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Newly Synthesized Schiff Base: An Electrochemical, DFT,
and Monte Carlo Simulation Study
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Abstract: Effects of using a synthesized aminothiazole
(BZ) Schiff base at different concentrations with and
without the addition of 1 mM of KI on the corrosion
mitigation of mild steel (MS) in 0.5M sulphuric acid
(H,SO,) solutions are studied electrochemically using
direct and alternating currents (DC and AC) techniques.

Besides, the adsorption and thermodynamic parameters
are calculated in a temperature range of 293-323 K.
Furthermore, Mott-Schottky analysis is used to study the
type of oxide layer on the MS surface. Quantum chemical
calculations and Monte Carlo simulation techniques are
used, and both confirmed the experimental results.
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Introduction

Iron alloys have many industrial applications, especially in
the petroleum field. The problem that faces the use of
iron alloys is its low corrosion resistance in acidic media
[1,2]. Finding new materials that prevent or mitigate
corrosion is one of the grand challenges for corrosion
researchers. Organic compounds containing electron-do-
nating centers such as O, N, S, and P and multiple bonds
can form a protective layer on a metal surface by
adsorption and reduce the corrosion [3,4]. The easiness of
preparation and eco-friendliness increased the popularity
of the Schiff’s bases in the field of corrosion inhibition
science [5,6]. The superior inhibition performance of
Schiff bases compounds is attributed to the presence of
the imine groups (—C=NH), which are high electron
density centers because of the hetero atom and the
presence of m-electrons [7,8]. Schiff bases form a protec-
tive film that protects the metal surface from the
aggressive ions, e.g., H*, which reduces the corrosion rate
[9,10]. One of the most effective methods to increase
organic inhibitors’ efficiency is the addition of inorganic
halide ions such as I, Br~, and Cl™ [11,12]. These ions
increase the adsorption tendency by forming intercon-
necting bridges between the metal surface’s charged active
centers and the organic inhibitor [13,14]. Generally,
synergism is a potential approach to enhance the inhib-
itors’ performance or reduce their injection dosage
[15,16].

Meanwhile, the protective layers have electronic
properties that play an essential role in corrosion
protection of the underlying steel substrate. The analysis
of such oxide layers in the inhibitor’s and halide ions
presence provides valuable information [17]. Mott-
Schottky plots are commonly used to study a passive
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film‘s electronic properties, especially the point of zero
charge (PZC) [18].

The objective of this work is to synthesize a Schiff
base, namely, Benzylidene-(4-methyl-thiazol-2-yl)-amine
(BZ) and to study its inhibition efficiency towards the
corrosion of MS in a 0.5 M H,SO, solutions using electro-
chemical polarization techniques at different temper-
atures, in the presence and absence of 1 mM of I ions.
Moreover, the electrochemical impedance spectroscopy
(EIS) technique is utilized to study the inhibitor‘s effect
on the passive layer and corrosion kinetics. Potential of
zero charge of the MS surfaces in the absence the and the
presence of the optimum concentration of the corrosion
inhibitor without and with 1 mM of 1" ions were obtained
using Mott-Schottky tests. Furthermore, quantum chem-
ical calculations and Monte Carlo simulation are done to
investigate the relationship between the inhibitor‘s molec-
ular structure and the corrosion inhibition efficiency.
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Benzylidene-(4-methyl-thiazol-2-yl)-amine

Fig. 1. Chemical structure of the Benzylidene-(4-methyl-thiazol-2-yl)-amine Schiff base

2 Experimental Work
2.1 Synthesis of the Schiff Base (BZ)

A Schiff base Benzylidene-(4-methyl-thiazol-2-yl)-amine
(BZ) was prepared according to the scheme shown in
Figure 1. It was synthesized by refluxing 2-Amino-4-
Methyl-thiazol with benzaldehyde in a 1:1 molar ratio for
24 hr. Figure 2 shows the Fourier transform infrared
(FTIR) plots of the starting and product materials to
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Fig. 2. FTIR spectrum of Benzylidene-(4-methyl-thiazol-2-yl)-
amine Schiff base (BZ)
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characterize the as-prepared Schiff base‘s functional
group. It can be noticed that the disappearance of the
carbonyl absorption band at 1720 cm™' and the appear-
ance of the absorption band of imine group —C=N- at
1600 cm ™' confirm the condensation reaction between the
aldehyde and the amine group.

2.2 Solutions

The inhibitor solutions were mixed with 5 vol. % ethyl
alcohol and then diluted with 0.5 M H,SO,. On the other
hand, the corrosion behavior was tested in 0.5 M H,SO,
solution in the absence and presence of various concen-
trations (5x107°-1x107°M) of the Schiff base and/or
1 mM KI. The 0.5M H,SO, solutions were prepared by
the dilution of concentrated H,SO, with deionized water.
For each experiment, a freshly prepared solution is used
without stirring at 298 K.

