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ARTICLE INFO ABSTRACT

Keywords: Background: This research explores the effectiveness of a novel Schiff base compound as an organic corrosion
XC38 carbon steel inhibitor for XC38 steel immersed in a 1M hydrochloric acid solution. The study aims to identify the inhibitor’s
Shiff base

ability to reduce corrosion under controlled experimental conditions.

Methods: The synthesis and characterization of the Schiff base inhibitor were meticulously confirmed through
Monte Carlo simulation FTIR, XRD, and NMR techniques. The efficacy of this inhibitor in curbing the corrosion of XC38 carbon steel in a
Acidic medium 1M hydrochloric acid solution was rigorously evaluated using gravimetric analysis, Electrochemical Impedance
Impedance Spectroscopy (EIS), and Potentiodynamic Polarization (PDP), with a specific focus on the impacts of varying
concentrations and temperatures. Surface interaction mechanisms were thoroughly investigated using SEM, EDS,
AFM, ATR-FTIR, and XRD. These studies were complemented by activation thermodynamics and adsorption
isotherm assessments, providing a comprehensive understanding of the thermodynamic properties of the in-
hibitor. Additionally, computational studies, including DFT, NCI analysis, and MC simulations, were employed to
delve into the dynamics of inhibitor-surface interactions, offering detailed insights into the molecular in-
teractions at play.

Significant findings: The novel Schiff base inhibitor demonstrated remarkable efficacy, achieving up to 98.14 %
effectiveness at a concentration of 100 ppm in protecting XC38 steel in a corrosive environment as determined by
weight loss measurements. Gravimetric analysis revealed a significant reduction in mass loss and corrosion rate,
corresponding with an increase in DMTS concentration. PDP measurements indicated an inhibition efficiency (EI
%) of up to 94 %. EIS results showed an inhibition efficiency (EI%) of up to 93.53 %. The inhibitor’s performance

Corrosion inhibitor
Polarization
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was notably enhanced at lower temperatures (303, 313, and 323 K) and higher concentrations. Activation
thermodynamics and adsorption isotherm studies showed negative AG;; values, indicating spontaneous
adsorption. Advanced EIS and Tafel polarization studies identified the compound as a mixed-type inhibitor,
effectively modulating both cathodic and anodic reactions. Surface analyses using SEM, EDS, AFM, and XRD
confirmed the formation of a protective layer on the steel surface, preventing the formation of iron oxides and
thus mitigating corrosion. Complementary DFT calculations, including analyses of Mulliken charge, FMOs, DOS,
ESP, and ELF analyses, provided detailed insights into potential electron donation and acceptance sites crucial for
its inhibitory action. NCI analysis shed further light on the nature of inhibitor-metal surface interactions,
enhancing our understanding of the adsorption mechanisms. MC simulations robustly supported these theoretical
insights, which depicted the inhibitor’s adsorption behavior on the Fe(110) surface, demonstrating a compelling
alignment between theoretical forecasts and empirical observation.

1. Introduction

Pure metals and alloys undergo chemical or electrochemical re-
actions in corrosive conditions, which generate a stable combination
and ultimately lead to metal loss [1-5]. Despite being extensively
employed in diverse industries such as transportation, construction, and
defense because of its superior mechanical and physical qualities, low
cost, and high strength [6-9], carbon steel is renowned for its suscep-
tibility to corrosion. Per the ISO 8044 standard [6], corrosion transpires
when electrochemical physicochemical exchanges transpire between an
environment and a metallic material, resulting in alterations to the
material’s composition. Such modifications can potentially detrimen-
tally impact the substance’s functionality, the surrounding environment,
or any technical system it contributes to [7-9].

As a result of the considerable financial implications associated with
corrosion, several strategies have been developed to mitigate, prevent,
or even eliminate its impact [10,11]. Among these methods, corrosion
inhibitors are particularly noteworthy as a crucial instrument for con-
trolling and averting corrosion [12,13]. Significantly influencing its ef-
ficacy is the level of contact that an inhibitor of corrosion has with the
metal’s surface. As an example, adsorption inhibitors have the potential
to influence the corrosion process via two mechanisms: generating a
layer of protection on the surface of the metal or changing the activation
barriers of corrosion-related anodic and cathodic processes [14,15].

The scientific literature has shown several Schiff bases’ exceptional
corrosion inhibitory properties for metals and alloys subjected to acidic
environments [16-18]. Schiff bases are often used in corrosion inhibi-
tion due to their facile synthesis and non-toxic or low toxicity [19]. This
is due to the detrimental environmental effects of corrosion inhibitors
and the long-term financial and operational advantages of
corrosion-resistant carbon steel [20,21].

Organic inhibitors’ inhibitory effect is enhanced by incorporating
heteroatoms (nitrogen, sulfur, oxygen, and phosphorus) and the imine
functional group into their structures [22-24]. Adsorption coatings
fabricated using these compounds are often exceedingly thin and du-
rable; they provide corrosion protection by impeding cathodic or anodic
reactions or both [25,26]. The efficacy of inhibitors is contingent upon
the surrounding medium, the adsorption surface structure of the metal,
as well as the electrochemical potential at the point of contact [27,28].
Simultaneously, the protected region on the metal surface, molecule
size, adsorption mechanism, and charge density influence their effec-
tiveness [29-32].

This study evaluates the corrosion inhibitory properties of 3,4-dime-
thoxy phenyl thiosemicarbazone (DMTS) on XC38 carbon steel within a
1 M hydrochloric acid (HCI) environment. The selection of DMTS as a
corrosion inhibitor is based on its molecular structure, which includes
multiple heteroatoms (nitrogen, sulfur, and oxygen) and an imine group,
known to enhance corrosion inhibition. These functional groups facili-
tate the formation of a stable and protective adsorption layer on the
metal surface, thereby impeding corrosion processes. The choice of
XC38 carbon steel is particularly relevant due to its widespread indus-
trial applications, including in construction, automotive, and
manufacturing sectors. XC38 steel is known for its moderate carbon

content, which provides a balance of strength, ductility, and hardness
[13,33-36]. However, its susceptibility to corrosion in acidic environ-
ments, such as those encountered in oil well acidification, steel pickling,
chemical cleaning, and various industrial processes, makes it an ideal
candidate for evaluating the efficacy of corrosion inhibitors like DMTS.
Understanding the corrosion behavior of XC38 steel and developing
effective inhibitors is crucial for prolonging the service life of steel
components in these harsh environments.

The chemical synthesis of DMTS was rigorously verified using FTIR,
XRD, and NMR techniques. The use of a 1 M HCl solution is particularly
relevant to real-world industrial conditions, where such acidic envi-
ronments are frequently employed in processes like oil well acidifica-
tion, steel pickling, chemical cleaning, and industrial processing. These
conditions are known to accelerate corrosion, thus allowing for the rapid
observation of corrosion effects within a practical timeframe [37,38]. To
thoroughly investigate DMTS’s impact on the corrosion of XC38 steel,
this research utilizes a diverse set of experimental and computational
methods. Techniques such as gravimetric analysis, Potentiodynamic
polarization (PDP), electrochemical impedance (EIS) spectroscopy,
scanning electron microscopy (SEM), energy-dispersive X-ray spectros-
copy (EDS), atomic force microscopy (AFM), Fourier-transform infrared
spectroscopy with an attenuated total reflectance accessory (FTIR/ATR).
Spectroscopy and X-ray diffraction (XRD) will be employed. Further-
more, density functional theory (DFT) simulations, non-covalent inter-
action (NCI) studies, and Monte Carlo (MC) simulations will aid in
understanding the molecular interactions between DMTS and the metal
surface.

This research aims to elucidate the protective effects of DMTS against
corrosion of XC38 carbon steel in a 1 M HCI solution, offering vital in-
sights for developing corrosion-resistant materials and coatings for in-
dustrial use. It highlights the critical need to understand metal corrosion
in acidic environments and develop effective corrosion prevention
strategies. The study also introduces a fresh perspective on the anti-
corrosion capabilities of Schiff base compounds like DMTS, focusing
on their action mechanisms and establishing their potential as effective
corrosion inhibitors. Moreover, it encourages further exploration into
Schiff base compounds and similar materials to enhance understanding
of their inhibitory mechanisms. By combining theoretical and experi-
mental approaches, this investigation aims to foster a more compre-
hensive understanding of corrosion inhibition, which could lead to the
creation of safe, efficient, and environmentally friendly corrosion pre-
ventive solutions.

2. Experimental methods
2.1. DMTS synthesis

3,4-dimethoxy phenyl thiosemicarbazone (DMTS) is prepared
through a specific synthesis process. Initially, an equimolar mixture of
3,4-dimethoxy benzaldehyde and thiosemicarbazide, each at 9 mmol, is
combined in 30 ml of absolute ethanol. This mixture acts as the solvent
for the reaction. To catalyze the reaction, two drops of glacial acetic acid
are added. The presence of glacial acetic acid in this synthesis is crucial
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as it facilitates the formation of DMTS by promoting the necessary
chemical reactions between benzaldehyde and thiosemicarbazide. This
process results in the formation of DMTS, as depicted in Scheme 1 of the
study. The method is designed to ensure optimal reaction conditions for
producing DMTS with high purity and efficacy, which is essential for its
intended use as a corrosion inhibitor.

The synthesis of DMTS involves a series of meticulous steps to ensure
the formation of a high-quality product. After preparing the initial
mixture, as previously described, the next phase is the reflux process.
This involves heating the mixture under reflux for three hours while
stirring continuously. Refluxing ensures that the reaction proceeds
completely under controlled temperature conditions, allowing the re-
actants to fully interact and form the desired compound.

