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ABSTRACT: Herein, we synthesized three novel benzothiazole
azo dyes, including 4-chloro-2-(4-methyl-benzothiazol-2-ylazo)-
phenol (CMBTAP), 1-(6-chloro-benzothiazol-2-ylazo)-naphtha-
len-2-0l (CBAN), and 2-(6-chloro-benzothiazol-2-ylazo)-4-meth-
yl-phenol (CBAMP), and investigated their corrosion inhibition
effect on carbon steel. The dyes were characterized by Fourier
transform infrared spectroscopy, "H nuclear magnetic resonance
(NMR), C NMR, and mass spectroscopy. Weight loss, electro-
chemical impedance spectroscopy, and potentiodynamic polar-
ization measurements were performed to investigate the corrosion
inhibition effect of the dyes on carbon steel in a 1.0 M HCI
solution. The synergistic effects of the dyes with potassium iodide
(KI) were also investigated. The inhibition efficiency (IE%) was

enhanced by increasing the dose of the dyes (1 X 107> to 2 X 107* M) and decreased as the temperature increased from 25 to 45 °C.
The addition of KI to a 1.0 M HCI solution containing the dyes improved the performance and efficiency as iodide ions promoted
the formation of inhibition films on the surface of carbon steel. The dyes are mixed-type inhibitors, according to Tafel polarization.
Scanning electron microscopy and energy dispersive X-ray analysis were used to evaluate the surface morphology of carbon steel
sheets. Quantum theory calculations were utilized to evaluate the relationship between the dyes’ chemical structures and their
inhibitory efficiency, which confirmed the experimental results. The calculations revealed that the dyes have low energy gap and
Milliken and Fukui indices. Among all of the dyes, CMBTAP showed the highest adsorption energy. The corrosion IE was in the

order CMBTAP > CBAMP > CBAN.

1. INTRODUCTION

Due to its outstanding mechanical properties at high temper-
atures, simplicity of production, and low cost, carbon steel plays
a significant role in the petroleum industry for pipelines, tanks,
ships, equipment, and other applications. Nevertheless, in acidic
situations, it is vulnerable to corrosion. The two acids that are
most frequently utilized in the industry are sulfuric acid and
hydrochloric acid. They are employed to remove oxides
produced by chemical processes in steel and oil refineries.'~*
These acidic solutions can corrode metals over time. In aqueous
environments, which are found in an array of challenging
circumstances in oil and gas production, processing, and
pipeline systems, the majority of metals are susceptible to
corrosion.” The most cost-effective strategy is to slow the rate of
corrosion because corrosion processes cannot be stopped. In
recent years, organic compounds have been used extensively as
corrosion inhibitors to prevent corrosion in metals.”” Generally,
the most effective organic inhibitors are heterocyclic com-
pounds having s-electrons, heteroatoms, and aromatic rings.
Heterocyclic azo dyes and Schiff bases have attracted attention
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as metal corrosion inhibitors in acidic conditions because they
have higher inhibition efficiency (IE) than the comparable
amines and aldehydes."~"" Comparatively to other organic
inhibitors, azo dyes are more promising for the suppression of
corrosion due to their molecular structures. According to several
research studies,'>~"* the inhibition of corrosion by azo dyes is
attributed to the formation of complexes between the metal and
the nitrogen of the azo group binding at the electrode surface.
Synergistic inhibition (synergism) is a successful method of
improving the inhibitive force."’
adsorption ability of organic cations in corrosive environments
by establishing bridges between inhibitor cations and negatively

Halide ions increase the
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Scheme 1. Synthetic Procedures and Chemical Structures of CMBTAP, CBAN, and CBAMP
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charged metal surfaces. The synergism of halide ions is in the
order I~ > Br™ > CI™."® Owing to its relatively larger size and high
polarizability, I” is chemisorbed on metal surfaces and provides
better synergistic effects.'” Synergism is a successful approach to
improve the inhibitory effect of inhibitors to reduce the dose of
organic compounds and diversify the applications of inhibitors
in acidic environments.'® The association between molecular
structures and the chemical reactivity and selectivity of corrosion
inhibition mechanisms must also be established, and this
requires utilizing quantum chemical calculations. The effective-
ness of a compound in a chemical reaction is related to its spatial
and electronic molecular structures.'’ Furthermore, theoretical
studies enable the preselection of organic compounds with the
required structural features for chemical reactions.

In this study, we synthesized three novel azo dyes, including 4-
chloro-2-(4-methyl-benzothiazol-2-ylazo)-phenol (CMBTAP),
1-(6-chloro-benzothiazol-2-ylazo)-naphthalen-2-0l (CBAN),
and 2-(6-chloro-benzothiazol-2-ylazo)-4-methyl-phenol
(CBAMP) (Scheme 1), and examined their corrosion inhibition
effects on carbon steel. The adsorption efficiency was analyzed
by weight-loss measurements, potentiodynamic polarization,
and electrochemical impedance spectroscopy (EIS) in 1.0 M
HCl solutions. The IE% was enhanced by the addition of iodide
ions to small concentrations of azo dyes containing a corrosive
solution. Quantum theoretical analysis revealed the correlation
between the molecular structures of the dyes and their corrosion
IE. The surface morphology of carbon steel was evaluated by
scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX).

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. 2-Amino-4-methyl benzo-
thiazole, 2-amino-6-chloro benzothiazole, 6-chloro phenol, p-
cresol, and f-naphthol were purchased from Merck-Aldrich
Chemicals and used as received. Sodium hydroxide, sodium
nitrite, and sulfuric acid (98%) were purchased from Beijing
Chemical Int. AR-grade hydrochloric acid (30%) was used for
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preparing the corrosive solutions. Seven identical carbon steel
specimens were cut out from a carbon steel sheet with chemical
composition (wt %): C (0.076), Mn (0.19), P (0.012), Si
(0.026), Cr (0.05), A1 (0.023), and Fe (balance). The surfaces of
carbon steel samples and the working electrode were polished to
mirror finish using different grades (400—1200) from grit emery
papers and washed with deionized water.

2.2. Synthesis and Characterization of Investigated
Benzothiazole Azo Dyes. The investigated azo dyes, 4-
chloro-2-(4-methyl-benzothiazol-2-ylazo)-phenol (CMBTAP)
1-(6-chloro-benzothiazol-2-ylazo)-naphthalen-2-0l (CBAN),
and 2-(6-chloro-benzothiazol-2-ylazo)-4-methyl-phenol
(CBAMP) (Scheme 1), were synthesized following the
procedures previously described by us™ to yield brownish red,
reddish brown, and orange solids of CMBTAP, CBAN, and
CBAMP, respectively, which were dried and recrystallized from
ethanol.

The molecular structure of the investigated dyes, CMBTAP,
CBAN, and CBAMP, was confirmed by FT-IR, '"H NMR, “*C
NMR, and mass spectroscopy. Both CBAN and CBAMP dyes
have been characterized and discussed by us previously.”® The
FT-IR spectrum of CMBTAP showed sharp bands at vibrational
frequencies (cm™): 1469 (C—S), 1597 (C—N), 1532 (C=N),
1534 (N=N), 3120 (Ar=CH), 2930 (aliphatic—CH; group),
760 (C—Cl), and a sharp band is observed at 3456 cm™
corresponding to stretching vibrations of the —OH group; see
Figure S1. The mass spectra showed a molecular ion peak at the
required position, m/z = 304.5, which is equivalent to the
molecular weight of the proposed compound; see Figure S2. 'H
NMR (DMSO-dy, 400 MHZ, Figure S3) shows that § (ppm) =
11.12 (s, 1H, OH), 6.8 (s, 1H, phenol), 6.95 (s, 1H, phenol),
7.15 (d, 1H, phenol), 7.42 (s, 1H, benzo), 7.33 (s, 1H, benzo),
7.9 (s, 1H,benzo), and 2.35 (s, 3H, CH;). Figure S4 shows the
3C NMR spectra using DMSO-d, as a solvent.

