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ABSTRACT: The effectiveness of a copper(II) complex with a - L { \  [Interfactal mechanism

Schiff base derived from 2-amino-4-phenyl-5-methylthiazole and v 9 o 1 @i e T
) L . ‘ : B e

salicylaldehyde (APMS) as a corrosion inhibitor for XC18 steel in ] ‘ \ F -

an HCl solution was investigated. Experimental findings indicated a
slight negative correlation between inhibition efficiencies in 1 M
HCI and temperature but a positive correlation with both inhibitor
concentration and immersion time, respectively. The weight loss
measurement revealed that APMS achieved a maximum inhibition .
rate of 92.07% at 303 K. A fitting analysis demonstrated that APMS ' 2R ¢ =

adheres to the Langmuir adsorption isotherm. The electrochemical 2 e

results revealed an enhanced inhibitive performance of APMS, with @ ERSubstats

the efficiency increasing as concentrations increased, ultimately Withiout APMS inbibitor With APMS lubibitor after 24 b of tmmersion
reaching a peak of 94.47% at S X 10~ mol L™". Potentiodynamic

polarization measurements revealed that APMS acted as a mixed-type inhibitor without affecting the corrosion mechanism. Scanning
electron microscopy investigations of the metal surfaces corroborated the presence of an adsorbed organic layer. Advanced
theoretical calculations utilizing density functional theory and first-principles density-functional tight-binding were conducted to gain
insights into the behavior of APMS on the metal surface. APMS derives its advantages from crucial inter- and intramolecular
interactions, resulting in the formation of a resilient adsorption layer, in line with the experimental findings. It is found that the
presence of the APMS-based inhibitor exhibits a significant synergistic corrosion inhibition effect. The current study offers a design
direction for enhancing the structural characteristics of Schiff base metal complexes, laying the groundwork for multifunctional
frameworks to minimize corrosion rates with considerations for real-world use and cost-efficiency. The ability to replace harmful,
expensive constituents with sustainable, and cost-effective organic alternatives represents a significant outcome of this study.

1. INTRODUCTION metal, resulting in defects or potentially inducing permanent

. . . 4
Mild steel, a type of carbon steel (CS), is widely utilized in structural weakness in essential machine elements.” As a result

diverse industries for mechanical and structural applications. of the substantial financial losses and security risks stemming

Its common use as a fabrication material extends to the from corrosion in numerous industrial domains, safeguarding
chemical and petrochemical industries. Additionally, mild steel metal structures has garnered significant focus. Consequently,
serves as a key structural engineering material, employed in because of its susceptibility to corrosion, innovative methods
significant quantities in marine engineering, petroleum pipe- must be developed to shield steel from the effects of corrosion.
lines, and construction in the mining industry due to its A widely adopted approach to combating acid-induced
favorable mechanical properties and cost effectiveness.” One corrosion is with organic inhibitors. Numerous molecules

specific type of CS, XC18, is widely employed. Nevertheless,
the corrosion of XCI18 raises major concerns because of its
susceptibility to corrosion and its wide array of uses.” Diluted
acidic solutions are commonly used for various applications,
including metal surface preparation, sanitizing industrial
machinery, removing mineral deposits through acidification,
and acidizing oil wells, all of which can cause significant
corrosion in iron and steel.’ These tasks come with the
disadvantage that the intense acidic exposure dissolves the

containing heteroatoms (such as N, S, and O atoms), double
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bonds, and aromatic groups have demonstrated exceptional
anticorrosion properties due to their free electron pairs that
provide them the ability to be adsorbed and establish a
protective film on the metal surface.” Schiff bases (SB) are a
prominent class of organic compounds arising from the
condensation reaction between an active carbonyl group and
a primary amine. The exploration and understanding of their
chemistry can be attributed to the pioneering efforts of
German chemist Hugo Schift in 1864. This pivotal discovery
marked a revolutionary advancement within the realm of
coordination chemistry during the late 19th century.’
Currently, SB plays a crucial role in coordination chemistry,
standing out as a preferred option for creating chemical
frameworks. Their important role is due to the simplicity of
synthesis, diverse properties, and various applications in
biomedical, biochemical, and industrial contexts.” In this
context, Schiff bases, among organic inhibitors, have under-
gone extensive research as acid corrosion inhibitors for metallic
surfaces. These SB, identified through the existence of a
functional imine (—N=CH) group, have garnered significant
attention from researchers and are the products of the
interaction between aldehydes or ketones and primary amines®
because of the bioactive azomethine core they contain.” The
wide range of structures available and the relatively simple
process of synthesizing SB and its metallic complexes have
positioned them as potential choices for corrosion prevention.
Among the numerous benefits of an ideal inhibitor are its high
inhibitory effectiveness, affordability, minimal toxicity, and ease
of production.'’ Several SB compounds have been inves-
tigated, and these have demonstrated effective inhibition
properties for metals and alloys in acidic environments."' SB
have been utilized in the synthesis of metal complexes, owing
to their ease of manufacture and their strong affinity for
binding with metals. Existing research largely overlooks the
potential of SB and their metal complexes as corrosion
inhibitors for steel in acidic solutions.'” Various SB and their
metallic complexes have demonstrated their effectiveness in
effectively preventing the corrosion of steel in acidic environ-
ments.'”"> Arshad et al. studied the anticorrosive potential of
synthesized melamine—isatin tris Schiff bases for mild steel in
0.5 M HCL. The maximum inhibitory efficiency (92.07%) was
obtained at a concentration of 42.80 X 107> mM.'* Abd-
elmaksoud et al. investigated the anticorrosive potential of two
organic inhibitors prepared via SB for CS in a 2 M HCI
solution; the highest inhibition efficiency observed was 95.56%
at a concentration of 150 ppm."> Liu et al. explored the effect
of the bis-thiophene Schiff base copper—metal complex on the
Q235 CS in 1 M HCL The corrosion inhibition efliciency
reached a maximum of 95.2% at 100 ppm.'® In another recent
study, Thabet et al. discussed the potential for corrosion
inhibition of three SBs for CS in 1 M HCL The inhibitory
performance achieved 93% at a concentration of 250 ppm.'” In
their study, Zobeidi et al. synthesized three compounds
derived from SBs to explore their ability to inhibit acid
corrosion of XC70 steel in 1 M HCL The results indicated that
the highest degree of inhibition observed at a concentration of
6 X 107° M, was 87.27%."°