Upon completion of the reflux period, the mixture is permitted to
cool down to ambient temperature. The cooling process leads to forming
of a yellow precipitate, indicative of the formation of DMTS. The pre-
cipitate is then separated from the mixture through filtration and
washed with ethanol. This step is crucial for removing impurities and
unreacted materials, thereby purifying the product.

The final step in the synthesis involves recrystallization, a technique
employed to purify the compound further. The yellow precipitate is
recrystallized using a solvent mixture comprising 75 % ethanol and 25 %
water. This process enhances the purity and crystalline quality of the
DMTS, resulting in a final product with a satisfactory yield of 68 %.

Moreover, the interaction of DMTS with metal surfaces in a corrosive
environment, particularly in hydrochloric acid, is a key aspect of its
functionality as a corrosion inhibitor. As stated in Scheme 2, the effi-
ciency of DMTS in inhibiting corrosion is significantly influenced by the
anion concentration on the metal’s surface. The cationic form of DMTS,
generated in the presence of hydrochloric acid, is adept at adsorbing
onto the metal surface. This adsorption is primarily facilitated by the
lone pairs of electrons on nitrogen heteroatoms and oxygen in DMTS,
which form strong bonds with the empty d orbitals of the metal surface.
Additionally, DMTS adheres to the metal surface through electrostatic
donor-acceptor interactions arising from electron interactions in the p
orbitals of its aromatic systems. These mechanisms underline the com-
pound’s effectiveness in providing a protective barrier against corrosion.

In Scheme 2, the protonation of DMTS in an HCI bath is depicted. It is
crucial to identify the most acidic nitrogen atom in the molecule for
accurate protonation. DMTS contains three nitrogen atoms, each with
varying pK, values. Using Marvin Sketch, we have determined that the
nitrogen atom of the thiosemicarbazone group has the highest acidic
character, justifying its selection for protonation. The protonation of this
nitrogen atom leads to the formation of a cationic species, which en-
hances the adsorption capability of DMTS on metal surfaces by
increasing its electrostatic interactions with the negatively charged sites
on the metal.

The nitrogen atom of the imine group acquires an excessively
negative charge due to the mesomeric impact of the methoxy group
(Scheme 3). Additionally, the donor action of the neighboring nitrogen
enhances the sulfur’s activation. This electron-donating effect stabilizes
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the adsorption of DMTS on the metal surface, further contributing to its
corrosion inhibition properties.

2.2. Specimen preparation

XC38 samples of carbon steel were applied in the investigations. The
relative abundances of the most basic chemical elements are shown in
Table 1. Before initiating the investigation, a sequence of mechanical
abrasions with increasingly more abrasive paper was conducted,
reaching a grit of 2000. After washing it with distilled water and
removing grease with acetone, air dry it. Utilizing 37 % hydrochloric
acid, a 1 M HCI solution with corrosive characteristics was created.
Concentrations of the inhibitor ranged from 10 to 100 ppm (10, 40, 80,
and 100 ppm).

2.3. Corrosion examination

2.3.1. Gravimetric investigation

The cylindrical steel samples were immersed vertically inside a 100
ml test tube containing 10 ml electrolyte for the gravimetric measure-
ments. A molar hydrochloric acid solution takes gravimetric measure-
ments on polished and cleaned items, including varying inhibitor doses.
To determine the corrosion rate (mg cm? h'l), specimens are weighed
before and after immersion (1, 2, 24 h), accompanied by rinsing with
deionized water, drying, acetone cleaning, and further weighing. By
submerging metal at room temperature in an acidic solution (1M HCI),
one may examine the impact of various extract concentrations on
corrosion rates, denoted as Wcorr and W'corr (mg cm2 h'l). Subse-
quently, the inhibitory efficiency associated with weight loss (E,;) and
degree of surface coverage (0) were calculated utilizing the following
equations [39,40]:

Wcorr - Wcorr
Ey, = ——— x 100 1
WL Wor X (€)]
EWL
o =" 2
100 2

2.3.2. Electrochemical analyses

Using EC-LAB V 10.33 and a typical three-electrode cell, we con-
ducted the EIS and PDP. The reference electrode in this configuration is
saturated calomel (SCE), whereas the working electrode is carbon steel,
and the counter electrode is platinum. The open circuit voltage was
swept from —200 mV to +200 mV at a rate of 0.5 mV/s to produce
polarization curves. It is eliminated if the electrode remains at the
abandonment potential for 45 min. It is feasible to ascertain the
magnitude of the voltage difference that separates the working and
counter electrodes. Inhibition efficiency (Eppp (%)) was calculated from
Icorr using the following equation:

o
NH,
+ H  AcOH \
N NH, EtOH H;CO H
H OCH3;3
DMTS

Scheme 1. Synthesis of DMTS.
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Scheme 2. Protonation of DMTS in HCI bath.
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Scheme 3. The capacity of the methoxy and amine groups to donate electrons.

Table 1
XC38 carbon steel chemical composition.
Element C Mn Si S P Fe
Percentage (wt. 0.30- 0.05- 0.15- 0.035 0.035  Balance
%) 0.35 1.0 0.35
0 (igorr - iC""’)
Eppp(%) = ~"5——= x 100 3)

corr

When inhibitors are present, the corrosion current is icor, and in the
absence of inhibitors is i0,,..
The customary signal used in EIS investigations has an open-circuit
voltage amplitude of 10 mV and a peak-to-peak frequency ranging
from 100 kHz to 10 MHz. The percentage of inhibitory efficiency Egs

(%) may be calculated using the equation provided by [41]:

(RCf — R(c)t)

ct

EEIS (0/0) = x 100 (4)

2.3.3. Surface characterization

We employed advanced microscopy and spectroscopy techniques to
evaluate metal samples’ surface morphology and elemental composi-
tion. Optical microscopy was used for initial observation, providing a
broader view of the sample surface. For more detailed analysis, SEM
with a TESCAN VEGA-3, operating at 20.0 kV, allowed for high-
resolution imaging of the surface structure. For elemental analysis,
EDS was integrated with SEM. This powerful technique is designed to
detect and quantify the elements present on the surface, which is espe-
cially valuable when investigating corrosion and related chemical
changes. In this study, we immersed XC38 metal samples in 1 M hy-
drochloric acid for 72 h, with and without the DMTS corrosion inhibitor,
to examine the influence of the inhibitor on the corrosion process. The

combination of SEM imaging and EDS analysis revealed differences in
surface morphology and elemental distribution, shedding light on the
formation of corrosion products and the presence of inhibitor layers.
Additionally, the AFM system employed in this study was the Asylum
Research MFP-3D, a high-precision instrument produced by Oxford
Instruments.

To investigate the chemical properties of the DMTS inhibitor, we
used the ATR-FTIR technique, with a spectral range from 4000 to 400
cm !, which allowed us to identify functional groups and monitor
chemical interactions on the metal surface. The crystal structure of the
metal’s surface was also characterized using X-ray Diffraction (XRD).
This method provides insight into the phase composition and structural
changes in the metal due to corrosion.

This integrated approach, combining microscopy, elemental anal-
ysis, and spectroscopy, offers a comprehensive understanding of the
corrosion process and the efficacy of the DMTS inhibitor. By comparing
samples with and without the inhibitor, we can assess the protection
mechanisms and identify key elements and structural changes associ-
ated with corrosion resistance in hydrochloric acid.

2.4. Molecular modeling

2.4.1. DFT computations

Correlation analysis was conducted to compare the experimentally
determined corrosion inhibition efficiencies with various quantum
chemical descriptors of the inhibitor molecule, utilizing theoretical
calculations [42-44]. The DFT calculations utilized the B3LYP func-
tional along with the 6-311G (d, p) basis set, executed using Gaussian
09W [45] and Gaussview software [46]. This particular basis set was
chosen for the DMTS molecule because of its proven effectiveness in
accurately depicting molecular orbitals while ensuring computational
efficiency, which is critical for smaller, localized organic molecules.
Furthermore, we explored quantum chemical parameters to deepen our
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understanding of the interactions between the XC38 steel and the DMTS
inhibitor. These parameters include Egomo (Highest Occupied Molecu-
lar Orbital Energy), ELymo (Lowest Unoccupied Molecular Orbital En-
ergy), Eg (Energy Gap), electronegativity (y), hardness (1)), softness (o),
and electrophilicity index (). These parameters were calculated using
the following mathematical relationships, providing insights into the
electronic structure and reactivity of DMTS inhibitor [44,47-50]:

I'= —Enomo 5)
A= —Epymo (6)
AEGqy = Erumo — Enomo @)
I+A
1= — ®
I-A
n=—- (C))
o= L (10)
n
ZZ
_r 11
® o an

To gain deeper insights into the properties and interactions of the
DMTS inhibitor, particularly its engagement with the steel substrate
modeled by a metal cluster (Feg), a specialized computational approach
was necessary due to the system’s complexity and size [51,52]. The
def-SV(P) basis set was employed for its proficiency in managing
extensive electron interactions within large metal clusters, paired with
the M06-2X functional [53,54], recognized for its precise handling of
non-covalent interactions. These calculations were performed within the
Turbomole 7.4 software environment [55-60], facilitating a refined and
accurate optimization that closely replicates the inhibitor’s interaction
with the metal surface.

