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Cgrrosmn inhibitor studies. Experimental findings revealed a positive relationship between the

['\)/“Id steel inhibition effectiveness of 1-ABT and its concentration, while displaying a negative
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correlation with temperature. Notably, the highest achieved inhibition efficiency of
approximately 98 % was observed at a concentration of 400 ppm. The adsorption
behavior of 1-ABT on the metal surface was found to conform to the Langmuir
adsorption isotherm, indicating monolayer formation. The thermodynamic analysis
further supported the physiochemisorption nature of the adsorption process. XPS
analysis and theoretical investigations confirmed the adsorption of 1-ABT
molecules onto the steel surface, with the interaction between the N atoms of 1-
ABT and the vacant d-orbitals of Fe atoms playing a significant role. SEM
examinations provided additional evidence, demonstrating a notable reduction in
the corrosion rate in the presence of 1-ABT. These findings contribute to the
understanding of the corrosion inhibition mechanisms and highlight the potential
of 1-ABT as an effective inhibitor for mitigating corrosion in various applications.
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Electrochemical examinations
Theoretical study

1. Introduction pickling, hydrochloric acid (HCI) is typically employed
to remove the surface oxides remained from annealing

and forging treatments. Descaling is generally carried
out through the diluted HCI solutions to prepare the
MS surface for the surface engineering. In all of these
mentioned conditions, the reaction between MS and
HCI solutions may lead to severe corrosion, resulting
significant direct and indirect costs [4-6]. Therefore, it
is necessary to find efficient methods to prevent,

Mild steel (MS) plays a key role in the human life due
to its low price, excellent toughness, high mechanical
strength, good fatigue strength, ideal weldability, and
enhanced availability. This material inevitably comes
into contact with acidic media in various applications,
such as oil-well acidizing, acid pickling, and descaling.
In acidization of oil-wells, HCI is forced into the oil-
well to increase the oil production [1-3]. In acid
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control, or mitigate this issue.

The application of different coatings, the use of
alloying elements such as Cr, cathodic protection, and
corrosion inhibitors (Cls) are among the most common
methods for preventing and controlling MS corrosion
in HCI media [7-11]. Among these methods, the
addition of Cls is a low-cost and simple operation that
is widely used to mitigate the corrosion rate of MS.
These materials are added in small quantities to
corrosive solutions and are physically or chemically
adsorbed onto the MS surface [12, 13]. As a result, a
film forms on the surface of MS, significantly
decreases the corrosion rate. Dependent upon the
nature of Cls, they can be categorized into two groups:
inorganic and organic [14]. Chromates and nitrates are
among the most efficient inorganic Cls which are toxic
and harmful to the human health and environment. On
the other hand, organic Cls are typically characterized
by heteroatoms (namely, N, O, and S) with a pair of
non-bonding electrons, double or triple bonds, and/or
aromatic rings. These features determine their
adsorption mechanism on the surface of MS [15-17]. A
wide range of Cls have been introduced for the
corrosion of MS in HCI [14, 18-22]. However, the
development and introduction of new non-toxic Cls
with high efficiency remains of great importance. It
aims to improve corrosion protection, address
environmental concerns, achieve cost-effectiveness,
gain insights into the underlying mechanisms, and
expand the range of available inhibitor choices.

Given the chemical formula and molecular structure
of the drugs, these materials have been recently
introduced as efficient Cls for MS in HCI solutions [3,
22-24]. Shojaee et al. [25] investigated the inhibition
effect of Tetracycline drug on MS in 1 M HCI. They
reported that the maximum inhibition efficiency (IE)
is around 82 % with 300 ppm of Tetracycline. Kannan
et al. [26] studied the IE of Antipsychotic drug in
HCI solution. Based on their findings, using only 100
ppm of Antipsychotic may result in an IE of 98.8 %.
By using a series of electrochemical techniques,
Zakaria et al. [27] showed that 1200 ppm of Herbal
drug leads to an IE of 97.5 %. The IE of other drugs,
such as cefotaxime sodium, cefixime, ceftriaxone,
ciprofloxacin, amoxicillin, phenothiazine, metformin,
tramadol,  pioglitazone,  cysteine,  cephapirin,
tenoxicam, tiazofurin, and cefalexin has also been
studied in HCI environment [28-30].

