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Abstract

In the present investigation, a new organic inhibitor, namely N-((8-hydroxyquinolin-5-yl) methyl)-/N-
phenylacetamide (HQMP) was synthesized and characterized using 'H, *C NMR and IR spectroscopies. In the
second time, the inhibition effect of HQMP on the steel XC38 corrosion in 1 M HCI, have been investigated using
electrochemical measurements. The obtained results showed that the its inhibition efficiency increased with
concentration and reached 93 % at 10™ M. in addition, the HQMP takes its performance at the temperature range
0f 298-328 K. The adsorption of the inhibitor on the mild steel was well described by the Langmuir isotherm. On
the other hand, the establishing of correlation between the molecular structure of quantum chemistry indices was
carried out using the density functional theory (DFT).
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1. Introduction

From an economic point of view the corrosion is of a great importance. We consider for example that every year
the quarter of the production of steel is destroyed by the corrosion; these losses could be superior if there was no
protection against the corrosion. Steel is one of the most widely used metals in our modern world, building
materials, roads, and bridges [1-3]. Its versatility, durability, and strength make it a popular choice for many
different applications, Acid solution are often used in industry for cleaning, descaling and pickling of metallic
structures, processes which are normally accompanied by considerable dissolution of the metal, for that reason
we need to protect the steel against the corrosion we use inhibitors of corrosion. The action of such inhibitors
depends on the molecular structure of the inhibitor Organic compounds, containing functional electronegative
groups and n-electron in triple or Conjugated double bonds are usually good inhibitors. Heteroatom’s, such as (S,
N, Se, O, P), together with aromatic rings in their structure are the major adsorption centers [4-9]. Recently,
various compounds based of 8-hydroxyquinoline have been used as good inhibitors for mild steel. Therefore,
quinoline (nitrogen — heterocyclic) can be regarded as excellent corrosion inhibitors [10, 11].
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The aim of the present work was to synthesize, characterize and study the performance of N-((8-hydroxyquinolin-
5-yl)-methyl)-N-phenylacetamide on the corrosion inhibition of steel XC38 in 1 M HCI. Correlation between the
quantum chemical calculations and molecular structure was discussed using density functional theory (DFT).

2. Experimental

2.1. Materials

Steel XC38 containing in wt. %: 0,37 C, 0.23 Si, 0.68 Mn, 0,016 S, 0,077 Cr, 0,011 Ti, 0,059 Ni, 0,009 Co, 0.16
Cu, and balance iron was used for weight-loss and electrochemical tests. For weight loss measurements, the
rectangular coupons with the size of 5 cm % 1 cm x 0.1 cm were used. A columned C38 steel specimen, embedded
in Teflon holder using epoxy resin with an exposed area of 1 cm’ was used as the working electrode for
electrochemical measurements. The coupons and electrodes were abraded with emery paper (up to 1200 grit),
cleaned with acetone and washed with distillated water, and finally dried at hot air before being immersed in the
acid solution. The aggressive solution was prepared by dilution of an analytical grade HCI solution (37 %) with
distilled water. The concentration of inhibitors was ranged from 10 to 10~ M. All assessments were carried out
at temperature 298 = 1 K.

For the synthesis of N-((8-hydroxyquinolin-5-yl)-methyl)-N-phenylacetamide (HQMP), all chemicals were
purchased from Aldrich or Acros (France). The melting points were determined on an automatic electrothermal
IA 9200 digital. 'H and °C NMR spectra were recorded on a Bruker 300 WB spectrometer at 300 MHz, for
solutions in Me,SO-ds. Chemical shifts are given as d values with reference to tetramethylsilane (TMS) as internal
standard.