For the analysis of non-covalent interactions (NCI), the advanced
technique of Reduced Density Gradient (RDG) was applied [61,62]. This
analysis explored decreased density gradients and electron density (o) to
discern subtle forces such as hydrogen bonds, van der Waals forces, and
steric repulsions [63-65]. The Multiwfn computational tool [66] further
examined these subtle systemic interactions. The results were visually
represented through Electrostatic Potential (ESP) and Electron Locali-
zation Function (ELF) maps, along with RDG plots, using the Visual
Molecular Dynamics (VMD) interface [67]. Additionally, gnuplot was
employed to create color scatter plots for detailed visualization [68].

2.4.2. Monte Carlo (MC) simulations

In our study, Materials Studio 2017™, a powerful computational tool
referenced in works by [69], was employed to perform Metropolis
Monte Carlo (MC) simulations by applying its Adsorption module [50,
70]. These simulations aimed to investigate the inhibition mechanisms
of DMTS on steel surfaces. The MC simulations method is particularly
effective for identifying the most favorable adsorbate/adsorbent com-
binations in terms of available energy, a critical factor in understanding
the adsorption efficiency of corrosion inhibitors. In our simulations, we
specifically focused on modeling the adsorption behavior of DMTS on
steel surfaces. This involved setting up simulation boxes whose di-
mensions were determined based on the number and type of molecules
being simulated, ensuring an accurate representation of the physical
system. The interaction forces between the DMTS molecules and the
steel surface were computed during the simulation. This was accom-
plished by employing the "Dreiding" force field, a versatile and widely
accepted method for modeling molecular interactions [65,71-73]. The
choice of the Dreiding force field was instrumental in accurately
capturing the complex interactions that occur during the adsorption
process, thus providing vital insights into the inhibitory action of DMTS
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at a molecular level.

These advanced computational methodologies enabled a thorough
exploration of the interactions within the molecular system, providing
valuable insights into the molecular mechanisms underpinning the
inhibitory efficacy of the DMTS molecule.

3. Results and discussion
3.1. FTIR spectroscopy analysis

The FTIR analysis was crucial in identifying the functional groups in
DMTS. Our study analyzed the FTIR spectra of DMTS, which spanned a
frequency range from 400 to 4000 cm’!, as shown in Fig. 1 (a). The
spectral data provided valuable insights into the molecular structure of
DMTS, revealing various functional groups through their characteristic
absorption peaks. As previously reported, a prominent absorption peak
at 3349 cm™ was observed, indicative of the -NH bond, suggesting the
presence of amine compounds in DMTS [74]. Another significant peak at
3175 em! corresponded to the -NH;, bond. The absorption peaks at 1692
and 1621 cm’! were attributed to the (C=0) and (C=N) amide I bond,
respectively. These peaks are critical in identifying the amide func-
tionality within the DMTS structure.

Additionally, the band observed at 1502 cm™ was linked to the
stretching vibrations of the C=C bonds, characteristic of aromatic rings
in the DMTS molecule. The absorption band at 1455 cm™ indicated the
presence of C—N bonds. Further, the band at 1267.68 cm™ was related
to the C—N amide III bonds, highlighting the complexity of the DMTS
structure. An absorption band at 1137 cm™ confirmed the presence of a
triazole (N-N) bond, while the band at 1019 cm’! was attributed to the
vibrations of the C=S bond, a key feature in the thiosemicarbazone
group. Lastly, peaks at 747 and 630.64 cm™ were identified, indicating
the presence of the (-C—H) bond and the furan ring, respectively [74].
These FTIR findings are essential as they confirm the successful synthesis
of DMTS and provide a detailed understanding of its chemical structure,
which is crucial for comprehending its function as a corrosion inhibitor.

3.2. XRD analysis

The XRD analysis conducted on DMTS provided crucial insights into
its crystalline structure. As confirmed by the XRD patterns, DMTS ex-
hibits a nanocrystalline arrangement, with prominent peaks at 16.48°
and 24.28°, a finding aligned with the study carried out by Boukerche
et al. [36]. However, the overall structure of DMTS is predominantly
polycrystalline, as evidenced in the XRD pattern presented in Fig. 1 (b).
This polycrystalline nature of DMTS is significant, as it suggests a
complex and varied crystalline structure. The detailed structural study
highlights that the specific arrangement of the nanocrystals within
DMTS is influenced by the compound’s molecular structure and the
conditions under which it was synthesized. Such elements are crucial
when choosing the final crystalline structure of the compound. The XRD
pattern in Fig. 1 (b) reinforces the polycrystalline nature of DMTS and
provides valuable information about the material’s structural behaviors,
growth processes, electrical transport, and optical characteristics. These
aspects are particularly important for understanding the functional
properties of DMTS, especially in its application as a corrosion inhibitor.

Furthermore, the XRD analysis revealed a preferred crystallite
orientation even during the initial stages of molecule formation. This
observation suggests that the crystallization process of DMTS begins
early in its formation, leading to a distinct and characteristic crystalline
orientation. Such insights gained from XRD analysis are invaluable for
comprehending the material properties of DMTS and how these prop-
erties may influence its effectiveness in practical applications. The
Debye-Scherrer equation was utilized to estimate the mean crystallite
size (D).
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Fig. 1. (a) FTIR spectrum and (b) XRD pattern of DMTS (the inhibitor).

Table 2
Crystallite size of the synthesized DMTS inhibitor.

N° 20 (°) B (Radians) D (A°) D (nm) Doy (nm)
1 9.003 0.204 7.131 0.713 23.97
2 14.633 0.003 556.177 55.618
3 16.544 0.006 261.514 26.151
4 20.519 0.416 3.536 0.354
5 20.519 0.003 460.075 46.007
6 23.047 0.004 371.481 37.148
7 24.296 0.011 139.293 13.929
8 28.262 0.008 195.618 19.562
9 29.541 0.004 400.712 40.071
10 39.183 0.822 1.870 0.187
kA 3.3. NMR analysis
b= pcosd a2 g

In the context of the XRD analysis for DMTS, the Scherrer equation is
also employed to calculate the size of the crystallites. This equation is a
critical tool for understanding the crystalline nature of materials studied
through XRD. The Scherrer constant, k, is set at 0.94 and is typically used
for spherical crystallites exhibiting cubic symmetry. The equation also
incorporates the angular full-width at half-maximum (f) of the XRD
peak, measured in radians. This measurement is crucial as it reflects the
broadening of the diffraction peak due to the finite size of the crystal-
lites. The Bragg diffraction angle () is another essential parameter in
the equation, which in this instance is 12.14708.. This angle represents
the specific position where the maximum diffraction intensity is
observed, corresponding to the lattice planes of the crystallites.

Moreover, the incident X-ray beam (4)’s wavelength is a standard
reference point for calculating the sample’s spacing between the crys-
talline planes. By applying the Scherrer equation with these parameters,
the crystallite sizes corresponding to different peaks in the XRD pattern
of DMTS can be accurately determined. These sizes are essential for
understanding the material’s structural properties, as they provide in-
sights into the nanoscale arrangement of the crystallites within the
sample. The calculated crystallite sizes for the various peaks observed in
the XRD pattern of DMTS are detailed in Table 2 of the study. Thus, this
data is vital for correlating the structural properties of DMTS with its
functional performance, particularly in applications such as corrosion
inhibition. One typical parameter value, D = 12.98 nm, was determined
using the standard method for structural analysis.

The nuclear magnetic resonance (NMR) spectroscopy results for
DMTS provide detailed insights into its molecular structure. In the
proton ({H) NMR spectrum, as shown in Fig. 3, a range of characteristic
peaks can be observed, each corresponding to different protons in the
DMTS molecule. A singlet at approximately 9.5 ppm is noticed, corre-
sponding to the proton attached to the nitrogen atom. This peak in-
dicates the presence of an amine or similar nitrogen-bearing functional
group. Another notable singlet, found around 6.3 ppm, resonates for the
two protons of the second nitrogen atom. This is consistent with the
chemical environment expected in a molecule like DMTS. A singlet
represents the proton linked to the imine carbon at around 7.7 ppm. The
imine functional group is a key feature in thiosemicarbazone com-
pounds. The aromatic ring’s three protons appear at 7 to 7.6 ppm. This
range is typical for protons on an aromatic ring and helps confirm the
aromatic nature of the compound.

