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Schiff base quinazoline derivative viz., 3-((2-hydroxy-3-methoxybenzylidene)amino)-2-methylquinazolin-
4(3H)-one (SB-Q), was synthesized in this study. Its corrosion protection impact on mild steel (MS) in 1 M
hydrochloric acid solution was examined by performing weight loss measurements. The protective effi-
cacy of SB-Q on MS in 1 M HCI was investigated based on its concentrations, immersion period, and
immersion temperature. SB-Q was found to be an efficient inhibitor for the corrosion of MS. Its inhibition
efficiency was improved by increasing the concentration of SB-Q to an optimal concentration of 500 ppm.
Its inhibition efficacy was 96.3% at 303 K. Experimental findings revealed that its inhibition efficiency was
increased with increasing immersion time, but decreased with an increase in temperature. The adsorption
of SB-Q molecules was followed the Langmuir adsorption isotherm model. The adsorption of the exam-
ined inhibitor molecules on the surface of mild steel was studied by density functional theory (DFT). DFT

investigation confirmed weight loss findings.
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1. Introduction

Mild steel is commonly applied to fabricate various
materials in a type of industry. Although mild steel
inexpensive and have proper mechanical characteristics
in various manufacturing purposes, it is likely to the
corrosion [1,2]. The numerous efficient strategies to
control and/or retard the corrosion in a closed environment
is the corrosion inhibitors addition to acidic environments.
Difference natural or synthetic organic inhibitors present
a chance for efficient alloys in various applications for
acidic solutions. With the different industrial acidic
solutions, HCI is usually used for various manufacturing
purposes. HCI is widely utilized for pickling, descaling,
cleaning, and mild steel etching [3,4]. Despite this, the
HCI medium is understood to be extremely corrosive for
different alloys. Mild steel is recognized as a great
achievement manufacturing alloy in a considerable
industry. In severe industrial applications, the immediate

Corresponding author: dr.ahmed1975@gmail.com,
dr.ahmed1975@ukm.edu.my

77

interaction of HCI solution with mild steel leads to
corrosion [5,6]. Quantum chemical approaches were
previously identified as a very useful technique in
managing the molecular structure and explaining the
electronic structure as well as the interaction that may be
useful in mapping novel inhibitory molecules with great
efficiency through the molecular structure relationship
and activity approach. Quantitative chemical computation
through density functional theory is an appropriate
technique and these often feasible general means have
enabled corrosion investigators to computationally study
the corrosion inhibition mechanism [7,8]. Calculations
have been extensively applied to investigate the molecular
electronic structures of a broad spectrum of inhibitors
adsorption models utilizing several quantum parameters,
which has provided valuable physical visions on adsorption
corrosion inhibition [9,10].

protection performance is related to the molecular

mechanisms Therefore,
parameters which can be achieved by a computational
approach such as chemical reactivity, and atomic charges
[11,12]. Other theoretical findings are the energy of higher
occupied molecular orbital (EHOMO), the energy of lower
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Fig. 1. (a) molecular structure of the SB-Q, (b) geometrical optimized structure of SB-Q molecule

Table 1. Chemical composition of the mild steel coupon (wt%)

Carbon Manganese Silicon Aluminum Sulfur Phosphorus Iron
0.210 0.050 0.380 0.010 0.050 0.090 balance
unoccupied molecular orbital (LUMO), electronegativity, 2.2 Tested solutions

chemical softness, chemical hardness, and electron transfer
number [13,14]. This investigation centered on the study of
the corrosion inhibitive efficacy of a new corrosion inhibitor
namely 3-((2-hydroxy-3-methoxybenzylidene)amino)-2-
methylquinazolin-4(3H)-one (SB-Q) on mild steel in HC1
media. Therefore, the suggested corrosion inhibition
mechanism and the adsorption nature of SB-Q molecules
on the surface of mild steel are explained in detail based
on the realized outcomes from weight loss measurements,
adsorption isotherm study, and DFT studies. Fig. 1 exhibits
the molecular structure of the studied inhibitor and it
optimized structure.