Considering the recent advances in the use of
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pharmaceutical compounds as effective Cls for MS in
HCI solutions, it is important to explore new options in
this field. In line with these investigations, this study
focuses on evaluating the IE of 1-aminobenzotriazole
(1-ABT), a novel and non-toxic corrosion inhibitor, for
MS in HCI solution. To accomplish this, a
comprehensive approach involving weight loss
measurements, electrochemical examinations, field-
emission scanning electron microscopy (FE-SEM), and
X-ray photoelectron spectroscopy (XPS) is employed.
Furthermore, the obtained experimental results are
validated through quantum chemical and molecular
dynamic simulations, providing a comprehensive
understanding of the inhibitory mechanism of 1-ABT
on MS corrosion in HCI solution.

2. Experimental

2.1. Materials

MS Plates with dimensions of 10x10x3 mm® and a
chemical composition mentioned in Table 1 were used
as the studied material. To prepare the samples for
weight loss and electrochemical measurements, a
polishing procedure was conducted up to #1000 emery
paper. Subsequently, all samples underwent a cleaning
process involving sequential steps: washing in distilled
water (DW), sonication in ethanol for 60 seconds, and
drying using warm air. It is noteworthy to mention that
the necessary chemicals for both the synthesis of 1-
ABT and the preparation of corrosive media were
provided by the Merck Company. The synthesis
protocol for 1-ABT followed the methodology outlined
in reference [31]. Figure 1 displays the molecular
structure of 1-ABT. The chemical structure of 1-ABT
was analyzed using the Nicolet™ iS50 Fourier
transform infrared (FTIR) spectrometer in the
wavenumber range of 4000-400 cm™.

Table 1: Chemical composition of MS samples.

[C s [l s P lo | ke

0.18 0.12 0.41 0.01 0.01 0.10 Bal.

N\
‘N
s

NH,
Figure 1: The molecular structure of 1-ABT molecule.
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2.2.Weight loss method

The determination of weight loss was conducted by
measuring the initial weight of the cleaned and dried
MS samples using a precision scale with an accuracy of
10 pg. Subsequently, the MS samples were immersed
in varying concentrations (0, 100, 200, 300, and 400
ppm) of the 1-ABT drug dissolved in a 0.5 M HCI
solution for a duration of 100 hours. After immersion,
the samples were washed with distilled water, dried,
and weighed again. The inhibition performance (IEg)
and surface coverage (6s) parameters were then
calculated using the following formulas for each
experimental condition (Egs. 1 and 2) [32]:

IE, =22 1,100 o)
WU
W, —W
Oy =21 2)
WO

The subscript of G indicates the gravimetric
method. The weight loss values of coupons in the
absence (wp) and presence (w;) of 1-ABT were
recorded. To determine the corrosion rate in mils
penetration per year (mpy), Eqg. 3 was employed [33].

corrosion rate = 534W— 3)
DAT

In Eq. 3 the variables W and D respectively denote
the weight loss (mg) and density (g/cm®) of the MS
material. Furthermore, the variable A signifies the
exposed area of the MS coupons (in?), while T
represents the duration of immersion (h).

2.3. Electrochemical measurements

A potentiostatic device (ZAHNER IM6x) was used to
perform electrochemical tests. To establish the
conventional three-electrode cell, the MS samples
served as the working electrode, Ag/AgCl functioned
as the reference electrode, and a platinum electrode
with a surface area of 1 cm® was utilized as the counter
electrode. Two sets of experiments were performed in a
manner similar to the weight loss measurements. The
first set involved varying concentrations of 1-ABT
(100, 200, 300, and 400 ppm), while the second set was
conducted without the presence of 1-ABT, using 0.5 M
HCI as the corrosion solution. The open circuit
potential (OCP) was recorded for 60 minutes before

each electrochemical test to reach a stable state at the
solution/working electrode interface. Potentiodynamic
polarization (PDP) studies were performed by scanning
the electrode potential in the range of -800 to -200 mV
with respect to Ag/AgCI using a scanning speed of 1
mV/s at approximately 30°C. PDP parameters,
including icy (corrosion current density), Egor
(corrosion potential), S, (anodic Tafel slope) and f.
(cathodic Tafel slope), were measured using the Tafel
extrapolation method [34]. In addition, IE; and 6Gp
values were calculated using the following equations
(Egs. 4 and 5).