The six protons of the two methoxy groups resonate around 3.8-3.9
ppm. This aligns with the expected chemical shift for methoxy pro-
tons, as noted in previous research [75,76]. In the carbon-13 (*3C) NMR
spectrum, presented in Fig. 4, various signals correspond to the different
carbon atoms within the DMTS structure: Signals at § 151.75 and 149.54
ppm were assigned to the CH=N and C=S functional groups, respec-
tively. These peaks are indicative of the imine and thiosemicarbazide
moieties in DMTS. The aromatic carbon signals were detected in the &
108.41-125.72 ppm range, typical for carbons in an aromatic ring
structure. A signal at § 56.03 ppm corresponds to the carbon atoms of
the methoxy groups. This is consistent with the chemical shift expected
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Fig. 2. (a) H'NMR and (b) 3C NMR of the spectrum of DMTS compound.
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Fig. 3. Efficiency and inhibitory corrosion rate of XC38 steel over time in a 1 M HCI solution as an effect of concentration (a) and temperature (b).
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Table 3 Table 4
Corrosion data for XC38 carbon steel in an acidic media as a function of DMTS Corrosion data for XC38 carbon steel in an acidic media as a function of DMTS
concentration after immersion of 24 h. temperature after immersion of 2 h.
C (ppm) A (8) W (g.cm2h™) 0 El (%) Cinh (ppm)  Temperature(K) Ay, (g) W(gem2h!) o EIyy (%)
Blank 0.4266 1.0063 x 1072 / / Blank 303 0.0794 0.06363 - -
10 ppm 0.3890 9.1766 x 1072 0.6178 61.78 10 ppm 0.01232 0.01845 0.19 19.00
40 ppm 0.1630 3.8452 x 107° 0.8808 88.08 40 ppm 0.0868 0.01324 0.501  50.10
80 ppm 0.0111 2.6185 x 1074 0.9703 97.03 80 ppm 0.0549 0.00455 0.58 58.00
100 ppm 0.0079 1.8636 x 1074 0.9814 98.14 100 ppm 0.0292 0.00345 0.685 68.50
Blank 313 0.1906 0.02193 - -
10 ppm 0.1224 0.03464 0.18 18.00
for such groups in an organic compound. 40 ppm 0.0941 0.02663 0.495  49.50
These NMR findings, as corroborated by Boulechfar et al. [77], are 80 ppm 0.0359 0.01016 0.54 54.00
s . . . 100 ppm 0.0205 0.0058 0.63 63.00
critical for validating the proposed structure of DMTS. They provide a Blank 323 0.3554 0.11606 ) i
detailed and nuanced understanding of its molecular composition, 10 ppm 18,409 0.11080 0.16 16.00
which is crucial for studies on its properties and potential applications, 40 ppm 15,298 0.09633 0.45 45.00
such as in corrosion inhibition. 80 ppm 0.9158  0.07462 051 51.00
100 ppm 0.5298 0.03464 0.615 61.50

3.4. Evaluation of weight loss . . . .
corrosive processes. By measuring the mass loss of a specimen over time,

this technique quantitatively reveals the metal’s resilience or vulnera-
bility to corrosion, as well as the efficacy of potential inhibitors. In
evaluating the anti-corrosive capabilities of DMTS inhibitor for XC38

3.4.1. Concentration effect
Gravimetric analysis, a foundation stone in corrosion science, is a
pivotal method for evaluating the extent of material degradation due to
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carbon steel, we quantified the inhibition efficiency (IEy%), weight loss
(Ap), and surface coverage (6) through gravimetric assessments after a
24-hour immersion in a 1 M HCI solution. These metrics, summarized in
Table 3, provide insight into the performance of DMTS at varying
concentrations.

A notable trend depicted in Fig. 3 (a) illustrates that the corrosive
attack on XC38 steel diminishes substantially with the incremental
addition of DMTS, culminating in a substantial decrease in corrosion
rates. The data reveal a significant enhancement in protection with 100
ppm DMTS, yielding an IEy;% of 98.14 %. Even at a minimal inhibitor
concentration of 10 ppm, the steel demonstrates a marked resistance to
the acidic environment, as evidenced by an inhibition efficiency of 61.78
%.7

3.4.2. Temperature effect

Gravimetric experiments were conducted at 303, 313, and 323 K.
The temperature change is a key indicator used to identify the inhibition
performance of the DMTS inhibitor at different concentrations (Fig. 3
(b)). Consequently, the gravimetric outcomes elucidate that DMTS is an
efficacious corrosion inhibitor, with the observed variation in electro-
chemical parameters suggesting a progressive establishment of a pro-
tective barrier.

Mass loss and corrosion rate reduction corresponded with an in-
crease in DMTS concentration. This inverse relationship may be attrib-
uted to the enhanced coverage of the steel surface by the inhibitor
molecules, resulting in a pronounced molecular barrier that mitigates
corrosion. Such coverage likely stems from a significant rate of molec-
ular adsorption, as indicated by the increased 6 with higher concentra-
tions of DMTS. These findings are further validated by the
electrochemical data presented in Table 4, reinforcing DMTS’s role as a
potent inhibitor in preserving metal in corrosive environments.

3.5. Activation thermodynamics

The temperature dependence of molecular adsorption and desorp-
tion mechanisms plays a pivotal role in corrosion dynamics [78]. To
quantify the energy barriers associated with corrosion processes, the
Arrhenius equation is employed:

—E,
corr = A 1
w, exp ( RT ) 13)

Where E, signifies the activation energy, A is the Arrhenius pre-
exponential factor, T is the thermodynamic temperature, R is the uni-
versal gas constant, and W, denotes the rate of corrosion. As depicted
in Fig. 4 (a), we constructed an Arrhenius plot to graphically ascertain E,
for XC38 carbon steel in 1 M HCI by correlating In W, with 1000/T.
The estimated activation energies, derived from the linear regressions of
these plots, are tabulated in Table 5.

Advancing our understanding, the standard enthalpy (AHY) and
entropy (AHSY) of activation are determined using the modified
Arrhenius expression:

RT AS? —AH®
Wconfmexp< R >exp< RT ) (14

Where h and N represent Planck’s constant and Avogadro’s number,

Table 5
Activation parameters for XC38 in 1 M HCl with different concentrations of
DMTS.

Cinn (ppm) E, U mol™) AH? J mol™") AS? (J mol 1K)
Blank ~15.471 18.071 ~331.716

10 ppm 42.173 ~39.573 ~147.307

40 ppm 54.037 ~51.437 ~113.143

80 ppm 74.849 ~72.249 ~51.227

100 ppm 74.354 —71.754 —57.442
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respectively. This modified expression facilitates the extrapolation of
thermodynamic parameters from a plot of In W,,/T versus 1000/T,
illustrated in Fig. 4 (b), with the slope and intercept corresponding to —
AHY/RT and R/Nh+ AS; /R, respectively. The thermodynamic findings
suggest that the dissolution process of carbon steel is endothermic,
reflecting a complex formation that is associative, indicating a decrease
in system disorder transitioning from reactants to the activated complex
[79].

Detailed examination of Table 5 reveals that the activation energy
increases from —15.471 kJ-mol! in the absence of inhibitors to 42.173
kJ-mol! upon the introduction of 10 ppm DMTS, signaling the phys-
isorptive interactions of DMTS molecules with the XC38 steel surface
[44,80]. This indicates a reduction in corrosion rates attributed to the
inhibitory shield provided by DMTS adsorption, which impedes both
anodic and cathodic reactions, leading to a decelerated corrosion pro-
cess on the protected metal surface [47,73].

As the concentration of DMTS increases, the increment in E, values
refers to the geometric obstruction by adsorbed inhibitory molecules on
the metal interface. The calculated negative values of AH? reinforce the
exothermic disposition of steel dissolution, while the substantial nega-
tive magnitude of AHS? reaffirms the associative characteristic of the
activated complex, underlining a transformation that leads to reduced
disorder within the system [47,81].

3.6. Adsorption isotherm

Understanding molecular interactions between inhibitory com-
pounds and metal surfaces is fundamental to corrosion control, a
concept that can be analyzed through adsorption isotherms [47]. Such
isotherms provide valuable insights into the nature and extent of elec-
trochemical interactions during the adsorption of organic molecules on
metallic substrates. This study aims to elucidate the governing adsorp-
tion isotherm by fitting experimental data to classic models, including
Langmuir, Temkin, and Freundlich, each based on different assumptions
regarding surface homogeneity and adsorbate interactions [50,82].

The Langmuir isotherm posits a homogeneous adsorption plane with
discrete, energetically equivalent sites, each accommodating a single
adsorbate molecule, and presumes no adsorbate-adsorbate interactions
[49,50,83]. This model is quantitatively expressed as:

Cn 1

= : 1
7 Kad3+cnh (15)

Conversely, the Temkin isotherm acknowledges a decline in
adsorption energy correlating with surface coverage and is described by:

exp(—2a6) = KuasCinn (16)
0.00
Freundlich Isotherm o
o
-0.054y=0.1893 x-0.3974 7
R?=0.999
o -0.101 .o
20 .
2 o7
-0.15 /,/
02014 l46° = -7.812 kJ.mol /|

10 12 14 16 18 20
log C;,, (ppm)

Fig. 5. Freundlich Isotherm adsorption for XC38 in 1 M HCI at different con-
centrations of DMTS.
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Fig. 6. Steel polarization curves in 1 M HCI solution without and with varying
concentrations of DMTS.

Table 6
The impact of the DMTS’s inhibitor concentration on XC38 properties in 1 M
HCL

Cinn (PPm) icor(A/em®)  Eeor (V) B, (mv/des)  fi(mv/des)  Eppp (%)
HCI (Blanc)  139.5 —0.441  68.5 —-109 -

10 ppm 84 —0.462 73 —96 40.0

40 ppm 80 —0.485 67 —-70 42.0

80 ppm 11.7 —0.444 517 -85 91.6
100 ppm 8.4 —0.487  55.2 —62.7 94.0

Here, K45 is the adsorption equilibrium constant, and « signifies the
adsorbate interaction parameter.
The Freundlich isotherm, on the other hand, accommodates surface
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heterogeneity and adsorbate interactions, offering insight into the non-
uniform distribution of adsorption energies across the surface, encap-
sulated in the equation:

log 6 = 10g Kaas + a 10g Cinn 17)

The experimental data converged optimally with the Freundlich
isotherm model, achieving a correlation coefficient (R of 0.999, indi-
cating a heterogeneous surface with variable adsorption potentials, as
illustrated in Fig. 5.

The spontaneity of the adsorption process is confirmed by the
negative values of the standard free energy of adsorption (AG;;,). Spe-
cifically, a AG;,, value of — 7.812 kJ mol™ indicates a physisorptive
interaction characterized by electrostatic forces rather than charge
sharing typical of chemisorption [84]. The adsorption constants derived
from the Freundlich model allow the computation of AG;, using the
following relation:

AG;

" = —RTIN(55.5 x Kyqs ) (18)

Given that R is the universal gas constant, 55.5 represents the molar
concentration of water, T is the absolute temperature, and Kggs the
adsorption equilibrium constant.