2.3. Solutions. In this investigation, the corrosive medium
was 1.0 M HCI solution and prepared by dilution of 30% HCI
with distilled water. Corrosion experiments were performed in
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Figure 1. Weight-loss—time curves for the dissolution of carbon steel in 1.0 M HCl in the absence and presence of different concentrations of (a)

CMBTAP, (b) CBAN, and (c) CBAMP at 25 °C.

1.0 M HCI solution in the absence and presence of various
concentrations of synthesized azo dyes (1 X 107 to 2 X 10™* M)
and/or 0.5 M KI. Ethanol was used to prepare the stock solution
of the investigated dyes (10> M). For each experiment, a freshly
prepared solution was used under air atmosphere without
stirring at 25 °C.

2.4. Weight-Loss Measurements. The weight-loss
method, which is a practical and widespread method, was used
to test the efficacy of corrosion inhibitors in acid solutions. In
this method, the initial weight of thoroughly polished carbon
steel samples (1 cm X 1 cm X 0.2 cm) was measured before
immersion in 50 mL of 1.0 M HCI solution without and with
different dosages of the investigated dyes CMBTAP, CBAN, and
CBAMP. The measurements were performed at various
temperatures (25—45 °C) for a total immersion time of 3 h
using a thermostated water bath. After 30 min, sheets of carbon
steel were removed from the solution, washed with distilled
water, and then slowly dried with air before being weighed once
more. The weight losses are given by

W= (m — m,) (1
where m; and m, are the weights of before and after exposure to
the corrosive solution, respectively. The inhibition efficiency (%
IE), the degree of surface coverage (), and corrosion rate (C) of
the investigated dyes were calculated using eqs 2 and 3
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%IE = 0 X 100 = 1—(ﬂ] X 100
free (2)
CR—[ W
AXt (3)

where Wy, and Wy, are the weight losses per unit area in the
absence and presence of inhibitors, respectively, A is the area of
the carbon steel sheet in mg, and ¢ is the period of immersion in
minutes.

2.5. Electrochemical Measurements. CS Potentiostat/
Galvanostat (electrochemical workstation CS350) with three
derivative electrodes was used. The working electrode was
carbon steel with 1 cm? surface area. Before each experiment, the
electrode was abraded using emery sheets. After that, ethanol
was used to clean the electrode using ultrasound before being
rinsed with distilled water. All potentials were measured with
reference to the Ag/AgCl electrode. A platinum plate with a
surface area of 1 cm” served as the counter electrode. A steady-
state open-circuit potential, OCP, was obtained by immersing
the working electrode in the test solution for 30 min. In an
atmosphere of air and at potentiodynamic conditions equivalent
to 1 mV/s (sweep rate), Tafel polarization curves were recorded
by combining different electrode potentials (—0.6 to 0.2 V) vs
OCP. At 25 °C, all measurements were performed using a
carbon steel electrode in 1.0 M HCl in the absence and presence
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Table 1. Data of Weight-Loss Measurements for Carbon Steel in 1.0 M HCI Solution in the Absence and Presence of Different

Concentrations of Investigated Inhibitors at 25 °C

inhibitor conc. X 107> M weight loss (mg cm?)
CMBTAP blank 591
1 4.10
S 3.60
10 2.74
15 2.37
20 1.73
CBAN 1 4.29
S 3.97
10 341
15 2.94
20 245
CBAMP 1 3.86
S 3.55
10 2.93
15 2.77
20 2.34

CR (mg cm ™2 min~") (C) %IE
0.049
0.034 0.308 30.5
0.03 0.3905 39.05
0.022 0.535 53.5
0.018 0.598 59.8
0.014 0.707 70.7
0.035 0.273 27.3
0.033 0.328 32.8
0.028 0.423 42.3
0.024 0.502 50.2
0.02 0.584 58.4
0.032 0.349 34.6
0.029 0.399 39.9
0.024 0.503 50.3
0.023 0.531 53.1
0.018 0.603 60.3

Table 2. Data of Weight-Loss Measurements for Carbon Steel in 1.0 M HCI Solution in the Absence and Presence of Different
Concentrations of Investigated Inhibitors at Different Temperatures

30°C 35°C 40 °C 45 °C

inhibitor conc. X 1075 M ® %IE (C] %IE (C) %IE (€] %IE

CMBTAP 1 0.265 26.5 0.229 229 0.208 20.8 0.162 16.2

S 0.354 35.4 0.325 32.8 0.303 30.3 0.283 28.3

10 0.503 50.3 0.475 47.5 0.463 46.3 0.426 42.6

15 0.578 57.8 0.562 56.2 0.557 58.7 0.525 52.5

20 0.689 68.9 0.673 67.3 0.661 66.1 0.636 63.6

CBAN 0.233 233 0.197 19.7 0.175 17.5 0.118 11.8

5 0.292 29.2 0.262 26.2 0.241 24.1 0.221 22.1

10 0.391 39.1 0.363 36.3 0.347 34.7 0.314 314

15 0.478 47.8 0.461 46.1 0.451 4S5.1 0.429 42.9

20 0.569 56.9 0.552 552 0.543 54.3 0.515 SL.S

CBAMP 0.306 30.6 0.279 27.9 0.248 24.8 0.183 18.3

S 0.362 36.2 0.334 334 0.312 312 0.291 29.1

10 0.471 47.1 0.443 44.3 0.427 42.7 0.393 39.3

15 0.508 50.8 0.501 50.1 0.49 49 0.498 49.8

20 0.584 58.4 0.568 56.8 0.559 559 0.532 532
of various doses of the investigated inhibitors. The inhibition 2.6. Surface Examinations Using Scanning Electron
efficiency and surface coverage (©) were calculated from eq 4 Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Spectroscopy. After retaining the carbon steel sheets for 24 h
oIE = 0 % 100 = |1 — bcore(inh) % 100 i}?m}:ersing in 1.0 M Hles<})lluFion in' the :;b(slence and Iilresem‘:eh of
ieorr(frec) ) lg er concentrations of the 1nvest1gaFe yes, as well as with a
mixture from dyes and 0.01 M KI solutions, the surface of carbon
Where i o(free) a0 icon(inn) are the corrosion current densities in steel specimens was examined using a scanning electron

the absence and presence of inhibitors, respectively. microscope model: .JEOL‘JSM 6390.

Electrochemical impedance spectroscopy (EIS) measure- 2.7. Computational Study. The DMol’ module of the
ments were performed using the identical cell that was used for Materials Studio programme (version 20.1 from BIOVIA Inc.)
polarization experiments. The EIS was carried out over a was used to perform density functional theory (DFT)
frequency range of 1 Hz to 100 kHz, with a signal-amplitude calculations.”"”** Numerical functions on an atom-centered
perturbation of 10 mV. The inhibition efficiency (%IE) and grid, which are much more comprehensive than conventional
surface coverage (©) of the investigated compounds obtained Gaussian functions, are the atomic basis of the DMol®
were calculated from eq § programme. Geometrical optimizations have been carried out

using the double numerical with the polarization (DNP) basis

%IE = 0 X 100 = Ry — Rg % 100 set and the hybrid functional of Becke-3-exchange plus Lee—

= (s) Yang—Parr correlation (B3LYP). The conductor-like screening

model (COSMO)** was used to account for solvent effects

where R°, and R are the charge-transfer resistance values in the (here, water, dielectric constant of 78.54) in order to achieve
absence and presence of the inhibitor, respectively. more reliable results.

