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The inhibition effect of 7-methyl-2-phenylimidazo[1,2-a]pyridine (PIP) on the corrosion of carbon steel
in phosphoric acid solution was investigated for the first time by weight loss, potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS) and quantum chemicals calculations. It
was observed that inhibition efficiency increased with increasing inhibitor concentration.
Potentiodynamic polarization studies show that PIP acts as a mixed type inhibitor. AC impedance
results were interpreted using an equivalent circuit in which a constant phase element (CPE) was used
in place of a double layer capacitance (Cgq) in order to give more accurate fit to the experimental
results. The kinetic data such as apparent activation energies and pre-exponential factors at optimum
concentration of the inhibitor were calculated and discussed. Adsorption of PIP molecules on carbon
steel surface was found to obey the Langmuir adsorption isotherm. The relations between quantum
chemical parameters and corrosion inhibition efficiency have been discussed to see if there is any
correlation between the two of them.
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1. INTRODUCTION

Acid solutions are widely used in many industrial processes. Besides hydrochloric acid,
phosphoric acid and sulfuric acid are regular aggressive solutions for acid picking, acid cleaning and
acid descaling due to their special chemical properties. The use of corrosion inhibitor is one of the
most practical methods for protecting the corrosion of metal. As a result, corrosion inhibitors for
hydrochloric acid, phosphoric acid and sulfuric acid have attracted increasing attention due to their
extended applications [1-26].

Corrosion inhibitors can be used to prevent metal from corrosion in corrosive media. Generally
the studies on corrosion inhibitors are mainly focusing on three domains: one is to find appropriate
inhibitor among the known compounds, and the next is to synthesize new compounds under the
direction of theoretical calculation, and the last is search the synergistic action among various
compounds to expand the range of inhibitor application.

Phosphoric acid (H3PO,) is widely used in the surface treatment of steel such as chemical and
electrolytic polishing, chemical coloring, chemical and electrolytic etching, removal of oxide film,
phosphating, passivating, and surface cleaning. However, phosphoric acid shows strong corrosiveness
on ferrous and ferrous alloys. Accordingly, there is a great need to protect steel in the phosphoric acid
medium. Up to now, little work [27-31] appears to have been done on the inhibition of steel in H3PO,
solution.

The objective of this investigation is to determine the corrosion inhibition efficiency of 7-
methyl-2-phenylimidazo[1,2-a]pyridine as a novel inhibitor for the corrosion of carbon steel in 2.0 M
H3PO, and to calculate the surface parameters of the pyridine derivative. The inhibition efficiency was
determined using three different techniques: electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization and gravimetric measurements. The chemical structure of the studied
pyridine derivative is given in Fig 1.

H H

Figure 1. The chemical structure of the studied pyridine compound.

2. EXPERIMENTAL METHODS

2.1. Materials

The steel used in this study is carbon steel (Euronorm: C35E carbon steel and US
specification: SAE 1035) with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 %
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Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron
(Fe). The carbon steel samples were pre-treated prior to the experiments by grinding with emery paper
SiC (120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath
immersion for 5 min, washed again with bidistilled water and then dried at room temperature before
use. The acids solution (2.0 M H3PO,4) was prepared by dilution of an analytical reagent grade 85%
HsPO, with double-distilled water. The concentration range of PIP employed was 10° M to 10° M.

2.3. Measurements

2.3.1. Weight loss measurements

Gravimetric measurements were carried out at definite time interval of 2 h at room temperature
using an analytical balance (precision + 0.1 mg). The carbon steel specimens used have a rectangular
form (length = 1.6 cm, width = 1.6 cm, thickness = 0.07 cm). Gravimetric experiments were carried
out in a double glass cell equipped with a thermostated cooling condenser containing 80 mL of non-de-
aerated test solution. After immersion period, the steel specimens were withdrawn, carefully rinsed
with bidistilled water, ultrasonic cleaning in acetone, dried at room temperature and then weighted.
Triplicate experiments were performed in each case and the mean value of the weight loss was
calculated.

