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ABSTRACT

The effect of 3-[(4-bromo-5-methylthiophen-2-yl) methylene amino]-2-isopropyl

quinazolin-4(3-H) one (3-4-5QZ) as a corrosion inhibitor was studied using weight loss

measurement. The rate of corrosion was found to be decreased with increasing inhibitor

concentration. The adsorption of (3-4-5QZ) on the surface of zinc metal was also

investigated according to the Freundlich model. The electronic property of (3-4-5QZ)

inhibitor obtained by the semi-empirical quantum chemical calculations, using the PM3

method, revealed a satisfactory correlation with the experimental data.
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1. INTRODUCTION

Corrosion has been one of the common
problems in chemical industry [1-4]. Several
studies have been performed with respect to
inhibiting the corrosion of metals and alloys
including zinc [5-7]. In order to protect the
surface of metals from corrosion, various
organic and inorganic chemicals, such as
azoles and thiazoles have been suggested [8-
12]. These chemicals provide a barrier layer,
which prevents the oxidation of metals by
adsorption [13]. Additionally, typical organic
inhibitors often contain an electron-rich atom,
such as nitrogen and sulphur. These inhibitors
can form coordination complexes with the
metal cation [14-18] as shown in Figure 1.
Organic inhibitors are commonly aromatic
with heteroatoms, as

compounds they

comprise of delocalized m-electrons and

unshared electrons on the heteroatoms, which

Received: 15 Jun 2016, Accepted: 24 October 2016

allow the formation of coordination
complexes [1, 19]. The adherence of inhibitor
on the surface of the metal mediated by
adsorption is highly influenced by the

electronic properties of the whole inhibitor.

Fig. 1. A representation of the coordination complex between
inhibitor and metal ion
Specifically, the electron density on the
heteroatoms plays a major role in establishing
a physical or chemical interaction with the
metal [20]. Therefore, the selection of an

inhibitor is based solely on its capacity to bind
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to the surface of the metal and retard the
corrosion. Hence, inhibitors with a robust
adsorption capacity are considered good
inhibitors [21]. Herein, a comprehensive
investigation was carried out for clearly
understanding the chemistry of adsorption of
(3-4-5Q7Z) inhibitor on the surface of zinc
metal, especially, the electronic properties. To
the best of our knowledge, the plethora of
studies on the corrosion of zinc has not yet
clearly elucidated the surface chemistry at the
solid-liquid interface. In this article, we
present a systematic study on the adsorption
of (3-4-5QZ) on the surface of zinc metal
before exposure to corrosives (HCl in the
present study). Furthermore, the optimal
conditions for the best protection of the
surface were evaluated based on the effect of
temperature and thermodynamic parameters
of adsorption.

2. EXPERIMENTAL
2.1 MATERIALS AND METHODS

Zinc strips obtained from zinc-graphite
batteries were prepared with the following
dimensions (8 cm X 2 cm X 0.5 mm; L x W
x H, respectively). HCI (35-37%, AR-grade)
was obtained from Sigma-Aldrich. Ethanol
(96%), (98.99%), and
acetone were procured from Merck. All
further

absolute ethanol

chemicals were wused without
purification. Ultrapure water (18.2 Qcm) was
used for preparing the solutions and washings.
A stock solution of 1000 ppm of (3-4-5QZ)
was sequentially diluted to 500, 400, 300,
200, and 100 ppm. Since (3-4-5QZ) was
readily soluble in ethanol, all the solutions
were prepared in absolute ethanol. The
volumetric flasks were sealed with parafilm to
minimize the error in the concentration due
to evaporation. Zinc strips were washed
sequentially with acetone, ethanol (96%), and

ultrapure water, followed by oven-drying at

60 °C. These strips were scrubbed by emery
paper and washed with acetone, ethanol, and
water, dried, and stored in desiccators until
further use. The zinc strips were weighed and
immersed in a 2M HCl solution over a period
of 200 min at 20 min intervals.

2.1.1 Synthesis of (3-4-5Q2)

The (3-4-5QZ) was synthesized according to
the established protocol [22].

