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Abstract Dehydroacetic acid thiosemicarbazone (DHATSC) was tested for its ability to suppress
corrosion on mild steel XC38 (MS XC38) by measuring its effects by electrochemical impedance
spectroscopy (EIS), weight loss (WL), and potentiodynamic polarization (PDP). Using weight loss
tests and potentiodynamic polarization, the corrosion inhibiting efficiency (IE) of DHATSC for MS
XC38in 1.0 M HCl solution was calculated. The data showed that DHATSC was highly inhibitory,
with increasing effectiveness as the inhibitor concentration increased. In 1 M HCI, the PDP curves
showed that DHATSC was a mixed-type inhibitor. In addition to the EIS findings, the adsorption
of DHATSC was also validated by analyzing the charge transfer resistance (Rct) values of the MS
XC38 surface. At room temperature, the most outstanding corrosion inhibition efficiency as deter-
mined by weight loss was 78%; however, the PDP method obtained 94% at a concentration of
200 ppm. With a standard free energy (Gads) of —6.90 KJ.mol-1 for the adsorption stage, the Lang-
muir isotherm offered the most accurate description of DHATSC adsorption. The inhibitor has a
nanocrystalline structure, measured by X-ray diffraction (XRD), with a mean crystallite size (D) of
56.11 nm. Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy
(FTIR) analyses verified the mild steel’s surface analysis. The theoretical calculations generally
agreed with the experimental findings to a high degree.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Steel and its numerous alloys are the metals most commonly used daily
(Abd El-Lateef et al., 2016; Sedik et al., 2020; Kahlouche et al., 2022).
Due to their high mechanical and physical properties, they are suitable
for various applications, such as in the oil and gas industry, power gen-
eration, petrochemical plants, and civil engineering (Abd El-Lateef
et al., 2016; Sedik et al., 2020; Kahlouche et al., 2022). Steel is widely
used due to its accessibility, affordability, and resistance to various
mechanical loads (Prajila et al., 2018; Belakhdar et al., 2020;
Belakhdar et al., 2020; Ferkous et al., 2021). Rust, scale, and chalky
deposits on carbon steel surfaces can be cleaned with hydrochloric
acid, sulfuric acid, and nitric acid. However, acidic solutions will dam-
age the cleaned carbon steel surfaces and initiate metallic corrosion due
to their abrasive nature (Prajila et al., 2018; Belakhdar et al., 2020;
Belakhdar et al., 2020; Ferkous et al., 2021). Corrosion is a natural
process when metals are exposed to aggressive environments and
undergo chemical reactions such as oxidation/reduction. Aggressive
environments may vary, such as exposure to moisture, salt, and acid.
This can lead to the deterioration of the metal structure, which can
have significant economic and safety implications.

A variety of metals are affected by corrosion, including but not lim-
ited to steel, aluminum, and copper (Abd El-Lateef et al., 2016; Sedik
et al., 2020; Kahlouche et al., 2022). Therefore, it is necessary to min-
imize the effects of corrosion by using various protection methods such
as chemical dip coatings (DCC) (Al Zoubi et al., 2021; Al Zoubi et al.,
2020) and the production of hybrid organic-inorganic (HOI) coatings
on metal alloys by combining plasma electrolytic oxidation (PEO) and
DCC methods (Al Zoubi et al., 2021; Al Zoubi et al., 2020), inhibitors,
and design strategies (Boukerche et al., 2019; Belakhdar et al., 2021.).
Corrosion is a chronic problem as metals revert to their natural state at
the lowest energies, often resulting in chemical reactions with the envi-
ronment. Even when metals are protected, the process can still occur
over time. Additionally, corrosion can be difficult to manage as factors
such as high temperature, humidity, and mechanical stress can cause it.
Corrosive effects can be challenging to see, sometimes taking place in
hard-to-reach areas or under protective coatings. Preventing and mit-
igating the impact of corrosion requires expertise, careful preparation,
and maintenance. This may include selecting appropriate materials and
coatings, establishing appropriate anti-corrosion systems, and main-
taining and inspecting metal structures to detect and repair corrosion
damage (Ibrahim et al., 2016; Delimi et al., 2022; Djellali et al., 2021).

Organic compounds can be used to reduce the effects of corrosion
on metals (Miralrio and Espinoza Vazquez, 2020; Zerroug et al., 2018;
Sedik et al., 2011; Sedik et al., 2014; Srivastava et al., 2017; Verma
et al., 2018). Organic chemicals can be used in various ways to prevent
metal corrosion. The use of organic paints or coatings as a barrier
between the metal surface and the corrosive environment increases
the corrosion resistance of metals. This is because they can be cus-
tomized to provide specific chemical and physical properties, such as
resistance to water, chemicals, or ultraviolet (UV) light (Miralrio
and Espinoza Vazquez, 2020; Zerroug et al., 2018; Sedik et al., 2011;
Sedik et al., 2014). Organic molecules can act as corrosion inhibitors
by forming a coating at the metal-solution contact (Miralrio and
Espinoza Vazquez, 2020; Zerroug et al., 2017; Sedik et al., 2011;
Sedik et al., 2014). Other corrosion inhibitors have also been described
in the literature, the addition of which to acid solutions is the best way
to reduce acid attack. Several chemical families have been developed
and used for this purpose for decades (Srivastava et al., 2017; Verma
et al., 2018).