2. Material and methods

2.1 Materials

The inhibitory effects of SB-Q are examined on mild
steel with the chemical composition presented in Table 1.

The mild steel test coupons rectangular shapes, which
have the dimensions 0of 4.5 cm % 2 cm % 1.5 cm were sliced
and smoothed for weight loss methods with sandpaper of
different grades. Before investigations, mild steel coupons
had been washed with the bi-distilled water, thoroughly
cleaned in acetone, and drained using a desiccator.
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The weight loss tests were achieved out in a freshly
prepared 1 M HCI environment (a non-stirred, aerated,
and 37% analytical grade) utilizing bi-distilled water. The
concentrations of freshly prepared inhibitor ranged from
100 ppm to 600 ppm as 1, 5, 10, 24, and 48 hours of
immersion, with temperatures varying from 303 to 333 K
and solution volumes of 250 mL. Each test was performed
three times and the mean repeatability of the measurements
was given.

2.3 Weight loss techniques

In order to determine the corrosion rate analyses, mass
loss techniques were conducted. It was completed
following the recommended technique ASTM [15]. The
weight loss techniques have been conducted below
distinct temperature situations. The specimens were
immersed in a glass cell, in an aerated environment having
the HCl without and with the addition of various
concentrations of the tested inhibitor to let the solution to
be preserved at the required temperature. Before every
experiment, the mild steel coupons are regularly polished,
completely washed with bi-distilled water, washed with
acetone and dried in the desiccator. The tested coupons
were weighed accurately applying an accuracy balance.
Following initial balancing, the coupons were exposed to
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corrosive media in the absence and presence of the various
concentrations of tested inhibitor. After (1, 5, 10, 24, and
48 h) of exposure periods, the mild steel coupons were
rinsed repeatedly with distilled water, washed with
acetone, dried, and weighed. The weight loss analyses
have been conducted at temperatures of 303, 313, 323,
and 333 K. All the tests were repeated three times, and
the average was taken. The weight loss analyses global
principles were based on the determination of the mass
loss per specimen regarding the immersion time in HCI
media that is maintained at a determined temperature. The
rate of corrosion was calculated according to equation (1)
[16];

KxW
axitxp

R

(D

As described by the approved techniques: ASTM,
p=7.89 cm™, K=28.76 x 10*, W refers to the weight loss
in gm, t signifies to the exposure period in h., and a is
the mild steel coupon area in cm’.

The exposure mild steel coupon area was determined
according to equation (2):

T2 2,7
a 2(D d) D Ird 2)

where D is the coupon diameter, drepresents the holding
hole diameter, and / refers to coupon thickness

The inhibitor efficiency (IE%) and the surface coverage
(8) were calculated according to equations (3) and (4)
[17],

IE% = (1—C—§j x 100 3)
CR
g
CR

where Cj the corrosion rate in absence of tested
inhibitor whereas C, represents the corrosion rate in
presence of tested inhibitor

24 DFT

The theoretical quantum simulation approach was
achieved by utilizing density functional theory (DFT) to
investigate the inhibitor molecules’ electronic structures
to determine the theoretical characteristics of inhibitor
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molecules. The optimized geometrical structure of inhibitor
molecules was achieved by applying DFT/B3LYP with
basis set 6-31G [18-21]. Physical parameters such as the
energy of highest occupied molecular orbital energy
(Eyomo)> energy of lowest unoccupied molecular orbital
energy (E;pp), energy gap  AE=Eu.0- Eyoro
ionization potential (/), electronic affinity (4),
electronegativity (y), chemical hardness (7), chemical
softness (o), and the electron transfer fraction (AN) were
calculated according to equations (5) to (10) [22];

I'= —Enomo (%)
A4 =-E;ymo (6)
r=5 ™
y = “Houo_Ziumo ®

1
o= ©
- 2(?56_—;2’:;7) (10)

where ¢, = 4.82 ¢V, n;, = 0.