Infrared spectra were recorded from 400 cm ™' to 4000 cm ™' on a Bruker IFS 66v Fourier transform spectrometer
using KBr pellets. So, the 5-chloromethyl-8-quinolinol hydrochloride (I) (Figure 1) was prepared according to
method reported in literature [12]. Secondly, N-Phenylacetamide (II) (Figure 2) was synthesized according to the

method reported in the literature [13].
1
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Figure 1: 5-Chloromethyl-8-quinolinol hydrochloride (I)
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Figure 2: N-Phenylacetamide (II)
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Finally, N-((8-hydroxyquinolin-5-yl) methyl)-N-phenylacetamide (HQMP) (Figure 3), was synthesized from 5-
chloromethyl-8-hydroxyquinoline hydrochloride (I) and N-phenylacetamide (II) following the procedure

described below:
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| x N @ CH;CL, K,CO5 | X | =
o Ng Reflux, 12h ¢ Ng N7
| Cl
ClH OH H OH OH
() an HQMP

Figure 3: N-((8-hydroxyquinolin-5-yl)-methyl)-N-phenylacetamide (HQMP)
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The mixture of 1 g (4.3 mmol) of 5-chloromethyl-8-quinolinol hydrochloride (I), 0.58 g (4.3 mmol) of N-
phenylacetamide (II) and (0.92 g, (8.6 mmol) of K,CO; in chloroform was refluxed for 12 hours. The progress of
the reaction was monitored by TLC using hexane-acetone (4:6, v/v) as eluent. The precipitate was filtrated and
washed by distilled water and the yellow residue was treated with dilute ammonia. The white solid formed was
filtered, dried and recrystallized from benzene-ethyl acetate (2:1, v/v). The structure of the new prepared product
(HQMP) was confirmed by 'H NMR and “C NMR spectra.

2.2. Electrochemical methods

A silver chloride electrode (Ag/AgCl) was used as a reference electrode and all potentials were given with it. The
counter electrode was a platinum plate of large surface area.

In addition, the working electrode was immersed in the test solution during half an hour until a steady state open
circuit potential (£,,) was obtained. The steady-state polarization curves were recorded potentiodynamically
using a VoltaLab PGZ 100 and controlled by a personal computer. The cathodic polarization curve was recorded
by polarization from E,, to negative direction under potentiodynamic conditions corresponding to 1 mV s
(sweep rate) and under air atmosphere. After this scan, the anodic polarization curve was recorded by polarization
from E,, to positive direction under the same conditions as said before. To evaluate corrosion kinetic parameters,
a fitting by Stern-Geary equation was used. To do so, the overall current density values, i, were considered as the
sum of two contributions, anodic and cathodic current i, and i, respectively. For the potential domain not too far
from the open circuit potential, it may be considered that both processes followed the Tafel law [21]. Thus, it can
be derived from equation (1):

i =ia +ic =icorr {eXp [ba X(E _Ecorr )] —CXp [bc X(E _Ecorr)]} @

where i, is the corrosion current density (A cm'z), b, and b, are the Tafel constants of anodic and cathodic
reactions (V™'), respectively. These constants are linked to the Tafel slopes f (V/dec) in usual logarithmic scale

given by equation (2):
In10  2.303
P =y @

The corrosion parameters were then evaluated by means of nonlinear least square method by applying equation
(2) using Origin software. However, for this calculation, the potential range applied was limited to +0.100V
around E., else a significant systematic divergence was sometimes observed for both anodic and cathodic
branches.

The corrosion inhibition efficiency is evaluated from the corrosion current densities values using the relationship

(3):
.0

1. —1i
Tep = = 5 x100 3)

corr

Where | forr and i are the corrosion current densities values without and with inhibitor, respectively.

The electrochemical impedance spectroscopy measurements were carried out using a transfer function analyzer
(VoltaLab PGZ 100), with a small amplitude a.c. signal (10 mV rms), over a frequency domain from 100 kHz to
100 mHz with five points per decade. The EIS diagrams were done in the Nyquist representation. The results were
then analyzed in terms of an equivalent electrical circuit using Bouckamp program [22].