2.1.2 Quantum Chemical Calculations

The electronic properties of (3-4-5QZ)
inhibitor were studied using quantum
chemical calculation by  HyperChem?7
software. The (3-4-5QZ) molecule was

geometrically optimized by the semi-empirical
method. Electronic properties, such as the
energy of the highest occupied molecular
orbital (HOMO) and the energy of the lowest
molecular orbital (LUMO), the energy gap
(AE), and the Mulliken charges on the
backbone atoms of the synthesized (3-4-5QZ)

inhibitor were also evaluated.
2.1.3 Adsorption of (3-4-5QZ) on the zinc metal

The zinc strip was immersed in each (3-4-
5QZ) solution (100, 200, 300, 400, and 500
ppm, respectively), and allowed to equilibrate
for 140 min. Consequently, the strips were
immersed in 2M HCI, and the differences in
the weight for 200 min at 20 min interval
were estimated. The coating was performed at
different temperatures: 298, 303, 308, 313,
and 323 K.

3. RESULTS AND DISCUSSION
3.1 WEIGHT L0OSS MEASUREMENTS

The zinc strip was immersed in 2M HCI in
the absence of inhibitor over a period of 200
min at 20 min interval. The difference in the
weight (g) plotted against the time (min)
indicated that the weight loss increased
dramatically with time Figure 2.
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Fig. 2. Difference in weight after immersion of zinc metal in 2M
HCl solution
Thus, it can be inferred that the zinc metal
was oxidized as a result of the prolonged
exposure to HCI, which in turn led to the
formation of Zn?*'.

3.1.1 Synthesis and Characterisation of (3-4-5QZ2)

The synthesis was initiated by the
bromination of 2-methylthiophene to obtain
which is
3-bromo-2-
methylthiophene-5-carboxaldehyde, the
desired aldehyde. The structures of the
products described above were confirmed by
'HNMR, PCNMR, mass spectroscopy, and
FT-IR techniques. The target imine (Schiff

base) was synthesized by the reaction of 3-

3,5-dibromo-2-methylthiophene,

then converted to

bromo-2-methylthiophene-5-carboxaldehyde
with 1
isopropylquinazolin-4(3H)-one by microwave

mole equivalent of 3amino-2-

conditions (Scheme 1).

Scheme.1. Synthesis of (3-4-5QZ)

The '"HNMR analysis of the product showed
that the 9.69 ppm
corresponding to the aldehydic hydrogen

singlet at & =

disappeared and a new singlet at & = 9.15
ppm, corresponding to the proton of the NH
group, was observed in addition to all the

other predicted signals. The C NMR
spectrum showed that the signal at = 181.6

corresponding to the carbon of the carbonyl
group disappeared and the signal at & = 160.6
corresponding to the carbon of the C=N
group was observed; all the other predicted
signals were also observed. Finally, the
formula of the product was confirmed by the
high-resolution mass spectrometry, which
displayed a peak at m/z = 389.0198 that
correlated with the calculated value, 389.0197
for Ci;HisN;OS8”Br. Thus, the product
obtained was remarkably pure with a high
yield of 88%.

3.1.2 Quantum Chemical Calculations

This theoretical study aimed to provide
information about the electron configuration
of the (3-4-5QZ) by quantum chemical
calculations and investigate the correlation
between molecular structure and inhibition
efficiency. All the computations for geometric
optimization were performed using the semi-
empirical calculations with PM3 method
using the complete HyperChem Program
Figure. 3(a), Figure 3(b), Figure 3(c), and
Figure 3(d). This computational method has
yielded satisfactory results previously [23].
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Fig. 3(a). The geometrically optimized structure of (3-4-5QZ) in
stick model. (b): The geometrically optimized structure of (3-4-5QZ)
in ball and stick model. (c): The HOMO and LUMO as 2D for (3-
4-5QZ). (d): The HOMO and LUMO as 3D contours for (3-4-
5QZ7).
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The simplest way to compare the inhibition
efficiency of a compound is to analyze the

of HOMO and LUMO. The

calculated energies Enomo, Erumo, energy gap,

energies

(AE=Erumo—Enomo) and other indices are
presented in Table 1.

