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Novel thiazole-derived Schiff bases 3a-c have been synthesized via thermal as well as microwave assisted
condensation of 2,4-dihydroxybenzaldehyde and aminothiazole derivatives in an ethanolic solution containing
catalytic amounts of acetic acid. The structure of the synthesized thiazole-based Schiff bases was elucidated by
spectroscopic tools as well as their elemental analyses. The efficiency of these compounds in corrosion inhibition
was evaluated for mild steel in H,SO4 solution using electrochemical techniques. Studying the behavior of these
compounds under various conditions clarified their effectiveness as beneficial corrosion inhibitors. Increasing the
concentration of both inhibitors led to higher effectiveness in inhibiting corrosion. The inhibition efficiency (IE)
of studied inhibitors was found to increase in the following order; 3¢ > 3b > 3a. The mechanism of adsorption
was suggested based on the Temkin adsorption isotherm, and was found to follow mixed mode of adsorption,
with the chemical mode is the prevailing as revealed from the free energy change values. Moreover, the cor-
relation between the inhibition efficiency and the molecular structure of the examined inhibitors was explored
through quantum chemical calculations. These calculations demonstrated that the high electron density on the
Schiff bases molecule contributes to a high corrosion inhibition efficiency. Additionally, the addition of an
electron donor group on the thiazole ring enhanced the molecule’s adsorption ability on the mild steel surface.

1. Introduction Khanna et al., 2024; Altalhi, 2023; Abd-elmaksoud et al., 2023; Fouda

et al., 2023; Chugh et al., 2020; Verma and Quraishi, 2021; Abdelsalam

The imine or azomethine functionality in Schiff bases is one of the
most widely used building blocks for molecules characterized by inter-
esting physical and chemical properties. Additionally, they participate
in biologically significant reactions and are extensively utilized in the
formation of metal complexes.

(More et al., 2019; Li et al., 2019; Berhanu et al., 2019; Long, 2019;
Alzahrani et al., 2023; Mahadevi and Sumathi, 2020; Alorini et al., 2022;
Abdalla et al., 2022; Kaur et al., 2021; Uddin et al., 2020; Ahmed et al.,
2019; Verma and Quraishi, 2021).

Moreover, Schiff bases are a widely studied class of chemical com-
pounds known for their anticorrosive properties. (Al-Amiery et al.,
2022; Abdel-karim et al., 2024; Betti et al., 2023; Kamal et al., 2022;

* Corresponding authors.

et al., 2022; Yurt et al., 2014; Pour-Ali et al., 2023; Pour-Ali and Hejazi,
2022). The mechanism of action involves the > C = N- (imine) group
adsorbing onto the metallic surface. The substituents’ ability in the
molecule to donate or withdraw electrons significantly influences the
adsorption and binding affinity of Schiff bases to metallic surfaces.
The abikity of organic compounds as corrosion inhibitors is
enhanced by substituents of electron-donating characteristics (such as
—NMe2, -NH2, —OR, -OH, and —SH, etc.). It has been reported that
Schiff bases with polar substituents in specific positions can enhance
chelation ability with metal ions (Verma and Quraishi, 2021). Therefore,
these Schiff bases act as stronger ligands or corrosion inhibitors as
compared with unsubstituted counterparts. In interactions between such
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Schiff bases and metallic atoms, both the imine > C = N- and polar
functional groups (such as -OH) act as electron donor sites.

Many heterocyclic compounds containing aromatic systems,
n-bonds, and heteroatoms (such as N, S, and O) often demonstrate
effective anticorrosion properties, attributed to their ability to bind to
the metal surface through lone pairs of electrons and/or pi-electrons.
(Al-Amiery et al., 2022; Betti et al., 2023; Khanna et al., 2024; Altalhi,
2023; Abd-elmaksoud et al., 2023; Chugh et al., 2020; Verma and
Quraishi, 2021; Abdelsalam et al., 2022; Yurt et al., 2014; Hamani et al.,
2014; Zhang et al., 2015).