Metal complexes of SBs containing heterocyclic compounds
are also utilized for their potential applications in drug
development.'” Abd-Elzaher et al. prepared an SB ligand
from salicylaldehyde with 2-amino-4-phenyl-5-methyl thiazole.
This ligand was then employed for the synthesis of complexes
with Cu(Il), Ni(II), Co(Il), and Zn(II). The research

demonstrated that the Zn(II) complex exhibited anticancer
activity."” In a continuing effort to find more applications for
metal complexes of SBs, the objective herein is to evaluate the
anticorrosion activity of the copper(Il) complex of SB derived
from 2-amino-4-phenyl-5-methyl thiazole with salicylaldehyde
(APMS) against corrosion of XC18 steel in 1 M HCl medium.
To the best of our knowledge, there is no documented
evidence of XC18 steel surface protection using the APMS
compound in a 1 M HCI medium. For this target, the main aim
of this study is to bridge the current knowledge gap by
conducting a comprehensive examination and clarification of
the corrosion inhibitory effectiveness, along with the interfacial
mechanism behavior, of the APMS inhibitor. The APMS
inhibitor was meticulously prepared using the general
procedure described elsewhere.'” Briefly, salicylaldehyde and
2-amino-4-phenyl-5-methyl thiazole were subjected to a
condensation reaction in an ethanol solution with the addition
of a few drops of glacial acetic acid, yielding a Schiff base
ligand. Subsequently, this ligand was employed for the
synthesis of a copper (Cu) complex through reaction with
CuCl,-2H,0 under reflux conditions in ethanol. This synthetic
approach serves as a robust foundation for the preparation of
the APMS-based inhibitor. The choice of precursor com-
pounds and the specific reaction conditions contribute to the
unique molecular structure of the inhibitor, rendering it a
promising candidate for corrosion inhibition of XC18 steel in
HCl solution. The objective is to advocate for the development
of corrosion inhibitors that possess environmentally friendly
characteristics, distinguished by their effectiveness and minimal
toxicity impact. Hence, the electrochemical performance and
active anticorrosion characteristics of APMS as an XCI18
corrosion inhibitor were studied using various electrochemical
and microscopic surface morphology techniques, including the
mass loss (ML) method, electrochemical impedance spectros-
copy (EIS), potentiodynamic polarization measurement
(PDP), and scanning electron microscopy (SEM). Moreover,
further understanding of the synergistic mechanism and
interfacial adsorption behavior of the investigated compound
on the Fe(110) surface has been elucidated through quantum
chemistry calculations. Corresponding electronic properties
were examined using the density functional theory (DFT)
method and first-principles density-functional tight-binding
(DFTB) calculations, which aim to understand how the
donor—acceptor character of the inhibitor can influence its
adsorption ability. Theoretical calculations were carried out to
assess the electrostatic potential (ESP) on the molecular van
der Waals (vdW) surface and to analyze the reduced density
gradient (RDG). These calculations aimed to predict reactive
sites and investigate both inter- and intramolecular inter-
actions. This involves estimating the adsorption and binding of
the compound on the XC18 steel surface. The investigation
demonstrated that the APMS compound demonstrated a
significant level of reactivity with the metallic surface,
triggering the formation of strong bonding and promoting
the development of a protective film with uniform distribution
and efficient corrosion performance. This can be attributed to
the outstanding donor—acceptor properties of the APMS, as
well as the combined effects resulting from inter- and
intramolecular interactions surrounding the active sites.

2. MATERIAL AND METHODS
2.1. Material and Solution Preparation. A plate of
XC18 steel with the chemical composition (weight %), C =
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0.18%, P = 0.05%, Mn = 0.05%, Si = 0.16%, S < 0.035%, and
Fe =~ 99.5, was used as the substrate. Hydrochloric acid
solutions were prepared by diluting 37% HCI (Sigma-Aldrich,
ACS grade) with distilled water. XC18 plates with defined
surfaces and treated in advance were used for both WL tests
and surface analysis. The electrochemical tests are conducted
by using a standard three-electrode Pyrex cell setup. Each
XC18 sample underwent mechanical polishing using emery
paper with increasingly finer grades, including papers with
grades of 800, 1000, 1200, and 1600. Prior to immersion in the
test solution, the XC18 samples were subjected to a cleaning
process. Initially, they were cleaned using distilled water, after
which they underwent degreasing with acetone (99.5%, Sigma-
Aldrich), and finally, they were dried using ambient air. The
effectiveness of APMS on XC18 in 1 M HCl is investigated by
examining different concentrations, ranging from 1 X 10™*to §
X 107 mol/L.

2.2. Weight Loss (WL) Study. The assessment of WL
provides a fundamental means of investigating the metal
corrosion rate in either an inhibited or uninhibited electrolytic
solution. The pretreated rectangular XC18 plates (0.1 X 1.5 X
1.5 cm) were weighed accurately and submerged in 100 mL of
a 1 M HCI solution for a duration of 24 h. After each
experiment, the XC18 steel plates were extracted from the
assay medium, the corrosion products were eliminated, and
they were washed with distilled water and ethanol before
undergoing drying, after which they were precisely weighed
again. Three separate tests under the same conditions were
run, and the standard deviation was computed. All measure-
ments were independently performed three times for the sake
of reliability. To examine the impact of temperature on the
thermodynamic activation parameters, the tests were carried
out at various temperatures, ranging from 303 to 333 K
Corrosion rate (9y,), inhibition efficiency, and surface
coverage () were determined using eqs 1—3, as described
below”

W — W,

SXt (1)

R -9
N (%) = WL WL« 100
e S @)

0= M
2 (3)

where w; and w, represent the mass of the XC18 before and
after immersion in different concentrations of APMS,
respectively. S denotes the surface area of the XC18 plate in
cm?, and f represents the immersion time in hours (h). The
symbols dyy;, and 9y, refer to the corrosion rate of XC18 with
the addition of APMS and in the absence of APMS,
respectively.

2.3. Electrochemical Evaluations. For the electro-
chemical study, a potentiostat/galvanostat obtained from
Corrtest Instruments Corp. Ltd. (Hubei, China) was
employed. The potential was measured with respect to a
saturated calomel reference electrode (SCE). The counter
electrode consisted of a platinum sheet. The working electrode,
made of XC18 steel, had a rectangular shape with a surface
area of 0.14 cm” in contact with the corrosive solution. Prior to
the study, the working electrode surface was smoothed using
abrasive papers of different-sized grains. Each trial was carried

out at a constant temperature of (303 + 0.5) K. The working
electrode was submerged in the 1 M HCl medium for a period
of 30 min to allow for the steadiness of the open circuit
potential (OCP). Subsequently, electrochemical tests were
performed. EIS measurements were conducted over a
frequency range spanning from 10° to 107> Hz and an
amplitude of 107> V. For PDP, the electrode potential was
swept at a rate of 1.0 mV/s, ranging from —700 to —300 mV vs
SCE, to generate Tafel plots. The estimated parameters’ values
presented in the results are the mean of three separate tests
conducted under similar conditions.

