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Three novel benzothiazole-based structures (BTPM series) were investigated for their anticorrosion and
biocidal effectson N80 carbon steel alloys. BTPM series molecules were tested against the acidization
stimulation process of shale formations oil wells, as well as their antibacterial performance as biocidal
agents against water fracturing well stimulation. The anticorrosion evaluation used gravimetric and elec-
trochemical techniques in 1 mol�dm�3 (9.86 wt%) HCl solution. Benzothiazole derivatives, namely, (E)-N-
(benzo[d]thiazol-2-yl)-1-phenylmethanimine (H-BTPM), (E)-N-(6-methylbenzo[d]thiazol-2-yl)-1-phenyl
methanimine (Me-BTPM), and (E)-2-(benzylideneamino) benzo[d]thiazole-6-thiol (SH-BTPM), were
studied using chemical and electrochemical techniques. Experimental data showed that the inhibition
efficiency of H-BTPM, Me-BTPM, and SH-BTPM for 1 � 10�2 mol�dm�3 reached 78%, 82%, and 90%, respec-
tively. The tested compounds were found to comply with Langmuir adsorption isotherm. Quantum chem-
ical calculations were performed to provide a rationalization for the obtained experimental data. Results
of the microbial assay revealed the excellent bioactivity of the BTPM series against selected isolated bac-
terial strains known for their aerobic corrosion effect, emphasizing the role of these novel structures as
potential biocides.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Most industrial processes use acidic solutions during routine
operations. These processes (e.g., acidization in oil and gas wells)
are performed to enhance the production of mature oil wells [1].
Unfortunately, these acidic solutions have an aggressive corrosive
effect on metallic structures [2]. Organic corrosion inhibitor addi-
tives are commonly used to reduce such acid corrosion attacks
on metallic structures [3–7]. Most of these organic compounds
are structurally designed to include certain moieties, such as hete-
rocyclic rings, polar groups, conjugated double bonds, or heteroa-
toms (N, O, S, and P), which support their application as potent
corrosion inhibitors [8–14]. These moieties can easily be adsorbed
by the metallic substrate by either physical adsorption or by chem-
ical adsorption on the metal substrate [15–19]. Among these
organic corrosion inhibitors, benzothiazole and its derivatives have
proven effective in protecting steel surfaces against aggressive
acidic solutions [20–29]. Benzothiazole compounds can be struc-
turally defined as cyclic molecules that possess active centers that
can adhere to metal surfaces, in particular, the conjugated double
bonds via the fused benzene ring and the imine functional group
(AC@NA), in addition to the sulfur and nitrogen heteroatoms.
Heterocyclic compounds are considered one of the most utilized
active ingredients in approximately 70% of antibacterial drugs.
Benzothiazole-based compounds are used amid these heterocyclic
active antimicrobial agents due to their capability to disrupt the
integral membrane protein of the bacterial cell at the membrane/
water interface [30–34]. Computational quantum mechanics
(QM) can be considered a powerful technique to analyze the corro-
sion inhibition mechanism of organic compounds [35–37]. This can
be assessed by its ability to provide a comprehensive detail for the
electronic configuration of a defined molecular structure, as well as
intermolecular interactions and reaction mechanisms by utilizing
its renowned density functional theory (DFT) technique [38,39].
At present, the DFT technique has been extensively used to deduce
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many electronic properties, by which the corrosion inhibition per-
formance can be evaluated [39–41]. Together with other computa-
tional methods, such as Monte Carlo (MC) simulations, it can be
used as an effective and reliable approach to promote the construc-
tion of new molecular structures with customized properties. This
combination of MC and DFT is already being adopted as an essen-
tial part of holistic material design systems, such as integrated
computational material engineering (ICME) [42–47]. This work
aims to provide new synthesized, easy, eco-friendly, multifunc-
tional benzothiazole inhibitors for metallic corrosion and bacterial
growth inhibition. The corrosion inhibition activity is investigated
via a novel proposed design of three derivatives, namely, (E)-N-(b
enzo[d]thiazol-2-yl)-1-phenylmethanimine (H-BTPM), (E)-N-(6-m
ethylbenzo[d]thiazol-2-yl)-1-phenylmethanimine (Me-BTPM),
and (E)-2-(benzylideneamino) benzo[d]thiazole-6-thiol (SH-
BTPM) for N80 carbon steel protection against 1 mol�dm�3HCl
solution. The implemented concentration of 1 mol�dm�3 HCl
(3 wt%) solution is used for the acidization materix for
carbonate-rich shale formation oil wells [48–50]. Accordingly,
BTPM series molecules was tested against such acidization process,
as well as aganist microbial contamination that may be introduced
to the wellbore due to the hydraulic cracking job [51–54]. Corro-
sion inhibition evaluations are conducted by chemical weight loss,
electrochemical impedance spectroscopy (EIS), and potentiody-
namic polarization (PDP) techniques. A surface imaging study of
the exposed steel specimen is analyzed using scanning electron
microscopy (SEM) and energy dispersive analysis of X-rays (EDX).
The biocidal activity of the designed molecules is tested against
several active bacterial strains, in particular, Staphylococcus aur-
eus (DSMZ 3463), Bacillus subtilis (ATCC 6633), Pseudomonas
aeruginosa (ATCC 9027), and Escherichia coli (ATCC 8739), which
are known for their induced corrosion action [55–57]. Lastly, a
computational study is conducted to offer theoretical reasoning
for the accountability of the synthesized structures to the resulting
experimental corrosion inhibition efficiency.

2. Experimental

2.1. Synthesis of benzothiazole derivatives

The studied benzothiazole compounds (Fig. 1) were first syn-
thesized as a Schiff base ligand ordinarily through a condensation
reaction (1:1 mol ratio) of benzaldehyde with benzo[d]thiazol-2-
O
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amine, 6-methylbenzo[d]thiazol-2-amine, and 2-aminobenzo[d]
thiazole-6-thiol to produce H-BTPM, Me-BTPM, and SH-BTPM,
respectively; the three products are denoted as the BTPM series.
The reactions were induced by adding a solution of benzaldehyde
in methyl alcohol (2 ml) separately to each amine predissolved
in methyl alcohol (5 ml). Then, the mixture was stirred for 10 h.
Lastly, the produced yield was filtered and washed by methyl
alcohol.