In general, compounds containing both nitrogen and sulfur, such as
thiazoles, have demonstrated higher effectiveness in inhibiting corro-
sion compared to those containing only one of these elements. Schiff
bases, known for their corrosion inhibition properties, have been
particularly effective. Therefore, Schiff bases of thiazoles have been
developed and studied for their efficiency as corrosion inhibitors.
(Chugh et al., 2020; Gong et al., 2019). Due to their aromatic rings
containing nitrogen and sulfur atoms, thiazoles and their derivatives are
widely recognized for their generally low toxicity.

(Gong et al., 2019). Recent theoretical calculations have provided a
more comprehensive explanation of the inhibition mechanism of thia-
zoles and their derivatives. (Gong et al., 2019). A molecule is likely to
demonstrate enhanced adsorption on an iron surface when it possesses a
higher energy of HOMO (Epowmo), @ lower energy of LUMO (Erymo), and
a lower energy difference between HOMO and LUMO (AE) (Gong et al.,
2019; Abdallah et al., 2021a; Abdallah et al., 2021b; Guo et al., 2017; Xu
et al.,, 2014; Arslan et al., 2009; Hegazy et al., 2013). Computational
methods are employed based on density functional theory (DFT) to
determine such parameters (Gong et al., 2019; Abdallah et al., 2021a;
Abdallah et al., 2021b; Guo et al., 2017; Xu et al., 2014; Arslan et al.,
2009; Hegazy et al., 2013; Hussein et al., 2020; El Guesmi et al., 2019; El
Guesmi et al., 2017). The inhibition efficiency can be attributed to their
low electronegativity and strong polarizability, which allow them to
cover broad metal surfaces and rapidly transfer electrons to vacant
atomic orbitals. Although various other Schiff bases have been reported
in the literature, the corrosion inhibition efficacy of thiazole-derived
Schiff bases has not been thoroughly explored using both experi-
mental and theoretical methods.

Therefore, in the present work thiazole-derived Schiff bases 3a-c
have been synthesized and applied as a corrosion inhibitor for mild steel
in acid medium. Potentialtiodynamic polarization curves were used to
study the corrosion inhibition of mild steel by molecules 3a-c in 0.5 M
H3S04 solution. The adsorption abilities of 3a-c on the iron surface were
evaluated by performing quantum calculations to optimize the geometry
and determine the energy of frontier molecular orbitals. The inclusion of
three structurally relevant compounds in this study, both in practical
and theoretical aspects, aims to standardize the corrosion process. This
approach also aids in predicting corrosion inhibition methods, poten-
tially leading to the development of highly efficient compounds. Schiff
base have been reported as unique corrosion inhibitor in various media
and in many applications. This wide range of applications is attributed
to the structure which in addition to the main moiety, it includes both
nitrogen and sulfur atoms, which each of which pertain inhibition effi-
ciency in certain media. In addition, it is effective and ecofriendly so-
lution for inhibiting metal corrosion with long term protection.

2. Experimental
2.1. Organic synthesis

2.1.1. Instruments and materials

Gallen-Kamp apparatus was used to determine melting points of the
synthesized compounds. Distilled solvents were used and dried by using
reported literature methods prior to their use. Microwave irradiation
experiments were achieved using CEM machine of the model MARS
system of which is a multi-mode platform. The machine is equipped with
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a stirring plate which operates by a magnet and a rotor that permits the
parallel processing of several vessels per run. The reaction vessel that
was used is the Teflon HP-500 (TFA) insert). The vessel volume is 80 mL,
which can bear max pressure 350 psi, and max temperature 210 °C to
have the maximum safety during operation of irradiation. PyeUnicam
SP300 spectrometer is used to record the IR spectra. All samples were
measured using potassium bromide disks (KBr). The *H NMR spectra for
all samples were recorded on 500 MHz Bruker spectrometer and the
chemical shifts § downfield from tetramethyl silane (TMS) as an internal
standard. The Shimadzu 3600 UV-VIS-NIR spectrophotometer was used
to record the UV-visible spectra for the novel Schiff’s bases. The
required starting thiazole derivatives 2-aminothiazole 2a and 2-amino-
5-methyl-4-phenyl thiazole 2c were purchased from Aldrich and used as
received mean, while 2-amino-4-phenylthiazole 2b was prepared via
several methodologies according to published methods (Alenzi et al.,
2020).

