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In the present investigation a new Schiff base named (E)-3-(((2-amino-4-methylphenyl)imino)
methyl)naphthalen-2-ol (L) was synthesized, characterized, and tested as a corrosion inhibitor for
Carbon steel X48 in two medium 1 M HCI and 0.5 M H;SOy, the corrosion efficiency coefficient was
evaluated using weight loss method, Tafel polarization and electrochemical impedance spectroscopy.
The experimental results suggest that this compound is an efficient corrosion inhibitor in both acidic
media, and the inhibition efficiency increases with the increase of inhibitor concentration. Inhibitor
adsorption on the Carbon steel X48 surface follows Langmuir isotherm. Thermodynamic parameters
such as Ea, AH%, AS%, AHCs, AS%qs, AG°qs Were obtained from Tafel polarization at different
temperatures (25-55 °C). This confirms that the adsorption of the inhibitor on the surface is carried out
by an intermediate adsorption between physisorption and chemisorption in both acids. The Correlation
between theoretical results of the Density Functional Theory (DFT) and experimental results is
discussed
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1. INTRODUCTION

There is no doubt that corrosion of metals and alloys leads to their metallic properties
degradation, and makes them less effective. Consequently, the use of inhibitors is considered as one of
the most practical methods for the protection against corrosion in acid media [1, 2]. In fact, inhibitors
are compounds capable of controlling, reducing, or preventing when added to the medium in small


http://www.electrochemsci.org/
mailto:mouzali2001@outlook.fr

Int. J. Electrochem. Sci., Vol. 12, 2017 11043

quantities the reactions between a metal and its surroundings. The most aggressive media of the metal
are the acids, such as hydrochloric acid (HCI) and sulfuric acid (H2SO,); those lasts are often used as
industrial surface cleaners and picklings [3].

Schiff bases are organic molecules with an azomethine bond (C=N) and are considered to be
the most effective, their action mode has been the subject of many works [4-7].

Many articles cite the use of Schiff bases as effective corrosion inhibitors for steel, copper and
aluminum in acidic medium [8-12]. Benabid and al. [13] investigated the inhibition effect of a new
synthesized Schiff base named 1,13-bis-[(2-hydroxynaphtaldehyde) 4,7,10-trioxatridecane diimine]
(HNTTD) on mild steel X48 in 1 M hydrochloric acid solution, proving that inhibition efficiency
increases with increasing inhibitor concentration, they also prove from the polarization curves that the
studied compound was acting as mixed type inhibitor and the adsorption of HNTTD on steel surface
followed Langmuir’s adsorption isotherm.

On the other hand, M.G. Hosseini and al. [14] studied the inhibitory action of three new Schiff
bases viz N,N-ethylen-bis (salicylidenimine), N,N-isopropylien-bis (salicylidenimine), and N-
acetylacetone imine, N-(2-hydroxybenzophenone imine) ortho-phenylen on mild steel corrosion in
sulfuric acid. These Schiff bases function as good inhibitors reaching inhibition efficiencies of 97-98
% at 300 ppm concentration. The inhibitor adsorption of those three Schiff base follows Langmuir
isotherm and thermodynamic calculations indicate the adsorption to be physical in nature.

The aim of this work is to study the corrosion inhibitive activity of a new synthesized Schiff
base (E)-3-(((2-amino-4-methylphenyl)imino)methyl)naphthalen-2-ol on the corrosion of carbon steel
X48 in two aggressive hydrochloric acid 1 M and sulfuric acid 0,5 M medium using electrochemical
techniques (polarization curves and impedance spectroscopy) and by weight loss method (gravimetry),
and some thermodynamic values (E,, AHC, AS%, AH®.qs, AS®as, AG°®,4s) Were deduced from adsorption
isotherms

The Density Functional Theory method (DFT) was adopted to confirm the existence of
correlation between the molecular structure of the tested compounds and its inhibitory activity.