i blank - with inhibitor

IE, =—2—r 100 @)
1

corr

= blank - with inhibitor

6, =t —— ®

corr

At the optimal concentration of 1-ABT, PDP tests
were conducted at various temperatures (40, 50, and 60
°C) to determine the adsorption mechanism of 1-ABT.
Additionally, electrochemical impedance spectroscopy
(EIS) was employed in the frequency range of 100 kHz
to 10 mHz with an amplitude voltage of 10 mV.
Finally, the EIS data were modeled using ZView
softaware.

2.4. Quantum chemical and molecular dynamics
studies

The quantum chemical studies and molecular dynamics
(MD) simulations were performed using Material
Studio 5.0 software. For geometry optimization and the
calculation of quantum chemical parameters, such as
the energy of the highest occupied molecular orbital
(Enomo), the energy of the lowest unoccupied
molecular orbital (E_ymo), the energy gap (AE=E, ymo-
Enomo), hardness (7), absolute electronegativity (y), the
fraction of transferred electrons (AN), and dipole
moment (U in Debye), the DMol3 module with a basis
set comprising double numerical plus d-functions
(DND) was employed. The values of y, #, and AN were
calculated using Egs. 6-8 [35, 36].

(EHOMO + ELUMO) (6)

r=- 2

E -E
’7=_( HOM02 LUMO) @
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AN = Xre — Xinhibitor (8)
2(17ee + Mionititor )

The values of yr and ng are 7 and 0 eV/mol,
respectively. The MD simulations were conducted to
assess the stable adsorption configuration and binding
energy of 1-ABT molecule on the Fe (1 1 0) surface.
The calculations were optimized using the COMPASS
Il force field, and the simulations were carried out for a
duration of 500 ps with a time step of 1.0 fs using the
NVT ensemble at a temperature of 298 K. The binding
energy between the Cls and the Fe (1 1 0) surface was
determined using Eq. 9, as reported by Kaya et al. [37].

E

binding — _Ewsorption = _(Etotaj - (Esubstrate + Einhibitor ))

©)

where Epinging @Nd Eagsorpiion are the binding energy
and adsorption energy of each inhibitor, respectively.
Additionally, Ea, Esustrater @Nd Einnivitor are the total
energy of the simulation, the energy of Fe (1 1 0)
substrate together with the H,O molecules, and the
energy of inhibitor, respectively.

Epinging refers to the binding energy of inhibitor,
while  Eagsorpiion  represents the adsorption energy.
Furthermore, Eigai, Esubstrates @Nd Einnibitor COrrespond to
the total energy of the simulation, the energy of the Fe
(1 1 0) substrate, and the energy of the inhibitor,
respectively

2.5. Surface characterization

The surface characteristics of MS coupons were
investigated after immersion in uninhibited (0.5 M
HCI) and inhibited (0.5 M HCI + optimized
concentration of 1-ABT) solutions for a duration of
100 hours at approximately 30 °C. Surface morphology
analysis was conducted using a field-emission scanning
electron microscope (FE-SEM, MIRA3 TESCAN).
Furthermore, the investigation of 1-ABT adsorption
was accomplished by recording high-resolution spectra
of N 1s using X-ray photoelectron spectroscopy (XPS)
with a PHI 5000 VersaProbe instrument produced by
Ulvac-PHI. The CASA XPS software was employed to
determine the binding energy associated with N 1s
peak, using Gaussian-Lorentzian lines and the Shirley
background type. The energy scale calibration was
performed by adjusting the C 1s peak at 284.82 eV.
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3. Results and Discussion