3. Results and Discussion

3.1 Gravimetric analyses

3.1.1 Concentration effect

The subject of the inhibition performance of the SB-Q
molecules toward the mild steel corrosion in a 1 M
hydrochloric acid environment 1.0 M HCI, with weight
loss measurements, was carried at 303 K and for the
various concentrations for 1, 5, 10, 24, 48 and 72 h
exposure times. Fig. 2 exhibits the evaluated weight loss
findings for the different concentrations and various
exposure times of SB-Q [23]. The determination of the
weight loss findings obviously shows that the SB-Q
molecule has superior corrosion inhibition characteristics
for mild steel in 1 M HCI solution. Moreover, the inhibition
efficiency increases with the SB-Q concentration increase.
Certainly, at 500 ppm, SB-Q has the highest inhibition
efficacy of 96.3%. It was remarked that the rate of
corrosion reduces while the inhibition efficiency is
improved with an addition of SB-Q. Experimental
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Fig. 2. The rate of corrosion rate and inhibition efficiency of the tested inhibitor at different concentrations (100-1000 ppm) for

mild steel versus the immersion time (1-72 h), at 303 K

findings data show that SB-Q is adsorbed on the mild
steel surface efficiently, which is the basis for successful
protection from corrosion. Fig. 2 exhibits that variations
in inhibition efficiency for different inhibitor concentrations
were depend on the immersion period. With the addition
of SB-Q, the protection efficacy of SB-Q was firstly
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increased in the corrosive solution with the exposure
period reaching a maximum level where the efficacy
probably means constant regardless of inhibitor
concentration [24,25]. This behavior can be explained by
the fact that there are a limited number of sites available.
As a result, it was discovered that the addition of the
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Table 2. SB-Q inhibitory efficiency was compared quantitatively to that of other Schiff bases recently examined

No. Inhibitor 1E% Ref.

1 SB-Q 96 -

2 3-pyridinecarboxaldehyde-4-phenyl thiosemicarbazide 96 30

3 4-pyridinecarboxaldehyde-4-phenylthiosemicarbazide 93 30

4 3-mercapto-2-((4-methoxybenzylidene)amino)propanoic acid 66 31

5 2-((4-hydroxy-3-methoxybenzylidene)amino)-3-mercaptopropanoic acid 77 31

6 3-mercapto-2-(((E)-3-phenylallylidene)amino)propanoic acid 97 31

7 3-((4-(dimethylamino)benzylidene)amino)-2-methylquinazolin-4(3H)-one 92 32

8 3-((4-hydroxybenzylidene)amino)-2-methylquinazolin-4(3H)-one 96 32

9 3-(phenylimino)indolin-2-one 72 33

10 3,3- (1,4-phenylenebis (azan-1-yl-1-ylidene))diindolin-2-one 84 33

11 L400 92 34

12 L600 94 34

13 N,N'~(1,4-phenylenebis(methanylylidene))bis(5-(methylthio)-1,3,4-thiadiazol-2-amine) 92 35

14 5,5'-((1,4-phenylenebis(methanylylidene))bis(azanylylidene))bis(1,3,4-thiadiazole-2-thiol) 91 35

15 N,N'-(1,4-phenylenebis(methanylylidene))bis(5-methyl-1,3,4-thiadizol-2-amine) 87 35

16 N,N’-(1,4-phenylenebis(methanylylidene))bis(1,3,4-thiadiazol-2-amine) 80 35

17 N'-[4-(dimethylamino) benzylidene]-4-hydroxybenzohydrazide 83 36
investigated inhibitor reduces the mass loss of the metal adsorption == desorption
and delays its development with the immersion time, . AR
affecting its efficiency as shown in Fig. 2. qobid —e 313K

In HCI solutions, the inhibition efficacy of the current o] - 7:7 ggg E

inhibitor (SB-Q) can be compared with other reported
inhibitors that use corrosion inhibitors derived from Schiff
bases to protect the corrosion of mild steel. Table 2 shows
that the majority of Schiff bases examined have strong
inhibitory efficacy. In order to make the comparison with
the current inhibitor in question, SB-Q has the greatest
inhibitory efficiency compared to all Schiff bases
mentioned in Table 2 [26-28], as well as an efficiency
equivalent to that described in [29]. It is obvious that when
the concentration of SB-Q increased, the rate of corrosion
reduced and the inhibitive efficacy improved. This could
be because the inhibitor's adsorption coverage on mild
steel surfaces increases as the SB-Q concentration
increased.