The inhibiting efficiency derived from EIS, #gis is also added in Table 4 and calculated using the following
equation (4):

0
Neis = Ro =Ry x100 4)

ct
0 . . . e
whereRCt and R, are the charge transfer resistance values in the absence and in the presence of inhibitor,

respectively.
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2.3. Quantum chemical calculations

Density Functional theory (DFT) has been recently used [14, 17] to describe the interaction between the inhibitor
molecule and the surface as well as the properties of these inhibitors concerning their reactivity. The molecular
band gap was computed as the first vertical electronic excitation energy from the ground state using the time-
dependent density functional theory (TD-DFT) approach as implemented in Gaussian 03 [18]. For these seek,
some molecular descriptors, such as HOMO and LUMO energy values, frontier orbital energy gap, molecular
dipole moment, electronegativity (y), global hardness (1)), softness (S), the fraction of electron transferred (AN),
were calculated using the DFT method and have been used to understand the properties and activity of the newly
prepared compounds and to help in the explanation of the experimental data obtained for the corrosion process.
According to Koopman’s theorem [19] the ionization potential (IE) and electron affinity (EA) of the inhibitors
are calculated using the following equations (IE = -Enomo; EA = -Erumo)-

Thus, the values of the electronegativity () and the chemical hardness (1) according to Pearson, operational and
approximate definitions can be evaluated using the following relations [20]:

_IE+EA ©)
==
_IE-EA
2 (6)

The number of transferred electrons (AN) was also calculated depending on the quantum chemical method [21,
22] by using the equation:

— XFe _Xinh
2(77Fe - 77i11h)

where ¥r, and Y;,, denote the absolute electronegativity of iron and inhibitor molecule, g, and 1;;,; denote the
absolute hardness of iron and the inhibitor molecule respectively. In this study, we use the theoretical value of
(Xre = 7.0 V) and(ng, = 0), for calculating the number of electron transferred.

(7

3. Results and discussion

3.1. Characterization of HOMP

The N-((8-hydroxyquinolin-5-yl) methyl)-N-phenylacetamide (HQMP) was obtained as a white solid in 85 %
yield (0.41 g), mp > 260°C.

The IR, 'H and *C NMR spectra were used to characterize and confirm the obtained product structure (See
Supplementary data) (Table 1).

Table 1. Spectral data of the synthesized compounds

Spectral data

IR (KBr) A cm™: 3615 (aromatic-OH bonded), 1634 (-C=0), 1502-1461 (C=C aromatic), 1270 (aromatic C-

N), 1065-1156 (-CH,-N)

'H NMR (300 MHz, DMSO-dg) ppm: 7.01-8.54 (multiplet, quinoline and benzene), 8.51-8.54 (doublet, quinoline H-
C=N), 6.97-7.01 (doublet, quinoline H-C=C-0), 4.75 (doublet, quinoline -CH,-N), 9.94(singlet quinoline C-OH), 2.03

(singlet of H5C-C).

C NMR (300 MHz, DMSO-dy) Sppm: 24.43 (-CHs), 65.18 (quinoline-CH,-N), 110.99-138.15 (Aromatic: quinoline

and benzene), 139.80 (benzene C-N), 147.92 (quinoline C=N), 153.10 (quinoline C-OH), 168.77 (N-C=0)

3.2. Potentiodynamic polarization curves

Potentiodynamic polarization curves for steel XC38 in 1 M HCI in the absence and presence of different
concentration of HQMP at 298 K are shown in Figure 8. The examination of this Figure allows noting that the
addition of HQMP pulls an important decrease of corrosion rate for all the concentrations and the values of
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corrosion potential (E..) and anodic Tafel slope (.) change when the concentration increases. In addition it is
noted that both anodic and cathodic currents were decreased with HQMP concentration indicating that the HQMP
reduces anodic dissolution and also retards the hydrogen evolution reaction.