28317 https://doi.org/10.1021/acsomega.3c02105

ACS Omega 2023, 8, 28314-28332


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

The adsorption progress of CMBTAP, CBAN, and CBAMP
on the iron surface is investigated using Monte Carlo
simulations with Accelrys Inc.’s adsorption locator module.”*
We choose Fe(110) to simulate the adsorption process because,
among the three types of Fe surfaces (110, 100, and 111),
Fe(111) and Fe(100) have comparatively open structures,
whereas Fe(110) is a density packed surface with the highest
stabilization.”*”° It was initially split from a bec Fe crystal, then
increased to a (8 X 8) supercell size, and then a 35 thickness
vacuum slab was constructed above the Fe(110) plane. Using a
simulated annealing task, the optimized inhibitor molecules
were allowed to adsorb on the polished Fe(110) surface in order
to reach an equilibrium configuration of the inhibitor/Fe(110)
system. Lastly, we can determine the adsorption energy for the
inhibitor/Fe(110) system configuration that is most stable. Each
adsorption system also included 400H,0, SH;0%, and SHCI
molecules to simulate solvent effects. A forcefield method
technological advance is the use of COMPASS (Condensed-
phase Optimized Molecular Potentials for Atomistic Simulation
Studies), which optimizes the structures of every system
component.”” It is the first ab-initio forcefield to predict
chemical properties (structural, conformational, vibrational,
etc.) and condensed-phase properties (equation of state,
cohesive energies, etc.) for a wide range of chemical systems.

3. RESULTS AND DISCUSSION

3.1. Weight-Loss Measurements. Figure 1 shows the
effect of the concentrations of CMBTAP, CBAN, and CBAMP
on weight loss vs time of carbon steel at 25 °C. The weight loss of
the carbon steel in the presence of the inhibitors increased
linearly over time and was less than that attained in the absence
of the inhibitors. The linearity shows that no insoluble surface
film was created during the corrosion reaction, and the inhibitors
were first adsorbed on the metal surfaces, separating them from
the corrosive media and decreasing the metal dissolution and
corrosion rate as the concentration increased (1 X 107> to 2
%10+ M).”® Tables 1 and 2 show the calculated inhibition
efficiencies (IE%) at various doses of inhibitors in 1.0 M HCl at
various temperatures (25—45 °C). IE% increased with an
increase in the inhibitor dose and decreased with temperature
increase. This is explained by the increase in the number of
inhibitor molecules that are adsorbed on the metal surface, and
the promotion of inhibitor molecule desorption from the metal
surface occurred at high temperatures. For the same inhibitor
concentration (2 X 107* M), IE% increase in the following
sequence: CMBTAP > CBAMP > CBAN.

3.2. Adsorption Isotherms. Basic information about
corrosion inhibition mechanisms in electrochemical reactions
can be provided in adsorption isotherms. Physical and chemical
adsorption are two different types of interactions that occur
when organic molecules adsorb on the surface of carbon steel.
These interactions are affected by the chemical structure of the
inhibitor, the type of electrolyte, and the charge and nature of the
metal. The surface coverage 6 of the metal surface by the
adsorbed inhibitors was calculated from weight-loss measure-
ments using eq 6. § was evaluated for different inhibitor
concentrations at 25 °C by fitting various isotherms, including
Frumkin, Langmuir, Temkin, and Flory—Huggins isotherms.
The Langmuir isotherm showed the best fit*

6
— =K xC
i—g (6)

where C is the inhibitor concentration and K4, the equilibrium
constant of the adsorption process. Figure 2 shows a plot of (6/1
— ) against C for all concentrations of the inhibitors. A straight-
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Figure 2. Langmuir adsorption isotherms of (a) CMBTAP, (b) CBAN,
and (c) CBAMP on the carbon steel surface in 1.0 M HCl at different
temperatures.
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Table 3. Thermodynamic Parameters for the Adsorption of Inhibitors on the Carbon Steel Surface in 1.0 M HCI at Different

ACS Omega
Temperatures
inhibitor temp. (K) Ky X 10° M ™!
CMBTAP 298 9.94
303 8.92
308 8.68
313 8.45
318 7.58
CBAN 298 491
303 4.70
308 4.59
313 4.52
318 4.40
CBAMP 298 5.32
303 5.25
308 5.07
313 4.96
318 4.85

—AG®,4, (k] mol™")

—AHC 4 (k] mol™") —AS°,4 (J mol™! k1)

32.73 4.06 96.2
33.01 95.54
33.5 95.58
33.9 95.33
342 94.77
1.74 98.2
314 97.8
319 97.6
324 97.3
32.9 97.5
312 1.70 99.1
31.6 98.2
322 99.3
32.8 99.4
33.1 98.8

line relationship was obtained in all cases with correlation
coefficients (R*) of greater than 0.994. The standard free energy
of adsorption AG® 4 was calculated using eq 7

= 1 (-ach/rn)
55.5 (7)

where 55.5 is the concentration of water in the solution in mole
per liter, R the universal gas constant, and T the absolute
temperature. The slope’s deviation from unity shows that there
were interactions between adsorbed species on the metal surface
as well as changes in adsorption heat with increasing surface
coverage,30’31 which was ignored in the derivation of the
Langmuir isotherm. The negative AG® 4, for CMBTAP, CBAN,
and CBAMP (Table 3) indicate the spontaneity of the
adsorption process and the stability of the adsorbed layer on
the carbon steel surface.” AG®,,, of —20 kJ mol™ or lesser
enables physisorption, whereas that around —40 kJ mol™ or
higher promotes chemisorption due to charge sharing or transfer
from the inhibitor molecules to the metal surface to form
covalent bonds.*>** The obtained AG®,4, for CMBTAP, CBAN,
and CBAMP are —31.2 to —33.1, —31.1 to —32.9, and —32.7 to
—34.2 kJ mol ™!, respectively. This indicates that the adsorption
mechanisms of the inhibitors on carbon steel in a 1.0 M HCl
solution are physisorption and chemisorption (mixed one).

The adsorption heat was calculated according to Van’t Hoft
equation [eq 8]*°

—AG?
InK=|—=%| 4+ const
RT

Kads

(8)

Figure SS shows a plot of log K4 vs 1/T for the dissolution of
carbon steel in 1.0 M HCl in the presence of inhibitors. The
AH® 4, values are negative, as shown in Table 3, indicating that
the adsorption is an exothermic process.”® Additionally, the

standard adsorption entropy AS° 4 was calculated using eq 9
Asaods — (AH:ds - A ;ds]
T ©)

Negative AS°,4, values were obtained as shown in Table 3,
indicating that the adsorption is an exothermic process and
accompanied by a decrease in entropy. This is attributed to the
adsorption of organic inhibitor molecules from the aqueous
solution. This can be regarded as a quasi-substitution process

between the organic compound in the aqueous phase [Org-
(sol)] and water molecules at the electrode surface [H,O
(ads)].*”*® In this circumstance, adsorption of inhibitors is
accompanied by desorption of water molecules from the
electrode surface. However, the adsorption of the solvent is
assumed to be endothermic and associated with an increase in
entropy, and the adsorption of the inhibitor is supposed to be
exothermic and associated with a decrease in solute entropy.””