The Freundlich isotherm model provided the best fit for the
adsorption of DMTS on XC38 steel, and the negative AG;,; value con-
firms that the adsorption of DMTS on the XC38 carbon steel surface is a
spontaneous process, consistent with physical adsorption mechanisms.
This physisorption is indicative of weak van der Waals forces and
hydrogen bonding between the DMTS molecules and the steel substrate
[85]. Consequently, these findings support the effectiveness of DMTS as
a corrosion inhibitor through the formation of a stable and durable
protective barrier on the steel surface.
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Fig. 7. The impact of inhibitor concentration on carbon steel in 1M HCI Solution: (a) Nyquist plots (b) Bode plots, and Electrical circuit equivalent to fitting EIS data,

(c) solution without inhibitor (Blank), and (d) solution with inhibitor.
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3.7. PDP measurements

PDP measurements, performed in a 1 M HCI solution at 25 °C with
varying concentrations of DMTS (0 to 100 ppm), offer insights into the
corrosion behavior of XC38 steel under acidic conditions [86]. The re-
sults, depicted in Fig. 6 and detailed in Table 6, highlight the significant
impact of DMTS on corrosion parameters, including current densities,
potential, and polarization resistances. The polarization curves (Fig. 6)
demonstrate a noticeable reduction in current density with increasing
concentrations of DMTS, inversely correlating with the steel’s corrosion
rate. Specifically, the corrosion current density (io,) markedly de-
creases from 139.5 pA/cm? in the blank solution to just 8.4 uA/cm? at
100 ppm of DMTS, illustrating the inhibitor’s potent effect. The corro-
sion potential (Eo) shows slight shifts, indicating that the inhibitor
predominantly influences the kinetics rather than the thermodynamics
of the corrosion process.

Further analysis of Tafel slopes (4, and f.) from Table 6 reveals an
increase in polarization resistance, especially notable at higher DMTS
concentrations. This suggests a more effective barrier formation on the
metal surface, enhancing protection. Remarkably, the inhibition effi-
ciency (Eppp) reaches up to 94 % at 100 ppm, underscoring the high
effectiveness of DMTS in this environment. This trend of increased
inhibitory effectiveness with higher concentrations of DMTS implies a
proportional increase in the adsorption of inhibitor molecules on the
steel surface, thereby forming a robust protective layer that impedes
both anodic dissolution and cathodic reduction processes. The consis-
tent corrosion potential across varying concentrations further indicates
that DMTS stabilizes the corrosion potential, maintaining a steady state
favorable for corrosion protection. Therefore, the PDP measurements
confirm DMTS as a highly effective corrosion inhibitor for XC38 steel in
acidic conditions, significantly reducing corrosion current density and
enhancing corrosion resistance, making it an excellent choice for in-
dustrial applications where steel is exposed to corrosive acidic
environments.

3.8. EIS measurements

The electrochemical characteristics of the samples were analyzed
using the EIS method. Fig. 7 (a) and (b) show the Nyquist and Bode
curves for various concentrations of DMTS (inhibitor) in 1M hydro-
chloric acid medium. EIS measurements, when conducted at the corro-
sion potential (E.o), provide critical kinetic parameters that define the
corrosion characteristics of steel as well as the mechanism of action of
the inhibitor [87].

Established metrics for assessing overall corrosion resistance include
the Nyquist diameter and impedance at the minimum frequency (0.01
Hz) [88]. The results of these tests indicate that the DMTS inhibitor
offers optimal corrosion protection at a concentration of 100 ppm, as
shown by the largest Nyquist diameter and the lowest impedance at the
lowest frequency. In contrast, the corrosion resistance measurements for
the blank solution are the lowest.

A commonly used method for quantifying EIS data involves models
representing electrochemical equivalent circuits (EECs) [89]. A solitary
peak is visible in the null solution’s Bode-phase angle curves. The in-
hibitor, on the other hand, increases the probability of a two-time
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Fig. 8. Inhibitory efficiency obtained by weight loss, polarization (PDP), and
impedance (EIS) methods for different concentrations of DMTS.

constant EEC. A two-time constant EEC was implemented to mimic the
EIS data for changing inhibitor concentrations, whereas a one-time
constant EEC was used to represent the blank solution. Using analo-
gous circuits documented in the scientific literature, we assessed the EIS
data about carbon steel inhibition by organic chemicals in an acidic
solution.

As seen in Fig. 7, two distinct equivalent electrical circuit (EEC)
models corresponded with the experimental EIS diagrams. These circuits
are influenced by the solution resistance (R;), the charge transfer resis-
tance (R.) that exists between the working electrode and the solution
interface, the double-layer capacitance (Qg), and the film resistance
(Ry). Resistance to corrosion results from the gradual absorption of ox-
ygen and electrolytes via the imperfections in the inhibitor coating [90].

The values of electrochemical parameters derived from simulations
of impedance spectra with and without the addition of various amounts
are shown in Table 7.

The Nyquist diagram analysis yielded the critical impedance pa-
rameters shown in Table 7. The values where R™ and RY, denote the
capacity of inhibited and uncontrolled double-layer adsorption,
respectively. A major improvement in corrosion behavior is shown by
the increased resistance (R.) as the concentration of the inhibitor rises.
Ultimately, this increased resistance leads to a more effective method of
corrosion prevention [77].

Fig. 8 illustrates the variation in inhibitory efficiency determined by
three distinct methods—electrochemical impedance spectroscopy,
gravimetry, and polarization curves—concerning the concentration of
the DMTS compound in 1 M HCl medium. We observe congruence be-
tween the values obtained via electrochemical measurements and those
determined using gravimetry.

3.9. Surface and morphology investigations

3.9.1. SEM analysis

Fig. 9 (a) presents the pristine surface of XC38 steel before any
experimental treatment, showing a smooth and unblemished
morphology typical of polished steel surfaces. Upon exposure to a 1 M
HCI solution without any inhibitor, as depicted in Fig. 9 (b), the surface

Table 7

XC38 carbon steel electrochemical impedance parameters in 1M Hydrochloric acid with varying DMTS inhibitor doses.
C (ppm) Rs (Q.cm?) R¢ (Q.cm?) Qf (uF.cm™®) Re(Q.cm?) Qai(wF.cm®) Rioi(Q.cm?) E%
Blanc 0.81 / 112 26.7 / 80 /
10 ppm 0.8 69 847 8 57 110 65.32
40 ppm 0.78 90 91 24 1100 113 76.57
80 ppm 0.80 123 860 3 10 126 78.80
100 ppm 0.5 313 567 100 3500 413 93.53
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Fig. 9. Images from the 50 um-SEM of polished XC38 steel samples (a), after 72 h immersion in 1 M HCI solution: without inhibitor (b) and with 100 ppm in-

hibitor (c).

integrity of the steel significantly deteriorates. This condition is evi-
denced by the formation of gray clusters and notable pitting, indicative
of severe corrosive attack. These morphological changes represent the
formation of iron oxide, suggesting widespread corrosion across the
entire surface [91]. In contrast, Fig. 9 (c) illustrates the surface of XC38
steel after immersion in a solution of 1 M HCI containing 100 ppm
DMTS. Remarkably, the surface appears almost untouched by corrosion,
maintaining a smoothness comparable to the untreated sample. This

12

stark difference underscores the effectiveness of the DMTS inhibitor in
protecting the steel by forming a protective coating that significantly
restricts electrolyte access to the metal surface. The EDS spectra further
support these findings. In the absence of the inhibitor, the oxygen peak
in the EDS spectrum confirms the formation of iron oxide due to
corrosion processes in the acidic medium.

Additionally, the presence of chloride ions on the surface after 72 h
of exposure corroborates their role in facilitating pitting corrosion of the
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Table 8

Different percentages of phases obtained by EDS measurements.

Element XC38 XC38 + HCl1 XC38 + HCI +Inhibitor

Fe 100 55.98 49.56 47.78 42.65
(o] - 39.58 25.26 29.88 32.51
C - 22.04 18.47 20.50
cl 4.44 - - -

N - 2.84 3.50 3.47
S - 0.30 0.37 0.87

carbon steel. Conversely, the EDS analysis of the steel surface treated
with DMTS, as shown in Fig. 9 (¢) and quantified in Table 8, reveals the
presence of nitrogen and sulfur peaks. These elements indicate the
successful adsorption of DMTS onto the steel surface, highlighting its
role in providing effective corrosion protection.

The SEM examinations qualitatively show a significant retention of
surface integrity in the DMTS-treated samples compared to those
exposed to HCI alone. The observed film formed by the inhibitor on the
steel surface is uniform and comprehensive, with very small infiltration
channels, only a few micrometers in width, detected within the coating.
These channels are critical for maintaining a continuous and well-
adhered protective layer, thereby enhancing the overall corrosion
resistance of the steel substrate. The comparative SEM and EDS analyses

(a)
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provide compelling visual and chemical evidence of the protective ef-
ficacy of DMTS as a corrosion inhibitor for XC38 steel in acidic envi-
ronments [92]. The inhibitor’s ability to form a durable adsorbed layer
on the steel surface effectively prevents the typical degradation seen in
harsh acidic conditions, illustrating its potential for industrial applica-
tions where metal preservation is critical.