As well, Table 1 gives the values of kinetic corrosion parameters as the corrosion potential E,,,, corrosion current
density icor, anodic and cathodic Tafel slope (B, and B.), and inhibition efficiency. It is clear that the addition of
HQMP leads to decrease of the current density and the inhibition efficiency increases with inhibitor concentration
to reach 93 % at 10~* M. this can be explained by the adsorption of the compounds organic on the metal surface.

|
H3C N

So, the high inhibition efficiency for HQMP, was attributed to the presence of electron donor groups (  © )
in their structure. The adsorption of HQMP on the metal surface can occur either directly on the basis of donor—
acceptor interactions between the n-electrons of the ring and the vacant d-orbital of steel XC38 surface atoms or
an interaction of organic nitrogen compounds with already adsorbed groups as proposed in literature [23, 24].

i (mA cm”)

2 : —=&— Blank solution
] —e— 107 of HQMP
1 —&— 10" of HQMP
107 of HQMP
1-—*— 10°of HQMP

E(V/Ag/AgCl)

Figure 8: Potentiodynamic polarization curves of steel XC38 in 1M HCI solution containing different concentration of
HQMP at 298 K

Table 1: Electrochemical parameters of steel XC38 in 1 M HCI solution in the absence and presence of different
concentrations of HQMP

Inhibitor Conc. Ecorr Tcorr Ba Be pp
(M) (mV/Ag/AgCl) (pA cm?) (mV dec™) (mV dec™) (%)

Blank 00 -498 467 125 -170 -
HQMP 10°¢ 367 91 66 -191 88
10° -419 55 85 -153 88

10 -430 33 78 -135 93

107 -420 43 69 -125 91

3.3. Electrochemical impedance spectroscopic studies

The corrosion behaviour of steel XC38 in 1 M HCl solution in the absence and presence of different concentrations
of HQMP is also investigated by EIS method at E,; and at 298 K after 30 min of immersion. The representative
Nyquist plots is shown in Figure 9 and its extracted parameters are presented in Table 2. It is noted that the Nyquist
plot of steel XC38 in the absence and presence of inhibitor contains a slightly depressed semi-circular shape and
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only one time constant was appeared indicating that the steel XC38 corrosion is mainly controlled by a charge
transfer process. In this case, the equivalent electric circuit, Figure 10, with one time constants was proposed to
reproduce these results by non linear regression calculation. However, it is seen that the R values increased and
C.: values decreased with inhibitor concentration. These can be due to the decrease in local dielectric constant
and/or increase in thickness of the electrical double layer, suggesting that HQMP acts via adsorption at the metal

/ solution interface [25, 26].

Fig. 9: Nyquist plots for steel XC38 in 1 M HCl solution in the absence and presence of different concentrations of HQMP

Table 2: Electrochemical data of EIS for steel XC38 in 1 M HCl in the absence and presence of different concentrations of

HQMP.
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Figure 10: Electrical equivalent circuits used for modeling the metal/solution interface.

Inhibitor Conc. R Ca MEIS
M) (Q em?) (uF cm?) (%)

Blank 00 40.0 295.0 -
10°¢ 208.5 99.3 81

10° 348.0 94.0 89

HQMP 10 615.0 74.0 94
107 559.8 12.1 93

3.4. Effect of temperature

To investigate the mechanism of inhibition and to calculate the activation energies of the corrosion process,
Potentiodynamic polarization measurements were taken out at various temperatures range 298-348 K in the
absence and presence of inhibitor at 10* M of HQMP, during 30 minutes of immersion. The obtained results are
presented the Figure 11 and 12. The corresponding data are shown in Table 3. It is noted that the i increases
with temperature in the absence and the presence of HQMP. This can be explained that the dissolution of steel
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XC38 is more important than the inhibitor adsorption. In addition, the activation energy for the corrosion process
was estimated from Arrhenius type plot according to the following equations and its transition state:

-E
iy = Aexp( R]‘j ) (9)

Where E, is the apparent activation energy, A is the Arrhenius factor, N is the Avogadro’s number, h is the Plank’s
constant, R is the universal gas constant and T is the absolute temperature.

i (mA cm?)