The interest of theoretical researchers in studying the chemical
reactivity of inhibitors and the extent of interaction with metallic sur-
faces has recently increased (Suhasaria et al., 2020; Chugh et al., 2020;
Singh et al., 2019; Haque et al., 2020). However, this research is partic-
ularly time-consuming for experimental approaches. Despite signifi-
cant advances, the search for potent corrosion inhibitors remains
strong. Studies have shown that molecular structure, chain length,
functional groups, the presence of heteroatoms, and the particular elec-
trolyte used impact the inhibitory properties of organic molecules
toward metals (Suhasaria et al., 2020; Chugh et al., 2020; Singh
et al., 2019; Haque et al., 2020). Researchers in this field have investi-
gated using organic Schiff bases as potential carbon steel corrosion
inhibitors to solve this problem, showing promising results in various
challenging situations (Verma et al., 2018; Li et al., 2022; Sakthivel
et al., 2020; Liu et al., 2018; Abd-ElHamid et al., 2023; Al-Gorair
et al., 2023). Organic substances, called Schiff bases, have a carbon—ni-
trogen double bond with an imine functional group (EIl Batouti et al.,
2023). Schiff bases are formed by the condensation reaction between
an amine and an aldehyde or ketone (EI Batouti et al., 2021). Numer-
ous studies have been conducted on these compounds to determine if
they can prevent corrosion in various materials, including carbon steel,
under acidic conditions (Hossain et al., 2017; Sahu and Thakur,
2012).
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The physisorption of heteroatoms such as Nitrogen, Sulfur, and
Oxygen in the inhibitor’s structure inhibits corrosion (Sahu and
Thakur, 2012; Singh et al., 2011). Chemicals that form p-bonds and
interact with the metal surface through their p-orbitals are highly effec-
tive inhibitors. Schiff bases’ “azomethane” group (C = N) can inhibit
or completely halt corrosion. Studies have shown that Schiff bases
treated on steel (Ferkous et al., 2020; Abd El-Lateef et al., 2017;
Abdelsalam et al., 2022; Al-Amiery et al.,, 2020; AltunbasSahin
et al., 2020; Aouniti et al., 2016; Ashassi-Sorkhabi et al., 2005;
Bedair et al., 2017; Boulechfar et al., 2021; Boulechfar et al., 2023;
Messali et al., 2018), aluminum (Arjomandi et al., 2018; Yurt and
Aykin, 2011; Aytac et al., 2005; Safak et al., 2012; Naik et al., 2016)
(ranging from 46% to 99.87% purity), and copper (Issaadi et al.,
2014; Ehteshamzade et al., 2006; Zhang et al., 2016; Mishra et al.,
2015; Mishra et al., 2015) exhibit high efficiency in resisting corrosion
in acidic environments, with inhibition efficiency ranging from 87% to
99%.

The efficiency of 2-(2-methoxy benzylidene) hydrazine-1-
carbothioamide (MBHCA) in preventing the corrosion of carbon steel
in hydrochloric acid was studied, for example, by Ferkous et al.
(Ferkous et al., 2020). At a concentration of just 200 ppm, adding
MBHCA reduced corrosion by as much as 97.8 percent (ppm).
MBHCA is believed to adsorb onto the steel surface and generate a
protective layer, which is what provides the inhibition against corro-
sion. The functional groups of MBHCA connect to the metal surface
by chemical bonding and electrostatic attraction, forming this protec-
tive layer.

Certain thiophene Schiff bases have been shown to inhibit carbon
steel corrosion, with 91 and 97% efficiencies, respectively, as reported
by Aouniti et al. (Aouniti et al., 2016) and Tezcan et al. (Tezcan et al.,
2018). Researchers Liang et al. (Liang et al., 2019) showed that the 2-
amino fluorene bis-Schiff base was nearly 100% efficient in preventing
corrosion on carbon steel. Boulechfar et al. (Boulechfar et al., 2021)
studied the influence of temperature on the corrosion rate and found
that the Schiff base 2-furaldehyde semicarbazone had the most excel-
lent inhibitory effect at 293 K. (FSC). However, the corrosion rate
increased when the temperature was raised from 303 K to 323 K.

In another study, Zerroug et al. (Zerroug et al., 2021) investigated
the anti-corrosion properties of Artemisia Herba alba (AHA) polyphe-
nols. They found that the inhibition efficiency increased with temper-
ature, ranging from 88.5% at 298 K to 92.9% at 323 K, with a
concentration of 900 ppm. Belakhdar et al. (Belakhdar et al., 2020)
examined an extract from Rosmarinus officinalis (RO) as a corrosion
inhibitor for carbon steel. They observed greater effectiveness at lower
temperatures, specifically in the 303 K to 333 K range, particularly
with increased concentrations.

This research analyzes how well DHATSC protects mild steel from
corroding in hydrochloric acid (HCI) solution. To determine the effi-
cacy of the inhibitor, we used open circuit polarization (OCP) and
potentiodynamic polarization (PDP) experiments with electrochemical
impedance spectroscopy (EIS) and weight loss measures. The inhibi-
tor’s phase was determined via X-ray diffraction (XRD). Density func-
tional theory (DFT) simulations were used to examine the behavior of
molecules and electron interactions with the metal, and the adsorption
parameters were also obtained. We compared theoretical results from
quantum chemistry calculations and molecular dynamics simulations
with actual data for a complete picture of the corrosion processes.

2. Materials and methods
2.1. Materials

2.1.1. Sample preparation for steel

Steel sheets with an iron content greater than 99.5% were used
in the experiments. The relative proportions of the various
chemical compounds are displayed in Table 1. The cylindrical

Table 1
Element C Si Mn Al P S
(wt. %) 0.21 0.38 0.05 0.01 0.09 0.05

Elemental composition of MS XC38.

models used in electrochemical tests had an exposed surface
section of 0.27 cm?, whereas samples for gravimetric studies
and SEM analyses were (20 x 50 x 2) cm’. Samples were
cleaned in distilled water, washed with acetone to remove
any grease, and then allowed to air dry before being polished
with wet SiC paper (grade 220-2000). The powerful 1 M
HCl solution was made using hydrochloric acid with a concen-
tration of 37%.

2.1.2. Working solutions

The strong electrolyte used in the experiments was diluting
37% hydrochloric acid (HCI) from analytical grade with 1 M
distilled water. The effect of the inhibitor on the metal’s corro-
sion behavior was studied by adding the inhibitor to the solu-
tion. We used inhibitor concentrations of both 200 and
60 ppm. Only double-distilled water was used in their prepara-
tion to guarantee the integrity of the test solutions.

2.2. Corrosion study

2.2.1. Gravimetric study

The corrosion rate (v_inh) (g cm-2 h-1) after 6 hina 1 M HCI
solution, both with and without DHATSC inhibitor, can be
measured using the following equation:

Vinh = (Winitial - W/inal)/(A * t) (1)

Where: vy, is the corrosion rate in grams per square cen-
timeter per hour; Winiia 1S the initial weight of the sample
before exposure to the corrosive solution; Wg,, is the weight
of the sample after 6 h of exposure; A is the surface area of
the sample in square centimeters; t is the exposure time in
hours.

The samples were cleaned and polished before being
immersed in 1 M HCI solutions containing the inhibitor to
obtain accurate results. After the 6-hour exposure period, the
samples were washed with distilled water, degreased with ace-
tone, dried, and weighed again. The difference in weight before
and after exposure, divided by the surface area and exposure
time, gives the corrosion rate in the presence and absence of
DHATSC.