2.2. Characterization of synthesized benzothiazole derivatives

Fig. 2(a) shows the FTIR spectra of the produced SH-BTPM as a
representative example. A weak band at 2600–2550 cm�1 was pre-
sent due to the existence of the SH group, whereas the band at
1200–1050 cm�1 corresponded to the ACASAbond. SACH2 was
at 2880–2845 cm�1, and the characteristic peak of the imine group
A(CH@NA) was at 1670–1600 cm�1. Fig. 2(b) shows the 1H NMR
spectrum chart (d ppm) of synthesized SH-BTPM, which comprises
signals at d = 3.4 related to the proton of the thiol group (ASH),
d = 7.5 due to five protons of the two benzene rings that were away
from the thiazole ring, d = 7.8 related to three protons of the two
benzene rings that were near to the thiazole ring, and d = 9 corre-
sponding to the proton of the imine group (ACH@NA).

2.3. Antimicrobial activity

In the present study, the antibacterial action of the synthesized
benzothiazole derivatives was estimated using the modified agar
disk diffusion method. The standard bacterial strains Staphylococ-
cus aureus (DSMZ 3463), Bacillus subtilis (ATCC 6633), Pseu-
domonas aeruginosa (ATCC 9027), and Escherichia coli (ATCC
8739) were stacked on the surfaces of nutrient-agar plates. Fur-
thermore, 0.1 ml of the synthesized benzothiazole products was
added to a sterile 10 mm borer’s well and kept overnight at
37 �C. Then, antibacterial susceptibility was estimated by measur-
ing the clearing zones (mm). This experiment was performed
twice. In parallel, the negative control was sterile water, and the
positive controls were standard antibiotics. Furthermore, the %
activity index was computed by the following equation [58]:

% Activity index ¼ inhibition zone of the test compounds
inhibition zone of the standard drug
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Fig.2. (a) FTIR and (b) 1H NMR of SH-BTPM.
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Minimal inhibitory concentration (MIC) is considered the low-
est required concentration of a biocidal agent for inhibiting all
the progression of the visible microbial growth during a bioassay
test. Meanwhile, minimal biocidal concentration (MBC) is regarded
as the lowest required concentration of a biocidal agent for exter-
minating 99% of the proliferated germs. The MIC and MBC of the
prepared benzothiazole derivatives were evaluated by applying
the broth microdilution method using a 96-sample microwell plate
method, as previously stated in the Amsterdam protocol with fur-
ther considerations. The inoculation preparations were propagated
by the cultivation of the purchased bacterial strains in DifcoTM

Mueller–Hinton broth purchased from BD Biosciences, USA. The
experimental inocula were prepared as previously described by
Miller et al., 2005 [59].

Microwell plates from NunclonTM, Germany (F, PS, non-TC-
treated) were applied to determine the MICs. The MICs of the syn-
thesized benzothiazole derivatives were estimated using the two-
fold microdilution technique. In the beginning, the benzothiazole
derivatives (100 ml) were dispensed onto the microwell plates for
further inoculation with the prepared microbial inoculum suspen-
sion (100 ml). Only one column was marked as the positive control
3

for the evaluated benzothiazole derivatives (only media, inoculum,
without derivatives), whereas another column was marked as the
negative control (only media, no inoculum, no derivatives). The
microwell plates were incubated under aerobic conditions at
37 �C for a 20–22 h duration. The MBC values of the benzothiazole
derivatives were estimated via the removal of media that display
no visual microbial development from the wells, followed by their
subculturing onto agar plates. These agar plates were subsequently
incubated until the microbial development becomes visible in the
control plates at 37 �C for a 20–22 h incubation period [60].

2.4. Preparation of samples and solutions

N80 carbon steel coupons were precisely cut from a well tubing
line with dimensions of 73 mm � 22 mm � 3 mm to be used in
gravimetric weight loss analysis. Electrochemical measurements
of corrosion were conducted on N80 carbon steel specimens with
the following elemental analysis (wt%): 0.47% C, 0.24% Si, 0.16%,
Cr, 0.08% Ni, 0.09% Cu, and the rest is Fe. The steel sample was
shaped into a cylindrical working electrode (WE), which was cov-
ered with Teflon (except for a 1 cm2 area that faces the corrosive
electrolyte). The WE specimen was abraded by emery papers with
various grades starting from 800 grit to 2000 grit. Then, it was
rinsed with distilled water, washed with acetone/ethanol mixture
to remove any accumulated grease, and then dried. The corrosive
electrolyte of 1 mol�dm�3 was formed by dilution of analytical
grade HCl with a concentration of 37% using bidistilled water. Var-
ious inhibitor concentrations (1 � 10�5–1 � 10�2 mol dm�3) were
prepared. All tests were conducted in triplicate to obtain the
appropriate one.

2.5. Gravimetric weight loss measurements

Gravimetric measurements were conducted in accordance with
ISO 9226:2012-Eq. (1) standard methods [61]. N80 carbon steel
coupons were precisely weighed and then dipped in a beaker con-
taining 200 ml of 1 mol�dm�3 HCl in the presence and absence of
various inhibitor concentrations at a temperature of 30 �C . After
24 h, the coupons were removed from the solution, carefully
washed with distilled water, ultrasonically cleaned in acetone/
ethanol mixture, dried, and finally precisely weighed again. All
tests were conducted in triplicate to obtain the average and ensure
data repeatability. To calculate the rate of corrosion (m, mg cm�2-
h�1) and the efficiency (gw), the following equations were used
[62]:

m ¼ DW
St

ð2Þ

gw ¼ m� � m
m�

� �
� 100 ð3Þ

whereDW is the average loss of weight; S is the exposed area of the
coupon (cm2); t is the time of immersion (h); mo and m are the cor-
rosion rate values of uninhibited aggressive (blank) and inhibited
electrolytes, respectively.

2.6. Electrochemical measurements

The electrochemical measurements were performed using a
Volta-Lab model PGZ402 potentiostat with a Volta-Master 4 soft-
ware package V7.8. The potentiostat was connected to a conven-
tional cell with a three-electrode arrangement in the following
manner: N80 carbon steel specimen as the WE, platinum rode as
the counter/auxiliary electrode, and saturated calomel electrode
(SCE) as the reference electrode. The measurements started with
the immersion of WE in the electrolyte for 1 h to establish the open
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Fig. 3. (a) Variation of the corrosion rate with the inhibitors concentrations, and (b)
Langmiur isotherm curves for the inhibitors adsorbed at carbon steel in 1 mol dm–

3HCl after 24 h immersion at room temperature.
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circuit potential (OCP) steady state. The EIS measurements were
conducted within the frequency range of 100 kHz to 0.03 Hz at
OCP with a 10 mV amplitude using an AC signal. The PDP measure-
ments were performed in a potential range of �900–200 mV (vs.
SCE) with a 1 mV s�1 scan rate [63,64]. All tests were conducted
in triplicate to achieve improved data repeatability.