\ “’g

10" 4 \“L‘\‘« —=— Blank at 298K

E “ —e— Blank at 308k

] | — % Blank at 318k

1 M —<— Blank at 328k
1072 = T T T T

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

E(V/Ag/AgCl)

Figure 11: Potentiodynamic polarization curves for steel XC38 in 1 M HCI at different temperatures

E(V/Ag/AgCl)

Figure 12: Potentiodynamic polarization curves for steel XC38 in 1 M HC1+10™* M of HQMP at different temperatures

The plots of logarithm of the corrosion current density versus reciprocal temperature T~ are given in Figure 13.
The obtained plots are straight lines and the slope of each one gives its activation energy E,. It is observed that
for the corrosion of steel XC38 in 1 M HCI, the E, value was found equal to 34.61 kJ mol . In the presence of
10* M of HQMP, the E, value is higher and equal to 50.68 kJ mol '. The change of the values of the apparent
activation energies may be explained by the modification of the mechanism of the corrosion process in the

presence of adsorbed inhibitor molecules [27].
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Table 3: Electrochemical parameters of steel XC38 in 1 M HCl in the absence and presence of 10* M of HQMP at
different temperatures

T Ecorr (mV/Ag/AgCl) feorr Be npp
(K) (LA cm?) (mV dec™) (%)
Blank 298 - 498 467 - 170 -
308 -491 800 -178 -
318 -475 1200 - 165 -
328 - 465 1680 - 151 -
298 -437 0.467 - 135 93
10* M of 308 -525 0.8 -94 87
HQMP 318 - 500 1.2 -98 87
328 - 488 1.68 - 105 86
7.5 4
7.0-3
6.5—; -
— 6.0—5
é 5.5-5 S
5 5.0 Q
5 45 °
4‘0'5 = Blank solution
354 © 10"MofHQMP o

T T T
3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40
1000/T (K™")

Figure 13: Arrhenius plots of steel XC38 in 1 M HCI without and with 10™* M of HQMP.

3.5. Adsorption isotherm

Generally, inhibitors may function by physisorption, chemisorptions or by complexation with metal ions. The
adsorption isotherm type can provide additional information about the properties of tested compounds. However,
the coverage surface (6) can be easily determined from ac impedance, polarization or weight loss measurements
by the ratio #/100.

In this study, the coverage surface is estimated from potentiodynamic polarization measurements to make the
fitting and select the suitable isotherm. The following adsorption isotherms are the most common models to study
the mechanism of corrosion inhibition [28, 29]:

Tempkin adsorption isotherm exp(fx0) =K, xC,, 9)

Langmuir adsorption isotherm % = Kois X Cipy (10)
Frumkin adsorption isotherm % exp(-2x fx0)=K_ , xC,, (11)
Freundlich adsorption isotherm 0=K_, xC,, (12)
Flory—Huggins adsorption isotherm log(i) =log(K ) +axlog(l-6) (13)
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where K, is the equilibrium constant of the adsorption process, C;y;, is the inhibitor concentration, f'is the factor
of energetic inhomogeneity and the parameter ‘a’ in Equation (13) is the number of water molecules replaced by
inhibitor molecules on metal surface.
For each inhibitor, a Tempkin, Langmuir, Frumkin, Freundlich and Flory—Huggins isotherm were fitted. It is
found that the best fit shows that the inhibitor is adsorbed on metallic surface according to the Langmuir isotherm
model. In addition, Figure 14 shows the relationship between C,,, /8 and C,,;, (Langmuir isotherm) for HQMP.
From the intercepts of the straight lines C;,;, /8 vs. C;, the equilibrium constant values of the adsorption process,
K4 can be determined. This constant is related to the free energy of adsorption, 4G * 4, by the following equation
[30]: .
l - ads

Rase = 5555 PR ) (14)
where 55,55 value represents the water concentration in solution by mol L™, R is the universal gas constant and T’
is the absolute temperature.
The free energy of adsorption, 4G *,, can be calculated. It is well known that AG*,,, values on the order of - 20
kJ mol™ or less indicate a physisorption, while those more negative than - 40 kJ mol™ involve charge sharing or
transfer from the inhibitor molecules to the metal surface to form a coordinate chemical bond (chemisorptions),
while values between -20 kJ mol™ and - 40 KJ mol ™" indicate both physisorption and chemisorption [31]. In our
case, AG*,; values is -47.80 KJ mol!. This value indicated that adsorption of HQMP occurs via both
chemisorption and physisorption [32, 33].