The following equation may determine the relative inhibi-
tory efficiency compared to WL (IEwl).

W — Wieon
IE,, . x 100 (2)

The electrochemical and weight loss experiments were con-
ducted three times as part of this investigation, and the
obtained results exhibited a high level of reliability, with vari-
ances of only £+ 1 to 2%.

2.2.2. Electrochemical measurements

EIS and PP experiments were performed using the Gamry
framework on a standard three-electrode cell. MS XC38 elec-
trodes were used to conduct investigations, while platinum
electrodes served as counter electrodes and saturated calomel
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electrodes (SCEs) were used as reference electrodes. We cap-
tured polarization curves at a rate of 0.5 mV.s~!, with an open
circuit potential (OCP) of —200 mV to + 200 mV.

Open-circuit potential EIS measurements were conducted
using a frequency range of 100 kHz to 10 mHz and a peak-
to-peak signal amplitude of 10 mV. The following formula
was used to estimate the IE from PP Tests: (IEqp).

. o
[E,qy = "o e 5 100 3)
l(f()?‘r

o

The substrate’s current corrosion densities (i, and ) in
I M hydrochloric acid (HCI) solution were measured in both
the inhibitor’s absence and presence. The corrosion densities
were expressed in amperes per square centimeter (A.cm ).

The interfacial behaviors are described not by a perfect
capacitor but by a constant phase element (CPE). The impe-
dance of a CPE may be calculated using the following
equation:
Zers =51 @)

CPE Q(]-w)a

The CPE exponent “a” varies between 0 and 1, representing
the deviation from ideal capacitive behavior. The CPE magni-
tude is denoted as “Q,” and “w” indicates the angular fre-
quency. Although the CPE is considered to approximate a
perfect capacitor, it still accounts for any non-ideal character-
istics present in the system.

The EIS defined IEgs is calculated as follows:

RL‘! - R:,

ct

IEEIS = x 100 (5)
The measurements of charge transfer resistances, Rct and R’ct,
were made with and without an inhibitor.

eegA
Cy=—— 6
= ©)
where A is the electrode’s projected surface area, is the med-
ium’s dielectric constant, and g, is free space’s permittivity

(8,854 x 107"F.cm™).

2.2.3. Characterization of surfaces

2.2.3.1. Fourier transforms infrared (FTIR) spectroscopy. The
inhibitor’s functional groups were identified using attenuated
total reflection. The Fourier transform infrared spectroscopy
attenuated total reflection technique was utilized. The ATR-
FTIR data was collected using a Perkin Elmer Frontier spec-
trophotometer from 4000 to 400 cm™ .

2.3. SEM analyses

The thermoscientific Quattro model scanning electron micro-
scopy (SEM) was used to study the XC 38 steel’ surface mor-
phology. Depending on whether or not 200 ppm of DHATSC
inhibitor was added, materials were immersed in 1 M
hydrochloric acid at 298 K for 24 h.

2.4. Molecular modeling

For further analysis, the DMol3 module for Material Studio
2017 TM was used to run theoretical simulations on the exper-
imental corrosion data. The geometry of DHATSC was opti-

mized with the help of the GGA-BP86 functional, which
used a double numerical basis (DNP). The inhibitors’ chemical
reactivity with steel was investigated by using theoretical
characteristics.

Chemical potential,u = (= (EHOMO + ELUMo)/z (7)
global hardnessn = (—Enomo + Ervmo)/2 (8)
e
electrophilicity indexw = 3 9)
XE, = Linh
AN = =2 (10)
2(;/IF(, + '7:'»:/1)

The constant N represents the rate at which electrons move
from the inhibitor to the steel surface. It is common practice to
express the energies of molecular orbitals using their highest
occupied (EHOMO) and lowest unoccupied (ELUMO) values.
The yp. value is 4.82 eV, while the ng. value is 0 (Pearson
et al., 1992; Sedik et al., 2022).

Fukui indices (f, and f;) were determined to assess local
activity:

fr = py — pn_i(electrophilicattack) (11)

S5 = pyu1 — py(nucleophilicattack) (12)

The electronic densities are py(atom), py, (anion) and
p_;(cation).
For the adsorption energy, we have:

Eadx = Ein/l*j'lt't’[ - (Einh + Esreel) (13)

Solubilization of the inhibitors in water was investigated
using the Conductor-like Screening Model for Real Solvents
(COSMO-RS) (Behloul et al., 2022; Bououden et al., 2021).
Concurrently, the Adsorption module (Sun et al., 1998) in
Material Studio 2017TM was utilized to study the inhibition
using Metropolis Monte Carlo simulations (MCS) (Frenkel
et al., 1996; Nakhli et al., 2020). The MCS technique finds
the adsorbate/adsorbent pair with the lowest free energy. Sim-
ulations were conducted to study the process of DHATSC
adsorption onto a steel surface, with the size of the containers
determined by the number and types of molecules being stored.
The “Dreiding” force field was utilized during the simulation
to evaluate the strength of the molecular interactions.

3. Results and discussion

3.1. Synthesis

The Preparation of DHATSC involves the reaction of an
equal-molar mixture of (0.01 mol) of dehydroacetic acid and
thiosemicarbazide.

Dehydroacetic acid (1) (1.68 g) and thiosemicarbazide (2)
(2.41 g) were combined to react in a mixture of pure ethanol
(30 ml) and distilled water (10 ml). For three hours, the mix-
ture was refluxed while being stirred. Using distilled water
for washing and filtering afterward, the product was allowed
to cool at room temperature before being deposited as a yel-
lowish crystalline substance. A combination of (methanol/wa-
ter) (60/40) produced yellow parallelepipedic crystals
appropriate for XRD investigation (Scheme 1).
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Scheme 1

3.2. Fourier transform infrared (FTIR) spectra

Utilizing FTIR analysis, the structure of the produced chemi-
cal was determined. (Fig. 1), "H NMR (Fig. 2), and '*C NMR
(Fig. 3).

The FT-IR spectra of DHATSC showed several character-
istic bands: the bands at 3300 and 3100 cm ™! correspond to the
stretching vibrations of the two amine groups (N-H) and
(NH,); the band at 1685 cm™" represents the stretching vibra-
tion of the azomethine group (C = N); the band at 1541 cm ™!
corresponds to the stretching vibration of the carbon—carbon
double bond (C = C); the band at 1415 cm™! indicates the
stretching vibration of the carbon—oxygen bond (C-O); the
band at 1177 cm™! represents the stretching vibration of the
triazole group (N-N); the band at 1027 cm™! corresponds to
an intense stretching vibration of the carbon-sulfur bond (C-
S); and the band at 603 cm ™' corresponds to the vibration of
the Furan ring (Abdelsalam et al., 2022).

