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The corrosion inhibition of carbon steel C38 in 1 M HCI solution by a new synthesized

compound of imidazopyridine namely (2E)-3-[2-(4-chlorophenyl)imidazo[1,2-

ijlvr\:(r)ﬂrs;ion a]pyr_idin-3-y|]-1—(4 met_hoxy_ phenyl)prop-2-en-1-onewas studied using _ Taf_el
v Imi dazop),/ri dine polarization, electrocher_mcal impedance spectroscopy _(EIS)_ _and gravimetric
v C38 ' measurerr51ents. The experimental results shqwed that the |r!h|b|t|on efficiency around 93%
v Effiéiency for 5.10°M at 303K. The t_hermodynamlc and activation parameters for adsorptlo_n
v A dsorptior,1 process were calculated. This compound was adsorbed according to the Langmuir
v DFT, ' isotherm and it’s selected into a mixed-type. In other case a Quantum chemical

parameters most calculated in corrosion inhibitor have been calculated and discussed. The
quantum chemical calculations based on DFT methods at B3LYP / 6-31G (d,p) level of
theory, were performed using Gaussian 09 program.

salimrajae@gmail.com
Phone: +212665924696

1. Introduction

The hydrochloric acid is one of the most acidic solutions using in chemical industrial processes because of their
ability of picking, cleaning and descaling the metallic installation [1-4]. In order to reduce the damages caused
by their application and protect these aspects a several research makes reposed by the addition of a molecular
into the acidic solution which namely inhibitors [5]. The most inhibitors used today for corrosion effect is the
organic ones because they containing heteroatom such as sulphur, phosphorus, nitrogen, oxygen which induce
greater adsorption of these molecular onto the carbon steel surface [6-10]. Also when was had an aromatic ring
and conjugate 1 double or triple bonds [11-12]. Tt’s well known that the imidazopyridine is good inhibitors
against corrosion beside pyrazole [13-14], imidazole [15-16], bipyrazole [17-19] derivatives. In other side it’s
very important using in pharmaceutical industry such as antiviral, anti-inflammatory, and antibacterial [20]. The
aim of this present study is to investigate the inhibition of a new synthesized compound of imidazopyridine
derivatives namely (2E)-3-[2-(4-chlorophenyl) imidazo[1,2-a]pyridin-3-yl]-1-(4-methoxyphenyl)prop-2-en-1-
one on carbon steel corrosion in 1M HCI. This investigation was evaluated by weight loss measurement,
electrochemical, scanning electron microscopy (SEM) and functional Theory (DFT) methods which have been
applied to study the mechanism of steel corrosion inhibition of this organic compound in acidic medium.

2. Experimental method
2.1. Material preparation

The steel used in this study is a carbon steel containing (in wt %) 99.21 Fe, 0.38 Si, 0.21 C, 0.05 Mn, 0.05 S,
0.09 P and 0.01 Al. the hydrochloric solution acid 1M was prepared by dilution of analytical grade 37%.the
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surface of the specimens employed was mechanically polished with different grade of emery paper from 180 to
1200, rinsing with double distilled water, degreasing in acetone and drying before being immersed in the acid

solution.
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Fig.1. Chemical structures of organic compounds studied

2.2. Weight loss measurements

Weight loss experiments were carried out in a double-walled glass cell equipped with a thermostat cooling
condenser at temperature of 303K in inhibited solution having a concentration from 5.10°M to 10°°M.

2.3. Electrochemical test

The electrochemical experiment were performed by using a potentiostat Tacussel- Radiometer PGZ 100 and
controlled by analysis software model Volta master 4. This method was carried out of a three electrode glass
cell. The working electrode was the specimen used, the reference electrode was a saturated calomel electrode
(SCEs) and the counter electrode was a platinum wire. The specimen was a square with exposed surface area 1
cm? which also ground with 1200 grit grinding papers, cleaned by distilled water, degreased with acetone and
immersed in solution tested during 30 min until obtained the open circuit potential. The polarization curve was
recorded from -700 to -200 mV/SCE with a scan rate of 1mV/s. The impedance spectroscopy measurements
recorded at the open circuit potential in the frequency range from 100 KHz to 10 mHz. The result in this case is
a semicircle spectra represented in the Nyquist diagram by using a transfer function analyses.