3.1.2 Temperature Effect

To determine, the impact of temperature on the
inhibition efficiency, the tests were performed at four
various temperatures levels of (303, 313, 323, and 333 K)
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Fig. 3. The inhibition efficiency of the tested inhibitor at
different concentrations (100-1000 ppm) for mild steel
versus the Temperature (303-333 k), for 5 h as immersion
time

in 1M hydrochloric acid solution containing six
concentrations (100, 200, 300, 400, 500 and 1000 ppm)
of tested inhibitor for 5 h as immersion time. Fig. 3,
exhibits the corrosion inhibition results as a temperature
function for 5 h as immersion time. From the experimental
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findings, it is obvious that values of protection efficacy in
the existence of the various concentrations of tested inhibitor
in 1.0 M HCI decrease with increasing temperature from
303 to 333 K. The inhibitory efficiency is temperature-
dependent and diminishes with increasing temperature,
showing that at higher temperatures, mild steel dissolution
predominates on the mild steel surface [37]. This
phenomenon is attributed to the fact that the adsorption
mechanism weakens at high temperatures, implying
physical adsorption. The rise in temperature may stimulate
higher metal surface kinetic energy, which has a
detrimental influence on the adsorption process,
weakening it and encouraging desorption, resulting in the
equilibrium shift toward desorption as shown below,

3.2 Adsorption isotherm

Adsorption isotherms are explored in order to define
the possible mechanism of interaction between molecules
inhibiting corrosion with the mild steel surface. The
collected information was adapted in order to identify the
best fits to the most common adsorption isotherms:
Temkins, Freundlich, and Langmuir. Temkins, Freundlich
and Langmui isotherm models fit the experimental
findings, although Langmuir's adsorption isotherm is most
suitable. The inhibitor adsorption on a mild steel surface
is followed by Langmuir Isotherm in a corrosive
environment.

Langmuir isotherm model can be presented by equation
(11) [38]:

+C (11)

where C represents tested inhibitor concentration, 0
signifies to surface coverage and K, refers to the
equilibrium constant.

The plot of concentration (C) against C/ 6 at 303 K is
described in Fig. 4. The experiment's findings of the
adsorption of the tested inhibitor molecules shown by
linear plot at 303 K confirms the opportunity for the
approach of tested inhibitor molecules adsorption by
Langmuir isotherm model. Usually, the inhibitive efficacy
with a high value of a specific corrosion inhibitor is
approved by a higher value of K, determined from the
intercept which is relevant to its more favorable binding
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Fig. 4. Langmuir adsorption isotherm plot for various
concentration at 303 K

characteristics on the mild steel surface Langmuir
isotherm model revealed that heteroatoms (nitrogen and
oxygen) in tested inhibitor molecules interact by sharing
their unpaired electrons with 3d-orbitals of iron atoms on
the surface of mild steel. K, is depending on the
temperature and reduces with the increases of temperature
which suggests desorption process of inhibitor molecules
on the mild steel surface. It is obvious that the correlation
coefficient (R2 = 0.9858) of the plot is closed to one
which implies that tested inhibitor molecules which
adsorbed on the mild steel surface obeys the Langmuir
isotherm model. Despite, the slope (slope=0.858), is
closed to unity, means that the stimulation of Langmuir
isotherm model was not ideal. The variation from one
could be the interaction result of the adsorbed tested
inhibitor molecules on the mild steel surface and
unsaturated nuclei [39].