Specific signals in the 1H NMR spectra confirmed the for-
mation of the pyrano-thioureas compound 3. A signal of
around 3.25 ppm was observed for the NH proton, indicating
the formation of the pyrano-thioureas compound. Addition-
ally, a singlet signal at 10.5 ppm corresponded to the OH
group, and two singlet signals between 2 and 2.5 ppm were
related to the two methyl groups.

Moreover, data from the '*C NMR spectra of the product
further confirm the proposed structure with the appearance of
signals attributable to the pyrane cycle between 160 and
180 ppm, Cy4 at 180 ppm, and thioureas Cy4 at 178 ppm.

100
E ¥
D\O o
& - - &
g % x5
£ = ]
Z ool L 2 @ s
@ 3 [} =]
& H OH / 33 © Ei
. N=NHC = Z
72\ 4 NH; @ ¥ ;
o 2
e z
n
o
80 k& 1 1 { Il 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(Cm™)
Fig. 1 FT-IR spectra of the synthesized Schiff base (DHATSC)

inhibitor.

OH S
N-NH 4
3h,ta - \
f .t 7 N\ NH,
Reflux o
EtOH 3
o
80-88%

Synthesis of 2-(1-(4-hydroxy-6-methyl-2-oxo-2H-pyran-3-yl) ethylidene) hydrazine-1 carbothioamide 3.

3.3. X-ray diffraction pattern

X-ray diffraction pattern reveals the nanocrystalline structure
of DHATSC, which is demonstrated by intense peaks at
10.52° and 25.87° Fig. 4 is an XRD pattern showing that
DHATSC has mostly a polycrystalline structure. System anal-
ysis indicates that the sample’s precise arrangement is influ-
enced by the compound’s nature (molecular structure) and
the synthesis circumstances. (Leontie et al., 2018). Fig. 4 shows
the DHATSC molecule’s XRD pattern, revealing its mostly
polycrystalline structure. An analysis of the sample’s molecu-
lar structure showed that it was affected by both the experi-
mental circumstances of synthesis and the intrinsic properties
of the molecule (molecular structure). Polycrystalline mole-
cules’ structure, development, electrical transport, and spectral
features are highlighted. The chemical’s XRD data show that
crystal orientation preference already exists at the earliest
stages of molecule formation. Debye-equation Scherrer’s was
used to get the average crystallite size (D):

k.2

B p.coscost (14)

e The Scherrer constant for spherical crystallites with cubic
symmetry: kK = 0.94

e The angular full-width at half-maximum of the XRD peak
in radians: f = 0.15173

e The Bragg diffraction angle: 6 = 12.93522°

e The wavelength of the incident X-ray beam: Acy, ko = 1.
54182 A

Based on these parameters, the usual approach for struc-
tural analysis was used to determine the value of a type param-
eter, which was found to be D = 56.11 nm.

3.4. Gravimetric measurements

The corrosion rate of carbon steel and the efficacy of
DHATSC as a corrosion inhibitor were calculated after exten-
sive testing; the results are shown in Fig. 5. Mass loss of the
metal was determined at 298 K after being immersed in HCl
solutions at several concentrations with and without the inhi-
bitor DHATSC.

The corrosion rate and the efficacy of the IE,, corrosion
inhibition approach are summarized in Table 2 from the WL
trials.

MS XC38 loses weight when immersed in a blank sample,
but the WL decreases as DHATSC concentration rises in the
corrosive solution (Ferkous et al., 2020).
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At a maximum effective concentration of 200 ppm,
DHATSC exhibits an inhibition efficacy of 95.7%, which
remains consistent. The corrosion protection provided to the
steel is significant, with an inhibition efficacy of over 60% even

13C NMR Spectra of DHATSC.

at a minimal applied concentration of 60 ppm. The adsorption
behavior of molecules in the presence of 1 M HCl is believed to
be responsible for the corrosion inhibition mechanism of car-
bon steel. This mechanism involves molecules’ adsorption on
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Fig. 5 Changes in steel sample mass loss as a function of
immersion time, with and without DHATSC.

Table 2 Prevention of corrosion of XC38 MS in HCI solution
at 298 K with varying DHATSC concentrations.

C(ppm) Am(g) + SD W.10° (mgem2h™")  E%
HCl1 0.2685 + 0.00050 6.15 -

60 ppm 0.08399 + 0.00072 1.92 68.78
80 ppm 0.0588 + 0.00025 1.35 78.05
100 ppm  0.043 £ 0.00050 0. 984 84
200 ppm  0.0119 £ 0.00008 0.2675 95.7

the steel’s surface, effectively blocking active corrosion sites
and reducing the overall corrosion rate (Arjomandi et al.,
2018; Yurt and Aykin, 2011).

The overall results suggest that DHATSC effectively
reduces the corrosion rate of the steel sample in a hydrochloric
medium, which aligns with similar findings reported in previ-
ous studies on other Schiff bases (Boulechfar et al., 2021). Inhi-
bitors play a crucial role in protecting carbon steel from
corrosive acidic solutions by forming a protective layer on
the metal surface. An inhibitor’s electron-donating sub-

stituents enhance its effectiveness in inhibiting corrosion
(Leontie et al., 2018; Chugh et al., 2020).

3.5. Evaluation of open circuit potential (OCP)

Time-dependent shifts in the open circuit potential (Eocp) pro-
vide valuable information about the initiation and progression
of corrosion in mild steel (MS) and the relative significance of
anodic and cathodic processes. It is widely accepted that
achieving a steady-state open circuit condition is essential for
conducting reliable electrochemical experiments. When MS is
exposed to a harsh environment, the initial indication of degra-
dation is a change in the measured free potential during a cor-
rosion test. Fig. 6 illustrates the relationship between XC38
OCP and immersion time in a 1 M HCl solution across various
inhibitor concentrations. Other research studies have observed
similar trends (Khamis et al., 2013; Azooz and Kamal, 2019).
Over time, when immersed in an uninhibited solution, the OCP
gradually decreases. Subsequently, it experiences minimal fluc-
tuations and reaches a nearly constant level within the
recorded time frame. This activity indicates a passive layer
forming on the substrate’s surface (Solomon and Umoren,
2016; Ferkous et al., 2022). In contrast, the inhibited solution
exhibits a different response. These interfaces appear to pos-
sess higher corrosion resistance (Heakal et al., 2018; Hsissou
et al., 2021) since the Eocp shifts towards more positive poten-
tial values, and no significant variation in Eocp is observed
throughout the measurement period.