2.1.2. Organic preparations

Synthesis of thiazole-based Schiff’s bases 3a-c.

Thermal method.

General procedure: 2,4-dihydroxy benzaldehyde (1) was condensed
with the appropriate 2-aminothiazole derivatives 2a-c in refluxing
ethanol and using a catalytic amount of glacial acetic acid. Condensation
of all reactants was performed thermally for 8 h. The condensation re-
action progressed smoothly to give the corresponding Schiff’s base
products in moderate to good yields. Recrystallization of the synthesized
Schiff’s bases 3a-c was achieved using EtOH/DMF mixture solvent to
give the corresponding thiazole-based Schiff's bases 3a-c.

Microwave method.

General procedure: A mixture of 2,4-dihydroxy benzaldehyde (1)
(10 mmol) and the suitable 2-aminothiazole derivatives 2a-c (10 mmol)
in ethanol (30 mL) was merged in a HP-500 process vessel. The vessel
was capped tightly and irradiated using microwaves irradiation (600 W
power) using pressurized conditions at 80 °C for a period 20 min. The
reaction vessel was then left to cool then the resulting product was
filtered, washed, and purified by recrystallization from EtOH/DMF
mixture solvent to afford the titled compound 3a-c. The physical con-
stants of the products and their spectral data are given below:

4-((thiazol-2-ylimino)methyl)benzene-1,3-diol (3a).

Yield 70 %, mp. 278-279 oC, 'H NMR spectrum (500 MHz,
DMSO-dg), 8, ppm: 6.32 (s, 1H), 6.43-6.50 (m, 3H), 7.55 (m, 2H), 9.13
(s, 1H), 9.90-12.5 (s, 1H,). IR spectrum (KBr disk, cm’l), 3425 (O-H),
3040 (CH), 1630 (C = N). Anal. caled. for C1oHgN205S (220.25): C,
54.53; H, 3.66; N, 12.72. Found: C, 54.51; H, 3.68; N, 12.68 %.

4-(((4-phenylthiazol-2-yl)imino)methyl)benzene-1,3-diol (3b).

Yield 60 %, mp. 237-238 oC, 'H NMR spectrum (500 MHz,
DMSO-dg), 8, ppm: 6.39 (s, 1H), 6.46(d, 1H), 7.32 (t, 1H), 7.42 (t, 2H),
7.66 (d, 1H), 7.89 (s, 1H), 7.95 (d, 2H), 9.20 (s, 1H), 11.50-12.5 (br, 2H,
OH). IR spectrum (KBr disk, cm’l), 3425 (0O-H), 3040 (CH), 1630 (C =
N). Anal. calcd. for C16H12N205S (296.34): C, 64.85; H, 4.08; N, 9.45.
Found: C, 64.83; H, 4.05; N, 9.40 %.

4-(((5-methyl-4-phenylthiazol-2-yl)imino)methyl)benzene-1,3-diol
(30).

Yield 64 %, mp. 243-244 oC, H NMR spectrum (500 MHz,
DMSO-dp), 8, ppm: 6.36 (s, 1H), 6.43 (d, 1H), 7.35 (t, 1H), 7.42 (t, 2H),
7.46 (m, 2H), 7.62 (m, 3H), 9.08 (s, 1H), 11.50-12.5 (br, 2H, OH). IR
spectrum (KBr disk, cm’l), 3425 (0O-H), 3040 (CH), 1630 (C = N). Anal.
caled. for C17H14N205S (310.37): C, 65.79; H, 4.55; N, 9.03. Found: C,
65.75; H, 4.52; N, 9.06 %.

2.2. Electrochemical measurements

The mild steel specimens have the following composition (by weight
%): 0.07 % carbon, 0.29 % manganese, 0.07 % silicon, 0.012 % sulfur,
0.021 % phosphorus, and the rest iron, each with a surface area of 0.5
cm?, were used. A 0.5 M HySOy4 solution was prepared by diluting 98 %
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AR grade HySO4. Inhibitors were dissolved in the HySO4 solution to
create stock solutions, which were then diluted to the desired concen-
trations. Electrochemical tests were performed using a three-electrode
setup, featuring a platinum counter electrode and a Hg/Hg,S04/SO3
reference electrode connected to a fine Luggin capillary. The working
electrode’s surface was polished, rinsed, degreased, and dried before the
experiments. The open circuit potential (OCP) of the electrode was
monitored for a duration of 30 min at a temperature of 25 °C or until
reaching a stable state. A PGSTAT30 potentiostat/galvanostat was used
for all measurements. Potentiodynamic polarization curves were ob-
tained by sweeping the potential —150 mV to 150 mV relative to the
OCP at a scan rate of 2 mV/s, Current densities were then determined
using the apparent surface area of the electrode.