3.1. FTIR analysis

The FTIR analysis provides valuable information about
molecular vibrations, aiding in the identification of
characteristic chemical bonds and groups present in the
synthesized 1-ABT. Figure 2 depicts the FTIR
spectrum of 1-ABT. A strong adsorption peak at 2815
cm® is observed, which can be attributed to the
stretching vibrations of C-H bonds in the aromatic ring.
This peak is typical of aromatic compounds and
confirms the presence of the benzene ring in 1-ABT. A
peak at 1293 cm™ suggests the presence of stretching
vibrations of C-N bonds, characteristic of the amine
functional group in 1-ABT. Another peaks at 1204 cm™
and 1085 cm™ further support the existence of C-N
stretching vibrations, confirming the presence of
amines in the molecular structure. The appearance of a
peak at 1017 cm™ can be attributed to the bending
vibrations of C-H bonds in the aromatic ring.
Moreover, the presence of peaks at 821 and 678 cm™
suggesting the out-of-plane bending and in-plane
bending vibrations of the triazole ring, respectively.
Lastly, a peak at 522 cm™ indicates the wagging
vibrations of C-N bonds, further supporting the
presence of the amine functional group in the molecule.
The observed peak values closely align with the
reported data in references [38-40].
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Figure 2: FTIR spectrum of the synthesized 1-ABT.
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3.2. Weight loss measurements

Table 2 presents the data obtained from weight loss
calculations following a 100-hour immersion of MS
specimens in a 0.5 M HCI solution with varying
concentrations of 1-ABT. The results reveal an increase
in the IEg values from ~81 to ~98 % as the
concentration of 1-ABT rises from 0 ppm to 400 ppm.
This indicates that 1-ABT demonstrates significant
effectiveness as a corrosion inhibitor for MS in
HCI solutions, with its inhibitory capabilities
improving alongside its concentration. Moreover, the
non-linear relationship between IEg values and 1-ABT
concentration suggests that once a saturation
adsorption point is reached (as observed with 400 ppm
of 1-ABT), the adsorption capacity remains relatively
unchanged, indicating that higher concentrations of 1-
ABT do not provide significant additional efficiency.

3.3. OCP measurements

Figure 3 illustrates the variation of OCP values in
different test solutions. The OCP in the blank solution
demonstrates a noticeable shift towards more negative
values, indicating the dissolution of surface films prior
to reaching a stable state. Approximately 17 minutes
into the experiment, its OCP stabilizes at a constant
value of -480 mV vs. Ag/AgCI. Solutions containing 1-
ABT show a similar initial reduction in OCP, although
the effect diminishes as the concentration of 1-ABT
increases. As the concentration of 1-ABT rises, the
OCP values display an increase towards more noble
values. Specifically, the inhibited solution containing
400 ppm 1-ABT demonstrates the highest OCP value
at -434 mV vs. Ag/AgCl. This change in OCP

potentially signifies the adsorption of 1-ABT
molecules and the development of a protective film on
the MS surface [41, 42]. Subsequently, the OCP values
for all samples remain relatively constant after 50
minutes. Consequently, all electrochemical tests were
conducted following a 60-minute immersion in the
corresponding solution.

3.4. PDP measurements

In order to gain a more comprehensive understanding
of the kinetics involved in cathodic and anodic reactions,
PDP examinations were conducted. Figure 4 presents
the polarization curves of MS electrodes immersed
in 0.5 M HCI solutions containing varying concentra-
tions of 1-ABT (0, 100, 200, 300, and 400 ppm).

—420

-440

-460 ] §

Potential (mV vs. Ag/AgCl)

-480 4

0 1000 2000 3000
Time (s)

Figure 3: Variation of OCP versus immersion time for
different test solutions.

Table 2: The weight loss data obtained from immersion of MS samples in uninhibited and inhibited solution.

Concentration Initial weight Final weight Weight loss Corrosion rate
IEG%
(ppm) ©) ) (mg) (mpy)

Blank 2.15372 2.05812
100 2.13541 2.11791
200 2.14498 2.13558
300 2.14369 2.13899
400 2.14093 2.13883

95.6 1759.38

17.5 322.06 82 0.82
9.4 172.99 90 0.90
4.7 86.49 95 0.95
21 38.64 98 0.98
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Table 3: The PDP parameters for the MS samples immersed in different test solutions.