2.3.2. Electrochemical measurements

Electrochemical experiments were conducted using impedance equipment (Tacussel-
Radiometer PGZ 100) and controlled with Tacussel corrosion analysis software model Voltamaster 4.
A conventional three-electrode cylindrical Pyrex glass cell was used. The temperature was
thermostatically controlled. The working electrode was carbon steel with the surface area of 1 cm?% A
saturated calomel electrode (SCE) was used as a reference. All potentials were given with reference to
this electrode. The counter electrode was a platinum plate of surface area of 1 cm?. A saturated calomel
electrode (SCE) was used as the reference; a platinum electrode was used as the counter-electrode. All
potentials are reported vs. SCE. All electrochemical tests have been performed in aerated solutions at
298 K.

For polarization curves, the working electrode was immersed in a test solution during 30 min
until a steady state open circuit potential (Eop) Was obtained. The polarization curve was recorded
from -800 to -200 mV/SCE with a scan rate of 1 mV s *. AC impedance measurements were carried-
out in the frequency range of 100 kHz to 10 mHz, with 10 points per decade, at the rest potential, after
30 min of acid immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from
these experiments. The best semicircle was fit through the data points in the Nyquist plot using a non-
linear least square fit so as to give the intersections with the x-axis.
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2.3. Quantum chemical calculations

All theoretical calculations were performed using DFT (density functional theory) with the
Beck’s three parameter exchange functional along with the Lee-Yang-Parr nonlocal correlation
functional (B3LYP) [32-34] with 6-31G* basis set is implemented in Gaussian 03 program package
[35]. This approach is shown to yield favourable geometries for a wide variety of systems. The
following quantum chemical parameters were calculated from the obtained optimized molecular
structure: the energy of the highest occupied molecular orbital (Enomo), the energy of the lowest
unoccupied molecular orbital (ELumo), the energy band gap (AEgp = Enomo — ELumo), the dipole
moment (u), the electron affinity (A), the ionization potential (I) and the number of transferred
electrons (AN).

3. RESULTS AND DISCUSSION
3.1. Effect of concentration inhibitor

3.1.1. Polarization curves

In order to examine an influence of 7-methyl-2-phenylimidazo[1,2-a]pyridine (PIP) on acidic
corrosion of carbon steel the potentiodynamic polarization was performed. Fig. 2 presents Tafel
polarization characteristics of carbon steel in 2.0 M H3PO, containing different concentrations of PIP.
It can be seen from the plot that anodic current densities decreased after the addition of PIP and
corrosion potentials (Ecor) Were shifted towards the direction of more noble values. Thus it is evident
that anodic process was affected depending on the PIP concentration while the same increase in the
concentration did not influence significantly the cathodic process. Table 1 demonstrates Tafel
parameters such as the cathodic Tafel slope (b), corrosion potential (Ecorr), corrosion current densities
(lcorr), the percentage inhibition efficiency is symbolized as np (%) and calculated using the following

Eq. (2):

TN I
77p (%) — ( corr(ur-unh) corr(inh) ]XlOO (1)

corr (uninh)

where icorninhy and icoriny are uninhibited and inhibited corrosion current densities,
respectively.

It is illustrated from the data listed in Table 1, that both anodic metal dissolution of iron and
cathodic hydrogen evolution reaction were inhibited after the addition of PIP to 2.0 M H3PO, solution.
The inhibition of these reactions was more pronounced on increasing PIP concentration. The lower
corrosion current density lcor Values in the presence of inhibitor without causing significant changes in
corrosion potential (-488 < E¢or (mV/SCE) < -452) suggests that, the compound is mixed type inhibitor
(i.e., inhibits both anodic and cathodic reactions) and is adsorbed on the surface, thereby blocking the
corrosion reaction. In presence of PIP, the corrosion potential Ecor Of carbon steel shifted to the range
(4-36) mV/SCE, compared to the blank.
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Figure 2. Potentiodynamic polarisation curves of carbon steel in 2.0 M H3PO, in the presence of
different concentrations of PIP.

According to Yan et al. [36] an inhibitor can be classified as cathodic or anodic type if the
displacement in corrosion potential is more than 85 mV/SCE, with respect to corrosion potential of the
blank. This confirms that PIP extract acts as mixed-type inhibitor. The observed decrease of the current
densities lcor With the increase in PIP concentration, indicating the increased inhibition efficiency with
the increase in the concentration of the inhibitor. This reflects also, the formation of anodic protective
films containing oxides and PIP.