2.4. Surface Roughness Analyses. As mentioned
previously, the treated XC18 samples were subjected to 48 h
exposure to an acidic medium. This exposure was achieved by
immersing the samples in 50 mL of a 1.0 M HCI solution with
and without the addition of 5 X 107> M of APMS inhibitor at
room temperature. Subsequently, the samples were metic-
ulously extracted, rinsed with purified water, and desiccated
using a vacuum. The morphology of the surface was analyzed
using SEM with a Hitachi $-4800 instrument.”"**

2.5. Theoretical Calculations. To enhance comprehen-
sion of the mechanism at the molecular level responsible for
corrosion inhibition, it is essential to explore the quantum
chemical characteristics and interfacial interactions of the
APMS/XC18 combination. By doing so, valuable insights into
adsorption phenomena and their electronic effects can be
obtained. To accomplish this, several theoretical chemistry
calculations, such as DFT, ESP, ESP colored vdW surface,
RDG analyses, and DFTB simulations, were utilized to analyze
and establish correlations between the molecular character-
istics of the APMS and its adsorption mechanism. The
Gaussian 16 W software was employed for modeling and
optimizing the molecular configuration and electronic stability
of the molecule in the aqueous phase, utilizing the SMD
model. The functional B3LYP/6-311G++(d,p) was chosen for
the ground-state computation. To validate experimental
observations, different overall reactivity properties were
computed, including electron affinity (A), ionization potential
(I), electronegativity (y), hardness (77), softness (o), electro-
philicity (@), and fraction of transferred electrons (AN).
These calculations were based on the highest occupied
molecular orbital energy (HOMO), lowest unoccupied
molecular orbital energy (LUMO), and energy gap (AE).
For further details on the simulation process, readers can refer
to the works by Chaouiki et al.”*~>*

The following formula was used to predict the interaction
between the inhibitor comzpound and the metal interface
during the corrosive process 627

= Etotal - (Esurf+sol + Einhibitor) (4)

where E,, represents the calculated total energy of the system
through simulation, E, g, denotes the energy calculated for
the system iron/solution, and Ej ., is the total energy of the
inhibitor alone.

Additionally, the formula below was used to quantitatively
describe the binding energy during the corrosive process

E

interaction

interaction

_Ebinding (5)

3. RESULTS AND DISCUSSION

3.1. WL Measurements. 3.1.1. Concentration Depend-
ence. The WL analysis was conducted at various concen-
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trations of APMS, and the results are presented in Figure 1.
The inhibited system exhibited significantly lower corrosion
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Figure 1. Impact of APMS concentration on both corrosion rate and
inhibition efficiency using the WL method at 303 K.

rate (9.,,) values compared with the uninhibited medium.
Moreover, increasing APMS concentration results in a
significant reduction in the rate of corrosion. Regarding
XC18, 9, decreases from 0.272 mg cm™> h™' in a solution
with a concentration of 1 X 107" M of APMS to 0.090 mg
em™ h™! in the presence of 5 X 107> mol L™' APMS. The
observed reduction in the corrosion rate (8,,) may be
attributed to the adsorption of APMS onto the substrate
surface, leading to the formation of a protective inhibitor layer
at the electrode interface. The presence of this adsorbed layer
acts as a barrier, effectively blocking corrosive ions from
accessing the XC18 surface. The increasing protection eflicacy
observed experimentally (Figure 1) with higher APMS doses
highlights the significance of the cumulative amount of
adsorbed inhibitor at the electrode interface. At the optimum
dose (5 X 107 M), the inhibitor demonstrated an optimal
protection capacity of over 92.07%.

3.1.2. Temperature Dependence. Table 1 presents the
correlation between the variation in corrosion rate and the
effectiveness of inhibition, derived from the WL data for the
investigated APMS. To study the temperature effect, a range of
(303—333) K was employed to assess its impact on the
efficiency of the corrosion inhibition process. Temperature is a
crucial factor that influences the rate of chemical reactions, and
in this context, it is believed to amplify the corrosion
phenomenon. Using the same principles as observed in any
typical chemical reaction, elevating the temperature boosts the
thermal energy of molecules, thereby enhancing the probability
of productive collisions between reactants. Similarly, if this
chemical reaction accelerates, it is anticipated that the
corrosion phenomenon will also be impacted accordingly.*®
With an increase in the frequency of effective collisions
between the corroding steel and the different components of
the corrosive solution, one can anticipate a corresponding
increase in the corrosion rate. An analysis of Table 1 reveals
that with increasing temperature, the corrosion process
accelerates, while the inhibition efficiency shows a slight
decrease. This observation can be attributed to the desorption
of APMS from the XCI18 surface as temperatures increase.””

Table 1. Influence of APMS Concentration and
Temperature on the Corrosion Rate and Inhibition
Efficiency of XC18 Steel in 1.0 M HCI Solution

concentration temperature i (mg cm ™2
(mol L) (x) h™) fhwi,
blank 1.0 M HCI 303 £ 0.5 1.1351 £ 0.0012 -
313 £ 0.5 1.4160 + 0.0017 -
323 £ 0.5 1.9980 + 0.0013 -
333 £ 0.5 2.5391 + 0.0014 -
APMS 5x 1073 303 £ 0.5 0.0908 + 0.0002 92.07
313 £ 0.5 0.1416 + 0.0003 90.04
323 £ 0.5 0.2597 + 0.0003 87.03
333 £ 0.5 0.4062 + 0.0008 84.00
1x1073 303 +£ 0.5 0.1362 + 0.0003 88.01
313 £ 0.5 0.1982 + 0.0004 86.01
323 £ 0.5 0.3596 + 0.0007 82.03
333 £ 0.5 0.5332 £ 0.0010 78.99
5x107* 303 £ 0.5 0.1816 + 0.0004 84.00
313 £ 0.5 0.2407 £ 0.0005 83.10
323 £ 0.5 0.4196 + 0.0008 79.03
333 £ 0.5 0.6094 + 0.0012 76.01
1x107* 303 £ 0.5 02724 £ 0.0005  76.04
313 £ 0.5 0.3682 + 0.0007 73.94
323 £ 0.5 0.5794 £ 0.0011 70.97
333 £ 0.5 0.8125 + 0.0016 67.98

This behavior remains consistent across all concentrations of
the APMS tested.

3.2. Thermodynamic and Kinetic Parameters. Eqs 6
and 7, representing the Arrhenius-type and transition-state
equations, respectively, serve as the foundation for exploring
the interplay between various activation energies and the
resulting corrosion rate in a corrosion process30

Ea
8C()l‘l‘ = Aexp(_ _)

RT (6)
LRI (a5
corr T Nh Xp R Xp RT (7)

where AS* is the activation energy of entropy, AH* is the
activation energy of enthalpy, E, is the apparent activation
energy, T is the temperature, R is the gas constant, A is a pre-
exponential factor, N is Avogadro’s number, and h is Planck’s
constant.