2.4. Computational method

The quantum chemical calculations were performed using DFT method which proved as a useful technique to
check out the inhibitor/surface interaction and analyze the experiment data [21]. It’s used the beck’s three
parameter exchange functional (B3LYP) [22-23]with a basis set of atomic orbital 6-31G(d) as implemented in
Gaussian 03 program package [24]. The molecular properties estimated include the highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and other molecular properties derived from
HOMO and LUMO and their respective energies.

2.5. Scanning electron microscopic

The surface morphology of the steel samples in the absence and presence of our inhibitor was obtained after
immersion time in 1 M HCI solution using SEM technique (model: JEOL, JSM 6400).

3. Results and discussion
3.1. Effect of concentration
3.1.1. Gravimetric measurement

The weight loss measurement of C38 steel in 1M HCI in the absence and the presence of various concentrations
of inhibitor were determined after 6h of immersion at 303K. The values calculated of W, and the inhibition
efficiency (IE %) determined by the following equations [25] :

A
Weorr = S_r:(l)
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WhereW,,,, and W’qare the corrosion rate of steel in the absence and presence of inhibitor, respectively.

IE% =

Table 1. Corrosion rate of steel in 1M HCI with and without inhibitor at various concentrations and the
corresponding inhibition efficiency

. Concentration Weorr IE
Mge (M) (mg.cm.h) (%)
1M HCI 00 0,652 -

10 0,143 78,0
5.10° 0,079 87,8
IPD 10° 0,049 92,5
5.10° 0,042 93,5
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Fig.2.Variation of corrosion rate and inhibition efficiency with concentration of inhibitor

The corrosion parameters such as inhibition efficiency (IE) and corrosion rate (W) at different concentration
of inhibitor in 1M HCI at 303K are presented in table 1. As can be seen from table.1 and the fig. 2, the variation
of inhibition efficiency are in opposite trend compared to the corrosion rate. In fact, the increase of IE is
obtained up on addition of quite low concentrations of inhibitor and reaches the highest value to 93,5% at a
concentration of 5.10°M. The corrosion inhibition can be attributed to the adsorption of IPD molecule at steel/
HCI solution interface [26].

3.1.2. Polarization curve

The Potentiodynamic polarization curves of C38 steel in acid solution with and without concentrations of IPD
are shown in Fig 3. The electrochemical parameters values of corrosion current densities (lr), corrosion
potential (E..r), cathodic Tafel slope (Bc), and inhibition efficiency (IE %) of our molecular are regrouped in
table 2.

In this case, the inhibition efficiency is defined as following equation:

IEY% = el 100 (3)

Where I, and DI’¢,, are the corrosion current density values in the absence and presence of inhibitor,
respectively.
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Fig.3. Polarization curve for carbon steel in 1 M HCI at different concentration of IPD

As can be seen from table 2 the current densities (l¢r) increase with decrease of inhibitor concentration, this
increase leading to a decrease in the inhibition efficiency of our inhibitor. According to Alaoui et al and others
authors [27-28], when the displacement in potential is more than 85 mV/ E,, the inhibitor can be seen as an
anodic or cathodic type, in case supposed as mixed type if the displacement in potential is less than 85 mV/ Ey.
In our study, the maximum displacement is less than 85 mV/ E., Which indicates that IPD acts as a mixed type
inhibitor with predominant anodic. The results obtained by the potentiodynamic polarization curves confirm
those obtained by weight loss measurements. The fig. 3 shows that potentials values higher than -350mVegsc, the
compound starts to be desorbed which reflect the formation of anodic protective films containing oxides.

Table 2. Potentiodynamic polarization parameters of the carbon steel in HCI without and with addition of IPD.