3.6. Polarization measurements

The electrochemical investigation of MS with and without
DHATSC yielded the polarization graphs shown in Fig. 7.
Inhibitor addition has little influence on the anodic and catho-
dic curves, as can be seen by comparing the two. Table 3 is an
updated list of electrochemical parameters.

Fig. 7 shows that MS has an Ecorr of —0.436 V for the Ag/
AgCl reference electrode when immersed in the corrosive solu-
tion without an inhibitor. Activation regulates the increase in
anodic and cathodic current densities due to anodic and catho-
dic overpotentials, respectively.
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Fig. 6 Measurement of open-circuit potential in MS with and
without DHATSC.
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Fig. 7 XC38 steel polarization curves in 1 M HCI solutions.

Adding DHATSC to corrosive fluid reduces the anode and
cathode’s current density, increasing the corrosive medium’s
cathodic potential. Corrosion inhibitors are thus of the mixed
type (Sedik et al., 2022; de Britto Policarpi and Spinelli, 2020).

Since the level of corrosion in a steel sample is directly
related to the current density values, this finding demonstrates
that DHATSC significantly reduces the deterioration of steel
in 1 M HCI. Due to the corrosion inhibitor’s presence, the ano-
dic and cathodic branches of the inhibited solution curve
altered to lower current densities than the blank system curve.
At 200 ppm of inhibitor, the current density drops from 150 A.
cm ™2 without inhibitor to 23 A.cm~? with inhibitor. Table 4
shows that when DHATSC concentration increases, corrosion
current density drops and IE rises. These outcomes are consis-
tent with the theory that inhibitor molecules attach to the
metal surface, block active sites, and strengthen the metal’s
corrosion resistance (Sedik et al., 2020; Ferkous et al., 2021;
Sedik et al., 2022; Solmaz et al., 2011). After this time, the
IE % has decreased by 84%, and the protection is strength-
ened at greater concentrations, suggesting that including
DHATSC in the corrosive environment protects the metal
from dissolving.

3.7. Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a trusted
non-destructive method for studying the electrical response
of electrochemical systems, such as corrosion. Including charge
transfer at the conductive electrode, adsorption, dissolution,
and diffusion of charged species provides a thorough under-

standing of surface processes at the interface. Since EIS is
non-destructive, the integrity of the metal/solution contact
may be maintained during the analysis of these processes
(Kaya et al., 2023). To examine the behavior of the surface
inhibitor coating and the interface between the corrosive solu-
tion and XC 38 carbon steel, EIS was employed. A comparison
of the EIS curves obtained with and without DHATSC reveals
a distortion in the shape of the capacitive loop, particularly at
its center. Fig. § presents the Nyquist and Bode plots obtained
experimentally for MS samples after immersion for one hour
in 1 M HCI solution, both with and without varying concen-
trations of DHATSC. This distortion in the curve shape can
be attributed to frequency dispersion arising from non-
homogeneity, impurities, and surface roughness on the carbon
steel, which are well-known factors that influence the deviation
from the ideal semicircular shape typically observed in solid
electrodes (Saifi et al., 2019).

A capacitive loop with a wider diameter than the blank
solution appears when DHATSC is present, suggesting that
the impedance of the carbon steel has increased thanks to
the assimilation of the inhibitor into the corrosive environ-
ment. Semi-circle diameters grew larger with increasing corro-
sive medium DHATSC concentrations, indicating a
concentration-dependent mechanism by which DHATSC
improves charge transfer resistance (Ferkous et al., 2017).
Since the inhibitor raises the metal’s resistance to corrosion,
greater semi-circles in the Nyquist plots indicate more effective
corrosion inhibition. The metal-electrolyte interface is charac-
terized by a double electric layer, which can be altered in struc-
ture or composition when a new chemical species is
introduced, such as an inhibitor. Anti-corrosion inhibitor
adsorption may be studied by comparing the double-layer
capacitance before and after the inhibitor was added
(Boulechfar et al., 2023). A comparable circuit model was built
using the experimental data to comprehend the Nyquist plots
better. The resistances of the solution (Rs), the charge transfer
(Rct), and the final film product are all accounted for in this
model (Rp). Frequency dispersion due to the steel’s roughness
or non-homogeneity causes the depressed capacitive loops in
the Nyquist charts. This model describes these loops using
the constant phase element (CPE) rather than the double-
layer capacitance. In the corrosion sector, the usage of CPEs
in equivalent circuits is well acknowledged. Microscopic mate-
rial features, including local charge inhomogeneity, surface
defects, and dynamic electrochemical processes, are all consid-
ered by these CPEs, which affect the macroscopic resistance
values.

The following equation can describe the impedance of
CPEs:

Table 3 DHATSC, polarization parameters for XC38 steel corrosion in 1 M HCI.

icorr(RA.c ) Eecord(mV) Ba(mV) Be(mV) CR (mmpy) R, (Q.cm’) IE(%)
Blank 150.03 —436.55 76.5 85.8 1.54 172 -
60 ppm 41.07 —490.41 93.4 118.9 0.40 554 72.63
80 ppm 31.26 —516.84 85.5 96.3 0.28 630 79.16
100 ppm 42.69 —471.83 713 105.7 0.36 455 71.55
200 ppm 23.92 —504.44 76.5 98.0 0.19 781 84.56
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Table 4 EIS measurements results.