2.7. Quantum chemical studies

2.7.1. QM modeling
The computational quantum parameters were calculated using

the Spartan v.14 software package by Wavefunction, Inc. The geo-
metrical structure was optimized using the semiempirical method,
parametric method 3. Afterward, DFT molecular orbital calcula-
tions were used to estimate the required quantum chemical
descriptors accurately [65]. DFT measurements were conducted
via a 6–31G* basis set using a Beck-3 parameter Lee Yang Parr
(B3LYP) hybrid Hartree-Fock/DFT function and a conductor-like
polarizable continuum model for solvation energy calculations
[66,67]. The calculated descriptors involved the following: frontier
molecular orbital energies (EHOMO and ElUMO), absolute electroneg-
ativity(v), global electrophilicity index (x), total energy (ET), and
dipole moment (m).

2.7.2. MC simulations
To imitate the adsorption process of the molecules under study

on a certain crystalline surface, the MC simulation algorithm was
utilized for an improved understanding of the corrosion inhibition
mechanism. Using such technique, the binding energy between the
corrosion inhibitor and a selected substrate of steel crystal, which
represents the exposed surface to corrosive attack, can be mea-
sured using the Material Studio 17 Suite package from BIOVIA.
First, an iron crystal was cleaved with a selected (110) index plan,
which represents the main growth plan for an iron crystal for its
bulk-terminated arrangement with minimum relaxation effects
and with no surface reconstructions [68]. This plane was further
expanded to a three-dimensional supercell of 43 Å � 43 Å �
27 Å proportions using periodic boundary conditions to confirm
homogeneous loading for all the added particles on the substrate
surface [69]. The embedded adsorption locator module was utli-
lized by employing simulated annealing algorithm and COMPASS
forcefield. Water molecules and chloride ions were inserted into
the module that mimics the corrosive medium that was loaded
to the steel surface.
3. Results and discussion

3.1. Gravimetric measurements

Fig. 3(a) depicts the curves of the concentrations of the investi-
gated BTPM series inhibitors vs. the corrosion rates (m) of N80 car-
bon steel immersed in the 1 mol�dm�3 HCl at room temperature for
24 h. With the increase in inhibitor concentration, the corrosion
rate of the N80 carbon steel in the HCl corrosive medium showed
a downward trend. This result demonstrates the effective shielding
action of the BTPM series against the corrosive attacks of the1
mol�dm�3 HCl solution toward the N80 carbon steel surface. The
listed corrosion parameters in Table 1 revealed the decline in the
corrosion rate values and the consequent rise in the corresponding
corrosion inhibition efficiencies after the addition of BTPM series
compounds.

The order of inhibitive action of the three BTPM series com-
pounds was as follows: SH-BTPM >Me-BTPM > H-BTPM. This order
suggested that the thiol group (ASH) attached to SH-BTPM con-
firming their added value as a better active center for adsorption
4

on the N80 carbon steel substrate than the methyl group and
hydrogen atom in Me-BTPM and H-BTPM, respectively. In addition,
when the concentration of SH-BTPM reached 1 � 10�2 mol�dm�3,
the corrosion inhibition efficiency reached up to 90%. Therefore,
the BTPM series can show superior anticorrosion nature [70].

3.2. PDP test

Fig. 4 portrays the PDP curves of immersed N80 carbon steel
samples in the 1 mol�dm�3 HCl with and without various concen-
trations of the three BTPM series inhibitors at room temperature.
With the increase in inhibitor concentration, the generated corro-
sion current density (icorr) for the N80 carbon steel specimen in
the hydrochloric acid corrosive medium clearly shows a descend-
ing trend. This result confirms the ability of the BTPM series inhi-
bitors to retard the corrosion rate provoked by the acidic solution.
An inspection of the PDP plots showed that the anodic and cathodic
lines of the curve tended to decline, indicating that the adsorption
of BTPMmolecules on the carbon steel surface suppressed cathodic
hydrogen evolution and anodic dissolution of iron ions. In addition,
the polarization curves of the anodic and cathodic branches for the
three BTPM inhibitors showed a parallel trend, indicating that that
the adsorption of these inhibitors onto the steel surface never
changes the corrosion process mechanism. The inhibition effi-
ciency (gp) can be calculated by the following equation [71]:



Table 1
Weight loss results for carbon steel specimen in 1 M HCl solution after 24 h immersion in the absence and presence of different inhibitors concentrations at 25 �C.

Inhibitor Conc. (PPM) CR (mg cm�2 h�1) h g

Blank 0 1.2463 – –

H-BTPM 10 0.6918 0.47 47
20 0.5046 0.56 56
30 0.3363 0.67 67
40 0.2563 0.79 79

Me-BTPM 10 0.6319 0.50 50
20 0.4648 0.60 60
30 0.3164 0.70 70
40 0.2131 0.82 82

SH-BTPM 10 0.5284 0.56 56
20 0.3875 0.66 66
30 0.2385 0.79 79
40 0.1295 0.90 90
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5

gp ¼
i0corr � icorr

i0corr

" #
� 100 ð4Þ

where i0corr and icorr are the corrosion current density without and
with BTPM inhibitors, respectively.

Monitoring the corrosion potential (Ecorr) values listed in Table 2
revealed that after adding the three BTPM inhibitors, the change in
such values compared with the blank solution is signifi-
cantly<85 mV, thus verifying the mixed anodic/cathodic nature
of these potential corrosion inhibitors [72–75]. Moroever, when
the concentration of the BTPM inhibitors reached 1 � 10�2

mol�dm�3, the corrosion inhibition efficiency reached up to
79.3%, 82%, and 90% for H-BTPM, Me-BTPM, and SH-BTPM, respec-
tively. This result proves the ability of the tested benzothiazole
derivatives as anticorrosion additives for N80 carbon steel in HCl
solution [76].
3.3. EIS test