Medium SO S ) (v’ E%
1M HCI 00 -498 944 140 -
5.10° -441 60 184 93.6
IPD 10° -429 67 165 92.9
5.10° -435 110 135 88.3
10° -430 203 119 78.4

3.1.3.  Electrochemical impedance spectroscopy (EIS)

To complete our study, we imply the EIS method. The fig. 4 shows the Nyquist diagram in acid hydrochloric
molar at 303K without and with various concentrations of synthesized inhibitor. The inhibition efficiency was
calculated from following equation:

Ret—Ret

IE% = +100 (4)

ct

Where R and R’ yare respectively the charge transfer resistance in the absence and the presence of inhibitor.
The Nyquist plots are not perfect semicircles which can be attributed to the frequency dispersion as a result of
the roughness and inhomogeneous of electrode surface [29-30]. Moreover, the diameter of the capacitive loop in
the presence of inhibitor is bigger than the uninhibited solution and increase with inhibitor concentration.
Therefore, a reduction in corrosion rate was observed. From the impedance data (table 3) we remarked that the
value of R increases with increasing of inhibitor concentration which indicates also an increase in the corrosion
efficiency toattainmaximum value of 93.6% at 5.10°M. This percentage was according to a minimum value of
surface heterogeneity which attributed to the adsorption of our compound. These results leading to suggest that
a layer protective film was formed on the electrode surface.
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Fig.4. Impedance plots of carbon steel obtained in 1M HCI in the absence and presence of various
concentrations of inhibitor.

The effective capacity Cq can be calculated using the following mathematical formulas from the CPE:
Ca = (Q * Ri;™HV™(5)

Where Q is the constant phase angle (CPE) CPE constant, Ris the charge transfer resistance and n indicate the
values of surface heterogeneity (O<n<1) [31].
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Fig.5. EIS Nyquist and bode diagrams for carbon steel/IM HCI + 5.10°M of IPD interface

Table 3.Impedance parameters of carbon steel in 1M HCI containing different concentrations of the
studied compound.

Medium Concentration R Rt Q n Cul 1E% (0]
(M) (Q.cm®) (Q.em?)  (pF.s™) (uF.cm?)
1M HCI 00 1.123 35 315 0.770 121 - --
5.10° 1.123 497 72.2 0.706 18.1 93.0 0.930
IPD 10° 1.744 478 516  0.731 132 927 0927
5.10° 0.877 276 89.8 0.757 27.5 87.3 0.873
10° 1.422 160 157 0.757 48.3 78.2 0.782

By fitting the experimental data of impedance of Nyquist representation, the equivalent circuit model obtained
was presented in fig. 6, this circuit has a capacitance phase element Q which in parallel with charge transfer
resistance R. the both, Q and R, was in series with resistance solution Rs. As example the fitting of
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experimental impedance and bode diagram for inhibited solution at optimum concentration are presented in fig.
5.

Q
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Fig.6. Equivalent electrical circuit model used to fit impedance spectra
3.1.4. Adsorption isotherm

In order to know more information about the interaction happens between the inhibitor and carbon steel surface
we need to trace the adsorption isotherm. This isotherm depends on several parameters such as the nature and
charge of the corroding metal, the inhibitor’s chemical structure and the charge distribution in the inhibitor’s
molecule [32]. For our inhibitor a several adsorption isotherm are assessed but the best fitted straight line is
obtained from the plot of C;/e versus Ci;, with slopes around unity. As a result, we can say that IPD was
obeyed to the Langmuir’s adsorption isotherm by following equations:

Con 1

— 1 axpif DadsG
K= s expi( = ) (7)

Where K is the adsorption-desorption equilibrium constant and AG2,. is the standard free energy of adsorption,
55.5 is a value of the molar concentration of water in the solution [33].
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Fig.7. Langmuir adsorption isotherm of IPD on carbon steel surface in 1M HCI at 303 K

Table 4. Thermodynamic parameters for the adsorption of IPD onto the carbon steel surface in 1M HCI at 303K

" K 2 AGgas
Inhibitor slope (M) R (KJ.mol™)
IPD 1.07 4.4.10° 0.999 -47.8

Table.4 regroups the values of equilibrium constant and free energy of adsorption. Literately, the Angs values
of - 20 kJ mol™or less negative are associated with physisorption. While those of -40 kJ. mol™or higher involve
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a strong interaction between the inhibitor molecule and the metal surface to form a coordinate covalent bond,
chemisorption [34-35]. It is show that the calculated AGY, value is -47,3 kJ.mol™, indicating, therefore that the
adsorption mechanism of the inhibitor tested on carbon steel surface in 1M HCI solution as typical of
chemisorption [36-37] which possibly can be attributed to the donation n-electron by the aromatic rings, the
nonbinding electron pair of two nitrogen of imidazopyridine derivative.