2.3 Electrochemical Measurement

The electrochemical measurements were carried out in a
double-jacketed pyrex glass cell at room temperature
using a GAMRY 3000 potentiostat/galvanostat/ZRA. The
tests were designed with a three-electrode system to
investigate the corrosion behavior of MS in the presence
and absence of the as-prepared Schiff base using the
potentiodynamic polarization and the electrochemical
impedance spectroscopy (EIS) techniques. The polariza-
tion curves were measured within the potential range of
+300 mV versus the open circuit potential (OCP) with a
scan rate of 0.167 mVs™'. The potentiostatic EIS measure-
ments were executed at OCP within a frequency range
from 100 kHz to 0.01 Hz with an AC amplitude of 5 mV.
EIS parameters were calculated by curve fitting of the
obtained experimental data with an equivalent circuit
with Echem analyst software V5.6. A Julabo F12 thermo-
stat (GmbH, Seelach, Germany) is utilized to control the
solution‘s temperature. All electrochemical tests were
carried out at various temperatures (20, 30, 40, and 50°C)
in the inhibitor’s presence and absence. The potential of
zero charge for the MS surface was determined by using
the Mott-Schottky approach. The capacitance measure-
ments were performed at 100 Hz, with 50 mV applied
potential shift in the negative direction. Mild steel is the
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working electrode, whereas a graphite rod is employed as
a counter electrode and a saturated calomel electrode
(SCE) acts as the reference electrode in all tests. The steel
specimens were purchased from Qatar steel Co., Ltd,
Qatar, with an elemental composition, as shown in
Table S1. The substrate samples have a cross-sectional
area of 0.384 cm?, which is exposed to the electrolyte.
Before any experiment, the MS electrode’s exposed
surface area is mechanically polished using Metko FOR-
CIPO1 V machine with silicon carbide papers of different
grades (320-2500), washed roughly with acetone followed
by deionized water, then dried and finally fixed into the
cell. Before starting the Tafel and EIS tests, the MS
electrode is placed under OCP for 30 minutes in a still
deaerated solution.

2.4 Surface Analysis Techniques

Before and after corrosion measurements, the MS’s sur-
face morphology is examined with a scanning electron
microscope (SEM, NOVANANOSEM 450) coupled with
an energy dispersive X-ray (EDX) unit. A Leica DCMS8
optical profilometer microscope with an intuitive 2D and
3D software offers super-fast 3D surface characterization
is used to depict the 3-D surface topography of the MS
and the information about the average roughness of the
tested MS surfaces.

2.5 Theoretical Quantum Chemical Study

The theoretical quantum calculations were performed
based on the density functional theory (DFT), using the
MINDO3 semi-empirical method at unrestricted Hartree-
Fock (UHF) level, which is included in the Hyperhem 8.0
program. The quantum calculations were computed in the
gaseous and aqueous phases by considering the addition
of diffuse functions for a more reliable description of the
inhibition systems [19]. Additionally, the energies of the
frontier molecular orbitals, such as the energy of the
highest occupied molecular orbital (Eyy0) and energy of
lowest unoccupied molecular orbital (E;yy0) are utilized
to calculate different molecular parameters as reported in
the equation below

1
n= ) (Eryumo — Erumo) (1)

7 is the global hardness, and it measures the resistance of
the atom to charge transfer.

o= 1/n=-2/(Egumo — ELumo) 2)
o is the global softness or the hardness reciprocal, and

it represents the inhibitor molecule susceptibility towards
the charge transfer.

I =—Enyno 3)
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A=—-E ymo “4)

I and A represents the ionization potential and the
electron affinity, respectively and they are sequentially
related to E,ypo and E; yyo

7 =5 (I+4) )

x is the electronegativity, and it dedicates the atom‘s
ability to attract electrons to itself.

(XFe - Xinh)
AN = 2(Mpe + Minn) ©)

AN is the fraction of electron transferred from the
inhibitor molecule to the metallic atom. However, recent
studies disclose that the yz value is not recommended as
the iron Fermi energy is included in the calculation.
Therefore, the Fe (110) electronegativity (¢) is emplaced
instead of yr, and the equation becomes

((p — Xinh)
AN = 2(77Fe + 771'nh) (7)

2.6 Monte Carlo Simulation

The corrosion inhibitor‘s adsorption and interactions with
Fe (110) crystal surface were performed using Monte
Carlo simulation with implementing the adsorption
locator code in Material studio 7.0 software from Accelrys
Inc., USA. Many simulation studies have been adopted
the Fe (110) crystal surface as a representative system for
the steel surface due to its high surface stability [20]. The
simulation process was performed in a simulation box
(24.42x24.42 x42.82 cm) with the periodic boundary con-
ditions to avoid any arbitrary boundary effect. The box
consists of three layers. The first layer contains an iron
slab with twenty layers of thickness of Fe (110) to provide
an adequate depth to avoid the cut-off radius cases. The
second layer contains 150 water molecules with the
presence of an inhibitor molecule as well as 15 molecules
of each H;O" and SO, ions to simulate the closest
conditions to the real system. Finally, the remaining part
of the box is a vacuum layer. Additionally, the COM-
PASS force field calculation (Condensed Phase Opti-
mized Molecular Potentials for Atomistic Simulation
Studies) was utilized for the whole simulation procedure
to optimize the geometry structures for the concerned
species [21].
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3 Results and Discussion
3.1 Potentiodynamic Polarization

The corrosion potential (E,,,,), corrosion current density
(i), the anodic and cathodic Tafel slopes (fa and fc,
respectively), the surface coverage (), and the corrosion
inhibition efficiency (/E%) listed in Table 1 are obtained
from the potentiodynamic polarization measurements of
MS in 05M H,SO, with and without a different
concentration of BZ at 20, 30, 40, and 50°C as shown in
Figure 3. It is worth mentioning that the surface coverage
(0) and the inhibition efficiency (IE%) are related to i,
values and can be estimated using the following equation:
(22]

/

l

corr

O:i

corr

l

®)

corr

IE% = 6 x 100 (9)

i, and ', are the corrosion current densities before and
after the addition of BZ, respectively.