Figure 2 illustrates the Arrhenius-type and transition-state
plots obtained in the addition of various concentrations of
APMS in a 1.0 M HCI solution. Through linear regression

analysis on In(v.,,,) and ln(%‘j") as functions of 1000/T, the
values of E,, AH*, and AS* were extracted. These various
calculated parameters are summarized in Table 2. To

determine the values of E,, the slope of In(y,,,) = f(w)

T

was multiplied by the gas constant, R.*°
The E, obtained in the presence of APMS is higher
compared to that obtained with the blank solution. This
suggests that a reaction takes place on the XC18 steel surface
following the application of the APMS inhibitor.”" The value of
E, is greater in the case of the studied inhibitor compared with
the blank solution. It rises with an increase in inhibitor
concentration, indicating a reduction in metal dissolution as a
result of the increased activation energy barrier required for the

https://doi.org/10.1021/acsomega.3c09097
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Figure 2. Temperature dependence of the corrosion rate for XC18 steel in 1.0 M HCl solution without and with various concentrations of APMS,
represented by (a) Arrhenius plots and (b) transition-state plots.

Table 2. Comparison of Activation Parameters for XC18 Adsorption isotherms allow for quantitative assessment of
Steel with and without Varying Concentrations of APMS inhibitor adsorption on the metal surface. That can be
employed to investigate the adherence of APMS to the surface

bia?rl:ol}/lfl APMS (M) of XC18. According to Figure 3, the adsorption of APMS

molecules on the surface obeys the Langmuir isotherm model.
Furthermore, the outcomes obtained from WL measurements

1x10*% s5x10* 1x10° §x1073

Ea_SkJ mol 23.13 3131 35.14 39.33 42.64 were fitted using various other models, including Temkin,
i Flory—Huggins, and Freundlich, Figure 3. The coeflicient of
AS m(ol“) 2049 28.67 32.50 36.69 40.00 determination (R?) was found to be close to one. The
As# _17658  —16150 —15248 —14087 —133.19 qulllatlons utilized for the adsorption isotherm models are as
E, — AH*( 2.64 2.64 2.64 2.64 2.64 ollows
kJ mol™) Ci 1
Langmuir: — = — + C,,
I<ads (10)
. s 2.303 2.303
corrosion process to take place. In other words, the inhibitors Temkin: 8 = — S log K4 — 5 log C,. (11)
a a

raise the energy threshold required for corrosion, leading to a
more effective inhibition of the metal’s corrosion rate. Thus, 1
there is a progressive decrease in the rate of transition-state Freundlich: log @ = —log C,;, + log K 4, (12)
complex formation.”* The positive sign of AH* indicates the "

endothermic nature of the corrosion reaction in 1 M HCL. It is 0

worth noting that the disparity between E, and AH* remains Flory — Huggins log —— = log K 4, + xlog(1 — )
roughly constant for all investigated systems, with an average inh

value equivalent to RT in line with eq 7. This suggests that the (13)

corrosion of the XC18 steel follows a unimolecular reaction. K4 represents the adsorption equilibrium constant, while a
" denotes the Frumkin lateral interaction factor, which captures
E, - AH"=RT (8) the impact of interactions among adsorbed molecules within

Both inhibited and uninhibited solutions exhibit negative the surface layer. n is a coeflicient characterizing the deviation
activation entropy (AS*), and it may be inferred that disorder from li.nearity to the Le?ngml‘lir isotherm, réﬂéctin.g the
is diminished when the reactant changes into the activated nonequivalence of adsorption sites and the variation in _the
complex at the upper energy barrier (i.e., the transition-state number of Wf‘ter mo?ectiﬂes dlsplaced' from the adsorption
complex). As a result, association rather than dissociation is layer. The variable «x signifies the quantity of water molecules
more suggestive of the active complex.*® replaced with one inhibitor molecule. The concentration of

3.3. Analysis of Adsorption Isotherms for APMS/ APMS is represented by C,;, and the surface fraction covered
XC18. Good corrosion inhibitors exhibit the ability to strongly by APMS is indicated by 6.
adhere to the metal surface via a combination of chemical and The WL data was analyzed using the mentionezd models, and
physical mechanisms. Chemisorption of the inhibitor involves Figure 3 shows th? obtaineq resplts. Since the R” value is close
the donation of lone electron pairs from its heteroatoms to to 1, the Langmuir adsorption isotherm model was chosen as
empty d-orbitals of the transition metal, whereas physisorption the most appropriate one for describing the adsorptior;
is attributed to the electrostatic influence. During this process, mechanism. As illustrated in Figure 4, the slopes and R
the inhibitor molecules displace the H,O molecules present on values for APMS are in very close proximity to 1. This

the metal surface. The summarized process is as follows™* strongly supports the validity of the Langmuir adsorption
o o model. From eqs 10 and 1S5, the thermodynamic adsorption
Inhibitor, + xH,0,4 <> Inhibitor,, + xH,0 ) parameters (AG,q,’ and K 4) were determined at S X 10~ mol
15019 https://doi.org/10.1021/acsomega.3c09097
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Table 3. Langmuir’s Adsorption Parameters for APMS
Inhibitor in 1.0 M HCI on XC18 Steel at Different
Temperatures

inhibitor  temperature (K) K, (M™") AG,y (kJ/mol) R?

APMS 303 2.30 x 10° —29.60 0.999
313 1.80 x 10° —29.94 0.999
323 1.34 x 10° —30.10 0.999
333 1.05 x 10° —30.36 0.999

Eq 14 depicts the adsorption process,” and eq 15 can be
utilized for computing the Gibbs free energy.””

C (mol/L)
095{ Temkin o
0.90 4
D
0.85+
0.80 » @ APMS
= Linear Fit
0.75 r T r v T T r T T T
42 40 -38 -36 -34 -32 30 -28 -26 -24 -22
log C
Figure 3. Fit of € values from different APMS concentrations to diverse adsorption isotherm models.
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C,py (mol/L)

Figure 4. Langmuir adsorption isotherms of APMS at various
temperatures.

L' in a 1 M HCl solution within the temperature range of 303
to 323 K and are listed in Table 3. Gibbs free energy (AG,4.)
can help ascertain the adsorption behavior, whether it is
physisorption or chemisorption. If AG,y is below —40 kJ/
mol, it indicates chemisorption. On the other hand, a value
above —20 kJ/mol suggests physisorption. AG,4. values falling
between —40 and —20 kJ/mol are classified as mixed
adsorption.

< 1 [ AGfds]
ads — exp| —

Chy0 RT (14)
AGY, = —RTIn(55.5 X K ;) (15)

In the context provided, Cy o represents the concentration

of H,O, which is 55.5 M. R stands for the molar gas constant
(8.314 J mol™ K™'), T represents the absolute temperature,
and K4 is calculated from the Langmuir equation.