Rs (Q) Qdl (uF) ndl Rf (Q) Qf (uF) of Ret (Q) IE %
XC38 HCl 1 M 1.042 2978 0.86 / / / 26.68 /
XC38 HCI1 60 ppm 0.849 2.735 0.76 0.17 2241 0.7 220.4 87.71
XC38 HCI 80 ppm 10.973 81 0.29 0 0.81 158 0.7 320 8 1 2550.4 89.55
XC38 HCI 100 ppm 1.924 55.52 0.81 81.3 409 0.95 313.6 91.78
XC38 HCI 200 ppm 1.221 5.625 0.0.60 13.67 641.2 0.73 462.1 94.22
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Fig. 8 EIS curves on MS XC 38 in 1 M HCI solutions with various amounts of DHATSC: a) Nyquist plots, b) Bode plots.
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ZcpE stands for the impedance of a constant phase element
(CPE), where 7y, and n are the magnitude and exponent of the
impedance. The frequency is expressed in hertz as ® = 2nf,
where j is the imaginary unit. The test findings suggest that
the inhibitor stays on the metal’s surface to form a barrier that
prevents further corrosion. The solution’s dielectric constant is
decreased because this protective layer increases the thickness
of the electric double layer. Solution resistance (RS), charge
transfer resistance (Rct), diffuse layer resistance (Rd), and
the constant phase element of the double-layer circuit are
shown in Fig. 9. (CPEy).

The electrochemical data from the EIS experiments with
DHATSC added is shown in Table 6.

Protection is maximized when the protective component’s
concentration is below 200 ppm. The enhanced protective effi-
cacy of DHATSC molecules shows they work by adsorbing
onto the metal surface of the solution to produce a protective
layer. At high inhibitor concentrations, the value of IE is
remarkably steady but somewhat lower than in the absence
of inhibitors. The surface’s porosity might be to blame for this
drop. After the inhibitor was introduced, CPE values dropped
dramatically.

Furthermore, these values continued to decrease with a rise
in DHATSC concentration, showing that the produced inhibi-
tor molecules were adsorbed onto the metal surface. Reduced
capacitance (Verma et al., 2018; de Britto Policarpi and
Spinelli, 2020) was achieved by increasing the coverage and/
or thickness of the inhibitor’s coating at the substrate/solution
interface through adsorption. We have provided a summary
table in our paper to help readers better grasp the events at

ZCPE = (15)

the metal/solution interface. Table 5 shows that the double
layer capacity (Cdl) and corrosion current density (i.o..)
decrease. Concurrently, measurements show a rise in charge
transfer resistance (Rct) and polarization resistance (Rp).

Cyq levels are decreased more noticeably when the inhibitor
is present than when it is absent. Capacitance is significantly
reduced, especially at increasing inhibitor efficiency levels,
until the optimum is reached because the adsorbed inhibitor
molecules displace water molecules inside the double layer.
As a result, the dielectric constant decreases where the metal
and solution meet as a protective coating develops on the
metal surface (Boulechfar et al., 2023).

3.8. Impact of immersion time on the corrosion inhibition
performance of the studied inhibitor

immersion time’s impact on the studied inhibitor’s corrosion
inhibition performance was examined. Immersion tests were
conducted for an optimal immersion time of 28 days at
25 °C, simulating acid cleaning operations. According to the
data obtained from potentiodynamic polarization measure-
ments (Fig. 10), the inhibition efficiency (IE%) of DHATSC
increased with longer immersion times, ranging from 1 day
to 21 days, and reached its highest levels at 200 ppm, ranging
from 75.20% to 95.87% (see Table 6).

Table 6 exhibits how the system’s corrosion resistance has
been enhanced and highlights the ability of DHATSC mole-
cules to prevent corrosion. This is evident as the polarization
resistance (Rp) increased with longer immersion times in the
DHATSC-inhibited solution, and even after 21 days, there
was no decrease in Rp. These results collectively indicate the
formation of a robust protective surface layer. The prolonged
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Table 5 Comparison of corrosion test values.
icorr(WA.cm) Ro(Q.cm?) Cai(F.cm?) R,(Q.cm?) IE(%)

Blank 150.03 26.68 119.31 172 /
60 ppm 41.07 220.4 14.44 554 87.71
80 ppm 31.26 2550.4 12.46 630 89.55
100 ppm 42.69 313.6 10.26 455 91.78
200 ppm 23.92 462.1 6.89 781 94.22
Table 6 Tafel parameters for MS in 1 M solution with 200 ppm of DHATSC after different immersion times.

HCl 1 day 3 days 7 days 14 days 21 days 28 days
Ecorr (mV) —411.42 —477.94 —474.70 —459.18 —477.087 —453.53 —455.84
icor(WA.cm ™) 305.30 106.27 58.84 91.611 30.805 10.277 8.32
Ry (Qcmz) 80.60 325.0 525.00 657.00 1936.00 1706.0 1145.0
EI(%) - 75.20 84.64 87.732 92.961 95.275 89.91

immersion period allows DHATSC monolayers to adhere
more effectively to the surface of mild steel, creating a more
uniform and tightly-knit protective layer.

1k
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=
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Fig. 10 Immersion time effect on Tafel plots of the interface

mild steel/ HCI 1 M + 200 ppm of DHATS.

Fig. 11(a) represents the Nyquist diagrams for mild steel at
different immersion times in the presence of DHATSC. The
results showed that the immersion time influences the form
and the size of the impedance spectra and, therefore, the cor-
rosion inhibition efficiency of the inhibitor. Two capacitive
loops appear. The first semi-circle is generally due to the
high-frequency charge transfer phenomenon. And the second
loop is related to the formation of the protective layer.

Immersion time was increased (1 to 21 days), and the impe-
dance’s diameter increased, suggesting an improvement of a
capacitive surface film which promotes the protective film for-
mation on the steel surface. It can also be seen from the Bode
phase plots (Fig. 11(b)) that two relaxation time constants can
describe the mild steel corrosion process in HCl media. They
are ascribed to the charge transfer, electrical double-layer
capacitor relaxation, and the adsorbed inhibitor molecules
relaxation process.

3.9. Adsorption isotherm

The effectiveness of organic compounds in preventing metal
corrosion is typically attributed to their adsorption onto the
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metal surface, effectively blocking susceptible areas from cor-
rosion. Surface coverage refers to the ratio of occupied sites
by the adsorbed inhibitor molecules to the total number of
sites per surface unit. Analyzing adsorption isotherms helps
establish a correlation between the metal surface coverage
and the concentration of adsorbed species in the liquid phase
at equilibrium, enabling a better understanding of the interac-
tion between the inhibitor molecule and the steel surface. The
inhibition of metal corrosion by organic compounds is gener-
ally linked to their ability to adsorb onto the metal surface and
hinder corrosion-prone areas. Investigating adsorption iso-
therms facilitates the analysis of the interaction mechanism
between the inhibitor molecule and the steel surface.

The gravimetric test results are utilized to determine the
values of “0” for different solutions of DHATSC in IMHCI
at equilibrium conditions.