Table 1. Electrochemical parameters of carbon steel at various concentrations of PIP in 2.0 M H3PO,
and corresponding inhibition efficiency.

Inhibitor Conc Ecorr leorr -b¢ Mo
(M) (mV/SCE) (nA/cm?) (mV/dec) (%)

Blank 2.00 -488 2718 135 —
10° -452 241.0 154 91.1

PIP 10* -474 463.0 148 83.0
10° -480 775.0 145 78.8
10° -484 1020 150 62.5

3.1.2. Electrochemical impedance spectroscopy measurements

Fig. 3 shows the Nyquist diagrams for synthesized corrosion inhibitor in 2.0 M H3PO4 at OCP
and 298K without and with various concentrations of the inhibitor. These diagrams have similar shape
throughout all tested concentrations, indicating that almost no change in the corrosion mechanism
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occurs due to the inhibitor addition [37]. The high frequency loops are not perfect semicircles which
can be attributed to the frequency dispersion as a result of the roughness and inhomogeneous of
electrode surface [38]. The Nyquist plots (Fig. 3) show a depressed capacitive loop in the high
frequency range. The capacitive loop can be attributed to the charge transfer reaction and time constant
of the electric double layer and to the surface inhomogeneity of structural or interfacial origin, such as
those found in adsorption processes. Furthermore, the diameter of the capacitive loop in the presence
of inhibitor is bigger than that in the absence of inhibitor (blank solution) and increases with the
inhibitor concentration. This indicated that the impedance of inhibited substrate increased with
increasing of the corrosion inhibitor concentration.

It should be noted that the best fit of experimental data to this single time constant model was
obtained using a constant phase element (CPE) rather than an ideal capacitor. Electrochemical
parameters derived from the electrical model of Fig. 4 are given in Table 2. Inhibition efficiency in
Table 2 was calculated according to following equation:

R,. —R_
77i — [ ct(inh) ct(uninh) JX].OO (2)

ct(inh)
where Reyinny and retuninhy are the charge-transfer resistance values with and without inhibitor,
respectively.

Various parameters such as charge transfer resistance (Rc), solution resistance (Rs), double
layer capacitance (Cqj) and inhibition efficiency (n;) were calculated and listed in Table 2. From Table
2, it was revealed that R values increases prominently while Cgy reduces with increasing of the
concentration of synthesized inhibitor. The decrease in Cq compared with that in blank solution
(without inhibitor), which can result from a decrease in local dielectric constant and/or an increase in
the thickness of the electrical double layer, suggested that the inhibitor species function by adsorption
at the metal/solution interface [39]. The inhibition efficiency increased with increasing the corrosion
inhibitor concentration and the maximum inhibition efficiency reached up to 92.6%, which further
confirms that the synthesized inhibitor exhibits very good inhibitive performance for carbon steel in
20M H3PO,.

According to Table 2, as the concentration of pyridine derivative increases, the charge transfer
resistance (R increases slightly, indicating formation of an insulated inhibitor layer on metal surface.
In Table 2 the double layer capacitance Cq was calculated by Eq. (3):

Y R )"
Cdl :( - RCI) 3)

ot

where Y, and n are CPE parameters. The parameter “n” of the CPE is an indicator of electrode
surface roughness or heterogeneity and parameter “Y,” is considered to be the CPE admittance.
According to Table 2, as the concentration of pyridine derivative increases the double layer
capacitance decreases.

The double layer capacitance can also be expressed in the Helmholtz model by Eq. (4):
&,.&
Cdl = 7 S (4)
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where 0 is the thickness of electrical double layer, S is the surface of the electrode, €o is the
permittivity of vacuum and ¢ is the medium diclectric constant. The decrease in Cgq values may be
interpreted either by a decrease of local dielectric constant (€) or increase of electrical double layer
thickness (8) on the metal surface [40].
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Figure 3. Nyquist diagrams for carbon steel electrode with and without PIP at E, after 30 min of
immersion.

The double layer capacitance decline could be related to the decrease of local dielectric
constant (¢) or increase of thickness of electrical double layer due to the adsorption of pyridine
derivative on the metal surface.

Solution resistance (Rs) increases after addition of inhibitor which could be attributed to
protonation of inhibitors and proton ion (H*) consumption.

Table 2. Electrochemical Impedance parameters for corrosion of carbon steel in acid medium at
various contents of PIP.