3.3. Kinetic—Thermodynamic Corrosion Parameters.
The adsorption process was explained by a thermodynamic
model, and the mechanism of corrosion inhibition by the
inhibitors was explained by using a kinetic—thermodynamic
model. For the corrosion reaction of carbon steel in HCI, the
apparent effective activation energies (E,*) in the presence and
absence of inhibitors at various concentrations were calculated
from the Arrhenius-type equation (eq 10)*

(rate)K = A e B /RT (10)

where A is the Arrhenius preexponential factor. A plot of log k
(corrosion rate) vs 1/T showed straight lines (Figure S6). For
the intermediate complex in the transition state for the corrosion
of carbon steel in HCl in the absence and presence of inhibitors,
the activation entropy (AS*) and enthalpy (AH*) were
calculated using the transition-state equation (eq 11)*"**

(rate)K = RT SAST/R) (~AH"/RT)
Nh

(11)

where h is Planck’s constant and N the Avogadro’s number. A
plot of log k (corrosion rate)/T vs 1/T is a straight line with a
slope of (—AH*/2.303R) and an intercept of [log(RT/Nh) +
(AS*/2.303R)] as shown in Figure S7."** The activation
energies, enthalpies AH*, and entropy AS* for the dissolution
of the carbon steel in 1.0 M HCI solution with and without
inhibitors are collected in Table 4. The inhibitors increased the
activation energies of carbon steel, indicating strong adsorption
of the molecules of the inhibitors on the metal surface. The
entropy of activation AS* was negative with and without
inhibitors, indicating that the activated complex in the rate-
determining step is an association rather than a dissociation
step.”” This implies that the activated molecules were in a
higher-order state than the unactivated molecules.***’

3.4. Potentiodynamic Polarization Measurements.
The carbon steel’s polarization curves in 1.0 M HCI solution
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Table 4. Activation Parameters for the Dissolution of Carbon
Steel in the Presence and Absence of Different
Concentrations of Inhibitors in 1.0 M HCl

activation parameters

B AH* _As*
inhibitor ~ conc. X 10°M  (IJ mol™*)  (kJ mol™*) (J mol™ k1)
1.0 M HCI 22.6 49.5 103.7
CMBTAP 1 25.9 57.3 82.6
S 26.5 58.5 78.8
10 26.6 58.6 80.7
15 27.6 59.8 76.9
20 27.9 59.9 73.1
CBAN 1 25.3 55.6 86.2
S 242 53.2 94.7
10 24.8 54.3 922
15 25.6 55.9 85.7
20 26.4 58.3 82.3
CBAMP 1 24.1 52.9 94.2
S 25.6 56.1 84.6
10 26.2 57.7 82.7
15 26.8 57.9 82.9
20 27.6 61.2 73.1

with and without CMBTAP, CBAN, and CBAMP at 25 °C are
shown in Figure 3a—c, respectively. The anodic and cathodic
branches shifted to lower corrosion current densities with the

inhibitors, which significantly reduced the rate of corrosion. In
other words, the dyes inhibited both cathodic and anodic
reactions of carbon steel electrodes in the 1.0 M HCI solution.
Table S shows the parameters derived from the polarization
curves. The addition of dyes did not appreciably alter the Tafel
slopes f3, and 3 at 25 °C, showing that the dyes had little impact
on the mechanisms of hydrogen evolution and the metal
dissolution process. Generally, inhibitors are categorized as
cathodic or anodic types if the shift in corrosion potential is
more than 85 mV with respect to that in the absence of
inhibitors.**** Herein, with the inhibitors, E.,,, shifted to less
negative values, but the shift was very small (20—30 mV),
indicating that the dyes are mixed-type inhibitors with
predominant anodic characteristics.”’ IE% increased with
increasing concentration of the dyes as shown in Figure 3d,
and the inhibition efficiency of the dyes evaluated using the
polarization method declined in the following order: CMBTAP
> CBAMP > CBAN. This sequence matches that obtained by
measurements of weight loss.

3.5. Electrochemical Impedance Spectroscopy. Ny-
quist and Bode diagrams of carbon steel in 1.0 M HCl solutions
containing various concentrations of CMBTAP, CBAN, and
CBAMP at 25 °C are shown in Figures 4a—c and S8,
respectively. A single depressed semicircle can be seen in each
impedance spectrum. With an increase in dye concentration, the
semicircle’s diameter increased. The single capacitive loop
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Figure 3. Potentiodynamic polarization curves for the corrosion of carbon steel in 1.0 M HCl of the inhibitors (a) CMBTAP, (b) CBAN, (c) CBAMP,
and (d) inhibition efficiency (IE%) at different concentrations (1 X 107> to 20 X 10~ M) at 25 °C.
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Table S. Effect of Concentration of the Investigated Compounds on the Free Corrosion Potential (E,,,,), Corrosion Current
Density (i), Tafel Slopes (#, and 8.), Corrosion Rate (C.R.), Degree of Surface Coverage 6, and Inhibition Efficiency (%IE) for

the Corrosion of Carbon Steel in 1.0 M HCI at 25 °C

inhibitor conc. X 1075 (M) —E,. (Mv) iooe (WA cm?®) B (mV dec™!) B, (mV dec™?) corrosion rate (CR) (mp y™") (% %IE
CMBTAP blank 420 118.5 125.77 86.8 55.36
1 425 78.94 116.9 100.16 40.7 0.333 33.3
S 441 75.8 79.12 100.04 354 0.36 36
10 445 67.9 78.96 96.9 31.72 0.427 42.7
15 449 529 71.89 89.7 24.7 0.553 55.3
20 453 38.18 78.24 93.8 17.8 0.677 67.7
CBAN 1 423 86.12 126.1 89.4 42.4 0.273 27.3
S 430 80.1 99.74 87.7 37.65 0.325 32.5
10 439 75.8 99.1 102.9 35.4 0.36 36
15 440 62.8 86.1 98.9 29.3 0.471 47.1
20 431 43.15 74.07 69.48 20.08 0.605 63.5
CBAMP 1 425 78.9 95.8 90.2 36.8 0.334 33.4
S 430 76.67 87.6 100.3 353 0.359 359
10 438 73.03 101.9 95.25 33.5 0.383 38.3
15 443 532 80.1 82.4 25.5 0.551 558.1
20 447 42.8 60.5 70.66 19.9 0.64 66.4
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Figure 4. Nyquist plots for corrosion of carbon steel in 1.0 M HCI of the inhibitors (a) CMBTAP, (b) CBAN, (c) CBAMP, and (d) inhibition
efficiency (IE%) at different concentrations (1 X 107> to 20 X 107> M) at 25 °C.

exhibited in the impedance spectra indicates that charge transfer
and the dyes have
no effect on the dissolution mechanism of carbon steel.”” In
comparison to the blank solution, the capacitive loop’s diameter

. .51
primarily regulates carbon steel corrosion,

grew wider with increasing inhibitor concentration. This
demonstrates that the impedance of the inhibited substrate
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increases with the inhibitor concentration.”® This behavior is
related to the inhomogeneous metal surface caused by interfacial
phenomena or surface roughness,”* which are frequent in solid
metal electrodes.” Generally, when a nonideal frequency
response is obtained, distributed circuit elements can be
employed in the equivalent circuits. The constant phase element
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(CPE) is the most widely used and has a noninteger power
dependence on the frequency.’® Therefore, in this study, the
equivalent circuit shown in Figure S9 was used to investigate the
impedance spectra, where R represents the solution resistance,
R, the charge-transfer resistance, and CPE the interfacial
capacitance. The values of R; and R, obtained from EIS fitting
and IE% are listed in Table 6. R increased with an increase in