The free adsorption energy (AGst) might be
determined based on equation (12),

A 0
K, = iEXP(—“’Sj (12)

The external characteristic of the adsorption processes
may be due to the rising of temperature and the inhibitor
molecules may desorbed from the mild steel surface. As
a result, the inhibition efficiency may decrease. This is
obvious in Fig. 3 that represents the relation between
inhibition efficiency and temperature. Generally, if the
free energy (AG., ) value of the adsorption reaction is

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.2, 2022
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=

Fig. 5. SEM images of light steel coupon surfaces: (a) after 10 h exposure in 1.0 M HCI environment without addition of SB-Q,
and (b) after 10 h exposure in 1.0 M HCI environment with addition of 500 ppm of SB-Q

up to -20 kJ.mol™, then the process of adsorption is carried
by the physisorption, whereas if the free energy value of
the adsorption reaction is below -40 kl.mol” then the
process of adsorption is conducted through chemisorption
[40]. According to Equation 12, it is clear that the value of
AGY . is -34.8 kl.mol" which confirms both mechanisms
of physical and chemical adsorptions which are conducted
through electrostatic interaction and chemical bonds.

3.3 Surface analysis

SEM analysis was performed using a Hitachi TM1000
benchtop microscope. In the SEM images, the coupons
were immersed in the corrosion solution in the absence
and presence of SB-Q as a corrosion inhibitor at a
concentration of 500 ppm and 10 h as the immersion time.

Fig. 5 shows SEM images of light steel surface slips in
1.0 M HCl-free SB-Q solution and in the presence of SB-
Q (a and b). After immersion for 10 h in 1.0 M HCI, Fig.
Sa shows a slip of a mild steel surface severely damaged
by immersion in HCI solution. Fig. 5b shows a SEM
image after adding 500 ppm SB-Q to a 1.0 M HCI
solution.

The surface of the mild steel was smooth and free of
pits. It can be concluded that the corrosion rate is lower
in the presence of SB-Q particles. These findings also
support the results of weight loss and quantum chemical
calculations.

3.4 Theoretical calculations

Frontier molecular orbitals (HOMO and LUMO) are
valuable in suggesting the adsorption cities of the SB-Q

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.2, 2022

molecules which have the ability to interact with a mild
steel surface. The high-occupied molecular orbital
(HOMO) and low unoccupied molecular orbital (LUMO)
illustration of the investigated SB-Q molecules is
presented in Fig. 6.

According to the energies of HOMO and LUMO, the
empty 3d orbital of an iron atom on the surface of mild
steel can receive the electron pairs from tested inhibitor
molecules generally from nitrogen and oxygen atoms as
providing cities in the inhibitor molecules. Furthermore,
these molecules can receive electrons from iron atoms on
the mild steel surface through the back bonding donation
mechanism (from anti-bonding orbitals) [41]. These
processes increase the inhibitor molecules adsorption onto
the mild steel surface.

According to Koopman’s theorem [22] the energy of
HOMO is usually correlated with the ability to donate
electrons of the molecule; £,,,,, high value is possible
to indicate the inhibitor molecule's tendency to provide
electrons to suitable acceptor particles. The value of
E, o Indicates the molecule’s ability to receive an
electron. With increased HOMO and decreased LUMO
energy, the binding capacity of the inhibitor to the mild
steel surface rises. The lower the E,,,,, value, the more
likely it would be that electrons would be accepted by the
molecule. In addition, an essential characteristic that
controls the reactivity of the inhibitor molecule to the mild
steel surface adsorption is also the energy gap between
the HOMO and LUMO molecular orbits. As energy gap
(AE =E 10 E;umo) decreases, the molecular interaction
will increase which indicates an improvement in the
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HOMO-2 LUMO+2
Fig. 6. Molecular Orbitals tested inhibitor molecules

protective performance of the tested inhibitor molecules. variation between the £, ,,,,, and £, , ., for the examined
For efficient overlap, the variation between the orbitals inhibitor molecules is very low approving the participation
energies usually should be low, and the whole variation of E, 0, and E; ., in the inhibitor molecules—mild
between the E,,,,,,- £, 10 indicates the involvement in steel surface interactions [42].