EIS is a widely utilized tool in the research on corrosion protec-
tion of metals. It is an appropriate method for investigating the
corrosion process at the metal/electrolyte interface [77]. Fig. 5 out-
lines the Nyquist and Bode plots of carbon steel in 1 mol�dm�3 HCl
in the presence and absence of various concentrations of BTPM ser-
ies inhibitors at room temperature. It can be assumed that after
adding these inhibitors to the corrosive solution, all the capacitive
loops showed a squashed and imperfect semicircle with the center
below the X-axis. This phenomenon is due to the frequency disper-
sion caused by the adsorption of BTPM molecules onto the carbon
steel surface resulting in electrode surface heterogeneity [78]. As
shown in Fig. 5, all capacitive loops shape for the three inhibitors
curves showed the same style, only the radius of the developed
capacitive loops was increased by raising the BTPM inhibitor con-
centration. This refers to an elevation in charge transfer resistance
without introducing any change to the corrosion reaction mecha-
nism. Moreover, the Bode plots for these three inhibitors (Fig. 5)
revealed that the phase angle and the absolute impedance curves
turned wider and larger with the increase in the BTPM series con-
centrations; such changes support the inhibition of the action of
the BTPM series molecules against N80 steel corrosion in the
aggressive HCl electrolyte [79,80]. The electrochemical impedance
parameters were quantitatively analyzed using Zsimpwin V3.06
software to fit the electrical equivalent circuit. The best-fit equiva-
lent circuit diagram is represented in Fig. 6, and the fitted data are
listed in Table 3. The equivalent circuit includes solution resistance
(Rs), charge transfer resistance (Rct), and the constant phase ele-



Table 2
Electrochemical kinetic parameters extracted from the polarization curves for carbon steel in the absence and presence of different inhibitors concentrations at 25 �C.

Inhibitor C (PPM) �Ecorr (mVSCE) icorr (mA cm�2) ba (mV dec�1) �bc (mV dec�1) h gp (%)

Blank 0 514 1.2023 210 196 – –

H-BTPM 10 513 0.6033 219 178 0.498 49.8
20 515 0.4966 204 173 0.587 58.7
30 516 0.4115 191 188 0.658 65.8
40 513 0.2488 108 168 0.793 79.3

Me-BTPM 10 530 0.5467 203 177 0.545 54.5
20 534 0.3801 199 146 0.684 68.4
30 531 0.3208 207 166 0.733 73.3
40 533 0.2166 229 170 0.820 82.0

SH-BTPM 10 510 0.4479 189 169 0.627 62.7
20 521 0.3374 151 155 0.719 71.9
30 544 0.2508 270 202 0.791 79.1
40 528 0.1198 159 230 0.900 90.0
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ment (CPE). Cdl is the double-layer capacitor. The CPE impedance
(ZCPE) and Cdl are calculated by the following formulas [81–83]:

ZCPE ¼ 1
Y0ðjxÞn ð5Þ

Cdl ¼ Y0ðxÞn�1 ¼ Y0ðxZim�Max
Þn�1 ð6Þ

where j is the imaginary unit, Y0 represents the value of CPE, x is
the angular frequency, and n represents the deviation index. The
inhibition efficiency of the BTPM inhibitors can be obtained by
the following formula [84]:

gi ¼
Rct � R0

ct

Rct

" #
� 100 ð7Þ

where Rct and R0
ct represent the charge transfer resistances with and

without BTPM inhibitor. As shown in Table 3, as the concentration
of the BTPM series inhibitors is augmented, the value of the corro-
sion inhibition efficiency becomes significantly larger, indicating
that the formed inhibitor film of BTPM molecules onto the carbon
steel surface is more ordered and denser [85–88]. While more water
molecules on the carbon steel surface are being replaced by BTPM
molecules, the thickness of the electric double-layer capacitor
(Cdl) decreases significantly owing to the associated decrease in
the area of exposed N80 carbon steel surface to the 1 mol�dm�3

HCl. This phenomenon can be well illustrated by the Helmholtz
model [89]:

Cdl ¼ e�e
d

A ð8Þ

where eo is the vacuum dielectric constant, e is the dielectric con-
stant, A is the surface area of the electrode, and d is the thickness
of the double layer at the metal surface. In view of these findings,
the adsorption of the BTPM series molecules on N80 carbon steel
surface was carried out by dispelling the present molecules of water
and then forming a denser and more ordered barrier film. This have
elicited their ability to impede the electron transfer and generally
mitigate the corrosion process [90,91]. These obtained data are
compatible with the gravimetric weight loss and PDP data.

3.4. Adsorption isotherm model study

To achieve an improved understanding of the adsorption mech-
anism of the BTPM series onto the N80 carbon steel surface, the
adsorption isotherm must be investigated via the Langmuir model.
Such a model assumes only one inhibitor molecular layer adsorbed
on the substrate, whereas these molecules do not have any type of
interaction with each other. This isotherm can be represented as
follows [92,93]:
6

c
h
¼ 1

Kads
þ C ð9Þ

where C, h, and Kads represent the inhibitor concentration, the sur-
face coverage, and the adsorption equilibrium constant, respec-
tively. Fig. 3(b) represents the plotted curves of C/h vs. C, which
gave a straight line, and the extracted parameters are listed in
Table 4. The linear correlation coefficient (R2) recorded a value of
0.9999 for the three inhibitors (H-BTPM, Me-BTPM, and SH-
BTPM). Table 4 declares the slope close to unity, indicating that
the adsorption of the BTPM series on the carbon steel follows the
Langmuir model. The adsorption equilibrium constant (Kads) can
be calculated from the interception of the isotherm line with the
C/h axis. The large values of Kads indicate that the BTPM series mole-
cules have a strong adsorption ability on the N80 carbon steel sur-
face and hence improved protection against corrosion. In addition,
the values of Kads can be used to calculate the Gibbs standard free
energy (DGo

ads) as follows [94–96]:

DG
�
ads ¼ �RTln 55:5 Kadsð Þ ð10Þ

where R is the gas constant, and T the absolute temperature [97].
The listed values of DG

�
ads in Table 4 are negative, indicating that

the adsorption of the BTPM series inhibitors on the N80 carbon steel
surface is a spontaneous process. It was previously agreed that the
inhibitor molecule is physically adsorbed by electrostatic interac-
tion with the negatively charged metal substrate in the presence
of Cl� ions when the �DG�

ads value is in the order of 20 kJ�mol�1

or below. Furthermroe, the inhibitor molecule would be chemically
adsorbed by coordination bonds between its available lone electron
pairs and the empty d-orbital of the Fe metal, if the �DGo

ads value is
in the order of 40 kJ�mol�1 or above [98]. Inspecting the obtained
values of �DGo

ads, they were as follows; 34.6, 35.1, and 35.5 kJ/mol
for H-BTPM, Me-BTPM, and SH-BTPM, respectively as listed in
Table 4. Therefore, �DGo

ads ranges between 20 and 40 kJ�mol�1, indi-
cating that the investigated BTPM molecules were of a mixed phys-
ical/chemical adsorption nature [99–102].