_ EW(:urr
=00 (16)

The inhibition efficiency, Ewcorr, 1S calculated using Eq.
(16). Different isotherm models are used to establish the vari-
ations of 6 with respect to DHATSC concentrations. Fig. 12
displays the plot of the selected isotherm model, which exhibits
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Fig. 12 Isotherm model plots for mild steel in 1 M HCI at
various concentrations of DHATSC: Langmuir isotherm.
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Nyquist and Bode plots of mild steel in 1 M HCI with 200 ppm of DHATSC after different immersion times.

straight lines with high correlation coefficients close to unity.

The fitting results yield coefficient of determination, R2, values

of approximately 0.99, as determined by the following

formula:

Cinh 1
0 B Kads’

+ Cin (17)

The Langmuir constant, Kads, represents the equilibrium
constant for the Langmuir adsorption isotherm. C,,, refers
to the equilibrium inhibitor concentration in the liquid phase.
The use of Langmuir adsorption isotherm indicates that it ade-
quately describes the adsorption of DHATSC on the XC38
steel surface. The Kads values are utilized to evaluate the stan-
dard free energy, AG®,q,, of the adsorption step, as expressed
by the following equation:

ads

The value of K g4 is determined to be 3.08 x 10> M, and
the corresponding AG®,qs is found to be —6.90 kJ-mol~'. The
negative value of AG°ads indicates that the adsorption of the
inhibitor molecules onto the metal surface is spontaneous
and exhibits strong binding. Moreover, the significant magni-
tude of AG®,qs (>-40 kJ-mol ') suggests that this adsorption
can be classified as chemisorption, involving solid forces
between the inhibitor molecules and the charged ions on the
metal surface (Belakhdar et al., 2020; Singh et al., 2019).

3.10. Surface characterization

The surface of MS XC38 was examined using SEM after expo-
sure to test solutions, with and without 200 ppm DHATSC.
Fig. 13(a) displays a micrograph of the MS surface in 1 M
HCI, revealing extensive damage characterized by cracks, pits,
and corrosion products due to the interaction with Cl- ions
(Ferkous et al., 2019; Ferkous et al., 2018). In contrast,
Fig. 13(b) shows a considerably smoother MS surface when
the aggressiveness of the medium was significantly reduced,
preventing corrosion. Upon adding DHATSC at a concentra-
tion of 200 ppm to the corrosive medium, Fig. 13(c) depicts a
noticeable alteration with pits and fractures filling up. The
molecules of Schiff bases in DHATSC appear to form a pro-
tective coating on the steel surface, resulting in a denser and
more uniform coverage, thereby improving overall quality.



12

S. Boukerche et al.

Fig. 13 SEM images of the carbon steel surface: a) before immersion in HCI, b) after immersion in HCI without DHATSC, and c) after

immersion in HCI and 200 ppm DHATSC.

Figure 14 presents the results of the EDS analysis con-
ducted on mild steel surfaces. The EDS spectra show a signif-
icant increase in the peaks corresponding to carbon (C),
nitrogen (N), and sulfur (S) on the mild steel surfaces after cor-
rosion in 1 M HCI solution containing DHATSC. This obser-
vation indicates the adsorption of DHATSC onto the surfaces
of mild steel, leading to enhanced levels of C, N, and S (Li
et al., 2022).

3.11. Quantum chemical study

3.11.1. Geometric optimizations

DFT optimized the investigated molecule’s molecular structure
using the B3LYP/6-31G (d,p) approach (Chugh et al., 2020;
Radjai et al, 2018). Gaussian 09 (Haque et al., 2020) and the
molecular visualization tool Gauss view (Al-Gorair et al.,
2023) was used in both vacuum and solvent for all computa-
tions (DMSO). The HOMO, LUMO, and Egap energies were
determined from these optimal structures. Fig. 15 displays the
optimized DHATSC in DMSO.

The descriptors, energy level (HOMO, LUMO), gap
energy, total energy, and linear polarizability (oo calculated
by the DFT method, using B3LYP / 6-31G (d,p) in a vacuum
and solvent DMSO are reported in Table 7.

The molecular sample that was under study has the smallest
gap value. It is, therefore, less stable and more reactive in a
vacuum. The acquired data show that this molecule’s total
energy (E) in DMSO is lower than in a vacuum, confirming
that it is stable in DMSO.

3.11.2. Frontier molecular orbitals analysis

Fig. 16 shows this molecule’s HOMO and LUMO frontier
molecular orbitals in vacuum and DMSO (Boulechfar et al.,
2021; Boulechfar et al., 2023). The frontier molecular orbital
representation indicates that the LUMO orbital in DMSO is
distributed throughout the entire molecule.

3.11.3. Chemical reactivity

@ Global reactivity parameters

Other metrics that reflect the molecule’s stability, such as
electronic affinity, electronegativity, electronic potential,
molecular hardness, and softness as the electrophilicity index,
can be determined using the calculated energy levels (HOMO
and LUMO) (Haque et al., 2020; Li et al., 2022). These equa-
tions can be used to calculate these parameters. (Table 8):

The obtained values are reported in Table 9.

The results reveal that the molecule in a vacuum has the
lowest hardness value, which confirms that it is less stable
and more reactive.

@ Local reactivity parameters
Fukui indices

The Local reactivity descriptors, such as Fukui functions f~
predict a molecule’s electrophilic and nucleophilic attack.

It is noted that the Fukui function, f*, expresses the reac-
tivity when a nucleophilic reagent attacks the molecule. In con-
trast, the Fukui function f gives information about the
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electrophilic attack on a site. The highest Fukui function value
is attributed to the most reactive of sites. For the Fukui func-
tion f, which is to the k-site of a molecule, Yang and Mortier
presented the condensed form of Fukui functions in a molecule
with N electrons. (Aouniti et al., 2016).

Table 7 Calculated molecular descriptors.