3.9.2. AFM analysis

AFM was employed to provide a detailed morphological analysis of
XC38 steel surfaces exposed to corrosive conditions. This non-
destructive technique was used to generate high-resolution images
that help quantify the physical changes on the steel surface due to
corrosion and evaluate the protective efficacy of the DMTS inhibitor.
The steel samples were analyzed after 72 h of immersion in 1 M HCI,
both with and without the addition of 100 ppm DMTS inhibitor, to
understand the inhibitor’s role in mitigating corrosion [93]. Fig. 10
depicts AFM scans from two sets of conditions: control samples before
and after immersed in 1 M HCI (Fig. 10 (a) and (b)) and a test sample in 1
M HCI supplemented with 100 ppm DMTS ((Fig. 10 (c)). The control
sample (Fig. 10 (a)) exhibited extensive surface damage characterized
by deep pits and a high average roughness (R,) of 83 nm, indicative of
aggressive acid corrosion.

Conversely, the DMTS-treated sample (Fig. 10 (c)) showed a signif-
icantly smoother surface with a markedly reduced roughness. This

(b)
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Fig. 10. AFM Morphological analysis of XC38 Steel surfaces before (a) and after 72 h in 1 M HCl solution without (b) and with DMTS inhibitor (c).
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Fig. 11. ATR spectrum (a) and XRD patterns (b) of the XC38 surface after 24 h immersion in 1 M HCI solution containing 100 ppm of DMTS.

demonstrates the inhibitor’s effectiveness in forming a protective bar-
rier, which mitigates the acid’s corrosive impact. Quantitative AFM data
revealed a substantial decrease in surface roughness for the DMTS-
treated steel, confirming the visual assessment. The smoother
morphology of the treated sample suggests that DMTS successfully
blocks active corrosion sites and possibly forms complexes with metal
ions to preserve the steel’s surface integrity. This analysis underscores
DMTS’s potential as an effective corrosion inhibitor for industrial ap-
plications where resistance to harsh acidic conditions is crucial [1,77,
80]. The protective properties of DMTS not only enhance the durability
of metal components but suggest its broader applicability in managing
corrosion-related challenges in industrial settings.

3.9.3. ATR-FTIR spectroscopy

ATR-FTIR spectroscopy is paramount for elucidating the molecular
dynamics at the metal-inhibitor interface, providing a window into the
subtleties of surface interactions [3,94]. This method is integral to
confirming the adsorption of organic inhibitors, a cornerstone in
corrosion mitigation. By interrogating the vibrational signatures of
chemical bonds, ATR-FTIR analysis identifies functional groups and
divulges the adsorptive behavior underpinning the inhibitor’s
performance.

ATR-FTIR spectroscopy was employed in this investigation to assess
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the surface interaction of XC38 steel with DMTS under corrosive con-
ditions. Fig. 11 (a) unveils the spectral landscape of DMTS, distinguished
by peaks representative of its molecular scaffold. Notable is the N-H
bond’s stretching vibrations observed between 3300-3500 cm?, which
display a discernible shift, likely attributed to electron density modu-
lation by adjacent sulfur. The aromatic C—H stretching frequencies
manifest near 3000 cm. Pertinently, the C=N stretch, a hallmark of the
thiosemicarbazone genre, resonates around 1600 cm’, revealing a shift
upon interaction with the metal surface, which suggests participation in
complex formation with iron atoms. Additionally, the C—O stretching
motions, typically between 1250-1000 cm™}, underwent intensity vari-
ances, insinuating their role in surface bonding [1,44].

The spectral comparison clearly shows the inhibitor-induced modi-
fications on the treated steel surface, which notably lacked the charac-
teristic peaks of DMTS in isolation. The shifts and intensity changes in
peak patterns are irrefutable spectroscopic fingerprints of DMTS
adsorption on the XC38 steel, indicative of complexation and subse-
quent formation of a protective barrier against corrosion. These spectral
insights complement the morphological and physical data obtained from
SEM and AFM analyses, attaching a comprehensive understanding of the
protective film’s inhibition mechanism and genesis.
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Fig. 12. The optimized geometry (a), the Mullikan atomic charge distribution (b), the HOMO (c), LUMO (d) orbitals, the total density of states (e), the electrostatic
potential (f and g), and the ELF maps (h) at BsLYB/6-311G(d,p) for DMTS inhibitor.
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Table 9

The DFT calculated global reactivity parameters for DMTS compound.
E¢ pt (Debye) Enomo (eV) Erumo (eV) Eg (eV) x (eV) n (eV) G (eV) o (eV)
(eV)
—1101.9288 9.3682 —5.4752 —1.4808 3.9944 3.4780 1.9972 0.2504 3.0284

3.9.4. Surface characterization through X-ray diffraction

XRD analysis yields critical insights into the surface chemistry al-
terations induced by corrosion and its mitigation through inhibitory
action [95]. Fig. 11 (b) illustrates the diffraction patterns of XC38 car-
bon steel post a 24-hour immersion in 1 M HCI, both in the absence and
presence of the DMTS inhibitor. In the uninhibited acidic environment,
the steel surface exhibited characteristic peaks at 26 values of 18.31° and
32.48°, corresponding to the formation of iron oxides, notably Fe3Oy,
Fey0O3, and FeOOH. These compounds are indicative of substantial
oxidative degradation as a consequence of corrosive interaction with the
chloride medium. Conversely, the inclusion of 100 ppm DMTS inhibitor
markedly altered the XRD spectrum, revealing a prominent peak at 20 =
45.52°, congruent with the crystalline structure of metallic iron. The
peaks for iron oxides were absent, underscoring the inhibitor’s role in
staving off oxide formation. This phenomenon is attributed to the
establishing of a protective adsorptive film by the DMTS molecules,
effectively safeguarding the underlying metal surface. Therefore, this
XRD assessment validates the efficacy of DMTS as a potent corrosion
inhibitor, supplementing the empirical evidence gathered from other
surface characterization techniques, including AFM, SEM, and
ATR-FTIR spectroscopy.

3.10. Computational modeling analyses

3.10.1. DFT calculations

DFT was employed to elucidate the chemical reactivity of DMTS
inhibitors, focusing on its potential as a corrosion inhibitor and its
electronic and structural attributes. The molecular conformation, opti-
mized using the B3LYP functional within the 6-311G (d, p) basis set
framework, is depicted in Fig. 12 (a). DMTS, existing in a singlet state
with a composition of 29 atoms, exhibits a total ground state energy (E)
of —1101.9288 atomic units and a dipole moment () of 9.3682 Debye,
as recorded in Table 9. The heightened i value may strongly indicate its
inhibitory capabilities in conjunction with its role as a hydrogen bond
donor [1,47,54,96,97]. Such a molecule, characterized by a substantial
u value, is expected to participate in various intermolecular forces,
including dipole-dipole interactions, z-z stacking, and hydrogen
bonding, facilitated by its polar nature and significant charge distribu-
tion. Mulliken charge distribution analysis on DMTS proves the mole-
cule’s significant charge disparity, as Fig. 12 (b) delineates. The
chromatic gradient representing Mulliken charges across DMTS’s 29
atoms uncovers an apparent polarity within its structure. Hydrogen
atoms uniformly exhibit positive charges, with the most pronounced
positive charges observed proximal to oxygen atoms, which is attribut-
able to the substantial electronegativity of oxygen. Moreover, carbon
atoms neighboring oxygen atoms bear positive charges when contrasted
with other carbon atoms with a negative charge. The carbon atoms C2
and C7 manifest as the most positively charged within the molecular
framework, while the most substantial negative charges reside in C6 and
C16.

Fig. 12 (c) and (d) exhibit the electron density distributions for
DMTS’s HOMO and LUMO, with the energy gap (Eg) of 3.9944 eV
signifying its reactivity (Table 9). The HOMO is predominantly localized
around the nitrogen and sulfur atoms, indicating these regions as the
primary sites for electron donation during adsorption onto the metal
surface. In contrast, the LUMO is concentrated around the oxygen atoms
and the aromatic ring, suggesting these areas are the main acceptors of
electron density. A wide Eq typically indicates stability and low reac-
tivity; however, DMTS’s narrower E; suggests potential as a reactive
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corrosion inhibitor. The calculated quantum parameters—hardness (1),
softness (o), electronegativity (y), and electrophilicity index (w)—rein-
force this active behavior. Furthermore, TDOS calculations (Fig. 12 (e))
demonstrate electron density concentration just below the HOMO,
predicting electron-donating capabilities conducive to corrosion pro-
tection. This denotes DMTS’s potential for forming protective surface
complexes, affirming its effectiveness as a corrosion inhibitor.

In addition, Fig. 12 (f) and (g) provide a visualization of the elec-
trostatic potential (ESP) mapped onto the electron density surface of the
DMTS molecule, offering valuable predictive insight into its site-specific
chemical reactivity, particularly for inter-hydrogen bonding and sus-
ceptibility to nucleophilic or electrophilic attacks. The ESP plot, derived
from DMTS’s optimized structure, showcases a range of electrostatic
effects: the oxygen atoms are enshrouded by red hues, signaling regions
of negative electrostatic potential, typically associated with electrophilic
reactivity due to their propensity to attract positive charges, such as
protons. Conversely, areas displaying blue—most prominently around
hydrogen atoms—indicate positive potential, suggesting nucleophilic
reactivity where there is a tendency to repel protons [98-100]. The
subtler green areas traversing the zn-system denote regions of neutral
electrostatic potential. These zones are not typically involved in polar
interactions but can engage in hydrophobic interactions, affecting the
molecule’s orientation and interaction with other non-polar substrates,
such as hydrocarbon-based corrosion products or organic coatings on
metal surfaces. The nuanced ESP topography captured in the 3D plot and
the corresponding contour map in Fig. 12 (g) allows for the correlation
of color-coded potential regions with the likelihood of chemical inter-
action types, thereby supporting the rational design of corrosion in-
hibitors with tailored reactivity profiles. Literature corroborates that
ESP analyses can significantly contribute to our understanding of mo-
lecular behavior in complex systems, such as those encountered in
corrosion inhibition [101-103]. The ESP mapping on DMTS thus re-
inforces the molecule’s multifaceted inhibitory function, providing a
molecular-level explanation for its observed corrosion resistance in
practical applications.