With rising temperature (from 303 to 333 K), the
adsorption of inhibitor molecules on the XC18 surface
diminishes, as evidenced by the declining K,4; (from 2.31 X
10° to 1.05 X 10> L mol™'). This implies that at elevated
temperatures, inhibitor molecules are more prone to
desorption from the surface. The AG,y” values, spanning
from —40 to —20 kJ/mol, suggest the presence of both physical

https://doi.org/10.1021/acsomega.3c09097
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and chemical adsorption mechanisms in the binding of APMS
molecules to the XC18 steel surface.

3.4. Electrochemical Investigations. 3.4.1. OCP Ob-
servation. The OCP provides valuable insights into the
thermodynamic tendencies of the corrosion process. OCP
varies over time due to shifts in the surface’s oxidation
propensity.”” Figure 5 displays the evolution of the OCP for
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Figure S. Effect of APMS Concentrations on the OCP of XC18 steel
in 1 M HCL

the XC18 steel in a 1 M HCI solution under varying
concentrations of APMS, as well as in its absence. The OCP of
the XC18 typically stabilized into a steady-state condition
within the initial 1600 s following immersion in the test
solutions. The variations in OCP values within the first 1600 s
can be ascribed to the dynamic competition between inhibitor
adsorption and desorption processes on the surface of the
X(C18.>® With an increase in the APMS concentration within
the range of 1 X 107* to 5 X 107> M, the OCP value exhibits a
gradual rise from —492.7 to —468.2 mV vs SCE. The observed
positive shift in the OCP can be ascribed to the adsorption of
inhibitor molecules onto the XC18 surface.”® Under the OCP
conditions, anodic reactions such as iron oxidation are thought
to be able to slow down in the presence of APMS.

3.4.2. PDP Measurements. To study the effect of APMS on
XC18 steel anodic dissolution and cathodic hydrogen
reduction in a 1 M HCI solution, potentiodynamic polarization
tests were performed. The experimental results are presented
in Figure 6, showcasing the polarization plots. The examination
of these PDP curves yields several potential kinetic parameters,
including corrosion current densities (icore), corrosion potential
(Ecor), inhibition effectiveness (#7), anode Tafel slope (f3,), and
cathode Tafel slope (f.), which were determined and are
summarized in Table 4. Based on the PDP measurements, the
corrosion inhibition efficiency (7ppp(%)) was evaluated using
the following equation

oo (%) = feom ~ e X 100

o e (16)

where i, and i.,, are the corrosion current density without
and with the presence of the APMS inhibitor, respectively.
Table 4 shows that for all of the investigated concentrations,
the inclusion of APMS results in a notable decrease in the
corrosion current density (i.,). This observed decrease in i,
implies that the addition of APMS obstructed the corrosive
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102 4 4
‘¢ —e—HCI1 mol L
f —— 1 x10* mol L'
103 4 B 5 x10™ mol L™!
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Figure 6. PDP curves of XC18 steel without and with different APMS
concentrations in a 1.0 M HCI solution.

action on the steel surface by adsorbing the APMS molecules
onto the active sites of the XC18 steel surface and prevented
iron dissolution. Therefore, APMS demonstrated significant
corrosion inhibition activity for XC18 steel. Based on the
information from Figure 6, both the anodic and cathodic
curves shift toward a decreasing i, direction. Additionally, the
addition of APMS causes a shift in the corrosion potential
(Ecory) toward the positive side (Table 4).

There are two primary reasons the inhibitor under
investigation is classified as a mixed-type inhibitor. First, it
appears that the tested APMS is affecting both cathodic and
anodic reactions based on the observed shifting of both anodic
and cathodic Tafel traces toward reduced i, in Figure 6.
Second, there is less than an 85 mV difference in E_,,, between
the blank solution and solutions with different doses of APMS.
These outcomes validate the consistency and reliability of the
collected data and are in line with the conclusions from the
WL measurements.””

3.4.3. EIS Investigation. 3.4.3.1. Concentration Effect. The
EIS technique enables the investigation of alterations taking
place at the electrode interface induced by corrosion inhibitors.
The in situ and nondestructive nature of EIS measurements
sets it apart from other electrochemical techniques. Figure 7a
shows the Nyquist plot, while Figure 7b presents the Bode plot
for the XC18 steel electrode. These plots display the interface’s
behavior under two conditions: in the blank solution and at
different concentrations of APMS. To analyze the results, a
circuit comprising electrolyte resistance (R;) and a constant
phase element (CPE) in parallel with a charge-transfer
resistance (R) was used for fitting EIS data (see Figure 8).
Upon observation of the Nyquist plots shown in Figure 7a, it is
evident that they exhibit a virtual depressed semicircle shape,
where the diameter corresponds to the R,. The inhibition
proportion can be calculated by employing R, as indicated
below™

i 0
s (%) = R“—iR“ X 100
Ry (17)
R.” and R/ are the charge-transfer resistance without and with
APMS, respectively.

Various EIS parameters that result from fitting the
experimental data with the proposed electrochemical equiv-
alent circuit (Figure 8) are tabulated in Table S. The small
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Table 4. PDP Parameters for XC18 Steel in 1.0 M HCI without and with Various Concentrations of the APMS Inhibitor at 303

K
inhibitor concentration (mol L™ — mV vs — m ec i cm™ 0
hib (mol L) Ecore (mV vs SCE) . (mV dec™) corr (A cm™?) Mepp (%)
blank 1.0 461.1 + 0.3 140.1 + 2.5 599.8 + 0.6 —
APMS 1x107* 4682 + 0.4 160.3 + 2.1 137.7 + 0.5 77.03
5x 107 456.5 + 0.6 1859 + 1.8 89.3 + 0.1 85.10
1x 1073 4534 + 04 1732 = 1.9 65.6 + 0.5 89.05
5% 1073 471.6 + 0.1 1804 + 2.2 419 + 04 93.01
500 T T T T T " " 80
= Blank e Blank
3.0 4 10 mH:;
450 = 30 (a) ® 5x10°M mhz (b) e 5x107°M 70
25 . " 1x10°M o 1x102 M
. .0 MHCI
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Figure 7. (a) Nyquist and (b) Bode curves of XC18 in 1.0 M HCI solution at 303 K without and with varying concentrations of the APMS

inhibitor.