3.2. Effect of temperature

The temperature considered one of the parameters can change the interaction between carbon steel and acidic
solution with or without inhibitor. In our study, the measurements are taken at range of temperature from 303 to
333K during 30min of immersion and the corresponding results regroups in table 5 and presented in fig. 8
which shows an increase of I, with increasing of temperature and it is more pronounced for inhibited solution.
Also the slight variation in the inhibition efficiency with the rise of temperature indicates that the higher
temperature does not a big influence on the adsorption of IPD on the metal surface.

1000
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Fig.8. Effect of temperature on the behavior of carbon steel/IM HCI interface in (a) uninhibited solution,
(b) at 5.10°M of IPD

Table 5. Influence of temperature on the corrosion rate and inhibition efficiency of carbon steel in 1 M HCI at
different concentrations of IPD.

Medium  Temperature E [ Be IE%
(K) (MV/ECS) (pA.cm™)  (mV.dec™)
1M HCI 303 -453 944 -140 0 -
313 -451 1418 119 e
323 -461 1962 215 -
333 -460 2868 205 -
IPD 303 -441 60 -184 93.6
313 -450 134 -132 90.5
323 -454 272 -126 86.1
333 -459 481 -99 83.2

In order to calculate activation parameters for the corrosion process, Arrhenius Eq. (9) and transition state Eq.
(10) were used [38-39]:
—Ea

Leorr = Ae(ﬁ) )
RT AS* o AH
Leorr = 3 €XP (?) expif— E)(lO)
Where I, is the corrosion rate, R is the gas constant, T is the absolute temperature, A is the pre-exponential
factor, h is the Plank's constant and N is Avogadro’s number, Ea is the activation energy for corrosion process,
AH* is the enthalpy of activation and AS* is the entropy of activation. The activation energy was determined
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from the slopes of the weight loss (Ln Iy) versus 1000/T, carbon steel in the corrosive medium with and
without addition of inhibitor (Fig.9).
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Fig.9. Arrhenius plots of carbon steel in 1M HCI at optimal concentration of IPD

As can be seen from the table 6, the values of Ea determined in inhibited solution are higher than uninhibited.
This increasing of activation energy may be selected as physical adsorption that occurs in the first stage
[40].I1smaily Alaoui et al. [41] pointed out that when the activation energies increase, we can suggest that the
mechanism of the corrosion process in inhibited solution modified also. Therefore, it’s could be interpreted as
the benzo-imidazopyridine adsorbed on steel surface by a physical (electrostatic) mechanism and form an
adsorptive film [42, 40].

In other hand, the values of enthalpy and entropy of activation determined from the plots of (Ln l./T) versus
1000/T give a straight line with a slope of AH*/R and an intercept of (In(R/N.h)+ AS*/R as shown in fig. 10.
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Fig.10. Arrhenius plots of LnW,,,/T versus 1000/T at optimal concentration of IPD

The table 6 shows that the AH* value for dissolution reaction of carbon steel is higher in the presence of IPD
(55.8 kJ.mol™) than the uninhibited solution (14 kJ.mol™). The positive sign of the enthalpies AH* reflect the
endothermic nature of the steel dissolution process which mean that the dissolution of carbon steel is more
difficult [43]. Usually, the increase of AS* interpreted as an increase in disorder as the reactants are converted to
the activated complexes [44]. Inspection of table 6, we note that a less negative value of AS* is calculated in the
presence of IPD, while a more negative value is showed in uninhibited solution. This result interpreted as an
increase in disorder [40].
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Table 6. Activation parameters of carbon steel dissolution in 1M HCI in the absence and in the presence of IPD.

Concentration Ea AH* AS*
(M) (kJ.mol™) (kd.mol™  (kJ.mol™.K™
1M HCI 30.7 28.0 -107.4
5.10°M of IPD 58.4 55.8 -38.5

3.3. Scanning electron microscopic (SEM)

The surface analysis is too important to know if our inhibitor adsorbed into specimen surface. SEM photographs
were obtained after immersion of specimen surface in solution during 6h without and with the optimum
concentration of inhibitor.The fig. 11indicates the finely polished characteristic surface of carbon steel although
the presence of some scratches due to polishing (fig. 11-a) and the strongly damaged in the absence of inhibitor
due to the direct attack of aggressive acids (fig. 11-b). By comparing to fig. 11-c appears that carbon steel
surface is free from corrosion in HCI solution. This is due to the formation of an adsorbed film of inhibitor on
the surface. This shows that the inhibitor inhibits corrosion of carbon steel in 1M HCI solution [12,45].