2.3. Computational methods

With the use of the Gaussian 09 software package (Becke, 1993;
Stephens et al., 1994; Wysoglad et al., 2018), the geometric configura-
tion was optimized using the density functional theory (DFT) B3LYP
approach with the standard 6-31G(d,p) basis set. By combining the Lee-
Yang-Parr correlation (BLYP) approach with a double zeta plus polari-
zation (DNP) basis set and the generalized gradient approximation
(GGA) functional of Becke exchange (Deng et al., 2014; Xu et al., 2015),
geometric optimizations were accomplished with no symmetry
constraints.

3. Results and discussion
3.1. Synthesis and structure elucidation of 3a-c

The targeted Schiff’s bases were prepared by the reported procedure
with some modifications. Thus, 2,4-dihydroxy benzaldehyde (1) was
condensed with the appropriate 2-aminothiazole derivatives 2a-c in
refluxing ethanol and using a catalytic amount of glacial acetic acid.
Condensation of all reactants was performed either thermally for 8 h. or
under microwave irradiation conditions as shown in Scheme 1. The
microwave irradiation has been accomplished using a CEM microwave
reactor station using pressurized conditions with power of 600 W for 20
min at the boiling point of the alcohol. Although there was no great
improve in the yield of the product, but the time of the synthesis was
reduced dramatically by using the microwaves irradiation. The reaction
progressed smoothly to give the corresponding Schiff’s base products in
good yields. The structure of the isolated Schiff‘'s bases 3a-c was
confirmed using spectroscopic tools of analyses. For instance, \H NMR
spectrum of Schiff’s base 3b showed a singlet signal characteristic to the
methine group proton (CH = N) at § 9.20 ppm proton, a singlet signal
characteristic to the thiazole ring proton at 5 7.89 ppm proton, a singlet
signal characteristic to the aromatic ring proton of the aldehyde moiety
at § 6.39 ppm proton, the broad band characteristic to the hydroxyl
groups resonate in the range between 11.5 and 12,5 and other aromatic

R1
s
CHO R N\
S 1 )\J>\R
EtOH/ AcOH WS 2
IO GRS L e
HO OH N" R, a8h)oryW@omin) po OH

1 2a-c 3a-c
Yield %
No. Ry Ry -
Thermal | Microwave
Method Method
2a H H 65 70
2b H Ph 58 60
2c CH3 Ph 62 64

Scheme 1. Synthesis of Schiff’'s based 3a-c under thermal and microwave
irradiation conditions.
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ring protons in the range of 5 6.46-6-98 ppm as showed in the 'H NMR
spectrum of 3b in Fig. 1. The IR spectrum of the 3a-c derivative showed
the main characteristic bands at 3046 and 1630 assigned to CH aromatic
stretching and C = N group vibration, respectively (Fig. 2).

The electronic spectra of all the thiazole Schiff bases 3a-c were
recorded in the methanol (MeOH) solvent at ambient temperature in the
wavelength region of 200-1000 nm. As seen in Fig. 3, the electronic
spectra of the synthesized Schiff bases 3a-c revealed two absorption
bands, in which the first band appear at 279-314 nm are attributable to
an apparent © — n* transition inside the aromatic ring (Affat, 2022), as
well 3a-c exhibited a second broad band at 381, 383 and 385 nm,
respectively. In compounds 3a-c, the recorded band identified at
381-385 nm was ascribed to the CH = N (azomethine) unit with n — ©*
electronic interactions of conjugation between the electrons lone pair
and the conjugated double bond of the aromatic ring. (Affat, 2022).