3.5. Quantum chemical calculations

3.5.1. Quantum mechanical modeling (QM)
Through DFT calculations, frontier orbital energies EHOMO (high-

est occupied molecular orbital) and ELUMO (lowest unoccupied
molecular orbital) were computed, where the former is regarded
as an estimation of the electron-donating ability toward an
electron-deficient site, and the latter is considered a measure for
the ability to receive electrons from a donor [103]. Accordingly, a
molecule with a greater EHOMO has a higher chance to donate elec-
trons to the empty d-orbital of the iron substrate and thus may
expedite their potential to be adsorbed on the iron surface and



Fig.5. Electrochemical impedance curves of carbon steel in 1 mol dm–3HCl with different concentrations of: (a,b) H-BTPM, (c,d) Me-BTPM, and (e,f) SH-BTPM at room
temperature.
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enhances the protection against corrosive attacks [104]. Concur-
rently, as the ELUMO value becomes lower, it can maintain the good
adherence property of a molecule by permitting the back-bonding
of electrons from the iron surface toward the antibonding p* orbi-
tals of the inhibitors, which synergistically reinforce their adsorp-
tion to the metal surface [105]. On this basis, a narrower energy
gap DEGap between a favored high EHOMO level and a low ELUMO

level denotes a more firmly adsorbed and simultaneously more
efficient corrosion inhibitor [106]. The listed data in Table 5 show
lower DEGap values for all BTPM series inhibitors compared with
those recently reported in the literature [4,107–110]. SH-BTPM
scored the smallest DEGap as compared with Me-BTPM; H-BTPM
7

suitably marks a righteous agreement with the experimental
results. EHOMO for the SH-BTPM inhibitor showed the highest value
among the three inhibitors, resembling the formerly reported
experimental data. For ELUMO, the values for all the BTPM series
were almost the same, thus denoting their equivalent ability for
back donation due to the extended p-electron delocalization of
the conjugated double bond all over the molecule, which effec-
tively lowered the ELUMO level [111]. The listed dipole moment val-
ues (l) showed a rise for SH-BTPM than Me-BTPM and H-BTPM;
this rise aligned with its high corrosion inhibition efficiency. In
addition, the measured fraction of electron transferred (DN) values
listed in Table 5 that designates approximations for the number of



Fig. 6. Equivalent circuit used to model metal/solution interface of carbon steel in
1 mol dm–3HCl in the absence and presence of the benzothiazole derivatives.

Table 4
Adsorption equilibrium constant (Kads) and standard free energy of adsorption (DG
�ads) of inhibitors for carbon steel in 1 M HCl solution at 25 �C.

Inhibitor Slope The linear correlation
coefficient (r2)

–DG�ads (kJ mol�1)

H-BTPM 0.9091 0.9963 28.1
Me-BTPM 0.9161 0.9931 28.5
SH-BTPM 0.9162 0.9886 29.2
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donated electrons from the inhibitor molecule to the metallic iron
surface was ~ 2.6. Such value was high enough to maintain superb
corrosion mitigation properties.

Fig. 7 depicts the surface configuration of higest occupied
molecular orbital (HOMO) and Lowest unoccupied molecular orbi-
tal (LUMO) for each of the BTPM series molecules. Fig. 7 confirms
how HOMO levels in SH-BTPM are majorly localized over the ben-
zothiazole moiety and extended to the thiol group. This would
defines a larger electron donation space for SH-BTPM than the
same covered area by the methyl group in its counterpart Me-
BTPM or hydrogen in H-BTPM. The optimized geometrical struc-
ture for all BTPM series (Fig. 7) almost has a planar configuration,
which largely assists in covering the entire exposed iron surface
in contrast to a bowed configuration. This planar arrangement
was attainable due to the designed complete p-bond conjugation
over the entire structure [112].

Electrostatic potential mapping (ESP) is considered a useful tool
derived from DFT measurements, where it depicts a visual repre-
sentation for electrophilic and nucleophilic regions according to
the color-coded spots on the molecular structure [113]. The color
spectrum is scaled from blue to red, where blue regions designate
electron-poor moiety and red regions designate electron-rich moi-
ety; the former represents a favored site for electron donation and
therefore may serve as an adsorption center [114]. The ESP map-
ping for the BTPM series molecules (Fig. 8) shows that the red-
coded adsorption centers include the N and S heteroatoms in the
benzothiazole ring, as well as the amino nitrogen, and extend by
using the conjugated aromatic system all over the molecule back-
Table 3
Impedance electrochemical parameters derived from the Nyquist plots for carbon steel in

Inhibitor C (PPM) Rs (O cm2) Q (O�1sn cm�2) � 10–4 n

Blank 0 1.8 6.56 0.75

H-BTPM 10 1.7 5.77 0.73
20 1.7 5.42 0.72
30 2.0 4.03 0.71
40 1.8 3.29 0.71

Me-BTPM 10 1.6 4.37 0.73
20 1.9 4.32 0.71
30 1.9 3.99 0.68
40 1.9 3.97 0.67

SH-BTPM 10 1.7 4.81 0.73
20 1.8 4.22 0.69
30 2.2 3.18 0.62
40 4.4 2.37 0.63

8

bone. By contrast, the ESP mapping for SH-BTPM showed an addi-
tional ASH group as an electron-rich site, which imparts additional
capacity for the electron donation of the SH-BTPM molecule.

The natural bond orbital (NBO) method is viewed as a powerful
population analysis for allocating partial electronic charges for all
the atoms; thus, it can provide a scale for the nucleophilic behavior
all over the molecule [115]. Compared with other population anal-
ysis techniques, such as Mulliken charge population analysis, NBO
can act as a more improved tool because the former has many dis-
advantages, including its high dependence on the applied basis set
and its frequent assumption of unphysical negative (Pauli violat-
ing) values [116–119]. The assigned natural atomic charges for
BTPM series molecules are portrayed in Fig. 9. The negatively
charged atoms for all the BTPM molecules reveal that the two N
atoms demonstrate the most negative behavior, which is extended
by the p–bond conjugation to include all the structures that resem-
ble the substantial electron-donating ability. The obtained results
listed in Table 5 for the calculated quantum parameters of the
investigated BTPM series showed good correlation with the exper-
imental performance, indicating the same trend of corrosion inhi-
bition efficiency (SH-BTPM > Me-BTPM > H-BTPM).
3.5.2. MC simulations
Metropolis MC simulations were conducted using Materials

studio software, and its embedded adsorption locator module to
validate the electronic interaction process between the loaded
inhibitor and the metallic iron substrate. The BTPM series inhibi-
tors were fitted and configured over a (100)-indexed Fe metallic
plane. The resulting visualizations are depicted in Fig. 10, and it
emphasizes the planar configuration shaped by BTPM series mole-
cules on the Fe metallic surface, thus confirming its ability to cover
a larger area and have lower chances for corrosive attacks. The tab-
ulated record of the performed MC simulations in Table 6 describes
the calculated descriptors, such as total adsorption energy, rigid
adsorption energy, and deformation energy in kcal mol�1. Total
energy comprises the energy of the PTMB inhibitor plus the
adsorption energy, whereas the latter is defined as the released
energy concurrent with the loading and adherence of the inhibitor
1 M HCl solution in the absence and presence of the investigated inhibitors at 25 �C.