Concentration Ecorr icorr -B. P IE.04
(ppm) (mV vs. Ag/AgCl) (nA/cm?) (mV/decade) (mV/decade) P7o
311 92 90 - -

Blank -459
100 -418 58
200 -408 35
300 -413 16
400 -428 7

Table 3 provides the corresponding values for Egy,
icorrs Per Pas 1Ep, and Gp. Similar to the results obtained
from gravimetric analyses, the addition of 1-ABT has
significantly reduced the corrosion rate of MS coupons.
As depicted in Figure 4, both anodic and cathodic
current densities display a decrease as the
concentration of 1-ABT increases. This reduction in
current density can be attributed to the adsorption of 1-
ABT molecules on the surface of MS, which
subsequently blocks active sites and hinders the
corrosion process [43]. The data provided in Table 3
indicates that as the concentration of 1-ABT increases,
both the anodic and cathodic Tafel slopes decrease.
This observation implies that electrochemical reactions
are facilitated by a higher absorption of 1-ABT. The
interaction between inhibitor molecules and iron atoms,
leading to electron sharing, is responsible for lowering
the activation energy barrier for iron dissolution.
Consequently, this phenomenon contributes to the
enhanced ease of electrochemical reactions in the
presence of higher levels of 1-ABT absorption [44].
Furthermore, the introduction of 1-ABT leads to a
shift in the corrosion potential towards the anodic
region. However, this shift is not substantial enough

10!

200 ppm
[=w¥=—300 ppm
400 ppm

Currenst density (mA/cm?)

[—8—Blank i
(=== 100 ppm

~600 400 ~200
Potential (mV vs. Ag/AgCl)
Figure 4: PDP curves for various test solutions.
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81 68 81 0.81
66 63 89 0.89
68 54 95 0.95
69 53 98 0.98

to classify it as an anodic inhibitor. Corrosion
inhibitors can be categorized as anodic, cathodic, or
mixed-type based on the extent of potential shifting.
Anodic inhibitors are identified when the potential shift
exceeds +85 mV, while cathodic inhibitors are
determined when the shift exceeds -85 mV. Otherwise,
if the potential shift falls within these ranges, it is
considered a mixed-type corrosion inhibitor. The
maximum corrosion potential shift achieved with 1-
ABT is +41 mV, observed at a concentration of 400
ppm. Therefore, based on this evaluation, 1-ABT is
classified as a mixed-type corrosion inhibitor.

3.5. Effect of temperature

The influence of temperature on the interaction
between the inhibitor-containing acid and the metal is
intricate due to numerous surface changes that take
place, including desorption, decomposition, and
rearrangement of the inhibitor [45]. In fact, different
temperatures have the potential to impact the corrosion
rate of MS in HCI solution both in the absence and
presence of the optimal inhibitor concentration. To
investigate this, PDP tests were conducted within a
temperature range of 30-60 °C for solutions without
inhibitors and solutions containing the inhibitor at the
optimal concentration of 400 ppm. The objective was
to examine the effect of temperature on the corrosion
rate of MS and the inhibition efficacy of 1-ABT. Table
4 displays the icor, Ecorr, and 1Eg values obtained from
immersing the MS samples at different temperatures.
The results indicate a direct correlation between the
corrosion rate and temperature increase, with higher
temperatures diminishing the inhibitory effect. This
rise in corrosion rate can be attributed to desorption
and decomposition mechanisms of inhibitor molecules
[32].
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Table 4: The PDP parameters assessed at various temperatures for MS immersed in the blank solution and in the
inhibited solution containing 400 ppm of 1-ABT.

T (°C)
30

Inhibited solution

Eeorr (MV) | icors (WA/CTY?) Eqorr (MV) igorr (LA/CTY?)
7.1 98

-459 378.1 -428
40 -472 1275.4 -467 105.4 92
50 -491 1913.7 -AT7 402.1 79
60 -508 2729.5 -492 734.5 73

To gain a better understanding of the impact of
temperature on the activation energy of the corrosion
process, the Arrhenius equation (Eq. 10) was
employed.