1.2x10°

1.0x10° 1

8.0x10™

6.0x10™ -

C,, /0 (mol L")

4.0x10™

2.0x10™

0.0

T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
C_( molL™)

inh

Figure 14: Plot of Langmuir adsorption isotherm of HQMP on the steel XC38 surface at 298 K.

3.6. Computational procedures

Computational methods have a strong impact toward the design and development of organic corrosion inhibitors.
Recently, density function theory (DFT) has been used to analyze the characteristics of the inhibitor/surface
mechanism and to describe the structural nature of the inhibitor on the corrosion process. Furthermore, DFT is
considered to be a very useful technique to probe the inhibitor/surface interaction as well as to analyze the
experimental data [34]. Thus in our present investigation, DFT method was employed to give some insight into
the inhibition action of HQMP molecule on the carbon steel surface. The quantum chemical parameters such as
Enomo, ELumo, the energy gap AE (ErLumo - Enomo), and dipole moment (p) were obtained for the neutral HQMP
molecule to predict their activity toward metal surface. These quantum chemical parameters were generated after
geometric optimization with respect to all nuclear coordinates. Figure 15 shows the optimized geometry of
HQMP. Frontier orbital density distribution is useful in predicting adsorption centers of the HQMP molecule
responsible for the interaction with metal surface atoms. Figure 16 shows the HOMO and the LUMO density
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distribution of HQMP. It is seen 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. The calculated
molecular parameters are listed in Table 4.

According to frontier orbital theory, the reaction of reactants mainly occurred on the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The energy of HOMO (Enomo) is related to
ionization potential while the energy of LUMO (ELumo) is directly related to electron affinity. Higher values of
Enomo indicate a tendency of the inhibitor molecules to donate electrons to appropriate acceptor molecules with
low energy or empty 3d orbital of Fe to form coordinate bond [35]. The lower values of E; ymo, the stronger the
electron accepting ability of the inhibitor molecule, so that back-donating bond can be formed with its anti-
bonding orbitals. From Table 4, the low value of dipole moment probably increases the adsorption between
chemical compound and metal surface [36]. The adsorption of HQMP molecules from the aqueous solution can
be regarded as a quasi-substitution process between the HQMP in the aqueous phase [HQMP )] and water
molecules at the electrode surface [H>O (.45)]. Moreover, a smaller energy gap, AE (Erumo-Enomo) of 3,0205 (eV),
a higher molecular weight, higher area and volume enhance effective adsorption of HQMP on the steel XC38
surface thus decreasing the corrosion rate of this metal.

2 2

HOMO LUMO
Figure 16: Frontier molecular orbital density distributions of HQMP

Table 4: Calculated Quantum Chemical Parameters of the HQMP

Enomo (CV) Erumo (CV) AEgap (CV) U (debye) IE (eV) AE (CV) AN
-8,6532 -5,6327 3,0205 1.544 8,6532 5,6327 0,04731
Conclusions

On the basis of the results obtained, it can be concluded that:

* The experimental results obtained from weight loss measurements, Polarization and impedance measurements
studies are in good agreement.

* The inhibition efficiency of HQMP attains a maximum value of about 93 % at 10* M, the Polarisation
measurements show that HQMP acts essentially as an anodic type inhibitor and this inhibition effect increases
with the increase of concentration.

* The effectiveness of inhibition HQMP slowly decreases with temperature.

* Adsorption of HQMP tested follows Langmuir adsorption isotherm.

* Quantum calculations agree the efficiency values obtained.
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