Conc Rs Ret n Yo Ca Ni
(M) (Qcm?)  (Qcmd) (s"/Q cm?) (uF/cm?) (%)
Blank 2.0 1.20 14.00 0.88 0.00021024 94.96
10° 5.42 188.7 0.89 0.000030945 16.38 92.6
PP 10 3.12 94.30 0.88 0.000055433 27.07 85.1
10° 1.65 62.04 0.89 0.000080972 42.09 77.43

10° 1.41 37.73 0.89 0.000101140 50.81 62.9
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Figure 4. Equivalent electrical circuit corresponding to the corrosion process on the carbon steel in
phosphoric acid.

3.1.3. Weight loss

The spontaneous dissolution of carbon steel in 2.0 M H3PO, solutions containing different
concentrations of pyridine derivative was studied by weight loss measurements. Fig. 5 shows the
variations of corrosion rate calculated from weight loss measurements and corresponding inhibition
efficiency at different concentrations of pyridine derivative at 298K. The corrosion rate, degree of
surface coverage and inhibition efficiencies can be calculated from equations [41]:

A=AW

3 ()
AJninh — Anh
f=—m——mh 6
Aminh ( )
My = [ Aminh — Anh Jxloo (7)

where AW is the average weight loss (mg), S is the surface area of specimens (cm?), and t is the
immersion time (h), Auninh @and Aisn are corrosion rates in the absence and presence of inhibitor,
respectively.

Table 3. Regroups the results of weight loss of carbon steel in 2.0 M H3PO,4 with and without the
addition of various concentrations of the PIP.

Inhibitor Conc A ) Nw 0
(M) (mgcem?h) (%)

Blank 2.0 1.972
103 0.118 94.0 0.940

PIP 10 0.271 86.2 0.862
10° 0.530 73.1 0.731

10 0.821 58.4 0.584
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Figure 5. Variations of the corrosion rate calculated from weight loss measurements and
corresponding inhibition efficiency at different concentrations of PIP in 2.0 M H3PO, solutions.

The corrosion parameters such as inhibition efficiency (nw%) and corrosion rate (A) at
different concentration of PIP in 2.0 M H3PO, at 298K are presented in Table 3. As can be seen from
Table 3, pyridine derivative inhibits the corrosion of carbon steel at all concentrations. Data in Table 3
reveal that the inhibition efficiency increases with increasing concentration of PIP. The corrosion
inhibition can be attributed to the adsorption of PIP molecules at steel/ H3PO, solution interface [42].

3.2. Effect of temperature and Corrosion kinetic parameters
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Figure 6. Potentiodynamic polarisation curves of carbon steel in 2.0 M H3PO, at different
temperatures.
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Figure 7. Potentiodynamic polarisation curves of carbon steel in 2.0 M H3PO, in the presence of
10 M of PIP inhibitor at different temperatures.

Table 4. Various corrosion parameters for carbon steel in 2.0 M H3PO, in absence and presence of
optimum concentration of PIP at different temperatures.

Inhibitor Temp Ecorr eer -be N (%)
(K) (mV/SCE) (nA/cm?) (mV/dec)
298 -488 2718 135
308 -532 4220 137

Blank 318 523 6610 132
328 -514 11890 139
208 -452 241.0 154 01.1

oIp 308 -450 342.0 151 91.9
318 -480 563.0 149 91.5
328 -501 1029 156 91.3

The effect of temperature on the corrosion inhibition with and without PIP is shown in Table 4.
Fig. 6 and Fig. 7, show the Tafel plots of carbon steel in 2.0 M H3PO, in absence and presence of 10
M PIP in temperature range 298-328K. It can be seen that the corrosion current density increases with
temperature in the absence and presence of PIP, and the values of inhibition efficiency of PIP are
nearly constant in the temperature range studied (Table 4). The corrosion current density for steel
increases more rapidly with temperature in the absence of inhibitor (blank). This result confirms that
PIP acts as an efficient inhibitor in the range of temperature studied. The PIP inhibitor efficiency is
temperature-independent. Adsorption and desorption of inhibitor molecules continuously occur at the
metal surface and an equilibrium exists between two processes at a particular temperature. With
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increase of temperature, the equilibrium between adsorption and desorption process is shifted towards
desorption until equilibrium is established again at a different value of equilibrium constant.
Activation energy can be obtained by Arrhenius equation as follows:

L ke 2 ®

where E, is the apparent activation corrosion energy, R is the universal gas constant and k is the
Arrhenius pre-exponential constant. Taking the logarithm of the Arrhenius equation yields:

corr

Lnl = —Eepnk (9)
RT

Potentiodynamic polarization measurements were utilized to obtain the I values of carbon
steel in the absence and presence of 10° M of PIP at different temperatures of 298, 308, 318 and 328K.
These values were plotted as shown in Fig. 8. The values of activation energy of corrosion were
determined from the slope of Ln (lcor) versus 1/T plots [43]. The E; values for carbon steel in the
absence and presence of 10 M of PIP were calculated and listed in Table 5. It is clearly seen from the
results obtained that the reduction of the activation energy in the presence of PIP may be attributed to
the chemisorption of the PIP inhibitor on carbon steel surface. A transition state complex is decays to
products after forming the high energy [44]. The mathematical form of transition state theory is shown
as below:

oo = %exp(ASa jexp[— A ] (10)

R RT

where ¢ is the corrosion rate, A is the pre-exponential factor, h is Planck’s constant, N is the
Avogadro number, R is the universal gas constant, AH, is the enthalpy of activation and AS, is the
entropy of activation.

corr’

Ln(l_)(mAcm?)

T
3.0 3.1 3.2 3.3 3.4
1000/T (K™

Figure 8. Arrhenius plots of carbon steel in 2.0 M H3PO,4 with and without 10° M of PIP.
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Figure 9. Relation between Ln (lco/ T) and 1000/T at different temperatures.

The values of enthalpy and entropy of activation for carbon steel corrosion in 2.0 M H3PO, in
absence and presence of PIP can be evaluated from the slope and intercept of the curve of
Ln (lcor/T) versus 1/T, respectively as shown in Fig. 9.

The values of enthalpy and entropy of activation for carbon steel corrosion are tabulated in
Table 5. The positive signs of the enthalpies AH, reflect the endothermic nature of the steel dissolution
process and mean that the dissolution of carbon steel is difficult [45]. We remark that E; and AH,
values vary in the same way (Table 5). This result permit to verify the known thermodynamic reaction
between the E; and AH; as shown in Table 5 [46]:

AH, =E, —RT (11)

The large negative values of entropies AS, from PIP imply that the activated complex in the
rate determining step represents an association rather than a dissociation step, meaning that a decrease
in disordering takes place on going from reactants to the activated complex [47,48].

Table 5. The value of activation parameters E,, AH, and AS, for carbon steel in 2.0 M H3PO, in the
absence and presence of 10° M of PIP.

|nhibit0r Ea AHa ASa Ea 'AHa
(kd/mol) (kJ/mol) (J/mol) (KJ/mol)
Blank 39.50 36.91 -112.98 2.59

PIP 39.26 36.67 -134.20 2.59
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3.3. Adsorption and thermodynamic considerations

The primary step in the action of inhibitors in acid solution is generally agreed to be adsorption
on the metal surface. This involves the assumption that the corrosion reactions are prevented from
occurring over the area (or active sites) of the metal surface covered by adsorbed inhibitor species,
whereas these corrosion reaction occurred normally on the inhibitor free area [49]. Accordingly, the
fraction of surface covered with inhibitor species calculated by equation (6) can followed as a function
of inhibitor concentration and solution temperature. The surface coverage (0) data are very useful
while discussing the adsorption characteristics. When the fraction of surface covered is determined as a
function of the concentration at constant temperature, adsorption isotherm could be evaluated at
equilibrium condition. The dependence of the fraction of the surface covered 6 on the concentration C
of the inhibitor was tested graphically by fitting it to Langmuir’s isotherm, which assumes that the
solid surface contains a fixed number of adsorption sites and each site holds one adsorbed species.
Fig. 10 shows the linear plots for C/ 0 versus C with R? = 0.9999 correlation coefficient, suggestion
that the adsorption obeys the Langmuir’s isotherm:

+C (12)

c_1
0 K

where C is the equilibrium inhibitor concentration, K adsorptive equilibrium constant, representing the
degree of adsorption i.e., the higher the value of K indicates that the inhibitor is strongly adsorbed on
the metal surface. The thermodynamics parameters derived from Langmuir adsorption isotherm for the
studied compound, are given in Table 6.