Ret
Interface

Figure 8. Equivalent circuit model used for fitting the EIS results.

value of y, in Table S indicates the reasonableness and validity
of the employed equivalent electrical circuit. The Nyquist and
Bode plots display similar shapes at different concentrations,
which are characterized by single capacitive loops. However,
the diameter and height of the loop vary, indicating that the
charge-transfer process is the predominant factor governing the
dissolution of XC18 in the HCl medium. Meanwhile, the
corrosion mechanism remains unaffected by the varying
concentrations.”’ As the concentration increases, higher
peaks and diameters are observed, suggesting more resistance

against corrosion. This phenomenon can be attributed to the
APMS molecules that form a protective layer on the XC18
surface, leading to a reduced corrosion rate in the HCI
solution. The Nyquist plots obtained are not perfectly
semicircular. This deviation from a perfect semicircular shape
can be ascribed to the inhomogeneity or surface irregularity of
the metal.”” The system cannot be fully explained by
considering only Cy (double-layer capacitance). However,
replacing Cy with CPE resolves this issue and provides a more
accurate description of the electrochemical system. The
relationship employed to calculate the impedance of the
double-layer (Zcpg) and the Cy in circuits incorporating CPE
is as follows™™

1
7 - -
PET Qo) (18)
Cy = Q@)™ (19)

Q represents the CPE value, while n quantifies the surface’s
heterogeneity or roughness, and a higher value of n
corresponds to a reduction in surface roughness, whereas a
lower value of n indicates increased surface roughness, with —1
< n < 1. For semicircles, n typically falls between 0.5 and 1.

Table S. Effect of APMS Concentration on the EIS Parameters of XC18 Steel Corrosion in a 1 M HCI Solution at 303 K

inhibitor ~ concentration (mol L™!) R, (Q cm?) R, (Q cm?) n Qx107*(8"Q ' em™) Cy WF cm™) X* X 107> 75 (%)
blank 1 0.14 25.01 + 0.0S 0.90 + 0.08 1.772 + 0.006 97 0.5 -
APMS 1x107* 0.16 113.52 + 0.04 0.87 + 0.04 0.567 + 0.004 26 0.8 77.94
5x 107* 0.19 183.13 + 0.06 0.88 + 0.09 0.415 + 0.008 20 0.1 86.32
1x 1073 0.11 259.21 £ 0.09 0.89 + 0.10 0.254 + 0.009 13 0.2 90.33
5% 1073 0.12 453.10 + 0.07 0.84 + 0.07 0.153 + 0.007 6 0.2 94.47
15022 https://doi.org/10.1021/acsomega.3c09097
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Figure 9. Time-dependent impedance responses presented in the Nyquist plots of XC18 steel in (a) 1.0 M HCl and (b) with the presence of 5 X

10~ M of APMS at 303 K.

Table 6. Changes in EIS Parameters with Submersion Duration for XC18 Steel with and without the Presence of 5 X 107> M of

APMS at 303 K

inhibitor time (h) R, (Q cm?) n
blank 0.5 25.01 + 0.0S 0.90 + 0.04
6 18.30 + 0.08 0.85 + 0.07
12 15.81 + 0.04 0.84 + 0.0
24 14.02 + 0.03 0.85 + 0.02
48 11.41 + 0.07 0.87 + 0.09
APMS 0.5 453.10 + 0.06 0.84 + 0.05
6 290.51 + 0.05 0.86 + 0.04
12 241.32 + 0.04 0.87 + 0.04
24 149.71 + 0.10 0.88 + 0.09
48 101.42 + 0.09 0.89 + 0.08

Qx 107 (8" Q' em™) Cq (HF cm?) 1ers (%)
1.772 + 0.006 97 -
2.541 + 0.008 104 -
2.880 + 0.003 110 -
2.971 + 0.004 120 -
3.012 + 0.008 129 -
0.153 + 0.009 6 94.47
0.233 + 0.006 10 93.70
0.294 + 0.005 14 93.44
0.452 + 0.012 22 90.65
0.535 + 0.010 28 88.75

(b)
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Figure 10. SEM images of XC18 steel samples after immersion in 1.0 M HCl for 48 h (a) without and (b) with S X 10~ M of APMS inhibitor.

Additionally, j is used to denote the imaginary number. In the
provided expression, @, = 2af,,,, where f, ., corresponds to
the frequency at which Z;, reaches its maximum.

The practically constant value of R, (Table S) indicates that
the addition of APMS has no impact on the electrolytic
solution’s stability. Moreover, there were no notable changes in
the phase shift values (n). This suggests that charge transfer
acted as the primary mechanism governing XC18’s dissolution
in a 1 M HCl medium.** However, the inclusion of APMS
reduces the charge accumulation over the XCI18 surface, as
indicated by the decreased value of Q. The inhibitor’s
protective capability can be assessed by examining the
thickness of the electrical double layer formed upon the
deposition of APMS on the XCI18 surface. An increase in

15023

thickness leads to a decrease in Cy. Table § illustrates that with
the increase of APMS doses, there is a concurrent reduction in
Cg- Upon closer examination of the phase angle plots (Figure
7b), at lower frequencies of Bode plots, the addition of
inhibitor molecules leads to an increase in impedance
modulation, indicating the formation of a protective inhibitor
film on the metallic surface. Moreover, the trend of escalating
phase angle values in the direction of —90° representing a
capacitive nature, suggests that inhibitors contribute to the
smoothness of the metal surface by reducing the corrosion rate,
suggesting enhanced inhibition efficiency.

3.4.4. EIS Evaluation for Long Time Immersion. After
conducting research on temperature and concentration effects,
the assessment of the corrosion performance of the protective
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Figure 11. (a) Optimized geometry configuration, electron density distribution of the (b) HOMO and (c) LUMO orbitals, (d) ESP map, (e) ESP
mapped molecular vdW surface, and (f) color-filled RDG map of the optimized configuration of the APMS molecule. (The blue region represents
the formation of hydrogen bonds, the red region represents the repulsive interaction, and the green region represents the van der Waals effect.)

organic layer was performed at different immersion times. We
anticipate that this factor will significantly affect the inhibition
capability. The purpose of this study is to assess the stability of
APMS in a corrosive environment. The investigation tracks its
performance over a period of 30 min to 48 h of submersion
under constant circumstances of inhibitor concentration and
temperature. As the immersion duration in the acidic solution
increases, Figure 9 clearly shows a trend where the sizes of the
capacitive semicircles increasingly increase. The determined
inhibition percentages and other pertinent characteristics
derived using the EIS graphs (Figure 9) are shown in Table
6, categorized based on different immersion times. The table
clearly indicates that the R, of XC18 decreases significantly
with increasing immersion time, both with and without 5 X
107° mol L™* APMS. After 48 h, the R, values are 11.41 Q cm?
without APMS and 101.40 Q cm® with the addition of APMS.