3.2. Application of Schiff bases 3a-c as corrosion inhibitors: Evaluation
by electrochemical measurements

Numerous Schiff-base inhibitors have been developed for use in
aqueous media, demonstrating effectiveness across a wide range of
metals and alloys. These inhibitors are particularly efficient due to the
presence of an azomethine group (~CHN-) in their molecular structure.
Beyond the imine group, the substitution of other components also plays
a crucial role in determining inhibitory activity. Some Schiff base
compounds have been found to exhibit significantly greater inhibition
activity compared to analogous amine and carbonyl compounds. This
study aims to investigate the corrosion inhibition effectiveness of newly
synthesized Schiff base compounds 3a-c on carbon steel. This investi-
gation will compare the corrosion behavior of carbon steel both in the
absence and presence of these compounds using electrochemical mea-
surements. Fig. 4 depicts the potentiodynamic polarization curves ob-
tained for mild steel in 0.5 M H,SO4 under two conditions: (a) without
any inhibitor and in the presence of inhibitors (b) 3b, (c) 3a, and (d) 3c
at 25 °C. The data extracted from this figure are summarized in Table 1.

The efficiency of the inhibitors (Pjc) Was calculated using the
following equation:

Picorr =100A-(icorr(uninhibited) — icorr(inhibited))/icorr(uninhibited)
@

The corrosion current in the absence and presence of inhibitor is denoted
as icorr(uninhibited) and icorr(inhibited), respectively. Pjcor was found
to be in the order of 3¢ > 3b > 3a. In the presence of 0.5 mM inhibitor,
the Pjcorr values were 48 %, 69 %, and 75 % for 3a, 3b, and 3c,
respectively. This trend can be attributed to the electron density on the
heterocyclic 5 ring “Thiazole”. In 3a, the ring is unsubstituted, while in
3b, it is substituted by a phenyl ring, which could enhance adsorption. In
3¢, the heterocyclic ring is substituted by a methyl group, further
increasing the electron-donating ability of the inhibitor. The corrosion
potential shifts were not significant.

The inhibition efficiency (IE) calculated based on the polarization
resistance (Pgp) can be expressed as:

_ Rp(inhibitor) - Rp(widmutinhibitor

o = ) x100 2

Rp (inhibitor)

where: Rp(without inhibitor) is the polarization resistance of the unin-
hibited system, and Rp(inhibior) is the polarization resistance of the
inhibited system. As shown in Table 1, there is a high consistency be-
tween the inhibition efficiencies calculated based on the corrosion cur-
rent and those calculated based on the polarization resistance.

As shown in Table 1, the impact of inhibitor concentration on the
Tafel slopes was minimal, suggesting that the inhibitor most likely
functions by simply blocking the surface without altering the underlying
mechanism. The interactions of Schiff base with metallic surfaces can be
further elucidated using quantum chemistry calculations (Ebenso et al.,
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Fig. 2. The IR spectrum of Schiff’s base 3b.

2021).
The insignificant effect of inhibitor concentration on the Tafel slopes
suggests that the inhibitor acts through a simple blocking mechanism,

with its adsorption not altering the reaction mechanism (Cao, 1996).
The experimental data were fitted to various isotherms including
Langmuir, Temkin, and Flory-Huggins isotherms, and was found accord
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Fig. 3. Absorption spectra of thiazole-based Schiff-base 3a-c (30 mM) recorded
in MeOH solvent.
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Fig. 4. potentiodynamic polarization curves obtained for mild steel in 0.5 M
H,S04 under two conditions: (a) in the absence of inhibitors and in the presence
of 0.5 mM of inhibitors (b) 3a, (c¢) 3b, and (d) 3c at 25 °C.

Table 1

corrosion current, corrosion potential, protection efficiency and surface
coverage obtained in the presence of 0.5 mM Inhibitors. Data were extracted
from Fig. 4.

Leorr / —Ecorr / Ba Be Picor Rp/Q Pgp 6
Ax10* mv
Blank  12.8 388 119 131 - 26 - -
3a 6.65 390 114 122 48 55 52 0.48
3b 3.16 395 114 121 69 83 68 0.69
3c 3.2 377 121 109 75 9% 73 0.75

with Temkin isotherm (Eq. (2) (Bilgic and Caliskan, 1999; Priya et al.
2008) and the plots are presented in Fig. 5.