The Electron Localization Function (ELF), delineated through
advanced computational analyses via the Multiwfn program and visu-
alized in Fig. 12 (h), offers a nuanced depiction of the electron pair
probability density within the optimized geometry of DMTS. ELF serves
as a robust indicator of the localization of electron pairs, thereby illu-
minating the presence and characteristics of chemical bonds and mo-
lecular structure [104-109]. The three-dimensional (3D) shaded surface
maps that project ELF substantiate the hydrogen-bonding propensities of
DMTS and articulate the molecule’s spatial accommodation on metal
substrates. Fig. 12 (h) vividly illustrates the regions of high electron
localization, indicative of potential sites for chemical bonding. These
sites are integral to the molecule’s ability to form stable interactions
with metallic surfaces, which is critical to its function as a corrosion
inhibitor. The topographical contours of the ELF surface maps empha-
size the molecule’s geometric suitability for interfacing with the intri-
cate landscapes of metal surfaces. Consequently, the inherent electron
distribution within DMTS, as illustrated by the ELF, directly contributes
to its efficacy as a corrosion inhibitor, offering a tangible molecular
foundation for its protective actions in corrosion-prone environments.

Non-covalent interaction (NCI) analysis provides a meticulous
evaluation of the interactions between the DMTS inhibitor and a Fegq
cluster, shedding light on the fundamental nature of their interactions,
as visualized in Fig. 13. Through the lens of Reduced Density Gradient
(RDG) values and color-coded isosurfaces, NCI theory interprets the
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delicate interplay of forces governing the inhibitor-metal surface inter-
activity [43,73,81]. The NCI-RDG scatter plots (Fig. 13 (a) and (b))
graphically represent these interactions: blue signifies hydrogen
bonding, green indicates van der Waals interactions, and red conveys
steric repulsion. The plots articulate a comprehensive spectrum of
interaction intensities, with the RDG isovalue extending from —0.035 to
0.020 a.u., investigative regions of stability and potential reactivity on
the metal surface. The red regions in the scatter plot allude to mitigated
steric repulsion resulting from DMTS’s molecular architecture, which is
rich in electron-donating heteroatoms.

Conversely, blue and green areas reflect the inhibitor’s effective non-
covalent bonding, which is fundamental in forming a protective layer on
steel surfaces in corrosive environments. RDG versus sign (12) x p plots
(Fig. 13 (c) and (d)) further differentiate the bonding landscape,
marking the strength and nature of interactions at the inhibitor-metal
interface. The prominence of green zones in these plots signifies the
substantial role of van der Waals forces, indicative of the influence of
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DMTS’s molecular structure on the inhibition mechanism.

The NCI analysis aligns with previous discussions on the results of
FMO, Mulliken charge, MEP, and ELF investigations, shedding light on
the bonding and reactivity properties of the DMTS molecule and
providing a holistic view of DMTS’s protective efficacy against corrosion
on metallic substrates. Integrating NCI studies with computational and
experimental data corroborates the inhibitor’s effectiveness, portraying
how DMTS molecular interactions contribute to forming a resilient
adsorptive layer on metal surfaces. Consequently, this comprehensive
understanding enriches our knowledge of corrosion inhibition and
supports the utilization of DMTS as a formidable defense against metal
degradation.

3.10.2. Monte Carlo simulations

Fig. 14 illustrates the molecular adsorption of the inhibitor DMTS
and its protonated form, PDMTS, onto an iron (110) surface. The sim-
ulations reveal that both inhibitors orient almost flatly on the surface,
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(b)

Fig. 14. Neutral DMTS (a) and protonated DMTS (b) adsorption on the steel surface.

Table 10

MCS outputs for the Fe(100)/Inhibitor (1)/water (50)/HCI (10) System’s lowest adsorption configuration. Energies are in kcal/mol.

Aqueous solution

Total energy Adsorption energy Rigid adsorption energy Deformation energy dEad/dNi
H,0 Mol
DMTS —7.88 —1425.30 —29.00 —1396.30 -10.13 —193.11
Protonated DMTS —5.51 —1441.75 -32.10 —1409.65 —-10.87 —206.81
Acidic aqueous solution
Total energy Adsorption energy Rigid adsorption energy Deformation energy dEad/dNi
H,0 Mol cr H0"
DMTS —13.55 —1728.24 —40.81 —1687.43 —10.23 —186.18 —0.27 —28.47
PDMTS —-16.73 —1750.25 —44.64 —1705.61 —9.92 —208.00 —28.12 —1.42

Consequently, MC simulations confirm that DMTS and PDMTS are highly effective in adsorbing onto the iron (110) surface. Their strong interactions with the surface,
as evidenced by favorable thermodynamic and stability parameters, contribute significantly to their efficacy as corrosion inhibitors in both aqueous and acidic en-
vironments. While these computational findings provide valuable theoretical insights, it is crucial to validate them against experimental evidence to ensure their
practical applicability. This validation will enhance the robustness of the conclusions drawn from the simulations. Nevertheless, the demonstrated efficacy of DMTS
and PDMTS underscores their potential as superior inhibitors for corrosion protection applications in industrial settings where XC38 steel is utilized.

which is optimal for achieving maximum adsorptive interaction with the
metal substrate. Table 10 presents detailed thermodynamic parameters
from MC simulations in both aqueous and HCl solutions. The parameters
include total energy, adsorption energy, rigid adsorption energy,
deformation energy, and dEad/dNi—a critical descriptor that evaluates
the stability of the adsorption system on a molecular level. These sim-
ulations show that DMTS and PDMTS exhibit negative adsorption en-
ergies in neutral and acidic environments, indicating exothermic and
spontaneous adsorption processes [27,65,110,111]. This spontaneous
nature of adsorption underscores a robust interaction between the in-
hibitors and the iron surface, suggesting a strong capability for
adsorption and corrosion inhibition. The analysis of dEad/dNi values is
particularly significant. A higher absolute value in this descriptor im-
plies a stronger and more stable inhibitor-Fe interaction, pivotal for
enhancing corrosion inhibition efficiency. These findings suggest that in
the presence of water and chloride ions, both DMTS and PDMTS are
more effective in displacing these species from the iron surface, thereby
protecting the metal more efficiently [112].

3.11. Inhibition mechanism

Understanding the detailed processes that prevent corrosion at the
interface between XC38 carbon steel and hydrochloric acid solutions is
crucial for developing effective corrosion inhibitors. Scheme 4 illustrates
the complex interactions involved in this system, combining theoretical
insights and experimental validations. The interaction commences in the
acidic environment of HCl, leading to the active sites’ protonation on the
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DMTS inhibitor. Computational analyses suggest that protonation pre-
dominantly occurs at the sulfur atom, followed by the nitrogen atom. In
the corrosive conditions typical of 1 M HCI, the metal surface quickly
oxidizes and becomes positively charged. This oxidation attracts nega-
tively charged chloride ions from the HCI, resulting in a negatively
charged metal surface. The altered charge on the metal surface enhances
the physical adsorption of the protonated inhibitors due to electrostatic
forces, promoting a swift initial adsorption phase [90,113]. The pres-
ence of conjugated double bonds and the electron-rich lone pairs on the
nitrogen, sulfur, and oxygen atoms facilitate further adsorption through
donor-acceptor interactions [36,114].

These interactions initiate chemisorption, which involves the trans-
fer of electrons from the inhibitor’s active sites to the steel’s unoccupied
d orbitals (electron donation). This is followed by a return flow of
electrons from the steel’s d orbitals to the electron-deficient areas of the
inhibitor (back-donation), as depicted in Scheme 4. This exchange
strengthens the bond between the inhibitor and the metal surface,
providing a robust protective layer against further corrosion. In this
sequence, water molecules initially adsorbed on the metal surface are
displaced by DMPTS molecules, characterized by their polar groups and
heteroatoms, further facilitating the adsorption process [74,115,116].

This displacement is crucial as it clears the way for the inhibitor to
form a direct bond with the metal surface, increasing the effectiveness of
the corrosion protection. Both experimental and theoretical research
affirm that chemisorption is the dominant mechanism in this adsorption
process, though a minor component of physisorption remains possible
[117-120]. Upon careful evaluation, it is apparent that the adsorption of
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Scheme 4. Schematic illustration of the adsorption mechanism of DMTS in-
hibitor on XC38 carbon steel surface in 1 M HCI solution.

DMPTS on XC38 in 1M HCI predominantly involves intertwined mech-
anisms of physisorption and chemisorption through electron donation
and back-donation [113,121]. Thus, this comprehensive exploration
provides essential insights into the intricate sequence of events leading
to the adsorption of inhibitors on the metal surface, thus enhancing our
understanding of corrosion inhibition. The detailed analysis merges
theoretical predictions with experimental observations to confirm the
effectiveness of DMPTS as a corrosion inhibitor in acidic environments.