In(i

Ea

o) =INA— T (10)

where A denotes the Arrhenius pre-exponential
factor, T represents the absolute temperature, R
symbolizes the gas constant, and E, represents the
activation energy. Figure 5 illustrates the relationship
between In(iey) and 1/T, obtained through linear
regression analysis. From this plot, the value of E, can
be derived using Eq. 10. According to Figure 4, the
plot of the solution containing the inhibitor exhibits a
steeper slope compared to the plot of the solution
without the inhibitor, indicating higher activation
energy and a greater energy barrier for the corrosion
process, i.e., the adsorption of 1-ABT molecules onto
the MS surface. The activation energy value for the
solution without the inhibitor is approximately 53
kJ/mol, while for the solution containing 400 ppm 1-
ABT, it is approximately 127 kJ/mol.

3.6. Adsorption characteristics

The typical mechanism involved in the adsorption of
inhibitor molecules is a process known as substitutional
adsorption, where there is an exchange of molecules
between those adsorbed on the surface and the inhibitor
molecules present in the solution (Eq. 11) [34].

Oryg (sol ) +nH O (ads) —Org (ads ) +nH O (sol ) (11)

where Org(sol) is dissolved inhibitors, H,O(ads) is
absorbed water molecules, Org(ads) is absorbed
inhibitors, H,O(sol) is dissolved water molecules, and
n is the replacement ratio of water molecules with an

inhibitor molecule. The adsorption isotherm adheres to
the principles of the Langmuir theory. Using this
framework, the correlation between surface coverage
(6) and inhibitor concentration (C) is examined based
on the following equation (Eq. 12) [3].

C_1 ¢ (12)
0 K,

where Kgs is the equilibrium constant for the
adsorption reaction. The observed graph in Figure 6
displays a slope that approaches 1, and the high
correlation coefficient (R*>0.99) provides confirmation
of conformity with the Langmuir adsorption isotherm.
As per the Langmuir isotherm, it is postulated that the
adsorbed molecules exclusively occupy a single site
and do not interact with other adsorbed species [46].

Ini,,, (uA/cm?)
h

44
34
Blank solution
24 — Inhibitor solution d
0.0030 0.0031 0.0032 0.0033

T (K)

Figure 5: Ln icorr vS. 1/T for MS samples immersed in
the blank (0.5 M HCI) and inhibited (0.5 M HCI + 400
ppm) solutions.
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Figure 6: Adsorption behavior of 1-ABT in 0.5 M HCI:
Langmuir adsorption isotherm analysis.

The value of K. is equal to the inverse of the
intercept. The relationship between K. and the
standard adsorption-free energy (AG°,s) IS obtained
from Eq. 13 [47].

AG,, =-RT In(10°K ) (13)

In Eqg. 13, R is the gas constant, T is the absolute
temperature, and 10° is the mass concentration of water
in the solution. For the 1-ABT inhibitor, the estimated
value of AG®,s is approximately -26.78 kJ/mol. The
negative sign of AG°ys indicates the spontaneous
nature of the inhibitor adsorption reaction on the metal
surface and the favorable stability of the formed layer.
Generally, values above -20 kJ/mol suggest the
occurrence  of  physical adsorption, involving
electrostatic interactions between the inhibitor
molecules and the metal surface. Conversely, values
below -40 kJ/mol indicate chemical adsorption, where
electrons are shared between the inhibitor and the MS
surface, forming covalent bonds. Values between -20
kJ/mol and -40 kJ/mol signify a combination of both
adsorption mechanisms [47]. Therefore, the adsorption
of 1-ABT on the surface of the MS sample ina 0.5 M
HCI solution can be characterized as a combination of
physiochemisorption, involving both physical and
chemical adsorption processes.

3.7. EIS examination

Figure 7 exhibits the Nyquist, Bode modulus, and Bode
phase plots of the MS samples immersed in different test
solutions at ambient temperature. The overall analysis of
the EIS data reveals the presence of a single semicircular
arc in the Nyquist plot and a corresponding peak in the
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Bode-phase plot. These observations indicate the
dominance of a specific electrochemical process
characterized by a single characteristic time constant.
The Nyquist plot (Figure 7a) reveals that the semicircle
diameter of the solution containing the inhibitor is
significantly larger than that of the blank solution.
Furthermore, as the inhibitor concentration increases, the
corresponding semicircle diameter also increases,
indicating a substantial enhancement in both polarization
resistance and the inhibition efficiency of 1-ABT. The
Bode modulus plot (Figure 7b) demonstrates an increase
in the low-frequency impedance modulus with higher
concentrations of 1-ABT. Moreover, in Figure 7c, the
MS sample immersed in the solution containing 400
ppm 1-ABT demonstrates the highest phase angle,
thereby confirming its superior inhibition efficiency.
Randle's equivalent circuit, depicted in Figure 7d, was
utilized to model the EIS data. Table 5 presents the
corresponding fitting parameters. The circuit comprises
three components: CPEg, which represents the constant
phase element of the double layer, R, the solution
resistance, and R,, the polarization resistance. The value
of CPEy is obtained from the following equation (Eg.
14).