It can be seen from Figure3 at 20°C and data in
Table 1 that the values of i, are inversely proportional
to the BZ concentration. This indicates that the BZ
molecules suppress MS’s corrosion in the 0.5 M H,SO,
electrolyte [23]. The inhibition efficiency of BZ for the
corrosion of MS increases with the increase of BZ. The
IE% reaches its maximum (98.4 %) at a concentration of
5x107* M of the BZ. Figure 3 shows the reduction in both
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cathodic and anodic current densities with the addition of
BZ. However, the reduction in cathodic current densities
is significantly more obvious than in case of the anodic
ones. This, consequently, suggested that BZ acts as a
mixed-type inhibitor. So, the BZ molecules are adsorbed
on the MS surface, forming a protective film that impedes
the dissolution of Fe and the reduction of H* ions to H,
gas [24]. Moreover, cathodic Tafel curves in Figure 3 at
20°C seem to be parallel lines, which suggest that the
hydrogen evolution is activation-controlled, and the
hydrogen reduction reaction mechanism does not change
after the BZ addition [25].

In Figure 3, for the 20°C plots, at anodic polarization
potentials higher than —300 mV SCE, the E-log i plots’
characteristics do not change, even after the addition of
various concentrations of the BZ. This potential is known
as a desorption potential, at which the desorption rate of
BZ molecules from the MS surface is higher than the rate
of its adsorption on to MS surface. This also indicates that
BZ's adsorption on the MS surface depends on the
electrode potential [26]. The effect of temperature on the
corrosion behavior of MS in 0.5 M H,SO, solution in the
absence and presence of different concentrations of the
BZ corrosion inhibitors is also represented by the Tafel
plots displayed in Figure 3. It can be noticed that the
blank curves and the inhibited curves are shifted to higher
current densities by elevating the temperature. This
indicates that the corrosion reaction is accelerated. In
Table 1, it can be seen that i, increases as the temper-
ature is raised, indicating that the corrosion rate of MS in

Table 1. Potentiodynamic polarization parameters for MS in 0.5 M H,SO, in the absence and presence of different concentrations of BZ inhibitor

at different temperatures.

T7 K Cinh. Ecorr icorr ﬂc ﬁa va Corrosion rate, 7] IE, %
M (mVgcg) (LA cm™) (mVdec™) (mVdec™) Qcm? mpy

293 Blank —462 449.99 114.1 81.8 46.08 510.38 - -
5x107° —454 84.99 60.5 68.5 164.37 96.406 0.811 81.1
1x107* —473 49.94 552 65 259.82 55.630 0.890 89.1
5x107* —471 27.25 40.2 59.4 382.52 30.906 0.939 93.9
1x1073 —470 15.04 28.2 43.1 492.46 17.069 0.966 96.6
5x107° —479 7.27 18.5 39.7 754.17 8.2511 0.983 98.4

303 Blank —477 1904.92 283.7 1742 24.63 2160.5 - -
5x107° —461 435.31 160.5 165.7 81.42 493.71 0.771 77.1
1x107* —486 371.45 155.1 156.8 91.26 421.29 0.805 80.5
5x107* —468 151.51 101.3 149.5 173.28 171.83 0.920 92.0
1x1073 —490 80.66 90.2 138.6 294.50 91.488 0.957 95.8
5x107° —474 42.22 46.7 122.8 348.38 47.888 0.977 97.8

313 Blank —491 4900.09 532.5 206.1 13.18 5557.5 - -
5x107° —486 1980.00 339 191.5 26.87 2245.6 0.595 59.6
1x107* —488 1417.79 221.2 188.2 31.18 1608.0 0.710 71.1
5x107* —453 721.45 175.4 168.4 51.77 818.25 0.852 85.3
1x1073 —472 472.34 169.6 1532 74.09 535.72 0.903 90.4
5x107° —463 234.19 101 141.5 109.41 265.61 0.952 95.2

323 Blank -500 9974.99 611.1 372.7 10.09 11313 - -
5x107° —502 7320.69 573 362.8 13.19 8302.9 0.266 26.6
1x107* —498 5443.17 516 342.2 16.43 6173.4 0.454 454
5x107* —490 3256.96 369.8 319.5 22.88 3693.9 0.673 67.3
1x1073 —481 1984.58 284.6 289.5 31.44 2250.8 0.801 80.1
5x107° —472 1148.10 150.9 265.1 36.41 1302.1 0.884 88.5
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Fig. 3. Potentiodynamic polarization curves of MS in 0.5 M H,SO, solution without and with different concentrations of BZ at 20°C,

30°C, 40°C, and 50°C. The scan rate is 0.167 mVs™..