the mild steel-inhibitor interactions. Moreover, the It is obvious from Table 3 that inhibitor molecules have
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a high value of HOMO energy which indicates that the
significant ability to donate an electron. It is obvious that
the inhibitor molecules exhibit the lowest E, ,,, the
interaction of mild steel with inhibitor molecules. The
estimates further confirm that inhibitor molecules form
has the AE value (5.566 ¢V) suggesting that the tested
inhibitor is the very active inhibitor which is readily
adsorbed on the mild steel surface producing protecting
layer. This matches with the weight loss findings that the
tested inhibitor has a high inhibition efficiency on the
surface of mild steel through coordination bonds and
physical interactions. The Coordination bonds between
the unpaired electrons and 3d-orbitals of iron atoms and
the vacant 3d-orbital on mild steel surface. Absolute
hardness, 7, and softness, o, are significant parameters to
evaluate the stability and reactivity of molecules. A hard
molecule has considerable band energy, and a soft
molecule has low band energy [43].

The hard molecule is low reactive than a soft molecule
because they readily donate electrons to the acceptor. For
the transfer of electrons, adsorption may happen at the
highest value of o has the lowest value 7. The result from
Table 3 reveals that tested inhibitor molecules have a low
band gap, high sofiness with low hardness; this conforms
with the weight loss findings results that tested inhibitor
molecules have a significant inhibition efficiency on the
surface of mild steel. DFT is found to be significant in
presenting indicates the electronegativity (), hardness
(n), and softness (o) which represented the chemical
reactivity and selectivity of the molecule. Table 3 presents
the computed quantum chemical parameters which
present data about the reactive behavior of tested corrosion
inhibitor [44].

AN N———

>\_

=

Physisorption

0

N7 cH,

0000

3.4.1 Corrosion inhibition mechanism

Based on the experimental findings of corrosion
protection of SB-Q in the 1 M HCl and also the theoretical
investigation, a suggested adsorption mechanism was
demonstrated in Fig. 7. Fig. 7 refers to the behavior of
tested inhibitor molecules and adsorption process of SB-
Q molecules toward the mild steel surface. Corrosion is
a chemical process, and the behavior of the inhibitor
molecules, achieved free electrons of inhibitor molecules
transfer from the inhibitor molecules to the mild steel
surface and forming a protective layer on the mild steel
surface. On a similar process the examined inhibitor
molecules have nitrogen and oxygen as heteroatoms and
also have heterocyclic and phenyl rings in addition to p-
electrons. The unpaired free electrons of SB-Q were

Table 3. Quantum chemical parameters of SB-Q molecule

Parameter Value
I (Ionization potential) 8.613 eV
A (Electron affinity) 2951 eV
AE (Band gap) 5.662 eV
E ono -8.613 eV
Eporion -10.139 eV
Eoron -11.217 eV
E, w0 -2.951 eV
E, o 22243 eV
E, ivon -0.189 eV
7 (Elctronegativity) 2.831eV
77 (Global hardness) 5.782 eV
o (Global softness) 0.1729
AE (Fractions of electron transferred) 0.1718

"N

OCH;

OH
Chemisorption

0

mnnnnnnnnnnnnunnnnnnnn Mild steel surface

Fig. 7. Postulated inhibition mechanism of SB-Q on mild steel surface in corrosive medium
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transfer to the unoccupied 3d- orbital of iron atoms on
the surface of mild steel and forming coordination bonds
(chemisorption). Furthermore, the aromatic ring of the
SB-Q molecules interacts with surface of mild steel
through Van der Waals forces (physisorption).

4. Conclusion

The synthesized quinazoline derivative exhibited good
protection performance for the corrosion of mild steel in
1 M HCI environments and the inhibitive efficacy was
determined to be concentration, immersion time, and
temperature-dependent. Langmuir isotherm model was
best fit the adsorption process for the investigated inhibitor
molecules. The free energy has a negative sign value, and
the negative value of Gibbs free energy of adsorption
suggests that the adsorption of inhibitor molecules
involves both physical and chemical adsorption process.
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