Rct (Ocm2) Cdl (mFcm�2) Error (%) h gi (%)

40 1553 < 4.07 – –

96 670 < 4.12 0.58 58
120 542 < 4.07 0.67 67
146 443 < 4.33 0.73 73
163 400 < 5.00 0.75 75

98 663 < 4.48 0.59 59
123 525 < 4.38 0.67 67
167 302 < 4.24 0.76 76
224 380 < 3.90 0.82 82

109 593 < 4.36 0.63 63
133 476 < 4.67 0.70 70
284 227 < 4.96 0.86 86
395 170 < 5.03 0.90 90



Table 5
Calculated Different quantum parameters for BTPM series molecules using DFT.

Inhibitor EHOMO,

(eV)

ELUMO,

(eV)

DE,
(eV)

m
(Debye)

Mol.
Area,
(Å2)

v: Absolute
electronegativity
(eV)

g: Global
hardness(eV)

S: Global
softness (eV) �1

x: Global
electrophilicity
index(eV)

DEbd : Back
donation(eV)

DN: Fraction
of electron
transferred

H-BTPM �6.02 �2.29 3.73 2.46 257.78 4.155 1.865 0.536 16.099 �0.46625 2.653
Me-BTPM �5.82 �2.24 3.58 2.38 260.80 4.030 1.790 0.559 14.536 �0.44750 2.658
SH-BTPM �5.6 �2.52 3.08 4.54 272.25 4.060 1.540 0.649 12.692 �0.38500 2.264
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Fig. 7. DFT computational analysis outputs for BTPM series inhibitors.

MPTB-HSMPTB-EMMPTB-H

Fig. 8. Electrostatic potential mapping (ESP) for the BTPM series inhibitors.
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molecule on the metal surface. The adsorption energy itself is a
sum of the rigid adsorption energy, which implies the released
energy once the structurally unrelaxed molecules approach the
9

metallic surface, in addition to the deformation energy that
expresses the required energy for molecules to endure surface
relaxation. The recorded adsorption energy data show that all Al
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Fig. 9. NBO population analysis for the BTPM series.
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BTPM series inhibitors scored considerably high negative values
(with a slight priority to SH-BTPM), which signify the high ten-
dency of BTPM molecules to be absorbed into the Fe metallic sur-
face [120,121]. The differential adsorption energy (symbolized as
dEad/dNi) expresses an indication for the released energy when a
particularly sole component is removed [122]. Table 6 reveals that
the dEad/dNi values for all BTPM series molecules were higher than
the dEad/dNi value for H2O molecules, indicating the gradual
replacement of water molecules by the more energetically favored
BTPM series molecules. Furthermore, the dEad/dNi values
were � 123.16, �125.60, and � 144.57 for H-BTPM, Me-BTPM,
and SH-BTPM, respectively, indicating the dominant adsorption
ability for the BTPM series. These findings support the experimen-
tal outcomes, primarily in the performance order of BTPM series
molecules as corrosion inhibitors (SH-BTPM > ME-BTPM > H-
BTPM).
3.6. Antibacterial analysis of the BTPM series

The antibacterial susceptibility of the BTPM series was screened
against several bacterial standard strains using the agar well diffu-
sion method. The results are presented in Table 7 and Fig. 11. The
obtained data demonstrated higher and broader antibacterial
activity in the inhibition clearing zones of 12–27 mm in compar-
ison with standard antibiotics. The biocidal efficacy of these ben-
zothiazole derivatives is powerfully associated with the existence
of the heteroatoms (N, O, and S), the benzothiazole ring nucleus,
10
and the azomethine groups (>C@NAin their chemical structures
[32].

The high antibacterial activities of these compounds are
strongly dependent on the outstanding chemical structures that
facilitated their interaction with the microbial cellular membranes.
Data in Table 7 and Fig. 11 reveal that among the synthesized
molecules, SH-PTBM exhibits the highest antibacterial perfor-
mance, which can be ascribed to the presence of thiol moiety in
its designated structure (E)-2-(benzylideneamino)benzo[d]
thiazole-6-thiol. The presence of heteroatoms (N, O, and S) and
azomethine groups in the chemical structures of the BTPM series
increases their pathogenic effect against bacteria [123]. The BTPM
series can be arranged in accordance with their antibacterial effi-
cacy as follows: SH-BTPM ˃ Me-BTPM ˃ H-BTPM.

Moreover, all these inhibitors show greater antibacterial activ-
ity (14–27 mm) for Gram-positive than for Gram-negative bacteria
(12–20 mm). This result is probably related to the alteration in the
cell wall components between Gram-positive and Gram-negative
bacteria. In Gram-positive bacteria, the cell wall embodies only a
single peptidoglycan layer, which makes it more sensitive toward
many antibacterial agents, whereas for Gram-negative bacteria,
the cell wall encompasses additional multilayers of membranes
(outer lipid membrane and periplasm) that provide additional
resistance against most antibacterial agents [124]. Correspond-
ingly, the mechanism of bacterial cell wall disruption can be
related to two main aspects: the number of terminal groups and
the biopermeability action. The MIC/MBC values of all BTPM series
inhibitors are summarized in Table 8. These inhibitors display
lower MICs/MBCs against Gram-positive bacteria (83.3–250.0/10
4.1–291.6 ppm) than Gram-negative bacteria (125.0–333.3/250.
0–500.0 ppm). These results are mainly attributed to the resistivity
of the outer cell wall of Gram-negative bacteria deduced from its
complex structure of a thick lipid-rich membrane and protein wall,
which hinders the entrance of biocidal compounds. However, the
inhibition results of the BTPM series are considered to be of a
broad-spectrum antibacterial activity in comparison with previ-
ously reported studies [125–127]. These effects can be generally
related to the formed interaction between the lipoprotein of the
bacterial cell wall and heteroatoms or azomethine groups
(ACH@NA) of the BTPM series; such interaction leads to a decrease
in the osmotic stability of the cell and the leakage of intracellular
constituents [128]. Furthermore, the recorded data in Table 8 prove
that the lowest MIC/MBC values are attributed to SH-BTPM mostly
due to the presence of additional thiol moiety, which identifies the
dominant biocidal activity of this compound.