3.12. Comparative analysis with literature data

The efficacy of DMTS as a corrosion inhibitor for XC38 carbon steel
in a 1 M HCl solution stands out remarkably when benchmarked against
traditional and novel corrosion inhibitors. This comparative analysis
draws upon empirical data and theoretical insights to underscore the
superior performance and potential groundbreaking advancements
DMTS introduces in corrosion inhibition. Table 11 offers a comprehen-
sive overview of the inhibition efficiencies of various inhibitors under
similar experimental conditions. The inhibitors compared include a
variety of aromatic and aliphatic compounds tested primarily on mild
and carbon steel substrates in 1 M HCl medium. DMTS, at a concen-
tration of just 100 ppm, demonstrates an exceptional inhibition effi-
ciency, reflected in a 98.14 % reduction in weight loss, 94.00 %
efficiency in PDP tests, and 93.53 % effectiveness in EIS analysis. These
results are particularly noteworthy considering the low concentration
used, highlighting the high activity and potency of DMTS. The inhibitors
listed in Table 11, such as 2-PCT, 3-PCT, 4-PCT, and others, typically
operate through a mixed mechanism involving physical and chemical
adsorption. Their reported efficiencies vary, with the highest efficiencies
often seen at considerably higher concentrations (1.5 mM or 10 mM)
than DMTS. For example, 1A, 1B, and 1C demonstrate efficiencies
ranging from 88.00 % to 97.00 % in PDP tests at a concentration of 10
mM [122]. In contrast, DMTS achieves similar or superior efficiency at a
significantly lower concentration. The statistical analysis further sub-
stantiates the high efficiency of DMTS. DMTS exhibits a consistent
performance across different experimental methods compared to tradi-
tional inhibitors, affirming its robustness and reliability as a corrosion
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inhibitor. Theoretical studies suggest that the high efficiency of DMTS
could be attributed to its molecular structure, which facilitates both
strong adsorption capabilities and the effective formation of protective
layers on the metal surface. The innovation brought by DMTS extends
beyond its high corrosion inhibition efficiency. Theoretical insights
reveal that its molecular structure allows for optimized interaction with
the metal surface, involving complex bonding mechanisms that enhance
both the initiation and stability of the adsorption process. This multi-
faceted interaction reduces the corrosion rate and enhances the in-
hibitor’s resistance to environmental factors within the corrosive
medium. Accordingly, DMTS represents a significant advancement in
corrosion inhibition technology for XC38 carbon steel in acidic envi-
ronments. Its ability to achieve high inhibition efficiency at low con-
centrations and robust performance across various testing protocols
position it as a groundbreaking solution in the ongoing battle against
metal corrosion. The comparative analysis with literature data confirms
the superior performance of DMTS and highlights its potential as a more
efficient and economical choice in industrial applications (Fig. 2).

4. Conclusion

This study has systematically investigated the corrosion inhibition
properties of 3,4-dimethoxy phenyl thiosemicarbazone (DMTS) on XC38
carbon steel in a 1 M hydrochloric acid environment. By blending so-
phisticated experimental techniques and advanced computational ana-
lyses, we have elucidated how DMTS interacts with the steel substrate to
provide significant protective effects against corrosion.

Potentiodynamic polarization measurements demonstrated that
DMTS substantially reduces the corrosion rate, with inhibition efficiency
reaching up to 94 % at a concentration of 100 ppm. Gravimetric analysis
further revealed an inhibition efficiency of 98.14 % at the same con-
centration. Electrochemical impedance spectroscopy (EIS) results
showed an inhibition efficiency of 93.53 %, underscoring the high
effectiveness of DMTS in this environment. The observed shift in
corrosion potential and decrease in current density indicate the forma-
tion of a robust protective layer on the metal surface. Activation ther-
modynamics and adsorption isotherm studies showed negative AG;
values, indicating spontaneous adsorption. Specifically, a AG;, of
—7.812 kJ-mol ! signified a physisorptive interaction, characterized by
electrostatic forces rather than charge sharing. Surface analyses using
SEM, EDS, AFM, and XRD confirmed the formation of a protective layer
on the steel surface. SEM and AFM images revealed a smoother surface
morphology in the presence of DMTS, indicating reduced corrosion. EDS
results showed a decrease in iron content and an increase in elements
associated with the inhibitor, confirming surface adsorption. XRD pat-
terns revealed the absence of iron oxides in the presence of the inhibitor,
underscoring its protective effect.

Complementing the experimental data, our computational studies
using density functional theory (DFT), Reduced Density Gradient (RDG)
analysis, and Monte Carlo simulations provided deep insights into the
atomic-level interactions between DMTS and steel. These analyses
confirmed that non-covalent interactions, particularly hydrogen bonds
and van der Waals forces, play critical roles in the adsorption of DMTS
onto the steel surface, facilitating a stable and durable barrier against
corrosion.

The integration of experimental and computational findings in this
study enhances our understanding of Schiff base compounds as effective
corrosion inhibitors and positions DMTS as a particularly potent inhib-
itor in acidic conditions. The detailed analysis of non-covalent in-
teractions further enriches the theoretical framework for corrosion
inhibition, offering pathways for developing new inhibitors based on
Schiff base chemistry.

The findings from this study underscore the significant potential for
using DMTS and other Schiff base compounds in industries where
corrosion protection is critical. Given the pressing need for effective
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Table 11
Comparative analysis of corrosion inhibition efficiency of DMTS in comparison to selected literature findings.
Inhibitor Testing conditions Inhibitor Efficiency Type of inhibitor & Adsorption Ref.
concentration (%)
HN i Mild steel, 1 M HCl 1.5 mM PDP: 88.80 Mixed-type with both physical and chemical [123]
\’( v | x EIS: 92.00 adsorption
N A
2-PCT
v i Mild steel, 1 M HCI 1.5 mM WL: 97.00 Mixed-type with physisorption mechanism [124]
E NN .
\’( N PDP: 88.00
| EIS: 92.00
X
N
3-PCT
HN i Mild steel, 1 M HCI 1.5 mM PDP: 84.80 Mixed-type with both physical and chemical [123]
T S | X EIS: 85.50 adsorption
N
4-PCT
a5 ] & AISI 1020 carbon steel, 1 M 10 mM PDP: 97.00 Mixed-type with both physical and chemical [122]
2 T ~NF N~ Ha EIS: 93.00 adsorption
1A
- y B AISI 1020 carbon steel, 1M 10 mM PDP: 88.00 Mixed-type with both physical and chemical [122]
2
T ~vF HCl EIS: 90.00 adsorption
1B
HoN ] o AISI 1020 carbon steel, 1M 10 mM PDP: 97.00 Mixed-type with both physical and chemical [122]
T S ™~ HCl EIS: 93.00 adsorption
OH
1C
HN n\ > & Mild steel, 1 M HCI 0.8 mM PDP: 89.80 Mixed-type with chemical adsorption [125]
\’( N ™~ EIS: 87.90
o/
o
TMBHC
5 _~ XC38 carbon steel, 1 M 100 ppm WL: 98.14 Mixed-type with physisorption mechanism This
HCl PDP: 94.00 work
H
HzN\H/N\N/ o\ EIS: 93.53
DMTS

corrosion management in industrial settings, these results are highly
impactful. They suggest that Schiff bases, with their incorporation of
heteroatoms like nitrogen, sulfur, and oxygen, can be developed into
cost-effective, efficient, and environmentally friendly solutions for
corrosion control. These compounds form stable and protective
adsorption layers on metal surfaces, thereby impeding corrosion
processes.

Future research should investigate the scalability of producing Schiff
base inhibitors at an industrial level, ensuring economic feasibility.
Assessing the long-term stability of these inhibitors under various
operational conditions is crucial to guarantee sustained corrosion pro-
tection over time. Moreover, evaluating the environmental impact of
using Schiff base inhibitors, including their biodegradability and po-
tential ecological effects, is essential for their sustainable use. Studies
should also focus on synthesizing new Schiff base compounds and
optimizing their concentrations for maximum efficiency in industrial
applications, particularly under different corrosive conditions encoun-
tered in various sectors. Ensuring that the use of these inhibitors aligns
with environmental regulations and sustainability goals will make them
suitable for widespread industrial adoption.

The study was conducted under controlled laboratory conditions
using specific concentrations of DMTS and a 1 M HCl solution. However,
real-world applications may present additional challenges, such as
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varying environmental conditions, the presence of other chemicals, and
mechanical stresses that could influence the inhibitor’s performance.
Moreover, the study did not fully explore the long-term stability of
DMTS under continuous exposure to corrosive environments. Future
research should investigate the durability of the inhibitor over extended
periods to ensure sustained protection. The potential environmental
effects of DMTS, including its biodegradability and ecological impact,
were also not addressed in this study. Understanding these factors is
crucial for the sustainable use of Schiff base inhibitors in industrial ap-
plications. While computational studies provided valuable theoretical
insights into the molecular interactions between DMTS and the steel
surface, these simulations are based on idealized models that may not
fully capture the complexity of real-world systems. Therefore, additional
experimental validation is necessary to confirm these findings. Future
research should aim to more thoroughly compare computational pre-
dictions with experimental evidence to enhance the validity and appli-
cability of the theoretical models used in this study.

In conclusion, this study not only contributes to the field of corrosion
science by providing a detailed mechanistic understanding of how DMTS
inhibits steel corrosion but also opens avenues for further research into
corrosion inhibitors that are both effective and sustainable. Through
continued interdisciplinary research, developing novel corrosion in-
hibitors that align with industry needs and environmental standards can
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