This is primarily explained by the fact that when the metal
surface comes into contact with the HCI solution, a shielding
layer is formed on it. Immersion time has an impact on the
creation of an APMS shielding film on the surface of XC18 in
addition to the inhibitor’s molecular structure. These findings
show that even after extended immersion times, the inhibitor
coating continues to deposit on the XC18 surface. As a result,
the film’s durability and ability to hinder the surface
degradation process grow stronger and more efficient.*’

3.5. Morphological Analysis. After immersion in 1 M
HCI, SEM images of XC18 steel were captured after 48 h, both
with and without the presence of APMS, as depicted in Figure
10. The SEM images of the smoothed XC18 sample in the
acidic solution revealed a significantly damaged surface,
featuring cracks, holes, and crevices, as highlighted by arrows
and semicircles (Figure 10a). After 48 h of treatment process
in the presence of 5 X 107> M of APMS inhibitor, a unique
protective film of APMS grows on the XC18 surface, as
depicted in Figure 10b. Such effective sealing would be
attributed to the donor—acceptor character of APMS and its
strong adsorption ability on the metal surface, which effectively
inhibits the corrosion of XC18 steel in the 1 M HCI
environment.”” The shielding nature of this protective layer
is demonstrated in the inhibition performance obtained from

the electrochemical measurements. The active adsorption of
the APMS inhibitor operating the growth process of the
organic layer is affected by the electron-transfer behavior and
the bonding compatibility between APMS and the metal
surface by electron donor—acceptor reactions, as will be
proved later by DFT and DFTB calculations.

3.6. Theoretical Perspectives. The DFT approach was
employed to examine the charge-transfer dynamics and
inherent characteristics. Initially, an investigation was carried
out using the distribution of energy levels in molecular orbitals
(MOs), ESP, vdW surfaces colored according to ESP, and the
noncovalent interaction (NCI) approach referred to as RDG.
The objective of this analysis was to examine the
intermolecular interactions involving the inhibitor molecule.
Through the application of computational chemistry methods
rooted in DFT, the molecular electronic attributes closely
linked to the molecules’ reactivity have been assessed. Within
the realm of DFT calculations, the energies of frontier orbitals
and descriptors of chemical reactivity serve as significant
indicators, aiding in the understanding of the inhibition
efficacy exhibited by organic molecules during the corrosion
inhibition process of metals. Following the optimization of the
APMS structure (Figure 11a), the energies of the HOMO and
the LUMO were acquired, as depicted in Figure 11. Table 7

Table 7. Quantum Chemical Parameters Derived From
DFT Simulation for Evaluating the Molecular Reactivity of
APMS

Enomo Erumo P EA AE,, X n
(eV) (V) (V) (V) (V) (V) (V) AN
—5.40 —213 540 213 3.26 376 164 032

presents the parameters alongside the corresponding quantum
chemical values, encompassing Eyomor ELumor AEgy AN, 7,
and additional parameters. Initially, the frontier molecular
orbital (FMO) theory was employed to assess the reactivity
and arrangement of molecular orbitals within the inhibitor.
The interfacial interaction between APMS and the XC18
surface can be largely anticipated through analysis of HOMO
and LUMO energies. E; o signifies the ability of the APMS
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Figure 12. Computational insights into the adsorption mechanism between APMS and the XC18 surface. (a) Adsorption mode with the
precalculation position and (b) most stable adsorption configuration of the APMS molecule onto the Fe(110) surface: top and side views.

molecule to accept electrons, while Eygyo indicates the
molecule’s chemical reactivity for donating electrons.** ™" As
depicted in Figure 11b, HOMO spans across the entirety of
the APMS molecule, encompassing all of its regions.
Conversely, the LUMO extends over the entire APMS
molecule with the exception of two benzene rings (Figure
11c). The APMS inhibitor displays a notably low chemical
hardness (77) value, as indicated in Table 7. This characteristic
suggests that the examined APMS compound holds the
potential to effectively inhibit the corrosion of XC18.”'
Further, as observed in Table 7, the investigated inhibitor
demonstrated a positive AN value that falls below 3.6. This
observation implies that the APMS compound donates its
electrons to the steel surface.’® The energy gap (AEgaP) , along
with Eyopo and Ejyyo, is essential in dictating the adsorption
of molecules onto metallic surfaces. AE,,, signifies the APMS
responsiveness to the XC18 surface. As AE,,, diminishes, the
inhibitor’s reactivity naturally intensifies, leading to an
augmented adsorption onto the metallic surface.”” The
Enomo of APMS (=540 eV) closely aligns with the Fermi
level of iron (—5.17 eV), more so than the E; o (—2.13 eV).
Moreover, the disparity in energy between APMS’s Eyyy0 and
the iron Fermi level is —0.23 eV, underscoring the charge-
transfer behavior of APMS.>

The electrostatic potential (ESP) is a scalar field that
describes the electrostatic interactions within a molecular
system. ESP provides insights into the charge distribution and
polarity of a molecule. The ESP surface (depicted in Figure
11d) represents the distance at which a positively charged test
particle encounters specific attraction or repulsion interactions
with the synthesized molecule.”* Positive ESP values indicate
regions where electron density is low (positively charged),
while negative ESP values indicate regions with higher electron
density (negatively charged). ESP is used to analyze and
predict various molecular properties, including reactivity and
intermolecular interactions. Figure 11d illustrates the three-
dimensional representations of ESP for APMS. The ESP
reveals regions of negative ESP (highlighted in shades of red),
which are prominently concentrated across the molecule,
excluding the hydrogen atoms within the rings. While regions
of positive ESP are visualized as a distinctive yellowish mass.

To enhance the understanding of intermolecular interactions
and forecast nucleophilic and electrophilic attacks, the
disposition of the ESP on the van der Waals surface was
carried out. It is recognized that regions with more negative
ESP (depicted in red) and more positive ESP (depicted in
blue) signify electrophilic and nucleophilic reactivity, respec-
tively. Additionally, areas marked with orange and blue dots on
the vdW surface correspond to the ESP maxima and minima,
respectively. Hence, as depicted in Figure 1le, it becomes
evident that the regions of negative isosurfaces and the points
of minimum ESP are primarily situated around sulfur atoms
and the electron pairs of nitrogen and oxygen atoms. This
observation indicates the potential of these areas to function as
centers for nucleophilic reactions when the interaction occurs
between the APMS inhibitor and the unoccupied orbital of
iron (Fe). Indeed, the sulfur atoms located within the thiazole
groups displayed the most pronounced negative potential
(indicating the lowest value on the global surface) with an ESP
value of —40.73 kcal mol ™. Following this, the nitrogen atoms
within the thiazole groups exhibited an ESP value of —26.95
kcal mol™". These results underscore the significance of the
delocalized electrons within the thiazole groups, underscoring
their pivotal role in primary bonding and electron charge
transfer from the APMS to the XC18 surface. These electron-
rich areas can function as donors and acceptors for
intermolecular interactions. While FMO has found widespread
application in assessing the overall reactivity characteristics of
organic molecules, it falls short of adequately capturing the
localized electronic attributes within molecules due to its
reliance on delocalized molecular orbitals. Consequently, RDG
analysis was conducted to visually assess the intermolecular
interactions, as depicted in Figure 11f. The NCI concept is a
good theoretical framework used to clarify intermolecular
interactions and assess the attributes of faint connections
within molecular systems. In this color-filled RDG isosurface,
the presence of red and green colors corresponds to repulsive
and vdW interactions, respectively (Figure 11f).”° As
illustrated in Figure 11f, vdW interactions exist between
oxygen and sulfur atoms as well as between nitrogen and
hydrogen atoms. These interactions contribute to the stability
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of the APMS complex. Moreover, steric effects are also located
at the centers of the rings.