0.5M H,SO, solution is accelerated by the increase in
temperature [27]. However, compared with the blank at
each temperature, i, decreases significantly as the BZ
inhibitor concentration increases. Therefore, despite the
acceleration of corrosion rates by increasing the temper-
ature, BZ still shows significant corrosion inhibition
performance for MS in harsh environmental conditions
[28].

3.2 Electrochemical Impedance Measurements (EIS)

In Figure 4, the Nyquist plots are displayed for the EIS
measurements for MS in a 0.5 M H,SO, solution in the
absence and presence of different concentrations of the
BZ corrosion inhibitor at (a) 20, (b) 30, (c) 40, and (d)
50°C. The dots are the real data, while the solid lines are
the fitted ones using the electrical one-time constant
equivalent circuit shown in Figure S1. Fitting the data
using the one-time constant equivalent circuit generated
the charge transfer resistance R, (Qcm?), double layer
capacitance C, (uFcm™), solution resistance R, (Qcm?),
the surface coverage (), and the inhibition efficiency IE
(%). Additionally, Figure S2 represents the Bode plots
for the same data as Figure4. The EIS parameters
extracted from Figures 4 and S2 are listed in Table 2. It is
worth mentioning that 6 is calculated as the following
equation [29].

www.electroanalysis.wiley-vch.de

Table 2. EIS parameters for the corrosion of MS in 0.5 M H,SO, in
the absence and presence of different concentrations of BZ inhibitor at
different temperatures.

T,K Cinln M RSa Rcv th 0 IEeisv %
Qcm*>  Qcem?  pF.cm™

293 Blank 2.46 3293 7591 - -
5x107° 248 1189  57.40 0.723  72.38
1x107*  2.47 2175 3472 0.843 84.31
5x107* 2777 3625 2834 0.909  90.99
1x107°%  2.82 440.5 26.64 0.925 9251
5x107° 2407 5752 2027 0.949 9498

303 Blank 2.56 2529  86.16 - -
5x107° 2957 70.09 74.88 0.635 63.54
1x107*  2.05 100.5 57.64 0.744 7448
5x107* 2,608 1375 42.68 0.814 81.44
1x107°  2.624 2183 3258 0.883  88.30
5x107°  2.68 2894 2422 0911 91.18

313 Blank 2.55 13.08 108.40 - -
5x107° 271 25.83 765 0.493  49.30
1x107*  2.53 3428 624 0.618 61.84
5x107*  2.59 5025 512 0.739  73.97
1x107% 297 76.54 3498 0.829 8291
5x107° 283 101.8  26.2 0.871 87.15

323 Blank 2.61 7.083 1604 - -
5x107° 251 10.83  78.8 0.344 3444
1x107*  2.58 1321  69.6 0.463 46.36
5x107* 2.1 21.19  58.1 0.665 66.58
1x1072%  2.67 33.08  39. 0.785 78.59
5x107° 253 43.03  30.1 0.827 82.73
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Fig. 4. Nyquist plots for MS in 0.5 M H,SO, without and with different concentrations of BZ corrosion inhibitors at 20°C, 30°C, 40°C,
and 50°C. The dots are the real data, while the solid lines are the fitted ones using the equivalent circuit shown in Figure S1. The
frequency range is from 0.01 Hz to 100 kHz with an amplitude of 5 mV.

Rth B Rctl

0=
Rct2

(10)

where R, and R, are the charge-transfer resistances in
the absence and presence of the inhibitor, respectively.

Moreover, the corrosion inhibition efficiency (IE%)
was calculated using Equation 10.

The obtained results show that the R, values increases,
and the Cg4 values decrease as inhibitor concentration
increases. The reason for this is attributed to a protective
film formed on the MS/solution interface [30]. According
to the Helmholtz model, the double-layer capacitance is
inversely proportional to the surface changes according to
Equation 4:

880

O

Cq = (11)

where 0, is the adsorbed film thickness, A is the
electrode surface area, ¢, is the permittivity of air and ¢ is
the local dielectric constant. The decrease in Cg values
may be referred to as the increase of the thickness of the
adsorbed inhibitor molecules’ film and/or due to the
replacement of the adsorbed water molecules the metal/
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solution interface [31]. The Nyquist plots in Figure 4 for
all the BZ concentrations have the same behavior, and
they are all depressed semicircles. This proves that MS’s
dissolution reaction mechanism does not change due to
the BZ corrosion inhibitor addition, and the inhibition
process is controlled by the charge transfer [32,33]. It is
also noted that the Nyquist plots appeared depressed at
the intermediate frequency region. No perfect semicircles
are observed due to the frequency dispersion phenomen-
on related to the electrode surface heterogeneity resulting
from the roughness of the surface [34]. At intermediate
frequencies, the phase angle increases in the negative
direction towards —90° as the inhibitor‘s concentration
increases, as shown in Figure S2. This reveals a more
capacitive response, i.e., lower corrosion rates at higher
concentrations of BZ inhibitor [35].