Exp( —2af) = KC 3

here, 0 represents the surface coverage degree (derived from the previ-
ously illustrated polarization curves), C stands for the inhibitor con-

Arabian Journal of Chemistry 17 (2024) 105867

centration, a (J/mol) denotes the molecular interaction parameter, It
offers insights into the interactions occurring within the adsorbed layer.
and K (mol/L) represents the equilibrium constant of the adsorption
process.

The equilibrium constant of the adsorption process can be linked to
the standard free energy of adsorption using the following equation (Li
et al., 2008; Cano et al., 2004):

AGads = —RTIn(55.5K) ©)]

The value 55.5 represents the concentration of water expressed in mol
dm™3. The adsorption parameters obtained from the plots are detailed in
Table 2. This table shows that the values of the free energy of adsorption
(AGgqs) are negative, ranging from -33.97 to —40.76 kJ mol ™! for 3a
and 3c, respectively.

The negative values of AGads indicate a spontaneous adsorption
process. The range of AG,qs values obtained in this study (-33.97 to
—-40.7 kJ mol’l) implies that the inhibitor’s adsorption involves both
physisorption and chemisorption. Hence, the adsorption of molecules on
the mild steel surface from a 0.5 M H3SO4 solution is attributed to a
concurrent physical and chemical process.

3.3. Quantum chemical calculations (DFT)

To develop novel and potent inhibitors, calculations based on density
functional theory (DFT) are frequently utilized to investigate and assess
the various reactivity parameters and find the relationship between the
empirically measured inhibitory efficiency and theoretically obtained
parameters (Geerlings et al., 2003; Kokalj, 2021; Gece, 2008; Obot et al.,
2015; Lemilemu et al., 2021). In this context, we analyzed quantum
mechanical descriptors for the three synthesized thiazole-based Schiff
base molecules 3a-c. The results are shown in Table 3. The molecules’
wave function distribution and relative reactivity were examined using
the HOMO and LUMO frontier molecular orbitals (Fig. 6). In addition,
the mechanism of a molecule’s adsorption onto a metallic surface has
been demonstrated to be significantly influenced by HOMO and LUMO
frontier molecular orbitals, as well associated to the molecule’s sus-
ceptibility to electrophile and nucleophile attack. It is established that
an inhibitor with a higher HOMO value has a greater ability to share
electrons. However, the likelihood that the molecule will accept elec-
trons is indicated by lower LUMO values (Gece, 2008). The energy gaps
(in eV) were calculated to be 3.633, 3.416 and 3.454 for compounds 3a,
3b and 3c, respectively (Table 3). According to the results, the synthe-
sized compounds exhibit good reactivity. The findings also showed that
substituted thiazole-derived Schiff bases 3b and 3c has the lowest
HOMO-LUMO energy gap compared to their unsubstituted thiazole
analogue 3a, which indicates that it has a significant intramolecular
charge transfer, high chemical reactivity and better inhibition effi-
ciency. Furthermore, compound 3c showed large HOMO value —5.500
eV. It is therefore reasonable to conclude that 3c would demonstrate a
better affinity for the adsorption onto the MS surface via the unoccupied
iron d-orbital through the lone pair electrons on the N and O atoms.

Chemical (o) softness parameter has also been found to represent
another useful quantity that provides information on the interaction of
molecules with a metallic surface, in which metals are regarded as soft
acids while inhibitor compounds as soft bases according to the HASB
principle (Obot and Gasem, 2014). Inhibitors with higher chemical (c)
softness are more easily adsorbed on metallic surfaces. The results
further revealed that compound 3c has greater chemical (6) compared
to 3a signifying better adsorptive tendency for the Fe surface (Deng
et al., 2014; Yadav et al., 2016).

Moreover, the electro-donating and electro-accepting powers, ® and
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Fig. 5. Temkin adsorption isotherm for 3a, 3b and 3c.

Table 2

Calculated values obtained from Temkin isotherm for 3a and and 3c.
Inhibitor A“J/mol” K(mol/L) R? G°/ kJ/mol
3a 4.4 7.3x 10* 0.99 - 33.97
3b -1.32 7.2x10° 0.99 —30.56
3c -1.38 1.5x10* 0.99 — 40.7

o', have been proposed as a new reactivity index and defined by
Gazquez et al. (Gazquez et al., 2007; Domingo and Pérez, 2011) as,

(A+3I)?