Cd| :PllnRélfn)/n (14)

In Eq. 14, Cy represents the capacitance of the
double layer, P denotes the magnitude of the constant
phase element (CPE), and n represents the deviation
parameter. According to Table 5, the Rp values exhibit
an increase with rising inhibitor concentration. As the
concentration of the corrosion inhibitor increases, there
is a corresponding increase in the number of inhibitor
molecules available for adsorption on the metal
surface. The adsorption of the corrosion inhibitor
molecules on the metal surface forms a protective
physical barrier, impeding the access of corrosive
species, such as chloride ions or aggressive molecules,
to the metal surface. This barrier effectively reduces
the rate of anodic reactions occurring at the metal-
electrolyte interface, leading to an increase in the
polarization resistance. Additionally, the reduction in
Ca may be attributed to factors such as an increase in
the double layer thickness, a decrease in the dielectric
constant, and a decrease in the metal's dissolution rate.
The increase in the value of n with increasing the
concentration of 1-ABT also signifies an improvement
in the surface homogeneity of the MS due to the
adsorption of the inhibitor [46, 48].
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Figure 7: The results of EIS for various test solutions: (a) Nyquist, (b) Bode-Modulus, and (c) Bode-phase plots. (d)
Equivalent circuit used to model the EIS data.

Table 5: EIS data for MS samples in 0.5 M HCI solution containing different concentrations of 1-ABT.

Concentration

CPEy

(Jel)]
0.5
100 15 194
200 18 269
300 2.0 324
400 2.2 362

3.8. Surface characterizations

The images in Figure 8 illustrate the surface
characteristics of MS samples after being immersed in
different solutions: the blank solution and solutions
containing inhibitor (0.5 M HCI + 400 ppm of 1-ABT)
for a duration of 100 h. Figure 8a demonstrates that the
unexposed sample exhibits a uniform and smooth
surface with some typical micro-scratches resulting
from the grinding process. In contrast, when the same
surface is exposed to a 0.5 M HCI solution without an
inhibitor, it undergoes severe corrosion, leading to the
complete coverage of the surface by corrosion
products. This results in a significantly roughened
surface on a microscopic scale, as depicted in Figure

577 0.91 1414.4
149 0.91 4115
102 0.92 248.0
89 0.94 171.4
84 0.95 144.6

8b. However, in the case of the inhibited solution,
although no evidence of lines resulting from initial
grinding is observed, the level of surface roughness due
to corrosion is lower compared to the uninhibited
solution. Additionally, a few localized signs of
corrosion attack are observed (Figure 8c). Figure 9
illustrates the high-resolution N 1s spectra for the MS
samples after being immersed in both the blank
solution and the inhibited solution (0.5 M HCI + 400
ppm of 1-ABT) for 100 hours. It is worth noting that
the MS coupons do not contain nitrogen, while 1-ABT
does. Therefore, the absorption of 1-ABT molecules
can be examined by analyzing the high-resolution N 1s
peak.
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Figure 8: SEM examinations of MS coupons: (a) before
immersion, (b) after immersion in 0.5 M HCI, and (c)
after immersion in 0.5 M HCI + 400 ppm 1-ABT.
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Figure 9: N 1s high resolution peaks for the MS
samples immersed in (a) blank and (b) inhibited (0.5 M
HCI +400 ppm 1-ABT) solutions.
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The N 1s spectra of the coupon immersed in the 1-
ABT solution can be divided into three distinct peaks at
399.740.1, 399.5+0.1, and 398.4+0.1 eV, which
correspond to N-C, N-Fe, and N-H bonds, respectively
[49, 50]. As expected, no peaks indicating the presence
of nitrogen are observed in the blank solution. So, the
XPS results do agree with the gravimetric and
electrochemical findings.