3.7. SEM and EDX surface analysis

SEM surface imaging and EDX surface characterization tech-
niques have been widely implemented in the research fields of
metal corrosion to study surface changes before and after different
protective measures. Fig. 12 (a–f) show the SEM images and EDX
charts of the studied N80 carbon steel surface after 24 h of immer-
sion in 1 mol�dm�3 HCl solution without and with 1 � 10�2

mol�dm�3 of SH-BTPM, as well as the as-polished surface imaging.
As observed in Fig. 12 (e), the SEM image denotes that the entire
surface of the N80 carbon steel is severely corroded and has
numerous corrosion pits that started to appear on the surface in
only 1 mol�dm�3 HCl with no additives, with reference to the as-
polished sample in Fig. 12 (d). The EDX chart in Fig. 12 (b) reveals
that oxygen atoms exhibit a large peak related to the oxidation of
the N80 carbon steel surface as a result of the exposure to the cor-
rosive medium with reference to free polished sample chart in
Fig. 12 (a).

By contrast, the SEM image depicted in Fig. 12 (f) reveals that
the entire carbon steel surface exhibited a significantly smoother
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Fig. 10. Simulated adsorption of BTPM series inhibitors over Fe (100) surface using adsorption locator module.

Table 6
Calculated energy descriptors using Mont Carlo simulations for the adsorption of BTPM series compounds on Fe (100) surface.

Inhibitor Total energy Adsorption energy Rigid adsorption energy Deformation energy Inhibitor : dEad/dNi Water : dEad/dNi

H-BTPM �1799.56 �1769.24 �1824.88 55.63 �123.16 �0.57
Me-BTPM �1818.03 �1778.49 �1834.48 55.98 �125.60 �0.58
SH-BTPM �1838.00 �1799.67 �1854.80 55.1 �144.57 �0.48
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texture after adding 1 � 10�2 mol�dm�3 of SH-BTPM to the
1 mol�dm�3 HCl medium with residual inhibitor molecule clusters
present on the surface. As shown by the corresponding EDX chart
in Fig. 12 (c), almost no oxygen peak was detected, indicating the
elimination of any surface oxidation reaction. In parallel, a signifi-
cant decrease in the iron peak intensity was observed in Fig. 12 (c)
in comparison with the as-polished and corroded samples,
indicating the shielding effect of the formed layer of the
SH-BTPM inhibitor. Therefore, these findings strongly attest to
11
the prominent performance of the BTPM series as anticorrosion
additives for N80 carbon steel in 1 mol�dm�3 HCl medium [129–
133].

3.8. Atomic force microscope morphological studies

Atomic force microscope (AFM) analysis is a robust technique
used to assess the morphological surface alterations for the used
substrate before and after the addition of corrosion inhibitors.



Table 7
Antibacterial activity of the synthesized BTPM series in term of inhibition zone diameter*.

Compounds Diameter inhibition zone in mm (% activity index)

Gram-positive bacteria Gram-negative bacteria

Bacillus subtilis (ATCC 6633) Staphylococcus aureus (ATCC 29737) Pseudomonas aeruginosa (ATCC 9027) Escherichia coli (ATCC 8739)

H-BTPM 14(70) 15(65) 12(67) 14(78)
Me-BTPM 18(90) 22(95) 15(83) 16(89)
SH-BTPM 24(120) 27(117) 20(111) 22(122)
**TE (30 mcg) 20(100) 23(100) — —
**NA (30 mcg) — — 18(100) 18(100)

* Standard deviation = 5%, **TE: Tetracycline, NA: Nalidixic acid.
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Fig. 11. Anti-bacterial activity of the synthesized benzothiazole derivatives against
different microorganism.
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Fig. 13 depicts the AFM 3D images of the N80 carbon steel surface
after 24 h immersion at room temperature in 1 mol�dm�3 HCl. As
shown in Fig. 13 (a), the carbon steel surface was coarsened and
severely damaged by the effect of only 1 mol�dm�3 HCl solution.
Fig. 13 (b) depicts the 3D imaging of the N80 carbon steel surface
after being introduced to the SH-PTBM inhibitor in the same acidic
solution. After the addition of the SH-PTBM inhibitor, the entire
surface of the N80 carbon steel became flatter and smoother due
to the isolation of the entire surface by an SH-PTBM layered protec-
tive film [134,135].
Table 8
Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MB

Compounds Bacterial strains

Bacillus subtilis (ATCC 6633) Staphylococcus aureus (AT
29737)

MIC* (mM) MBC** (mM) MIC* (mM) MBC** (m

H-BTPM 31.2 43.7 21.8 37.5
Me-BTPM 21.8 31.2 15.6 28.1
SH-BTPM 6.25 9.35 9.35 12.5

* MIC = Minimum inhibitory concentration, **MBC = Minimum bactericidal concentra
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3.9. Corrosion inhibition mechanism

As reported in this study, the BTPM series molecules were
adsorbed to the N80 carbon steel surface using mutual physical
and chemical interactions in 1 mol�dm–3HCl. The charge of the
metal surface can be determined from the value of Ecorr – Eq = 0
(zero charge potential (vs. SCE). Xianghong Li [136] reported that
the value of Eq = 0 of iron is –530 mV versus SCE in HCl. In the pre-
sent study, the value of Ecorr obtained in 1 mol�dm–3HCl is –
514 mV. Therefore, the charges of steel surface is positive charge
in HCl because of Ecorr – Eq > 0. Since the negative ions of Cl– could
be specifically adsorbed firstly on the metal surface, they create
excess negatives charge towards the solution and favor more
adsorption of the inhibitor cations. The protonated BTPM series
molecules can adsorp physically at the negative Cl– iond and
restrict the passage of other corrosive ions towards the interior
steel surface which inhibit the corrosion process [137]. The sug-
gested corrosion inhibition mechanism possessed by the BTPM
derivatives regarding the carbon steel surface is schematically
explained in Fig. 14. On the other hand, these derivatives can be
adsorbed chemically onto the steel surface through their high elec-
tron density cloud, due to structural factors emerging from their
possession of S, N heteroatoms, p-electrons of aromatic cycles,
and the imine group (AC@NA) that helped to extend the double
bond conjugation throughout the whole structure causing better
electron distribution and a more planar conformation on the sub-
strate surface [138]. Therefore, the chemical adsorption was possi-
ble via the coordinating bonds between the lone electron pairs of
the inhibitor molecules and the empty d-orbitals of the N80 carbon
steel surface [139].