T16x (I-A) )

Table 3

L I+ 3A)° ©)
16 x (I — A)

where ® and o™ denotes, respectively, the measure of a system’s ten-
dency to donate and accept charge. It is important to note that a higher
value of o" indicates a system with a superior ability to accept charges,
whereas a lower value of ®" indicates an electron donor character that is
more favorable. Table 3 lists and collects both ™ and ®™ quantities.
According to Table 3, molecule 3¢ has the highest capacity to donate
charge, with o™ = 2.451 eV.

On the other hand, the equation (6) can be used to calculate the
fraction of electrons transferred (AN) from an anticorrosive molecule to
a metallic atom (Chauhan and Gunasekaran, 2007; Wahyuningrum
et al., 2008; Benmessaoud et al., 2007; Rodriguez-Valdez et al., 2006).

Calculated theoretical chemical parameters for anticorrosive Schiff bases molecules 3a-c.

Descriptors S/\>
\N )\\N S A\
X, ey
HO OH
3a 3b 3c
HOMO —5.757 (eV) —5.570 (eV) —5.500 (eV)
LUMO —2.124 (eV) —2.154 (eV) —2.046 (eV)
AE(HOMO-LUMO) 3.633 (eV) 3.416 (eV) 3.454 (eV)
Ionization energy (I) 5.757 (eV) 5.570 (eV) 5.500 (eV)
Electron affinity (A) 2.124 (eV) 2.154 (eV) 2.046 (eV)
Dipole moment (Debye) 1.989 1.917 1.803
N =E, — Eng 3.633 (eV) 3.416 (eV) 3.454 (eV)
p = (Eg + EL)/2 —3.940 (eV) —3.862 (eV) —3.773 (eV)
Global softness (6) 0.275 0.293 0.289
Electronegativity (y) 3.940 (eV) 3.862 (eV) 3.773 (eV)
0= (—pz/Zl]) 2.136 (eV) 2.183 (eV) 2.061 (eV)
Electroaccepting (o) power 2.531 2.649 2.451
Electrodonating (@) power 6.471 6.511 6.224
Net electrophilicity (An*) 9.002 9.160 8.675
AN 1.084 1.131 1.092
Fraction of transferred electrons (AN) 0.421 0.459 0.467
AE back-donation —0.908 —0.854 —0.863
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where yinn and ninh, Xre and nre. and denotes the absolute electronega-
tivity and hardness of anticorrosive molecule and iron atom, respec-
tively. The values of nge = 0 and ype = 7 eV have been reported
theoretically (Chauhan and Gunasekaran, 2007; Wahyuningrum et al.,
2008; Benmessaoud et al., 2007; Rodriguez-Valdez et al., 2006), related
to the metallic neutral atoms’ properties.

Table 3 displays the theoretical values of the transferred fractions. It
has been found that a high anticorrosive efficiency is correlated with a
large value of AN. Our findings also support the earlier behavior, as the
higher value of AN corresponds to a molecule 3¢, whose AN = 0.467
indicates a more effective anticorrosive behavior.

Moreover, the anticorrosive molecule-metallic surface interaction
has been evaluated (Gomez et al., 2006) by the electronic back-donation
concept, defined as AEgack-donation = — 1/4, in which if n > 0 that implies
AEgack-donation < 0, and indicates that back-donation process from the
anticorrosive molecule to metal is energetically favored. As shown in

Table 3 the value of AEgack-donation fOr our anticorrosive thiazole-based
Schiff base molecules 3a-c are negative, indicating that the charge
transfer is energetically favorable. This enables us to compare anticor-
rosive efficiency of molecules, in which an increase in stabilization en-
ergy arising from the interaction between the anticorrosive molecule
and the metallic surface should lead to an increase in anticorrosive ef-
ficiency. In line with the experimental findings, the calculated AEg,ck-
donation Values show the following tendency: (3c) > (3a).

Mulliken charges.