The listed IE % data in Table2 indicates the
increasing corrosion resistance behavior of MS with
increasing the BZ concentration, where the inhibition
efficiency reached 95. 0% at 5x10~M of BZ at 20°C.
Meanwhile, at 30, 40, and 50°C, a remarkable shrinkage
in the diameter of the depressed capacitive loop occurs
with an increase in the temperature, which reveals that
the corrosion resistance of MS is decreased by the

Electroanalysis 2020, 32, 3145-3158 3150
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temperature the R, values decrease. In contrast, the Cy
values increase with the increase in temperature [36].
Such a phenomenon may be attributed to the active
thermal motion of the molecules, which boosts the
desorption tendency of the adsorbed inhibitor molecules
and promote the charge transfer process at the metal/
surface interface. In other words, increasing the temper-
ature decreases the surface coverage and, consequently,
the corrosion inhibition efficiency [37]. The EIS data
serves to confirm the polarization data.

3.3 Inhibitor Adsorption Isotherm Model

The corrosion inhibitor molecules’ adsorption mechanism
on the metal active sites has been explained via the
displacement of the solution molecules at the metal/
electrolyte interface [38]. Additionally, the metal/solution
interaction, whether a spontaneous or non-spontaneous
reaction, even if it is chemical or physical adsorption, can
be determined according to the adsorption isotherm
models. Langmuir adsorption isotherm presents the best
explanation for the BZ corrosion inhibitor‘s adsorption
on the MS interface, as seen in the equation below [39].

th 1

@ Kads + th

(12)

where C,;,, is the inhibitor concentration, © is the surface
coverage, and K, is the adsorption equilibrium constant.
Flgure S3 signifies a straight-line relation attained from
"’” versus C,;,, at different temperatures. The intercept of
the straight lines with y-axis represents the value of the
K, g at different temperatures with a regression coefficient
(R*>0.99).
The standard adsorption free energy change value of
the chemical interaction is determined using the equation
below [40,41]

1
K = 55 35¢ (13)
where 55.5 is the water’'s molar concentration, R is the
universal gas constant and equal 8.32 Jmol™'K™', and T is
the absolute temperature (293, 303, 313, and 323 K).

From these calculations, K, is directly proportional
to the standard Gibbs free energy change, and the more
negative AGY,, the higher the BZ molecules adsorbabil-
ity. Additionally, the negative value of AG?, assumes that
the BZ molecules are spontaneously adsorbed on the MS
interface [42]. Also, the strength of the bond between
adsorbent and adsorbate is explained from the K, values
as seen in Table 3. The values of K,, decrease with an
increase in temperature where the bond between MS and
BZ molecules is weakened. Moreover, many studies have
differentiated between chemisorption and physisorption
processes on the basis of the AGY, value. If the AG?, is
more negative than —40 kJ/mol, it is considered as a
chemisorption process as sharing of electrons takes place
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Table 3. Adsorption and thermodynamic parameters from Langmuir
adsorption isotherm of the BZ corrosion inhibitor on the MS surface at
different temperatures.

Temperature, K4, AG®, AHC,, AS°,

K Lmol™ (kJ.mol™")  (kJ.mol™) (kJ.mol™")
293 9983 —37.89 —59.74 74.91

303 3264 -36.31 77.44

313 1912 —36.12 75.58

323 955.1 -35.41 75.43

between the inhibitor and the metal. Meanwhile, if the
AG?,, is more positive than —20 kJ/mol, a physisorption
process is taken into consideration where an electrostatic
interaction occurred between the charged metal surface
and the inhibitor [43]. From Table 3, the AG?, values are
in the range from —37.89 to —35.41 kJ/mole. It can be
assumed that the BZ molecules adsorption on the metal
surface pursues both chemisorption and physisorption
processes. Furthermore, Van't Hoff’s relationship was
utilized to calculate the adsorption’s enthalpy change, as
seen in the equation below [44].

—AHL,  ASu
ads = R T + R (1 4)

InK
where AH?, and AS7, are the standard enthalpy and the
entropy changes of the adsorption process, respectively.

Figure S4 depicts a straight line from the relation
between In K4 versus 1/T and from the slop and the
intercept AH?, and AS?, can be calculated.

It can be noticed that the AH¢, value is negative,
referring that the BZ molecules’ adsorption on the MS
surface is an exothermic process. This also explains the
reduction in the BZ molecules adsorption affinity with
increasing the temperature. Nevertheless, the AS?, values
are positive, which is ascribed to the increase in the
solvent energy and the substitution of the H,O molecules
with the inhibitor one [45]. Additionally, calculating the
entropy change of adsorption based on the enthalpy and
the free energy change of adsorption would give better
knowledge for the random molecule movement of BZ
corrosion inhibitor on the MS surface as mentioned in the
equation below [46].

AGY

ads —

AH?

ads

— TAS;, (15)

3.4 Thermodynamic Activation Parameter

The influence of temperature on the electrochemical
processes rate, the adsorption equilibrium, and kinetics of
MS in aggressive media without and with adding different
concentrations of BZ is shown in Figure S5. Herein, the
thermodynamic activation parameters such as the activa-
tion energy E,, the activation enthalpy AH, and the
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activation entropy AS, were derived from the Arrhenius
and the transition state equations [47].

CR = Aexp (_Ea/RT ) (16)

where CR is the experimental corrosion rate of obtained
from the polarization test at absolute temperature, A is
the Arrhenius pre-exponential factor related to the metal
and the electrolyte type, and E, is the estimated activation
energy, and R is the universal gas constant.