The variation between the three BTPM series molecules (H-
BTPM, Me-BTPM, and SH-BTPM) in terms of their chemical struc-
ture, was responsible for their different corrosion inhibition perfor-
mance, as reported throughout all this study. Examining these
structural deviations, the Me-BTPM molecule possessed a methyl
substitute group, and SH-BTPM possessed a thiol group while H-
BTPM didn’t contain any substituents. The methyl substituent in
Me-BTPM is electron-releasing, which can increase the electron
density towards the structure and accordingly it boosted the inhi-
bition efficiency from 75% to 82% regarding H-BTPM. Moreover,
Cs) of the synthesized BTPM series against different standard bacterial strains.

CC Pseudomonas aeruginosa
(ATCC 9027)

Escherichia coli (ATCC 8739)

M) MIC* (mM) MBC** (mM) MIC* (mM) MBC** (mM)

43.7 62.5 37.5 46.8
31.2 38.5 25.0 34.5
15.6 25.0 12.5 18.7

tion.



Fig. 12. SEM & EDX charts of the carbon steel sample: (a), (d) EDX and SEM for free polished surface (b), (e) EDX and SEM for the surface after 24 h immersion at room
temperature in 1 mol dm–3HCl (c), (f) EDX and SEM for the surface after 24 h immersion at room temperature in 1 mol dm–3HCl with 1 � 10�2 of SH-PTBM inhibitor.

Fig. 13. AFM morphology of carbon steel surface before and after 24 h immersion at room temperature in 1 mol dm–3HCl (a) without and (b) with 1 � 10�2 of SH-PTBM
inhibitor.
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Fig. 14. Possible adsorption mechanism of SH-PTBM on the carbon steel surface in
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SH-BTPM which recorded the highest inhibition efficiency of 90%,
possessed a thiol group (ASH) with its two unshared pairs of elec-
trons, which enhanced the possibilities of direct coordination to
the N80 carbon steel surface [140]. Consequently, these benzothia-
zole derivatives can form a protective adsorbed layer onto the sur-
face of N80 carbon steel by physical and chemical means of
interaction, isolating the carbon steel from further dissolution.
Fig. 14 represented the graphical representation of the adsorption
mechanism with emphasizing the possible different interactions
between SH-BTPM and the carbon steel surface.

3.10. Comparison of inhibitive effect with other benzothiazole
derivatives

The inhibition efficiencies of the investigated BTPM series were
compared with similar type literature survey of benzothiazoles
inhibitors. Table 9 listed a comparative inhibition efficiencies of
various benzothiazole derivatives at ambient temperature [141–
146]. It can be seen that the investigated BTPM series used in the
present study give higher inhibition efficiency compared to most
Table 9
Comparative table on inhibition efficiencies of various benzothiazole derivatives at ambie

Benzothiazole inhibitor

1,3-Benzothiazol-2-amine (BTA)
6-Methyl-1,3-benzothiazol-2-amine
2-Amino-1,3-benzthiazole-6-thiol
2-Aminobenzothiazole (ABT)
2-Mercaptobenzothiazole
Benzothiazole-2-amine
Benzothiazole-2-yl-thiocarbohydrazide
Benzothiazole-2-yl-thiosemicarbazide
2-(20-Hydroxylphenyl)benzothiazole
2-(20 ,50-Dihydroxyphenyl)benzothiazole
(4-Benzothiazole-2-yl-phenyl)-dimethyl-amine
2-Mercaptobenzothiazole
2-(n-hexylamino)-4-(30-N,N-dimethylamino-propyl)amino-6-(benzothiazol-2-yl)thio-
2-(n-octylamino)-4-(30-N,N-dimethylamino-propyl)amino-6-(benzothiazol-2-yl)thio-
1,2-Bis-(2-benzimidazolyl) ethylene
Bis-(2-benzimidazolyl methyl) oxide
Bis-(2-benzimidazolyl methyl) sulphide
2,6-Bis-(2-benzimidazolyl) pyridine
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of previously reported benzotriazole derivatives. This is related to
the similarity in their structure and intrinsic molecular properties,
which has led towards comparable extent of interaction with the
carbon steel.
4. Conclusions

1. Three new structurally designed benzothiazole derivatives
namely; SH-BTPM, Me-BTPM, and H-BTPM, were successively
synthesized, confirmed by FTIR and NMR analyses, and were
studied for their anticorrosion behavior against HCl solution
on N80 carbon steel solution using chemical and electrochemi-
cal techniques, besides, they were studied as biocides against
some bacterial strains proven for causing microbially influenced
corrosion.

2. The BTPM series behaved as mixed-type inhibitors, and a corro-
sion inhibition efficiency of 90% was obtained in the presence of
1 � 10–2 mol�dm–3SH-BTPM in 1 mol�dm�3 (~3.1%) HCl solution
that is used in shale formation well acidization.

3. The inhibitive action of the BTPM series was attributed to their
strong adsorption to the metal surface in alignment with the
Langmuir adsorption module.

4. Surface morphology images of SEM, EDX, and AFM test indi-
cated the formation of an isolative layer on the N80 carbon steel
in HCl solution.

5. The BTPM series displayed a broad-spectrum antibacterial
activity against Gram-positive and Gram-negative bacteria that
may induce bacterial corrosion, in comparison with standard
antibiotics.

6. The biocidal efficacy of BTPM series molecules powerfully asso-
ciated with the existence of the benzothiazole ring nucleus, and
the azomethine group(AC@Nsbnd) in their chemical structures.

7. DFT calculations evinced the ability of the BTPM series ability to
work as potential inhibitors due to the comparatively lowDEGap
values. Besides, MC simulations showed the planarity of the
inhibitor molecules on the Fe surface due to its unique
structure.

8. Further studies are needed such as X-ray Photoelectron Spec-
troscopy (XPS) in order to investigate the species and ions that
formed on the surface before and after the application of the
BTPM series inhibitors. In addition to the study of the effect of
pitting exerted by chloride ions.
nt temperature.

Concentration Corrosive system g (%) Reference

0.33 mM Mild steel in 1 M HCl 67 [141]
0.30 mM 72
0.22 mM 76
2 mM Carbon steel in 1 M HCl 75 [142]

86
1 mM Mild steel in 1 M H2SO4 59 [143]

69
87

0.22 mM Mild steel in 1 M HCl 85 [144]
0.20 mM 45
0.19 mM 95
1 mM Carbon steel in 1 M HCl 40 [145]

1,3,5-s-triazine 96
1,3,5-s-triazine 97

1 mM Mild steel in 1 M HCl 89 [146]
91
92
96
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