2. EXPERIMENTAL
2.1. Materials and physical measurements

All starting materials and solvents were purchased from Merck or Aldrich and were used
without further purification. Elemental Analysis System (C, H, N, S) were carried out on a "2400
Elemental Analyzer" Perkin Elmer. Melting point of the ligand was determined on a Kofler Bank 7779
apparatus. IR spectra were obtained with an FT/IR-JASCO 4200 instrument in 500-4000 cm™range.
The UV spectrum was recorded in ethanol on a U-650 JASCO spectrophotometer. *H NMR spectra
was recorded on a Bruker Avance DPX250 spectrometer (working frequency 250 MHz) at 25 °C.
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2.2. Media

The inhibitor solutions of Schiff base were prepared in 0.5 M sulfuric acid (H,SO,4 98 %) and
1M Hydrochloric acid (HCI 37 %). For each experiment, a freshly prepared media was used under air
atmosphere without stirring. The concentration range of Schiff base inhibitor employed was varied
from 10° M to 7.5 10 M, this series was determined after experimenting the inhibitor solubility in the
corrosive medium.

2.3. Synthesis of Schiff base (E)-3-(((2-amino-4-methylphenyl)imino)methyl)naphthalen-2-ol (L)

Schiff base (E)-3-(((2-amino-4-methylphenyl)imino)methyl)naphthalen-2-ol (L) was
synthesized according to the operating mode described in the literature [15, 16]. The reaction is
conducted under stirring and refluxing. A (1 mmol, 0.122 g) diamine a 4-methyl-o-phenylenediamine
in 30 ml absolute methanol solution is added, drop by drop to a 2-hydroxy naphthaldehyde (1Immol,
0.172¢g) in 10 ml absolute methanol solution. The mixture is refluxed and stirred for one hour while
maintaining the solution temperature at 50 °C. At the end of reaction, a precipitate of orange color is
obtained which, after cooling, is filtered, twice washed in methanol then dried under vacuum. The final
product is recovered with: yield 80 %; M.p. 195 °C; IR (v cm™): 3397 (OH), 3318 (NH)s - 3218
(NH),s, 1648 (C=N), 1604 (C=C), 1604 (C=C); UV-Vis (Ethanol, Amax NM): Amax (222), Amax (318), Amax
(443); *H NMR (300 MHz, MeOH, & ppm, J Hz): 15.66 (s, 1H, OH), 9.59 (s, 1H, CH=N), 8.50 (d, J =
8.22 Hz, 1H), 7.93 (d, J = 9.08 Hz, 1H, ), 7.82 (d, 8.20,1H), 7.55 (ddd, J = 8.43, 6.92, 1.39 Hz, 1H),
7.44-7.31 (m, 2H), 7.09 (d, J = 9.07 Hz, 1H), 6.67 (s, 1H), 6.54 (dd, J = 8.04, 1.27 Hz, 1H), 5.05 (s,
2H, NHy), 2.23 (s, 3H, CHs); Elemental analysis calculated for C;15H160N,: (M = 276.35 g/mol): C,
78.26; H, 5.79; N, 10.14 %; found: C, 78.44; H, 5.45; N, 10.16 %.

2.4. Gravimetric measurement

The study of the concentration effect on the corrosion inhibitive activity of the tested
compound consists in immersing carbon steel X48 samples of 9.106 cm?surface in acid in absence and
presence of various inhibitor concentrations. The inhibition efficiency is determined after six hours
immersion at 25 °C.

Gravimetric tests have been carried out in a 50 ml beaker. The electrolyte volume is 30 ml.
Samples are immersed in oblique position, in the corrosive solution in absence and in presence of
inhibitor. Before- each measure, the sample surface is polished using abrasive papers with various
granulometries (from 800 to 2000), then washed with bidistilled water, degreased with acetone and
dried under airflow. The sample is then weighed and immediately introduced into the electrolyte.

2.5. Electrochemical measurement

For corrosion experiments, the working electrode is a Carbon steel X48 disc-like with the
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following composition: C 0.52-0.50 %, Mn 0.5-0.80 %, Si 0.40 %, P 0.035%, S < 0.035% and the
remaining amount is Fe, of 0.19 cm? surface. At the end of each manipulation, the working electrode

surface is carefully cleaned using abrasive paper with various grain sizes (800,1200 and 2000), then

rinsed several times with bi-distilled water and acetone, and finally dried with Josef paper.