Figure S5 exhibits the linear relationship between log
CR versus 1/T. The slopes with best-fitting regression
lines are attributed to the apparent activation energy (E,)
at a definite concentration as represented in Table 4.

It can be noticed that the higher the BZ corrosion
inhibitor concentration, the more activation energy is
calculated as an evident indication for the physisorption
process. This is ascribed to the BZ corrosion inhibitor
molecule’s strong affinity to be adsorbed on the metal
surface by blocking the MS substrate’s charge transfer and
prohibiting the corrosion reaction [48]. Additionally, the
E, values in the absence and the presence of BZ
concentrations are greater than 20 kJ/mol which reveals
that the surface reaction is the dominant process in the
corrosion mechanism. Overall, the adsorption phenomen-
on of an organic molecule could possess a wide range of
interactions based on the experimental results [49].

On the other hand, the activation enthalpy AH, and
the activation entropy AS, were calculated according to
the transition state equation as seen below

AS,,

CR:(RT/NAh)exp( R ) ey RT) 17)

where CR stands for the corrosion rate at absolute
temperature 7, R is the ideal gas constant, N, refers to
Avogadro’s number (6.022x10” mol™'), and 4 corre-
sponds to Plank’s constant (6.626 x 107 I.s).

Figure S6 displays a relation between log (C—TR) versus
the absolute temperature reciprocal of MS exposed to
0.5M H,SO, without and with adding various dosages
from the BZ corrosion inhibitor. The attained slope
corresponding to ;_f% and the intercept refers to

Table 4. Activation and thermodynamic parameters from Arrhenius
and transition state equations for the MS in the absence and the
presence of different concentrations of the BZ corrosion inhibitor.

Conc. of inhibitor (M) E AH AS
(kJ/mol) (kJ/mol) (kJ/mol)

Blank 80.94 78.32 133.19
5%107° 117.23 114.59 242.09
1x10™ 122.67 119.99 25491
5x107* 125.15 122.5 259.89
1x107° 129.46 126.83 268.31
5%107° 133.59 130.86 275.20
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(log o + 55, the obtained values of AH, and AS, are
tabulated in Table 4. It can be noticed that the values of
AH, shift to the positive direction with increasing the BZ
concentration. This is attributed to the difficulty of the
MS corrosion in the BZ solutions [50]. Additionally, the
AS, values shift to the more positive direction in the
presence of the BZ inhibitor which implies that the
corrosion system shift to the near-equilibrium state with
an increase in the BZ concentration [51]. Moreover, the
average difference between the activation energy and the
activation enthalpy is 2.66 KJ/mol, which is almost equal
to 2.61 KJ/mol, shown in the equation below. This
indicates that the corrosion process is a unimolecular
reaction.

RT = E,— AH, (18)

3.5 Synergism BZ and lodide Ions

The synergistic effects of adding 1 mM of KI to the
different concentrations of BZ can be seen from the
polarization behavior of MS in 0.5M H,SO, at 20°C,
Figure S7A. The corrosion parameters derived from the
curves are listed in Table S2. They show that the
combination of BZ and KI reduced the anodic and
cathodic reactions and resulted in a decrease in the
corrosion current densities compared to the correspond-
ing cases when a solution with BZ exists alone. For
example, it increases the corrosion inhibition efficiency by
up to 91.38 % compared to 81 % at 5x10™* M of BZ. The
KI addition affects the adsorption film resistance of the
BZ corrosion inhibitor, as is also confirmed by the EIS
measurements displayed in the Nyquist plot of MS in
0.5M H,SO, at 20°C, as shown in Figure S7B.

The diameters of the semicircles increase with the
addition of KI. The electrochemical parameters obtained
from fitting the Nyquist plot using the equivalent circuit
in Figure S1 are given in Table S3. The R, increased from
33 to 71 Qcm? in the blank and with 1 mM KI solutions,
respectively. Meanwhile, the R, values are doubled from
119 to 243.9 Qcm?® without and with adding one mM KI to
5x107° M BZ solution, respectively. The enhanced inhib-
ition efficiency noted for BZ on the addition of 1™ is
attributed to the integrative adsorption as the anion (I7)
compete with the other anions for getting adsorbed on the
MS active sites, then the adsorbability of the BZ
molecules is enhanced by the electrostatic interaction with
the adsorbed (I7), resulting in interconnected paths
between the BZ corrosion inhibitor and the MS substrate
[52,53].

The synergistic parameter (S;) is measured from the
inhibition efficiency values obtained from both potentio-
dynamic polarization and EIS methods according to the
equation below [54]
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S1 _ 1- IK1+BZ

1-1,

KI+BZ

(19)

where Iy, 5,=Ix;+ 15, Ix, and Iy, are the inhibition
efficiency of I” ions and the BZ inhibitor, respectively.
I, 57 is the inhibition efficiency of the BZ inhibitor
when combined with 1™ ions [42].

Table 5. The synergism parameter (S;) for different BZ concentrations
in the presence of 1 mMKI.
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E300
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107%) in the absence (Figure SA) and the presence of
1mM of KI (Figure 5B) on the electrochemical impe-
dance spectra, which are measured every 30 minutes. It
can be seen in Table S4 that the surface coverage of the
BZ corrosion inhibitor increases with increasing the
immersion time for three hours. Then a slight reduction is
noticed after 210 minutes of immersion. Meanwhile, the
presence of the I™ ions on the protective layer is not
significant with time [58].