0.0012
0.0009 -
0.0006 +
D
~—
o
0.0003
0.0000 +
T T T T T T T
0.0000 0.0003 0.0006 0.0009
C (mol L™)

Figure 10. Langmuir adsorption of PIP on the carbon steel surface in 2.0 M H3PO, solution.

The standard adsorption free energy AG_, was calculated using the following equation [50]:
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AG., =—RTLN(55.5K.,) (13)

Where R is gas constant and T is absolute temperature of experiment and the constant value of 55.5 is
the concentration of water in solution in mol L™.

Table 6. Thermodynamic parameters for the adsorption of PIP in 2.0 M H3PO, on the carbon steel at

298K.
Inhibitor Slope Ry Kiangmir R K y AG,,,

(M™) (M™) (kJ/mol)
PIP 1.05 0.00438 227270.14 0.9999 216162.12  0.35044 -40.51

The negative value of AG_, ensure the spontaneity of the adsorption process and stability of

o

the adsorbed layer on the metal surface. Generally, value AG_, up to -20 kJ mol™ is consistent with

ads
electrostatic interaction between the charged molecules and the charged metal (physisorption) while
those around -40 kJ mol™ or higher are associated with chemisorptions as a result of sharing or transfer
of electrons from the molecules to the metal surface to form a coordinate type of bond [50]. While
other researchers suggested that the range of AG_, of chemical adsorption processes for inhibitor in

ads
aqueous media lies between -21 and -42 kJ mol™® [51]. Therefore, for present work the value of
AG,, has been considered of chemisorption. Moreover, the essential characteristic Langmuir isotherm

can be expressed in term of a dimensionless separation factor, R_ [51], which describe the type of

isotherm and defined by:
1

R =
1+ KC
The smaller R, value indicates a highly favorable adsorption. If R_ > 1 unfavorable, R = 1

(14)

linear,
0 < R_ <1 favorable, and if R_ = 0 irreversible. Table 6 gives the estimated value of R, for PIP at
different 10° M. It was found that the R_ value is less than unity conforming that the adsorption
processes is favorable.

Recent researches have looked into the action of an adsorptive inhibitor from a purely
mechanistic kinetic point of view [51]. This relation can be expressed as follow:

% =KC’ (15)

or this equation can be writing in linear form as;

Ln(%) =LnK +yLnC (16)
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where K’ is a constant, and y is the number of inhibitor molecules occupying one active site. A plot of
Ln (6/1-0) versus Ln ( C ) gives a straight line of slop y and intercept of Ln (K’), as shown in Fig. 11.
Equilibrium constant corresponding to adsorption isotherm is given by, K = K'Y, Value of y>1
implies the formation of multilayer of inhibitor on the surface of metal. Value of y < 1 mean a given
inhibitor molecules will occupy more than one active site. The behavior of equilibrium constants
obtained from Langmuir model was similar to the values which obtained by kinetic-thermodynamic
model. Also the value of y was lower than unity indicating the formation of monolayer on the metal
surface which agrees the assumptions of Langmuir adsorption isotherm.

3.0

2.5

2.0 1

Ln (6/1-0)

=

o
1
*

0.5

0.0 —— 1 ' T T T T T T T T T T T
-14 -13 -12 -11 -10 -9 -8 -7 -6

Ln (C)

Figure 11. Kinetic-thermodynamic model for the adsorption of PIP on carbon steel surface.

3.4. Quantum chemical calculations

Quantum chemical calculations are utilized to ascertain whether there is a clear relationship
between the molecular structures of the synthesized inhibitor and its inhibition effect. The structure
parameters and adsorptive performance of the synthesized inhibitor are used to elucidate the inhibition
mechanism in the present work. The equilibrium geometry structures and the frontier molecule orbital
density distributions of the molecule are shown in Fig. 12, and the quantum chemical parameters are
listed in Table 7.

HOMO
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LUMO

Figure 12. Frontier molecule orbital density distributions of the synthesized inhibitor.

Analysis of Fig. 12 shows that the distribution of two energies HOMO and LUMO, we can see
that the electron density of the HOMO and LUMO location was distributed almost of the entire
molecule.