Table 6. Electrochemical Kinetic Parameters Obtained by the
EIS Technique in 1.0 M HCI without and with Various
Concentrations of Investigated Compounds at 25 °C

inhibitor conc. X 107° M R, (Q cm?) 0 %IE
CMBTAP 1.0 M HCI 93.5
1 136 0.312 31.25
S 157.4 0.406 40.6
10 189.5 0.506 50.6
15 201.3 0.535 53.5
20 288.2 0.675 67.5
CBAN 1.0 M HCl 93.5
1 129.2 0.286 28.6
S 140.9 0.337 33.7
10 160.23 0.416 41.6
15 175.3 0.466 46.6
20 200.1 0.532 53.2
CBAMP 1.0 M HC1 93.5
1 143.09 0.346 34.6
S 160.96 0.419 41.9
10 176.87 0.4713 47.13
15 191.59 0.512 S1.2
20 220.3 0.578 57.4

the concentration of the dyes, indicating a decrease in the
corrosion rate and increase in the inhibition efficiencyFigure 4d.
The sequence of IE% from EIS measurements is CMBTAP >
CBAMP > CBAN, which is congruent with the IE% obtained
from weight-loss and polarization measurements.

3.6. Synergistic Inhibition Effect of lodide lons. As
aforementioned, the addition of halide ions, such as I, Br~, and
CI, to corrosive media increases the adsorptivity of organic
cations by forming interconnecting bridges between the
negatively charged metal surface and the inhibitor cations. I”
has the strongest synergistic effect than other halides owing to its
large ionic radius, high hydrophobicity, and high polarizability.
Thus, herein, KI was used to increase the IE of the synthesized
dyes.

Figure Sa—c shows the potentiodynamic polarization curves
for carbon steel in 1.0 M HCI with various doses of the dyes in
0.01 M KI. The diagrams show that the addition of dyes alone to
the acid environment shifted the cathodic corrosion current,
whereas the addition of dyes and KI changed E_,, to a more
cathodic value compared with that of the blank solution. The
changes in the E . of HCl and CBAMP, CBAN, and CMBTAP
systems were —27, —20, and —30 mV/Ag/AgCl, respectively
(Table S), whereas those of CBAMP, CBAN, and CMBTAP
with KI were —50, —4S, and —56 mV/Ag/AgCl, respectively.
Table 7 demonstrates that i, was substantially decreased when
0.01 M KI was added to the dye solutions, and IE% increased
from 66.4 to 90.5, 63.5 to 84.2, and 67.7 to 93.2 for CBAMP,
CBAN, and CMBTAP, respectively. The combination of the
dyes and 0.01 M KI showed better IE% than the case of only the
dyes for all inhibitor concentrations as shown in Figure 5d.The
high corrosion inhibition efliciencies of the solutions containing

KI are attributed to the strong chemisorption of iodide ions on
metal surfaces.”” Thus, azo dye molecules are adsorbed on the
metal surface by Coulombic attractions. The stabilization of the
adsorbed iodide ions with the dyes results in more surface
coverage and, therefore, more inhibition effects.’® The iodide
ions improved the stability of the dyes on the metal surface
through a coadsorption mechanism, which may be either
competitive or coopemtive."9 For competitive adsorption, the
anions and inhibitor cations are adsorbed on the metal surface at
distinct locations. In cooperative adsorption, the anions are
chemisorbed on the metal surface, and the cations are adsorbed
on a layer of the anions. In some cases, both competitive and
cooperative mechanisms occur.”’

The effect of KI on the IE% of the synthesized dyes was
observed by EIS. Figure 6 shows the Nyquist impedance
diagrams for the carbon steel in a corrosive environment with
different concentrations of dyes and 0.01 M KI. As seen in the
capacitive loop of the diagrams in comparison to those of
CMBTAP, CBAN, and CBAMP alone, adding KI to the solution
improved the dyes’ protection capabilities. The corrosion rate
decreased markedly with the addition of 0.01 M KI (Table 8).
Beyond this concentration, the corrosion rate decreased
gradually, attributed to the increase in the surface coverage
(6) of the dye molecules on metal surfaces with increasing
concentration. The corrosion IE% also increased with increasing
concentrations of CBAMP, CBAN, and CMBTAP. With a dye
concentration of 2 X 10™* M, maxima IE% (60.3, 58.4, and 70.7,
respectively) were obtained (Table 6), indicating that a single
dye cannot effectively protect carbon steel from corrosion in
HCI. Table 8 also lists IE% for a constant KI concentration (0.01
M) and varying concentrations of dyes in a 1.0 M HCl solution.
Compared with the inhibition efficiency values of the inhibitor
(without KI), the combination of the dyes and 0.01 M KI
showed better IE% than the case of only the dyes for all inhibitor
concentrations as shown in Figure 6d.

The interaction between KI and the dye molecules can be
described by introducing a synergism parameter Sy, which was
proposed by Aramaki and Hackerman®' and is expressed as
follows

_ 1_91+2

S(J’ - /

1 =064y (12)
where 0,,, = (0, + 0 ,) — (6,0,); 0, and 0, are the surface
coverage by KI and the dye, respectively, and 0',, is the
measured surface coverage by the dyes combined with KI. Sy is
close to 1 when there is no interaction between the dye
molecules and the iodide ions, greater than 1 when there is a
synergistic effect, and less than 1 when there is an antagonistic
interaction resulting from competitive adsorption. The values of
Sp for different inhibitor concentrations combined with KI are
listed in Table S1. All Sy values are greater than unity, indicating
strong inhibition effects on carbon steel owing to the synergistic
effect of I", which is initially adsorbed on the metal surface,
followed by inhibitor cations. Moreover, the adsorption of both
I" and dye cations decreases the positive charge of Fe due to the
formation of Fe—I" bonds, which suppress the rate of
autocorrosion.

3.7. Surface Examination. 3.7.1. Scanning Electron
Microscopy. The morphology of a polished carbon steel
electrode before being exposed to a blank corrosive medium is
shown in Figure 7a. The specimens were examined by SEM at
X500 magnification. The micrograph shows characteristic

https://doi.org/10.1021/acsomega.3c02105
ACS Omega 2023, 8, 28314—28332


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02105/suppl_file/ao3c02105_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02105/suppl_file/ao3c02105_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
0 0
(b)
" " /
24
& 27 o
£ £ -3+
o -3 o
< pey
-4+ — b= e Blank
2 —::::: +0.01M KI 2 54 —BI::k +0.01M KI
.54 ——1X10"5  +0.01MKI ——1X10"5  +0.01MKI
a—5X10"5 +0.01MKI -6 4 —5X10"5 +0.01MKI
10X105 + 0.01M KI 10X105 + 0.01M KI
-6 = 15X10"5 + 0.01M KI -7+ = 15X10"5 + 0.01M KI
e 20X10°5 + 0.01M KI —20X10"5 + 0.01M KI
-7 T T T T T T -8 T T T T T T
-1.0 -0.8 -0.6 04 -0.2 0.0 0.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
Pot, V vs.Ag/AgCI Pot, V vs.Ag/AgCI
0
(d)
14
100
o 27 .
. B0
§ 5. -
< 3«
r 5
- 5 o
g’ -4+ e Blank % 40
- === Blank +0.01M KI £ 4
54 e X105+ 0.01M KI % CMBTAP
—5X10"5 +0.01M KI o -
10X10°5 + 0.01M KI i cean
-6+ e 15X10"5 + 0.01M KI 1 s 10 15 »
7 20103 + 0.01M KI Concentration x 105 M With 0.01 M KI
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
Pot, V vs.Ag/AgClI

Figure 5. Potentiodynamic polarization curves for the corrosion of carbon steel in 1.0 M HCl of the inhibitors (a) CMBTAP, (b) CBAN, (c) CBAMP,
and (d) inhibition efficiency (IE%) at different concentrations (1 X 107 to 20 X 107> M) in the presence of KI at 25 °C.