3.7 Potential of Zero Charge Analysis

The potential of zero charge (PZC) is a significant
fundamental phenomenon in surface science related to
the concept of adsorption under zero electric charge of
the substrate. The surface charge would be identified by
the value of the open circuit potential versus the pzc
value. Figure 6 represents the obtained double-layer
capacitance C at different potential values at 100 Hz. It

300 450 600
Zea Q. cm?)

0 150 750

Fig. 5. Nyquist plots for MS after different immersion times in A) 0.5 M H,SO,+5x107>M BZ and B) 0.5 M H,SO,+5x107 M BZ +

1 mM KI.

The §; values obtained are listed in Table 5. It is worth
mentioning that KI is commonly used as a synergism for
many other inhibitors. However, the synergism mecha-
nism is changeable based on S; values. If the S§; value
approaches the unity, no interaction between the inhibitor
compounds exist. Meanwhile, S;>1 refers to a synergistic
effect. When S;<1, this means that the antagonistic
interaction is permanent, which may be attributed to
competitive adsorption [55]. Table5 shows that the
synergistic parameter (S;) for the iodide ions is higher
than unity. This confirms that the enhanced inhibition
efficiency is caused by the addition of iodide ions to the
BZ inhibitor is due to a synergistic effect [56,57].

3.6 Effect of Immersion Time

Figure 5 shows the effect of the immersion time of MS in
0.5M H,SO,+the optimum concentration of BZ (5x
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-0.2

Fig. 6. The estimated C versus the applied potential for MS
exposed to 0.5M H,SO, without and with 5x107° M BZ in the
absence and the presence of 1x107> KI.
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can be noticed that the C value significantly decreases by
adding the optimum concentration of the BZ corrosion
inhibitor. Moreover, adding 1 mM KI to the tested
solution reduces the capacitance value.

Additionally, the PZC and the OCP values were
presented in Table S5. Interestingly, the maximum capaci-
tance can be seen at —0.487 V, which can be named PZC
of MS in 0.5M H,SO,. The E,, in the same conditions
was —0.509 V. It indicates a positively charged MS surface
at OCP, which is attributed to the metal substrate‘s anodic
dissolution. Meanwhile, the presence of 5x10~ M of BZ
corrosion inhibitor shifts the PZC value to a more positive
value of —0.462 V SCE. It could be corresponding to the
protonation of the BZ molecules in an acidic medium,
which influences the BZ adsorption via the electrostatic
interactions [59]. Furthermore, the synergistic effect of
1 mM of KI in the tested solution is also reflected in the
PZC value as it was substantially decreased to —0.350 V
vs. SCE, which is attributed to the competing effect of the
I" ions on adsorption on the MS surface versus the
aggressive ions which enhance the BZ molecules adsorb-
ability [60].

3.8 Surface Morphology Studies

Figure 7 displays the SEM surface analysis before and
after the corrosion in 0.5M H,SO, without and with

ELECTROANALYSIS

adding 5x107* M of BZ, respectively, in the absence and
the presence of 1 mM KI after two hours of exposure.
The SEM micrograph of the surface of MS in the
inhibitor-free solution is shown in Figure 7A. It shows a
heterogeneous layer of corrosion products. Additionally,
the optical profilometry reveals the MS surface top-
ography in three-dimensional, as shown in Figure S8. The
optical profilometer image for the MS in the aggressive
solution Figure S8B shows the high surface roughness
(1373 nm) due to the corrosion product layer formation.
On the other side, in the inhibited MS with 5x107° M BZ,
the SEM micrograph demonstrated in Figure 7A for MS
shows a large surface area of MS free from any corrosion
products. As in Figure S8C, the optical profilometer
shows a reduction in MS surface roughness (50 nm). The
SEM micrograph of MS in the presence of 1 mM KI and
5x10*M BZ at high magnification power 10000 x
displays a smoother surface with little corrosion product
over the MS, and this is confirmed by the optical
profilometer 3-D image, which displays a significant
reduction in the surface roughness (20 nm). These obser-
vations are additional proofs regarding the Schiff base‘s
high corrosion inhibition efficiency and the synergistic
effects of iodide ions.

Fig. 7. SEM micrographs for MS surface of immersion for 12 hr. in a) 0.5 M H,SO,, (b) in the presence of 5x10~°M BZ, (c) 0.5 M

H,SO,+5x107 M BZ+1 mM KI, at 20°C.
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3.9 Quantum Calculations Study

The electronic quantum parameters for the investigated
Schiff base (BZ) including the energy of the highest
occupied molecular orbital (Eyoye), the energy of the
lowest unoccupied molecular orbital (E; o), the differ-
ence between LUMO, and HOMO (energy gap, AE) are
calculated and discussed in gaseous and aqueous phases
to understand the corrosion inhibition mechanism of the
BZ corrosion inhibitor. The corrosion inhibition perform-
ance of the prepared Schiff base molecules is based on the
adsorption phenomenon related to the donor-acceptor
interactions between the high electron density centers in
the inhibitor molecule (m-electrons, S and N hetero
atoms) and vacant d orbitals of the Fe atom. The frontier
HOMO and LUMO orbitals in the optimized structures
and the inhibitor are shown in Figures 8 and 9.