TABLE 1: THE CALCULATED ENERGY PARAMETERS FOR
(3-4-5QZ) INHIBITOR USING PM3 METHOD

Inhibitor | HOMO | LUMO AE H
Deb
(eV) (eV) (V) (Debye)

3-4-5QZ -8.87 0.90 -7.91 1.96

The absolute value of energy gap (AE)
between the HOMO and LUMO energy
levels of the synthesized (3-4-5QZ) was low,
which indicated a good correlation with the
experimental data. The AE provides optimal
efficiency of inhibition. The availability of
high electron density on the sulphur and
nitrogen atoms in the (3-4-5QZ) inhibitor,
Figure 4 facilitates the inhibition of corrosion
as it retards the formation of zinc ions as a
The
inhibition) can be
explained by the following equilibrium:
Zn + 2H' =< = 7n* +H,

result of the oxidation process.

retardation (corrosion
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Fig. 4. Formal charges of the (3-4-5QZ)

Adsorption of (3-4-5QZ) on the Zinc Metal:
The adsorption of (3-4-5QZ) was studied via
introducing it to the surface of zinc metal at
different concentrations of 100, 200, 300,
400, and 500 ppm. The maximum adsorption

percentage was observed at 400 ppm. The

zinc strips were immersed in different
inhibitor concentrations, and the UV-visible
absorption was monitored at 384 nm before
and after the immersion at different time
intervals up to 160 min, which is the typical
contact time for establishing the adsorption

The

concentration of the adsorbed inhibitor was

equilibrium  Figure 5. equilibrium

calculated as follows:

Qe Vil (Co-Co)/m (1)

Where Qe, Co, Ce, Vsol, and m represent the
quantity of the adsorbate (mg/g), initial
concentration of the
(mg/L),

solution at equilibrium (mg/L), total volume

adsorbate solution

concentration of the adsorbate
of the adsorbate solution (L), and weight of
the adsorbent (g), respectively.
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Fig. 5. Contact time of (3-4-5QZ) adsorption for 100-500 mg/L at
298 K

The adsorption of (3-4-5QZ) was maximum
at 400 ppm Figure 6, which indicated that
this concentration fulfilled the maximum
surface coverage for the zinc metal. However,

of (3-4-5QZ) did not

demonstrate a higher adsorption percentage.

the adsorption

This phenomenon that might be attributed to
the remarkably large size of the molecule, such

that the

molecules in solution was the key limiting

steric hindrance between the
factor for adsorption in this case. The
concentration of 400 ppm was selected as
optimum for the subsequent experiments.

The systematic observation and study of the
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surface chemistry of (3-4-5QZ) adsorption
ascribed it as chemisorption rather than a
Hence, the
Langmuir adsorption isotherm, suggesting

weak physical interaction.
that the surface active sites of the adsorbent
have similar adsorption energy, did not serve
as an appropriate model for rationalizing the
adsorption of (3-4-5QZ). Therefore, another
model, Freundlich isotherm, was employed.
This model postulates that the active sites on
the surface have different adsorption energies,
which is possibly the case in zinc. The
heterogeneity of the zinc surface causes
multilayer adsorption instead of only a
monolayer. The Freundlich model can be
expressed mathematically by the following
formula [24]:
logQe= logKs +1/n(log Ce) (2)

Where Qe and Ce are the adsorbate quantity
at equilibrium (g) and the concentration of
adsorbate at equilibrium (mg/L). The KF and
1/n are defined as Freundlich constants,
where KF is the adsorption capacity, and 1/n
represents the adsorption intensity. Herein,
the KF = 2.78 and 1/n=-1.22, which validates
the Freundlich model and confirms that the
adsorption does not stop at the monolayer.
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Fig. 6. (a): Freundlich adsorption isotherm of (3-4-5QZ) at 298 K.
(b): Linear plot of Freundlich adsorption isotherm at 298 K.
The S-shaped adsorption isotherm in Figure
6(a) confirms the assumptions that the
adsorption model can be satisfactorily
established using the Freundlich isotherm,
wherein a linear trend was obtained when log

Qe was plotted against log Ce Figure 6(b). As

described above, the optimum concentration

for (3-4-5QZ) was 400 ppm for maximum
adsorption. In addition, the corrosion rate
(CR) was also reduced as compared to the
other concentrations Figure 7.
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Fig. 7. Corrosion rate of zinc after the addition of different (3-4-