Enomo is often associated with the capacity of a molecule to donate electron. High value of
Enomo probably indicates a tendency of the molecule to donate electrons to appropriate acceptor
molecules with low energy and empty molecular orbital. E, ymo indicates the ability of the molecule to
accept electrons. The lower the value of E, ymo, the more probable is that the molecule would accept
electrons [52]. According to frontier orbital theory, the reaction of reactants mainly occurs on HOMO
and LUMO [53]. So, the smaller gap (AE) between Eyomo and ELumo is the more probable to donate
and accept electrons. The values of AE in Table 7, suggesting the strongest ability of the synthesized
inhibitor to form coordinate bonds with d-orbitals of metal through donating and accepting electrons, is
in good agreement with the experimental results. Additionally, for the dipole moment (p), higher value
of n will favor the enhancement of corrosion inhibition [54]. From Table 7, the value of p is higher,
which is also in agreement with the experimental results mentioned above.

Another method to correlate inhibition efficiency with parameters of molecular structure is to
calculate the fraction of electrons transferred from inhibitor to metal surface. According to Koopman’s
theorem [55], Enomo and ELumo Of the inhibitor molecule are related to the ionization potential (I) and
the electron affinity (A), respectively. The ionization potential (I) and the electron affinity (A) are
defined as follows:

| = -Enomo (17)
A= 'ELUMO (18)

The obtained values of | and A were considered for the calculation [56] of the electronegativity
x and the global hardness n in each of the tested molecule using the following relations:

I + A (19)
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7 = |£A (20)

During the interaction of the inhibitor molecule with bulk metal, electrons flow from the lower
electronegativity molecule to the higher electronegativity metal until the chemical potential becomes
equalized. The fraction of the transferred electron, AN, was estimated according to Pearson [56]

Xre ~ Xinn
AN = 22 (21)
2(77Fe +77inh)
where a theoretical value for the electronegativity of bulk iron was used, x (Fe) =7 eV, and a
global hardness of n (Fe) = 0 was used [57]. The calculated results are presented in Table 7.

Generally, value of AN shows inhibition efficiency resulting from electron donation, and the inhibition
efficiency increases with the increase in electron-donating ability to the metal surface. Value of AN
show inhibition effect resulted from electrons donation. According to Lukovits’s study [58], if AN <
3.6, the inhibition efficiency increases with increasing electron-donating ability at the metal surface.
Based on these calculations, it is expected that the synthesized inhibitor is donor of electrons, and the
steel surface is the acceptor, and this favors chemical adsorption of the inhibitor on the electrode
surface. Here the inhibitor binds to the steel surface and forms an adsorption layer against corrosion.
The synthesized inhibitor shows the highest inhibition efficiency because it has the highest HOMO
energy and this reflects the greatest ability (the lowest AE) of offering electrons. It can be seen from
Table 7 that the ability of the synthesized inhibitor to donate electrons to the metal surface, which is in
good agreement with the higher inhibition efficiency of the synthesized inhibitor.

Table 7. Calculated quantum chemical parameters of the studied compound.

Quantum parameters PIp
Evowo (gv) -5.4489
Elmvo (ev) 10.9470
AE gap (eV) 45018
# (debye) 3.4302
I =—Eiovo (ev) 5.4489
A= ~Elo (o) 0.9470
e 3.19795
2 (eV)
_1-=A 2.25095
2 (V)
AN = _AFe — Zinh _ 0.8445434
2(77Fe + inn )
TE (V) -17686.29
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4. SUMMARY

The compound 7-methyl-2-phenylimidazo[1,2-a]pyridine (PIP) is a good corrosion inhibitor at
low concentrations. Inhibition efficiency increases with increase in PIP concentration, but decrease
with increase in temperature. Potentiodynamic polarization results revealed that PIP in 2.0 M H3PO,
solution acted as a mixed-type inhibitor, which decreases the cathodic, anodic, and corrosion currents
to a great extent. EIS measurement results indicate that the resistance of the carbon steel electrode
increases greatly and its capacitance decreases by increasing the inhibitor concentration. Adsorption of
inhibitor obeys Langmuir adsorption isotherm by forming a monolayer on metal surface. Through the
quantum chemical calculations, it was shown that calculated parameters were correlated with the
experimental results.
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