Table 7. Potentiodynamic Polarization Data for Carbon Steel in 1.0 M HCI with and without KI and Inhibitors + KI at 25 °C

inhibitors conc. (M) —Eeorr Mv) iy (A cm?) B (mV dec™) B, (mV dec™)  corrosion rate (CR) (mp y ') [ %IE
CMBTAP  blank (1.0 M HCI) 420 1185 125.77 86.8 55.36
0.01 M KI 443.7 66.4 101.85 93.66 30.59 0.428 22.8
1% 107° +0.01 M KI 448 23.2 95.04 107.7 10.93 0.804 80.4
5% 107° + 0.01 M KI 464 19.09 64.32 107.5 8.5 0.838 83.8
10 X 10~ + 0.01 M KI 446 17.42 64.2 104.2 7.75 0.853 85.3
15 X 10™° + 0.01 M KI 472 14.23 58.5 96.4 5.28 0.879 87.9
20 X 107 + 0.01 M KI 476 8.1 63.6 100.8 3.75 0.932 93.2
CBAN 1% 107° +0.01 M KI 446 36.5 102.5 96.2 189 0.692 69.2
5% 107° + 0.01 M KI 453 28.1 81.1 94.3 14.1 0.763 76.3
10 X 10™° + 0.01 M KI 462 25.9 80.5 110.6 12.1 0.782 78.2
15 % 10™° + 0.01 M KI 465 23.5 70.0 106.3 11.2 0.80 80
20 X 107 + 0.01 M KI 451 18.8 60.3 74.7 8.74 0.842 84.2
CBAMP 1% 107° +0.01 M KI 445 24.4 77.9 96.9 113 0.795 79.5
5% 107° + 0.01 M KI 453 21.6 71.5 107.8 10.1 0.82 82
10 X 10™° + 0.01 M KI 461 19.7 83.0 102.4 8.95 0.834 83.4
15 % 107° + 0.01 M KI 466 14.3 65.1 88.6 6.8 0.879 87.9
20 X 107 + 0.01 M KI 470 11.5 50.5 76.0 5.3 0.905 90.5

inclusion, which could be an oxide inclusion. Figure 7b shows
the SEM image of the surface of the carbon steel electrode
specimen after 24 h immersion in a 1.0 M HCI solution. The
electrode’s surface has significant damage. The specimen’s
corroded regions are shown as black grooves with gray and white
zones that resemble the dandruff of iron oxide. This indicates
that the uncovered surface of the metal electrode was severally
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corroded. We infer that the highly oxidized phase was formed in
air when desiccated without protection on the surface. Figure
7c—e shows SEM images of the surface of a carbon steel
specimen after 24 h immersion in a 1.0 M HCI solution with
higher concentrations (20 X 10> M) of CMBTAP, CBAN, and
CBAMP. The metal surface was smoother than that of the
specimen immersed in the acid solution without the dyes. A
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Figure 6. Nyquist diagrams for carbon steel in 1.0 M HCl of the inhibitors (a) CMBTAP, (b) CBAN, (c) CBAMP, and (d) inhibition efficiency (IE%)
at different concentrations (1 X 107 to 20 X 107> M) in the presence of KI at 25 °C.

Table 8. Impedance Parameters for Carbon Steel in 1.0 M
HCI with and without KI and Inhibitors + KI

inhibitor conc. (M) R, (Q cm?) 0 %IE
CMBTAP  blank (1.0 M HCI) 93.5
0.01 M KI 120.5 0.224 224
1x107° +0.01 M KI 452.2 0.793 79.3
5% 107+ 0.01 M KI 522.5 0.82 82
10 X 1075 + 0.01 M KI 628.9 0.851 85.1
15 X 107 + 0.01 M KI 675.8 0.862 86.2
20 X 107° + 0.01 M KI 1200.2 0.922 922
CBAN 1 X 107° + 0.01 M KI 314.3 0.703 70.3
5% 107+ 0.01 M KI 383.2 0.756 75.6
10 X 1075 + 0.01 M KI 448.8 0.792 79.2
15X 107 + 0.01 M KI 490.9 0.809 80.9
20 X 107° + 0.01 M KI 550.5 0.83 83
CBAMP 1 X 107° + 0.01 M KI 430.1 0.783 78.3
5% 1075+ 0.01 M KI 525.5 0.822 82.2
10 X 10~ + 0.01 M KI 597.0 0.843 84.3
15X 107 + 0.01 M KI 686.3 0.864 86.4
20 X 107 + 0.01 M KI 780.5 0.8802  88.02

good protective film was formed on the metal surface. This
corroborates the high IE% of the dyes. Figure 7f—h shows SEM
images of the surface of a carbon steel specimen after 24 h
immersion in a 1.0 M HCl solution containing 20 X 107> M dyes
and 0.01 M KI. The metal surface was the smoothest, indicating
better inhibition, which is attributed to the synergistic effect of
the dyes and iodide ions.
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3.7.2. Energy Dispersive X-ray Spectroscopy. Figure 8 a,b
shows the EDX spectra of the surface of the carbon steel sample
in the absence and presence of 1.0 M HCI. Figure 8c—e shows
the EDX spectra of the surface of the carbon steel sample
immersed in a 1.0 M HCl solution containing 20 X 107> M
CMBTAP, CBAN, and CBAMP, and Figure 8f—h shows those
of the sample immersed in a 1.0 M HCl solution containing 20 X
105 M dyes and 0.01 M KI. Table 9 lists the various elements’
atomic percentages on the polished, uninhibited, and inhibited
carbon steel surfaces as determined by EDX. The atomic
percentage of iron in the carbon steel sample immersed in a 1.0
M HCl solution is 81.94%, those of the samples immersed in the
solution containing 20 X 1005 M CMBTAP, CBAN, and
CBAMP are 78.84,79.28, and 81.51%, respectively, and those of
the samples immersed in a solution containing 20 X 107> M
CMBTAP, CBAN, and CBAMP and 0.01 M K1 are 81.30, 68.81,
and 78.01%, respectively. The spectra of the samples immersed
in the solution containing the dyes and 0.01 M KI show smooth
iron peaks compared to those of the samples polished and
immersed in the solution with the dyes. This suppression of iron
lines indicates the formation of a more corrosion-inhibiting film
on the sample surface. EDX spectra of the inhibited samples
show peaks corresponding to all constituent elements of the dye
molecules, indicating the adsorption of the dye molecules on the
surface of the samples.