5QZ) concentrations, 100-500 mg/L at 298 K

Therefore, it could be

concluded that the multlayer formation at

unequivocally

400 ppm prevented the corrosion of zinc
metal due to maximum adsorption, thereby
satisfactorily matching the Freundlich model
of adsorption. In order to optimize the
corrosion inhibition, the adsorption of (3-4-
5Q7Z)  was different
temperatures (298-323 K). The percentage of
adsorbed (3-4-5QZ) was found to decrease

with increasing temperature Figure 8.

investigated  at
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Fig. 8. Effect of temperature on the adsorption of (3-4-5QZ)

In the present case, the adsorption is
exothermic; however, the desorption occurs
the limited
adsorption can be attributed to the steric
hindrance between (3-4-5QZ) molecules in

solution.

with increasing temperature;

Consequently, the increasing

temperature will increase the kinetic energy of
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the molecules, which in turn will lead to the
collision with zinc and among each other.
This assumption was further confirmed by
implementing thermodynamic calculations
(Equations 3-6) for AH, AG, and AS
(enthalpy, Gibbs free energy, and entropy,
respectively) as shown in Table 2.

b= a.exp (AH/RT) (3)

In b= In a- AH/RT (4)

In a= AS/R (5)

AG= AH-T AS (6)
Equation 3 is defined as Arrhenius equation,
where b is the maximum adsorption quantity
at the optimum concentration (400 ppm), a is
the pre-exponential factor, R is the gas
constant (8.314 J.K'.mol"'), and T is the
temperature in Kelvin. The plot of In b
against the reciprocal of temperature (Kelvin)
revealed a linear trend with the correlation

coefficient (r?) as shown in Figure 9.
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Fig. 9. Plot of In b s. the reciprocal of temperature

Table 2 demonstrates that the adsorption

process was exothermic, ordered, and
spontaneous at 298 K, which is the room
temperature. The change in the enthalpy
values indicates that the adsorption was
chemisorption and could occur at moderate
temperatures as indicated by the altered free
energy values. The elevated positive entropy
values with increasing temperature indicated a
disordered system, which might be attributed
to the prolonged duration required for the
optimized spatial arrangement of (3-4-5QZ)

molecules.

TABLE 2: THE THERMODYNAMICS PROPERTIES OF
ADSORPTION AT DIFFERENT TEMPERATURE

T(K) AH? ASP AG®
298 -5.84 +1.78 -535.69
303 -5.94 +1.77 -541.65
308 -5.92 +2.16 -670.89
313 -5.82 +2.78 -875.34
318 -5.88 +2.89 -962.81
323 -5.90 +3.12 -1014.95

a&ec in kJ.mol™, and b in kJ.mol.K"

This arrangement is governed by factors, such
as the electrostatic repulsion between the
attached molecules to the surface, the surface
capacity, and the diffusion speed of (3-4-5QZ)
from the bulk solution towards the surface of
zinc. After the surface reaches the maximum
capacity of accommodation, the excessive
amount of (3-4-5QZ) molecules remains free
in the solution; the optimum concentration of
(3-4-5QZ) inhibitor (400 ppm) was selected

according to the previous observations.
Consequently, the high entropy of the system
as a result of high temperature occurs due to
the desorption of (3-4-5QZ). Nevertheless, it
does not necessarily designate adsorption as a
weak physical interaction (physisorption).
Here, we propose that the chemisorption in
this system occurs via equilibrium as shown in

the following equation:

Adsorption

Zn+(3-4-5Q7) =<

Zn-(3-4-5QZ)

7)

The temperature increment will shift the

Desorption

equilibrium to the left-hand side, which is
unfavorable since our major objective is to
provide all the necessary conditions for the

- 16 -



Yanbu Journal of Engineering and Science Vol. 13 (2016)

adsorption of (3-4-5QZ) on the surface,

consequently inhibiting the corrosion.
4. CONCLUSIONS

In the present study, the protection of zinc by
introducing (3-4-5QZ) was largely successful.
The results showed a low corrosion rate upon
the addition of the optimum concentration of
the 400 ppm. The

thermodynamics revealed that the adsorption

inhibitor  at

process was exothermic, spontaneous, and
ordered within the moderate temperature
regime (298-303 K). The adsorption was
chemisorption that followed a Freundlich
model, exhibiting a multilayer formation.
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