MolecularDescriptors Vacuum DMSO

0o (Bohr?) 147.96 203.28

Enomo (eV) — 5.445 - 5.922

ELUMO (CV) — 1.401 — 1.551

AE,,p(eV) 4.044 4.371

E (u.a) — 1137.676 — 1137.716
Ji = la(N+1) = g, (N)] (19)

Jfi = [9c(N) — q.(N — 1)](For an electrophilic attack) (20)

= [g,(N+1) ; 9N —1)] (For aradical attack) (21)
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Fig. 16 HOMO and LUMO molecular orbitals of DHATSC in vacuum and DMSO.

qx(N), q(N + 1), and qi(N —1) are, respectively, the electron

Uelite & it oif o vall weneiiiliy poraiieiss, population of atom k in the neutral molecule, in the anion

electronegativity % = - (Buomo + ELumo) / 2 form of the molecule, and the cation form of the molecule.
Electronic chemical potential = -x = (Enomo + Erumo) / 2 A large value of the Fukui index was found to mean significant
chemical hardness N = (ELumo - Enomo) / 2 site reactivity (Tezcan et al., 2018).

electrophilicity index o = p*/2n

molecular softness S=1/n

Table 9 Calculated values of (DHATSC) ’s reactivity descriptors by B3LYP / 6-31G (d,p) method.

Vacuum DMSO
n S H X ® n S H X ®
2.022 0.4945 — 3423 3.423 2.897 2.186 0.4576 —3.737 3.737 3.194

Table 10 Parameter of local reactivity of the studied molecule.

atom f fr ot

Cl 0 0 0

C2 0 0 0 j{ﬁ ,3
3 0 0 0 4
C4 0 0 0 ) 9

C5 0.0001 0.0004 0.0003

C6 0.0001 0 0 ,’ ‘

C7 0 0 0 |

Ok v v v f7=0.6611 # ‘) ‘J
9 0.0003 0.0007 0.0005 - ’

010 0 0 0 9
Cl1 0 0.0001 0 [7=08932

N12 0.0007 0.0003 0.0002

N13 0.0112 0.0127 0.0093

Cl4 0.0764 0.6611 0.4843

NI15 0.0096 0.0124 0.0091

S16 0.8932 0.3122 0.2288

H17 0 0 0

HI18 0 0 0

H19 0 0 0

H20 0 0 0

H21 0 0 0

H22 0.0001 0 0

H23 0 0 0

H24 0 0 0

H25 0 0 0

H26 0.0006 0 0

H27 0.0076 0 0
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Table 11 Major infrared bands used in experiments (Exp) and
theory (Theo) (cm™Y).

Bond Exp Theo Av
NH 3300 3210 - 90
NH, 3100 3115 15
C=N 1600 1628 28
C = C aromatique 1400 1405 5
C=S8S 1250 1262 12

Local electrophilicity

The local electrophilicity, o} (Muthukrishnan et al., 2017) is
defined by: o = of”

The o is the global electrophilicity index, and f + is the
electrophilic Fukui index. The Fukui and local electrophilicity
indices results are shown in Table 10. According to the values
of f* and ®™, The results of this investigation revealed that
the carbon atom (C14) has the largest value. Therefore, it is
the most susceptible to attack by a nucleophilic reagent. It is
also noted that the sulfur atom (S16) has the highest value

of f°, which supports that this atom is susceptible to elec-
trophilic attack.

3.11.4. Vibrational study

Vibrational motion is one of three main modes of molecular
movement: translational and rotational. It is a periodic motion
when one or more atoms move relative to each other in the
molecule. The vibrational spectra are coordinated with quan-
tum chemistry calculations to understand the compound’s fun-
damental vibration mode. This work used B3LYP/6-31G(d) to
calculate the vibration frequencies. The principal IR bands are
listed in Table 11.

Results from this investigation show that this strategy is
consistent with previous experience.

3.11.5. Molecular electrostatic potential (M ESP)

This map’s red and blue areas indicate regions with high and
low MESP potential. Green represents a potential between
red and blue (red and dark blue). Thus, the electrostatic poten-
tial may be ranked as follows:
(red > orange > yellow > green > blue). In Fig. 17, the
orange area represents the sulfur atom being attacked by an
electrophile. At the same time, the green area represents the

Fig. 17 MESP of the DHATSC: Carbon (gray), Nitrogen (Blue); O (red), H (white), Sulfur (yellow).

Table 12 MCS results. (energies are in kcal/mol).

Total
Adsorption
Rigid adsorption
Deformation
DHASC:
Hydronium:
H20:

CI:

Energy (kcal mol ™)

dEy
aN

12.426
—2.183 10*
—18.761

— 2.181 10*
—1.092 10*
— 1.028 10°
—9.274
—0.564
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carbon and hydrogen atoms that are also being attacked
(Abuelela et al., 2021).

3.12. Monte-carlo simulations (MCS)

Table 12 depicts DHATSC adsorption at maximum efficiency
on the Fe (110) surface and details the computed descriptors
in both water and hydrochloric acid solution.

The inhibitor is vertically adsorbing onto the iron (110)
surface. The fact that DHATSC has a negative value for its
adsorption energy in the acidic aqueous solution shows that
the adsorption of the compound onto the iron surface is a
spontaneous and exothermic process. The adsorption energy’s
absolute value correlates with the adsorption phenotype
(Ferkous et al., 2020; Boulechfar et al., 2021; Sedik et al.,

2022). The absolute value of ‘ffv" is indicative of the stability

of the adsorption system, and it increases as inhibitor-Fe
(110) contacts get stronger. Therefore, corrosion inhibition
is more effective now. This research shows iron is more diffi-
cult to remove than water and CI'.

4. Conclusion

Electrochemical testing has confirmed the high efficiency of the
recently synthesized Schiff base, DHATSC, in inhibiting the corrosion
of XC38 mild steel in 1 M HCI. The inhibition efficiency reached
94.22% at a concentration of 200 ppm and improved with increasing
concentration. Polarization experiments demonstrated that the inhibi-
tor exhibits a mixed inhibition behavior. Its primary mechanism of
corrosion prevention involves adsorption onto the metal surface, fol-
lowing the Langmuir thermodynamic model. This adsorption process
delays both the anodic metal dissolution and cathodic reactive
processes.

The validity of these experimental findings is supported by density-
functional-theory-based quantum chemistry results, which further con-
tribute to the understanding of corrosion inhibitors. These results
highlight a positive correlation between the chemical structure of the
inhibitor and its inhibitory effectiveness. The smallest gap value was
observed for the molecule examined in a vacuum environment, indicat-
ing higher reactivity and lower stability.

In contrast, the molecule was found to be more stable and less reac-
tive in the presence of dimethyl sulfoxide (DMSO), as evidenced by its
lower total energy (E) in that environment. Analysis of the molecular
orbitals at the frontier reveals the presence of the LUMO orbital
throughout the molecule in the DMSO environment. Additionally,
the lowest hardness value observed for the molecule in a vacuum sug-
gests reduced stability and increased reactivity.
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