3.7.3. Atomic Force Microscopy (AFM). AFM is a powerful
tool for investigating the morphology of the carbon steel surface
in the absence and presence of the optimum concentrations of

4 https://doi.org/10.1021/acsomega.3c02105
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PM 22.6 mm 2500 x

Figure 7. SEM micrographs of the carbon steel surface (a) before immersion in 1.0 M HC, (b) after 24 h of immersion in 1.0 M HCI, (c—e) after 24 h
of immersion in 1.0 M HCI + 20 X 10™° M benzothiazole dyes CMBTAP, CBAN, and CBAMP, respectively, and (f—h) after 24 h of immersion in 1.0
M HCI + 20 X 107> M benzothiazole dyes CMBTAP, CBAN, and CBAMP in the presence of 0.01 M K], respectively, at 25 °C.

inhibitors, which are combined with SEM and provide
additional evidence of the adsorption of inhibitor molecules
on the surface of the metal. The surface roughness values,
namely, the quadratic roughness (Rq) , mean roughness (R,), and
maximum roughness (R,,,,), are summarized in Table 10. Figure
9 showed three-dimensional (3D) AFM images of the carbon
steel surface before exposure to corrosive media, after 24 h
immersion in a 1.0 M HCl solution, after 24 h immersionin a 1.0
M HCl solution with higher concentrations (20 X 107> M) of
CMBTAP, CBAN, and CBAMP, and after 24 h immersion in a
1.0 M HCl solution containing 20 X 107> M dyes and 0.01 M KI.

As can be seen, the carbon steel surface after 24 h immersion in a
1.0 M HCI solution was strongly corroded and destroyed
compared to the smooth surface of pure carbon steel, and the
surface roughness values (R, R,, and R,.x) were higher than the
pure carbon steel Figure 9b. The metal surface after 24 h
immersion in a 1.0 M HCl solution with higher concentrations
(20 X 107> M) of CMBTAP and CBAN was less destroyed and
became smoother than that of the specimen immersed in the
acid solution without the dyes, and the surface roughness values
were lower than the carbon steel in acidic solution Figure 9c—e.
However, the carbon steel surface after 24 h immersion in a 1.0

https://doi.org/10.1021/acsomega.3c02105
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Figure 8. EDX analysis of the carbon steel surface (a) before immersion in 1.0 M HC], (b) after 24 h of immersion in 1.0 M HCl, (c—e) after 24 h of
immersion in 1.0 M HCI + 20 X 10™° M benzothiazole dyes CMBTAP, CBAN, and CBAMP, respectively, and (f—h) after 24 h of immersion in 1.0 M
HCI + 20 X 10™° M benzothiazole dyes CMBTAP, CBAN, and CBAMP in the presence of 0.01 M KI, respectively, at 25 °C.
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Table 9. Percentage Atomic Contents of Elements Obtained from EDX Spectra

inhibitors Fe Mn Al Si
carbon steel (free) 91.29 0.88 2.13 0.78
carbon steel in 1.0 M HCI 81.94 0.17
CMBTAP 78.84 0.73 1.16 0.29
CBAN 79.28 0.83 0.44
CBAMP 81.51 0.64 0.67 0.35
CMBTAP + 0.01 M KI 81.30 0.79 1.02 0.23
CBAN + 0.01 M KI 68.81 0.83 0.19
CBAMP + 0.01 M KI 78.07 1.24 0.36

Cl C (6] N S I

4.92
8.06 9.83

0.34 8.72 8.96 0.87 0.09

0.25 8.80 8.74 1.64 0.03

0.19 6.19 9.64 0.80 0.02

0.14 7.15 7.71 1.46 0.04 0.19

0.33 6.68 22.5 0.56 0.09

0.36 7.49 10.99 1.42 0.07

Table 10. Roughness Values Obtained from AFM for the
Carbon Steel Surface in 1.0 M HCI with and without
Inhibitors and Inhibitors + KI

inhibitors R, (nm) R, (nm) R, (nm)
carbon steel (free) 191.5 271.7 4098
carbon steel in 1.0 M HCl 840 1038 6980
CMBTAP 509.2 688.4 4698.2
CBAN 615 808.7 5029.4
CBAMP 585.6 758.2 5076.4
CMBTAP + 0.01 M KI 313.3 481.6 4680
CBAN + 0.01 M KI 468.5 621.8 4706
CBAMP + 0.01 M KI 358.5 529.9 4506

M HCl solution containing 20 X 10™> M dyes and 0.01 M KI was
the smoothest and the surface roughness values were lowest,
indicating better inhibition that attributed to the synergistic
effect of the dyes and iodide ions Figure 9f—h.

3.8. Quantum Chemical Calculations. Based on the
above experimental results, the inhibition efliciencies of the dyes
are in the order CMBTAP > CBAMP > CBAN. The high IE% of
CMBTAP is attributed to the high number of adsorption sites on
its molecules.®”

Moreover, quantum chemical simulations were used to
examine the effect of structural parameters on the IE% and the
adsorption mechanisms of the dyes on the metal surface. The
bond lengths, bond angles, and dihedral angles of the dyes were
optimized to obtain their geometric and electrical structures.
Figure S10 shows the optimized molecular structures with the
lowest energies.

The obtained quantum chemical parameters are listed in
Table 11 and include the energies of the highest occupied and
lowest unoccupied molecular orbitals (Eyopo and Ejypo), the
separation energy AE (=E; ymo — Enomo), which is a function of
reactivity, the dipole moment (D), electronegativity (),
chemical potential (i), softness (o), and hardness (7).
According to Koopman’s theorem, the dyes’ Eycoyno and
E;umo are connected to the ionization potential (I) and electron
affinity (A), respectively.”’ Other quantum chemical parameters
that provide useful information about the reactivity of the dyes
are calculated as follows®”®®

_(ELUMO + EHOMO)
2 (13)

x (electronegativity) =

(Eyumo + Exowmo)

u (potential) = —y =

2 (14)
(ELUMO - EHOMO)
hard, =
n (hardness) 5 (15)
w (electrophilicity) = p*/2n (16)
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Softness is defined as the inverse of global hardness, expressed as
follows

Z (softness) = 1/5 (17)

The fraction of electrons (AN) transferred between the
inhibitors and the metallic surface is expressed as follows*®

AN = (ZFe _/1/1 )
2(’7Fe £ ’]inh) (18)

where a theoretical value of yz, & 7 eV and 7z, = 0, assuming that
I = A for bulk metals because they are softer than neutral metallic
atoms.

The frontier molecular orbital theory states that the
interaction between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of
the interacting species determines chemical reactivity.”’
Although E;yyo indicates a molecule’s ability to accept
electrons, Eyopo indicates its ability to donate electrons to an
acceptor with empty molecular orbitals. The lower the E; 0,
the higher the ability of the molecule to accept electrons.”” The
high Eyopmo of the dyes demonstrates how easily they may
provide electrons to the unoccupied d-orbital of the metal
surface, leading to a high corrosion efficiency (IE%).

CMBTAP showed the highest Eyyopo (—5.083 eV, Table 11),
indicating its high tendency to adsorb on metal surfaces and,
thus, its high IE%, which is consistent with the experimental
results. Energy gap, AEg,, = Enomo — Erumo, is 2 significant
stability index for developing theoretical models to explain the
structure and conformational barriers in many molecular
systems. The lower the value of AE, higher the corrosion IE%
of the molecule.”””® The calculations revealed that CMBTAP
has the smallest energy gap (2.041 eV) among the synthesized
dyes. Thus, CMBTAP would have a higher tendency to adsorb
on metal surfaces than the other dyes.