3.9. Theoretical investigations

Quantum chemical computations were conducted to
examine the impact of electronic parameters and
molecular structures on the inhibitory properties of the
investigated inhibitors. The optimized molecular
structures and the arrangement of key molecular
orbitals (HOMO and LUMO) are illustrated in Figure
10. Additionally, Table 6 provides a comprehensive
overview of various quantum chemical parameters
such as Enomo, ELumos AE, x, M, AN, and . The AE
parameter provides insights into the strength of
stability of an inhibitor, with smaller values indicating
a higher tendency for the compound to be adsorbed on
the surface. Increasing values of y indicate an enhanced
propensity to form covalent bonds and fill iron vacant
d-orbitals. In the case of |, when the value exceeds the
dipole moment of water (1.85 debye), it signifies a
greater inclination of the inhibitor to displace pre-
adsorbed water molecules and adsorb onto the steel
surface. The electron-donating capacity of a corrosion
inhibitor, and consequently its inhibition performance,
is enhanced within the range of 0 < AN < 3.6.
According to the HSAB theory, Fe atoms function as
soft acids, and molecules with higher softness (lower
n), denoting greater reactivity, readily engage in
electron sharing and covalent bonding. In comparison
to previously reported drugs [14, 30, 51, 52], 1-ABT
exhibits improved quantum chemical parameters.
Figure 11 displays the low-energy adsorption
arrangement of 1-ABT molecules on the Fe (1 1 0)
surface. When viewed from the side, the 1-ABT
configuration is parallel to the Fe surface, exhibiting
minimal distortion. In this configuration, the
heteroatoms, particularly N, are in close proximity to
the surface. Furthermore, the flat orientation facilitates
maximum contact and surface coverage, ensuring an
optimal interaction between the inhibitor and the steel
system. The Eagsorption IS -102.254 kcal/mol, with the
negative sign indicating a spontaneous adsorption
process.
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Table 6: Quantum chemical parameters of 1-ABT corrosion inhibitor.

Enomo ELumo AE g M AN ,
©V) V) @V) | (Debye) J

-5.598 -3.117 2.481 7.4515 1.065 1.2405

4. Conclusions

The present study yields the following comprehensive
findings:

(i) The 1-ABT drug demonstrates promising
potential as a corrosion inhibitor for MS ina 0.5 M HCI
environment. The IE shows an increase with higher
Figure 10: Optimized molecular structure, HOMO and inhibitor concentrations, peaking at approximately 98 %

LUMO distribution of the 1-ABT molecule. at 400 ppm of 1-ABT. Furthermore, the IE values
exhibit a notable decline with increasing temperature.

(ii) PDP measurements indicate that 1-ABT acts as

(a) a mixed-type corrosion inhibitor, affecting both the

dissolution of Fe and the evolution of hydrogen.

% W: Moreover, EIS results reveal that the Cg decreases

‘ while the R, increases with rising concentrations of 1-

ABT. This suggests a decrease in the local dielectric

constant or an increase in the thickness of the electrical

double layer due to the adsorption of 1-ABT molecules

and the formation of a protective film.

(iii) Thermodynamic calculations demonstrate that
the adsorption mechanism of 1-ABT in 0.5 M HCI
follows physiochemisorption principles.

(iv) SEM examinations confirm that the presence of
1-ABT reduces the corrosion rate of MS in 0.5 M HCI.
This is further supported by XPS results, which verify
the adsorption of 1-ABT molecules through nitrogen
atoms. Besides, theoretical investigations confirm that
nitrogen atoms within 1-ABT molecules offer ideal
sites for adsorption on the MS surface.

Based on the effectiveness of 1-ABT in mitigating
steel corrosion in HCI media, this study opens up new
Figure 11: Configuration of adsorbed 1-ABT on Fe (1 1 possibilities for its application beyond its traditional

0): (a) side view, (b) top view. use as a drug. Specifically, 1-ABT can be effectively
utilized in various industries, particularly when it is
nearing its expiry date as a drug.
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