To acquire a deeper comprehension of how the APMS
molecule interacts with the Fe surface, we carried out first-
principles DFTB calculations. These calculations involved a
setup in which an APMS inhibitor was deposited onto the
Fe(110) surface plane. Prior to any optimization, the APMS
inhibitor was placed at discrete locations, showcasing an initial
surface distance of dg_g, = 3.02 and dg_g, = 3.71 A, as clearly
demonstrated in Figure 12a (side view). Furthermore, we
determined the adsorption energy using eq 7. Figure 12b
illustrates that when the APMS molecule adopts a nearly
parallel orientation (O contact), it adheres to the Fe surface in
an almost planar configuration. In this arrangement, the polar
groups and the 7-bonds of the aromatic ring engage in direct
chemisorptive interactions with the Fe surface. Compared to
the initial adsorption configuration of APMS on the Fe surface,
the APMS molecule establishes a connection with the Fe
surface through its active sites. This suggests that the presence
of active heteroatoms promotes such interfacial behavior,
leading to strong interactions with the surface. Moreover, the
findings unambiguously show that the APMS—Fe bond
distances measure around 2.12 and 2.52 A when taken from
the O atoms of the adsorbed APMS on the Fe surface,
confirming the robust adsorption of the APMS inhibitor
molecule. Indeed, in the most stable adsorption configuration,
the formation of chemical bonds was favored due to the fact
that the covalent radii of the bonded atoms O and Fe fall
within the sum of the covalent radii of O and Fe (the sum of
the oxygen radius, r(O), and the iron radius, r(Fe), equals 1.98
A)>® In comparison to the initial configuration, the APMS
inhibitor forms a notably more stable protective layer on the
Fe(110) surface, leading to considerably increased stability
with an adsorption energy of —5.12 eV (Figure 12b). The
preceding findings demonstrate that the APMS inhibitor aligns
with the high electron localization characteristics observed in
the bonding regions, as previously discussed through the ESP-
mapped molecular vdW surface. Consequently, the electrons
residing within the active sites and the polar groups of the
inhibitor molecule were moved to the vacant d orbitals of the
Fe atom, enhancing both the effectiveness of binding and the
transfer of the electronic charge from APMS to the Fe surface.

3.7. Comparative Analysis with Other SB Derivatives
in Some Previous Studies. Table 8 provides a comparative
analysis of the inhibition effectiveness of the current organic
inhibitor alongside previous studies involving protective

Table 8. Comparative Analysis of the Inhibition
Performance of APMS and the Previously Studied SB
Derivatives

optimum IE % (from
SB derivatives  steel alloy concentration EIS) ref
diazene-based ~ X65 steel 100 ppm 92.40 N
SB
6-SH carbon 3 X 107 mol L™! 94.29 53
steel
PBPE mild steel 800 mg L™ 85.39 >
CMPMA mild steel 300 ppm 91.99 57
PMAD carbon 2 X 107 mol L™ 83.42 58
steel
PBPM3 mild steel 800 mg L™ 83.92 v
APMS XC18 $ X 107> mol L™ 94.47 current
steel work

techniques employing Schiff bases for steel alloys. The
inhibition performance of the APMS-based inhibitor, exceed-
ing 94%, seems to surpass the conventional threshold. This is
due to the robustness of the protective structure, where the
APMS compound fills in the microdefects on the surface of
XC18 steel. The present study revealed the development of
strong coordination bonds between APMS and the steel
surface, occurring in a simultaneous adsorption mode
characterized by the formation of covalent bonds. Con-
sequently, the protective organic structure formed by APMS
on the XC18 surface significantly enhances both chemical
reliability and corrosion resistance.

3.8. APMS/Surface Interaction Mechanism. Based on
experimental findings and theoretical computations, Figure 13
illustrates the corrosion inhibition mechanism of the APMS
inhibitor. Considering thermodynamic and theoretical results,
the adsorption of APMS occurs through two main mecha-
nisms: physical and chemical. Understanding the adsorption
mechanism is challenging because inhibitors bond to surfaces
in two ways: physically and chemically. For APMS, it is
probable that the molecules adhere to the surface of the XC18
steel through vdW forces and covalent bonds. The chemical
adsorption on the XC18 steel surface is elucidated by the
donor—acceptor interaction, where the charges of donating O
and S atoms and 7-electrons of APMS bind with the empty d-
orbitals of Fe atoms. Additionally, electrons jump from the iron
atoms to the APMS’s rings, filling its empty z-antibonding
orbitals through a back-donation mechanism. This process, in
turn, enhances the adsorption of APMS on the XC18 surface.’®
Furthermore, the introduction of metal complexes as
compound corrosion inhibitors facilitated the bonding of
APMS molecules through intermolecular interactions. This
interaction, in turn, promoted the bonding of more atoms to
the surface of Fe. Consequently, the coadsorption of APMS-
based inhibitors resulted in the formation of a more robust and
condensed shield on the metal surface. Thus, APMS
synergistically achieves a notable drop in the degree of
corrosion of XC18 steel.

4. CONCLUSIONS

Through experimental assessments and contemporary the-
oretical chemistry principles, we elucidated the corrosion
inhibition mechanism of APMS as a copper(1l) complex of an
SB inhibitor on the XC18 surface in a HCI solution. The
superior anticorrosion performance of APMS was provided by
its electron-donor and electron-acceptor characteristics. The
enhanced performance was attributed to its electron donor—
acceptor attributes. The electrochemical findings demonstrated
that the adsorption of APMS changed the surface of the XC18
steel, promoting the development of an organic layer.
Irrespective of the employed method, the corrosion inhibition
effectiveness of XC18 increased at a higher APMS concen-
tration. The synergistic mechanism and interfacial adsorption
behavior of the APMS inhibitor were thoroughly explored
through quantum chemical calculations (RDG, ESP, and ESP
on vdW molecular surface) and first-principles DFTB
simulations, which assess both inter- and intramolecular
interaction contributions. Regarding the mechanism behind
the formation of the organic film, it is possible that the APMS
inhibitor adheres to the XC18 surface through a significant
synergistic inhibition effect on the corrosion of XC18 steel.
This process likely includes the transfer of electrons between
the heteroatoms and the XC18 surface. Strong covalent bond
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Figure 13. Facile and rapid formation of the organic layer of APMS. Influence on charge-transfer behavior and interaction with corrosive solution.

formation occurred in a nearly parallel adsorption config-
uration as revealed by DFTB calculations.
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