Fig.11. SEM image of carbon steel surface (a) before, (b) after 6 hours of immersion in 1M HCI solution and
(c) in the presence of inhibitor (IPD)

3.4. Quantum chemical calculations

The calculations of quantum chemical are used to make sure the relationship between the inhibition effect of the
synthesized inhibitor and its molecular structures. The optimized molecular structureand the frontier molecular
orbitals density distributions are shown in fig. 12 and 13 respectively. The quantum chemical parameters are
regrouped in table 7.

Fig.12. Optimized structure of studied molecule obtained by B3LYP/6-31G** level

As can be seen from fig. 13, the electron density of the HOMO and LUMO location was distributed almost of
the entire molecule. Enomo is Often associated with the ability of a molecule to donate electron. High value of
Enomo may be shows a tendency of the molecule to donate electrons to appropriate acceptor molecules with low
energy and empty molecular orbital[46].
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Fig.13. Frontier molecule orbitals density distributions of the synthesized inhibitor

in other case, E,ymo indicate the capacity of the molecule to accept electrons and when the value of E,ymo get
more lower, the probability of molecular to accept electrons is elevate [47].According to the frontier orbitals
theory, the reaction of reactants mainly occurs on HOMO and LUMO. So the smaller gap (AE) between Epomo
and E ywmo is the more probable to donate and accept electrons. Thevalue of AE (table 7) suggesting the strongest
ability of our inhibitor to form coordinate bonds with d-orbital of metal [48].Additionally, when the value of
dipole moment () is higher, we can see an increasing of corrosion inhibition [49] which is the same of our case
because the value of u is important. This value shows agreement with the experimental results mentioned above.

Table 7. Quantum chemical parameters of IPD

Quantum parameters Values
Enomo (eV) -5.664
ELumo (eV) -2.049

AE (eV) 3.614
A (eV) 2.049

| (eV) 5.664
x(eV) 3.857
1] (eV) 1.807
U (Debey) 7.884
AN 0.869

According to Koopman’s theorem [50], the energies of HOMO and LUMO are correlated to the ionization
potential (1) and the electron affinity (A), respectively which defined as follows:

| =-Evomo  (11) A =-ELumo (12)
The energy gap is determined as follow:
AE=E ymo-Enomo (13)

The values of I and A were considered for the calculation of the electronegativity y and the global hardness 1
was determined using the following equations:

y=1/2(1+ A)(14)
n=1/2(1-A)(15)

The fraction of electrons transferred from inhibitor to metal surface (AN) was estimated according to Pearson
[51].

AN = Xre Xinh 16
2(77Fe_11i1¢h)( )
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Where a theoretical value for the electronegativity of bulk iron was used, x(Fe) = 7eV, and a global hardness of
n (Fe) = 0 was used [52].

Generally, the inhibition efficiency increases with the increase in electron-donating ability to the metal surface.
According to Lukovits’s study, this is true if AN < 3,6 [46]. Based on these calculations, we can say that our
inhibitor has a favors chemical adsorption on the steel surface.

Conclusion
The results obtained show that our compound is a good inhibitor of carbon steel in 1M HCI.
e The inhibition efficiency of IPD increased with inhibitor concentration.
e The Potentiodynamic polarization measurements show that IPD act as mixed-type inhibitor with anodic
predominance at 5.10°M.
o EIS measurement results indicate that the charge transfer resistance increases greatly and its capacitance
decreases by increasing the inhibitor concentration.
e The weight loss, electrochemical impedance spectroscopy and polarization curves were in good
agreement.
e The adsorption of IPD on the carbon steel surface follows the Langmuir adsorption isotherm.
e The results obtained from thermodynamic parameters activation and adsorption process indicate that
IPD adsorbed by mixed type physisorption and chemisorption.
e The scanning electron microscopy shows a smoother surface for inhibited metal sample than
uninhibited samples due to the formation of film like deposit on the inhibited surface.
o The results of quantum chemical calculations using DFT method are in good agreement with the
experimental investigations
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