In order to estimate the inhibitors’ adsorption center and charac-
terize possible interactions between the molecules and the Fe surface,
the Mulliken charges for the Schiff bases molecules (3a-c) are computed
and shown in Fig. 7. It is noteworthy that the highest negative charge
atoms have a strong tendency on the metallic surface. However, it is
obvious that the inhibitor molecules can interact through a variety of
active centers (N, O) with the metallic surface. The results showed that
in (3a-c) compounds, the O atom has a greater excess of negative charge.
This implies that by adsorbing to the C-steel’s surface through its active
sites, the studied Schiff-bases employed as inhibitors can effectively
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Fig. 7. Mulliken charges for the anticorrosive Schiff bases molecules (3a-c).

prevent corrosion of the metal. Furthermore, since the sulfur atoms in
Schiff base molecules have an excess of positive charge and are able to
accept electrons from orbital 3d of the iron atoms (Fe) to generate a
feedback bond, it is evident that the sulfur atoms act mostly as elec-
trophilic centers. Thus, in order to improve the interaction between the
inhibitor and metallic surface, it seems that this processus is necessary to
maintain equilibrium and prevent the accumulation of negative charges
on the metal surface. It is also important to note that a good corrosion
inhibitor with high inhibition efficiency can accept free electrons from
the metal in addition to offering electrons to vacant orbitals. Accord-
ingly, it should be noted that the molecular electronic parameters and
the quantum chemical calculation method discussed above could be an
important factor in providing us with a broad overview of the inhibitor
molecule’s mode of action and contributing to the assessment of inhi-

bition efficiency.
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Mechanism of inhibition

A number of factors, such as the inhibitor molecules’ atomic charges
and chemical structure, as well behavior in an acidic environment, in-
fluence the inhibitor molecules’ adsorption onto the metallic surface.
The assumptions made by the Temkin adsorption model on how the
Schiff bases molecules (3a-c) adsorb to the metallic substrate were also
validated by the adsorption isotherm explorations. Electron pairs of
heteroatoms in the Schiff bases molecules (3a-c¢) facilate chemical
adsorption onto the metallic substrate. The suggested mechanism for
protecting metallic substrates against corrosion in an acidic media is
shown in Fig. 8. As demonstrated in Fig. 8, the thiazole-based Schiff base
derivatives exhibited good corrosion inhibition properties due to their
affinity to be adsorbed on the surface of carbon steel alloy by mutual
chemisorption and physisorption. Chemisorption occurs when coordi-
nating bonds are formed between the lone pairs in thiazole-based Schiff
base derivatives and the surface of the carbon steel alloy containing
empty Fe atom d-orbitals. Consequently, through a combination of
physical and chemical interactions, the Schiff bases molecules can form
a strong adhesive adsorbed layer on the surface of the CS alloy, pro-
tecting it from further dissolution by isolating the surface from an

aggressive environment.

4. Conclusion

In this study, three novel thiazole-based Schiff’s base derivatives
were synthesized using thermal as well as microwave irradiation. The
novel Schiff’s bases were investigated using analytical, spectroscopic,
and physical methods. The synthesized compounds demonstrated effi-
cacy as corrosion inhibitors for mild steel pipelines in HSO4 solution.
Their corrosion inhibition mechanism involves adsorption according to
the Temkin model, with the mode of adsorption identified as mixed type
based on the values of free energy change. This suggests that physico-
chemical adsorption governs the distribution of these organic inhibitors
on the CS alloy surface in the aggressive acidic medium. Quantum
chemical calculations based on DFT studies were effectively utilized at
the B3LYP level of theory to provide optimal molecular structures with
electronic calculations. The calculated global hardness values were
lower than the predicted global softness values, suggesting that the
thiazole-based Schiff base under investigation were less stable and more
reactive. The obtained results clearly show that the presence of both an
electron-rich and a m-electron moiety should influence the electronic
structure of an inhibitor molecule and facilitate its ability to readily
remove water molecules from the metal surface. All the experimental
results were consistency with the theoretical DFT calculations, which
provided a clear explanation of the relationship between inhibitor mo-
lecular structures and inhibition efficiency.

Fe Fe

Fig. 8. Adsorption mechanism of Schiff bases molecule 3¢ on carbon steel surface in 0.5 M HySO4,
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