited activity for the aryl
hydrocarbon receptor (AhR) and mitochondrial membrane
potential (MMP) pathways, with probabilities of 0.50 and 0.55,
respectively, suggesting a mild potential for endocrine disrup-
tion'”® and mitochondrial effects.’® In contrast, inactivity was

Table 9 Toxicity assessment results for IPY 1 and IPY 2 based on in silico predictions

Category Target Prediction Probability
General toxicity Predicted LDs, 1800 mg kg " —
Toxicity class 3 (out of 6) —
Organ toxicity Hepatotoxicity Active 0.52
Neurotoxicity Active 0.62
Nephrotoxicity Inactive 0.70
Respiratory toxicity Active 0.53
Toxicity end points Carcinogenicity Active 0.62
Mutagenicity Active 0.89
Cytotoxicity Inactive 0.63
Immunotoxicity Active 0.54
Clinical toxicity Inactive 0.53
Tox 21 pathways Aryl hydrocarbon receptor (AhR) Active 0.50
Mitochondrial membrane potential Active 0.55
Nuclear factor pathways (Nrf2/ARE) Inactive 0.74
Molecular pathways Androgen receptor (AR) Inactive 0.97
Estrogen receptor alpha (ERa) Inactive 0.85

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Property name Predicted value

Property unit Predictive confidence

Avian Safe
Bioconcentration factor 0.12
Biodegradation Safe
Daphnia magna 8.31
T. Pyriformis —16.4

predicted for the Nrf2/ARE pathway (probability 0.74), reflecting
minimal oxidative stress concerns. Furthermore, molecular
pathway predictions indicated inactivity for both androgen and
estrogen receptor pathways, with high probabilities of 0.97 and
0.85, supporting a low likelihood of endocrine system interac-
tions. However, the majority of active predictions were associ-
ated with low probabilities, suggesting limited confidence in
their potential effects. Given their intended use for industrial
applications and the non-consumable nature, IPY 1 and IPY 2
exhibit manageable safety profiles, with limited concerns under
proper safety protocols.

5.2. Environmental toxicity analysis

The environmental toxicity profiles of IPY 1 and IPY 2, assessed
using the Deep-Pk tool, provide encouraging insights into their
ecological safety. As summarized in Table 10, the predictions
were obtained using the Deep-Pk tool.** Both compounds are
predicted to be safe for avian species, indicating minimal risks
to bird populations.®® Their classification as readily biodegrad-
able highlights their potential for minimal environmental
persistence, reducing the likelihood of long-term accumulation
in ecosystems."® The low Bioconcentration Factor (BCF) value
of 0.12 indicates negligible potential for bioaccumulation and
biomagnification, supporting their environmental compati-
bility."** Moderate toxicity to Daphnia magna, with an LCs,
value of 8.31(—log10[(mg L™ ")/(1000 x MW)]), suggests some
sensitivity in aquatic organisms, though the predicted impact
on T. pyriformis (—16.4) suggests negligible microbial toxicity,
indicating that basic aquatic microbial ecosystems may remain
largely unaffected.”” These findings suggest that IPY 1 and IPY
2 strike a favorable balance between biodegradability and low
environmental persistence, with limited ecological risks under
controlled use. Further experimental validation is recom-
mended to confirm these findings and optimize their applica-
tion in industrial settings.

6 Conclusion

In this study, two novel imidazo[1,2-a]pyrimidine-Schiff base
derivatives (IPY 1 and IPY 2) were synthesized and evaluated as
corrosion inhibitors for mild steel in 1 M HCI solution. Elec-
trochemical analyses (EIS, PDP) and weight loss measurements
confirmed excellent inhibition efficiencies, exceeding 94% at
10~° M. Surface characterization techniques (SEM, AFM,
contact angle, FT-IR, UV-vis) supported the formation of
a protective inhibitor layer on the steel surface. The adsorption

12360 | RSC Adv, 2025, 15, 12342-12363

Category (safe/toxic) 0.014
log1, (L kg ™) —
Category (safe/toxic) 0.0

—logso[(mg L™1)/(1000 x MW)] _
—log;o[(mg L71)/(1000 x MW)] _

of both inhibitors followed the Langmuir isotherm, with high
Kags values and negative AG,q° indicating spontaneous, mixed-
mode adsorption. Quantum chemical calculations and molec-
ular simulations (DFT, MC, MD) provided further insight into
the interaction mechanisms and supported the experimental
findings. In silico toxicity assessments revealed favorable envi-
ronmental and safety profiles for both compounds.

Overall, the results demonstrate that IPY 1 and IPY 2 are
effective and environmentally friendly inhibitors, with IPY 1
showing slightly stronger interaction with the metal surface.
These findings offer valuable insights for the development of
sustainable corrosion protection strategies.
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