Absolute hardness 77 and softness ¢ are crucial variables to
measure a molecule’s stability and reactivity. Soft molecules have
low energy gaps compared to hard molecules’ high energy gaps.
Soft molecules are more reactive than hard ones as they may
supply electrons to an acceptor more readily. Adsorption occurs
at the part of the molecule where ¢, which is a local property, has
the highest value.”® The inhibitor acts as a Lewis base and the
metal as a Lewis acid in a corrosive system. Soft base inhibitors
are most effective against the acidic corrosion of metals because
bulk metals are soft acids. Thus, CMBTAP, which has the
highest & value (0.9799 eV™'), would have the highest IE%,
which agrees well with the experimental data. Furthermore, the
calculations revealed that CMBTAP has the lowest y (4.06 eV),
which increases its ability to donate electrons to metal surfaces
and, therefore, improves its IE.
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Figure 9. AFM images of the carbon steel surface (a) before immersion in 1.0 M HC], (b) after 24 h of immersion in 1.0 M HC], (c—e) after 24 h of
immersion in 1.0 M HCI + 20 X 10~ M benzothiazole dyes CMBTAP, CBAN, and CBAMP, respectively, and (f—h) after 24 h of immersion in 1.0 M
HCI + 20 X 10™° M benzothiazole dyes CMBTAP, CBAN, and CBAMP in the presence of 0.01 M KI, respectively, at 25 °C.

28328 https://doi.org/10.1021/acsomega.3c02105
ACS Omega 2023, 8, 28314—28332


https://pubs.acs.org/doi/10.1021/acsomega.3c02105?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02105?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02105?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02105?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.

acs.org/journal/acsodf

Table 11. Calculated Quantum Chemical Parameters Obtained from Dmol® Calculations

inhibitor name Enomo (eV) Epumo (eV) AE (eV) D (Debye) n (eV) o (ev) u (eVv) x (eV)  (eV) AN
CMBTAP —5.083 —-3.042 2.041 3.1113 1.021 0.9799 —4.06 4.06 8.08619 1.44
CBAN —5.776 —3.368 2.408 0.9636 1.204 0.830S —4.57 4.57 8.68072 1.01
CBAMP —5.367 —-2.973 2.394 3.4528 1.197 0.8354 —4.17 4.17 7.26353 1.18
AN measures the ease of electron transfer from an inhibitor to (a) Side view ___ (b) Top view

the metal if AN > 0 and vice versa. Lukovits et al.”' reported that
when AN < 3.6, the ability of the molecules to donate electrons
to metal surfaces increases. The AN of CMBTAP is somewhat
greater than that of the other dyes. All of the dyes” AN values are
positive as seen in Table 11, demonstrating their ability to
donate electrons to iron surfaces and create self-assembling
corrosion-inhibiting layers.

Furthermore, the HOMO of all of the dyes is primarily
localized on the aromatic rings and azo group, indicating that the
aromatic rings and azo group are the preferred sites for an
electrophilic attack on metal surfaces, as shown in Figure S11.
This implies that the aromatic rings and azo group with high
coeflicients of HOMO densities are oriented toward the metal
surface, and adsorption most likely occurs through the z-
electrons of the aromatic rings. Furthermore, the calculations
revealed that the charge density of the LUMO level is
completely delocalized on the aromatic rings for all of the
dyes, implying that the moiety could react as an electrophile
(electron acceptor).

Molecular electrostatic potentials (Figure S12) are very useful
as the negative regions indicate nucleophilic centers, whereas
positive electrostatic potential regions indicate potential electro-
philic sites. Furthermore, the electrostatic potential reveals the
polarization of the electron density. The calculations revealed
that the oxygen atoms of hydroxyl groups have a negative
electrostatic potential, indicating that the sites are active centers
for metal surface binding.

The synthesized dyes have various active sites for adsorption
on metal surfaces. Thus, molecular dynamics calculations were
performed on a system containing the dyes and an iron sample
to investigate the preferred adsorption site for the interaction
between the dyes and the Fe(110) surface. The structures of the
adsorbate components were reduced until they met certain
criteria. As shown in Table S2, CMBTAP has the highest
adsorption energy compared to the other dyes, indicating that
the dye has the highest corrosion IE%, which is consistent with
the experimental observations. The adsorption energy decreases
as the experimental value decreases. E,4 decreased in the
following order: CMBTAP > CBAMP > CBAN.

The binding energy (Eynq = —E.q) is the negative of the
adsorption energy.”” The binding energies of all of the dyes are
very high. The higher binding energy, the easier adsorption of
the dye on metal surfaces, and the greater IE. The binding energy
of the synthesized dyes decreases in the following order:
CMBTAP > CBAMP > CBAN, and CMBTAP + 1" > CBAMP +
I > CBAN + I', which is consistent with the experimental
results. Figures 10 and 11 depict the best adsorption
configuration between the dyes and the Fe(110) surface. All
of the dyes were adsorbed on the Fe surface through the 7-
charge of aromatic rings.

The large negative adsorption energies of all of the adsorption
systems indicate that the dyes are quickly and tightly adsorbed
on the Fe(110) surface. The adsorption energies of the tested
dyes are in the order CMBTAP + 1" > CMBTAP > I"; CBAMP
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Figure 10. Molecular simulations for the most favorable modes of
adsorption obtained for CMBTAP, CBAN, and CBAMP inhibitors on
the Fe(110) surface: (a) side view and (b) top view.

+1I">1" > CBAMP, and CBAN +I" >I" > CBAN. This trend is
consistent with the IE% of CMBTADP.

4. CONCLUSIONS

Herein, we synthesized novel benzothiazole dyes, including
CMBTAP, CBAN, and CBAMP, and characterized them by FT-
IR, '"H NMR, *C NMR, and mass spectroscopy. The corrosion
inhibition of the dyes and their synergistic effect with KI on
carbon steel in a 1.0 M HCI solution were analyzed through
weight loss, electrochemical impedance spectroscopy (EIS), and
potentiodynamic polarization measurements. The inhibition
efficiency (IE%) was increased with the concentration of the
dyes (1 X 1075— 2 x 107* M) and decreased as the temperature
increased from 25 to 45 °C. With the addition of KI to a 1.0 M
HCI solution containing the dyes, the corrosion inhibition
performance was significantly improved, confirming the
synergism between the azo dyes and KI. Potentiodynamic
measurements showed that the dyes act as mixed-type
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Figure 11. Molecular simulations for the most favorable modes of
adsorption obtained for I", CMBTAP + 17, CBAN +I~, and CBAMP +
I” inhibitors on the Fe(110) surface: (a) side view and (b) top view.

inhibitors. EIS results show that with the addition of the dyes in
the HCl solution, the charge-transfer resistance (R) increased,
which is attributed to the adsorption of the dye molecules on the
steel surface. The adsorption of the dyes on the carbon steel
surface at different temperatures follows the Langmuir
adsorption isotherm, which indicates that the adsorption occurs
by chemisorption. SEM, AFM, and EDX analyses were carried
out to study the surface morphology and elemental composition
on the carbon steel surface in the absence and presence of the
inhibitors in 1.0 M HCI solution. The results indicated the
effective adsorption of the dye molecules on the surface of
carbon steel. Quantum theory calculations evaluated the

relationship between the inhibitory efficacy of dyes and their
molecular parameters, which confirmed the experimental
results. The calculations revealed that the dyes have low energy
gap and Milliken and Fukui indices. Among all of the dyes,
CMBTAP showed the highest adsorption energy. The corrosion
IE was in the order CMBTAP > CBAMP > CBAN.
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