The E yomo is —4.75 eV and —4.99 eV in the gaseous
and aqueous phase, respectively, reflects the tendency of
the BZ molecules to donate electrons to vacant 3d-orbital
of Fe, while the E | yyo (0.869 eV) displays its ability to
accept electrons from the 4S-orbitals of Fe atoms. The
high value of AE (8.619¢V) reflects the metal ion
complex’s stability over the MS surface, leading to an
increase in the corrosion inhibition efficiency when the
Schiff base compound is used [61,62]. The calculated
value of the fraction electron transfer (AN) value is
compatible with Lukovit’s study.

The AN value is 0.412, i.e., less than 3.6, suggests that
the inhibition efficiency increases with increasing elec-
tron-donating ability of the BZ to MS surface [63].

ELECTROANALYSIS

Therefore, these results are in good agreement with the
obtained experimental data, i.e., the inhibitor molecules
favor the chemical adsorption dictated by the physical
interaction (chemi/physisorption) on the MS surface.
Furthermore, the reactive sites for the electrophilic and
nucleophilic reactions can be detected using the molecular
electrostatic potential (MEP) mapping technique [64].
Figure 9 shows the molecular electrostatic potential
(MEP) map of the insight compound, indicating the high
and/or the low electron density regions (nucleophilic and
electrophilic attack). It can be seen out from the MEP
map that the heteroatoms (S and N) and the n- electrons
(Thiazol ring and imine group) have an excess negative
charge that enhanced the adsorption process and the
formation of a protective layer over the Fe surface, which
increased the corrosion inhibition efficiency of BZ over
MS in the 0.5 M H,SO, solution.

3.10 Monte Carlo Simulation Study

Quantum chemical calculations provide crucial details
about the inhibition mechanism, the influence of the
corrosive ions still under debate [65]. Consequently, the
necessity for modeling a method to mimic the interaction
of the inhibitor molecule with the metal substrate in the
presence of aggressive ions and real conditions. Metrop-
olis Monte Carlo technique was employed to search for
the most stable low energy adsorption configurations of
the inhibitor molecule on Fe (110) atoms in the vacuum
and water in the presence of hydronium and sulfate ions
as presented in Figure 10. It depicts the top and side views

Fig. 8. A) HOMO, B) LUMO, C) electrostatic potential map, and D) the optimized structure obtained by DFT analysis for the BZ

compound in the aqueous phase.
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Fig. 9. A) HOMO, B) LUMO, C) electrostatic potential map, and D) the optimized structure obtained by DFT analysis for the BZ
compound in the gas phase.

Fig. 10. Side view and top view equilibrium adsorption configurations of the BZ corrosion inhibitor in gas phase (A, B) and aqueous
phase (C, D).

of the BZ Schiff base’s stable configurations in the Table 6. It includes total energy (E;,) which represents
gaseous and aqueous phases to be adsorbed in Fe (110) the summation of the internal and the adsorption energy
surface. The outputs of simulation energies were listed in  of the adsorbate, the adsorption energy (E,,) correspond-
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Table 6. Quantum chemical parameters of the compounds based on
(DNP) basis set.

BZ Euwomo Erumo AE A 1 X 7 AN p

Gas —4.70
Aqueous —4.99

—2.54 215 254 470 3.62 1.07 1.56 3.70
—2.66 232 2.66 499 3.82 1.16 1.36 527

ing to the released energy from the interaction of the
adsorbate with the MS substrate and equal the summation
of (Egiga) and (Epy). The rigid adsorption energy (Eggq)
refers to the released or the required energy for a non-
optimized adsorbate to be adsorbed on the MS surface,
while the deformation energy (Epg) is the released
energy from the relaxation of the adsorbed molecules on
the MS substrate [66]. It is worthy of mentioning here
that the inhibitor’'s effectiveness can be determined
theoretically as it is directly proportional to the adsorp-
tion energy [67]. It can be noticed in Table 7 that all
energies values in the aqueous phase are more negative
than their counterparts in the gaseous phase.

4 Conclusion

The potentiodynamic polarization measurements prove
that the BZ inhibitor is of the mixed-type category and
the corrosion rate decreases as the concentration of BZ
increases. The EIS data also confirms the potentiodynam-
ic polarization results, and the inhibition -efficiency
reaches 95 % for the optimum concentration of the BZ
inhibitor (5x 10 M) at 20°C. The BZ inhibitor increases
the charge transfer resistance and decreases the Cy; values
due to its adsorption on the MS surface instead of the
water molecules. Furthermore, the values of the standard
adsorption free energy change (AG°,) and activation
energy (E,) indicates the strong adsorption tendency of
the inhibitor. Also, the addition of KI has a synergetic
effect on the BZ corrosion inhibition efficiency, where the
synergistic parameter (S;) is greater than unity. The
potential of zero charge measurements revealed that the
MS is positively charged at OCP in the presence of the
BZ inhibitor and 1" ions. Besides, Eyomo and the AN
parameters are further proof of the inhibition action of
the BZ Schiff base compound. Finally, the Monte Carlo
simulation approach confirmed the correlation between
both the experimental and theoretical results.
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