The electrochemical experiments were carried out on a VoltaMaster 4 software controlled
Voltalab 40 and were conducted in a 200 ml volume cylindrical three-electrode cell with a double-
envelope Pyrex glass cover. Reference electrode is a saturated calomel electrode (SCE), the counter-
electrode is a graphite bar and the working electrode is a 0.19 cm? active surface disc-like steel.

Polarization curves are drawn in a potential range from -700 to -300 mV/SCE, with a 0.5 mV/s
scan step at various temperatures between 25 °C and 55 °C.

Electrochemical impedance measurements are realized after 30 minutes immersion of the
material into the acidic medium by analyzing the frequency response of the electrochemical system in
the range of 100 kHz to 0.1 Hz at 10 mV amplitude with 5 points by decade.

2.6. Quantum chemical calculations

The geometrically optimization of the studied Schiff base was done by Gaussian09 [17]
software, using the density functional theory (DFT) with the B3LYP/6-31G (d,p) level. The energy of
the highest occupied molecular orbital (Exomo), the energy of the lowest unoccupied molecular orbital
(ELumo), 4E=E umo-Enomo , the dipolar moment (x) and the fraction of electrons transferred (4N)
were used to analyze the inhibition capability.

3. RESULTS AND DISCUSSION
The Schiff base ligand L synthesis, named (E)-3-(((2-amino-4-methylphenyl)imino)methyl)

naphthalen-2-ol consists in making contact between an aromatic diamine a 4-methyl-o-
phenylenediamine, and a 2-hydroxy naphthaldehyde in heated methanol (Scheme 1).

CHO O
H;C NH, HO O
. OO ___McOH_ yc N
NH, Reflux HO

NH,
(E)-1-(((2-amino-4-methylphenyl) imino)methyl)naphthalen-2-ol

Scheme 1. Reaction scheme for the synthesis of ligand L
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3.1. Structural confirmation of the investigated compound

3.1.1. FT-IR spectra

the FT-IR spectra of this ligand indicated the formation of the Schiff base product by the
absence of the carbonyl group (1700 cm™) band and the appearance of a new band at 1648 cm™,
assignable to the v(C=N)imine group [18]. There are other informative peaks to be expected in the
region 3397-3218cm™attributed to the stretching vibration of hydrogen bonded of OH group and the
N-H stretching band. Absorption bands attributed to imine v(C=N) and phenolic v(C-O) groups
suggested that Schiff base L exist in the solid state as OH tautomer [19].

3.1.2. *H-NMRspectra and elemental analysis

The *H-NMR spectra in methanol showed a singlet peak at 9.59 ppm which can be attributed to
the imine proton (HC=N) [20]. In addition, two singlets peaks at around 5.0 ppm and 2.13 ppm have
also been observed which can be attributed to the amine (NH) and methyl (CHs) groups respectively
[21]. All the other aromatic protons were observed in the expected regions [19, 22].

Elemental analysis as well as spectroscopic data of this compound is in full agreement with the
formulated structure.

3.2. Weight loss measurement (Gravimetric study)

Weight loss measures are a preliminary approach to study the metal corrosion inhibition in an
electrolytic solution, the method advantage is its easy processing which needs no complex apparatus.
The corrosion rate (w) is determined by the following equation (1):
—4am
W (1)
Am=m;—my
Am: Masse loss in mg.
my. initial mass before immersion in mg, m,. final mass after a time t of the sample immersion
in the solution in mg, s exposed surface in cm? and t; exposition time in the solution in hour.
The inhibition efficiency 7, (%) of the studied compound is calculated using the following
equation (2):
T =510 ()
Wo and w; represent respectively, the corrosion rate values in absence and in presence of
inhibitor.
The corrosion rate w (mg.cm®.h™) and the inhibitive efficacy #, obtained for the ligand L at
various concentrations towards the carbon steel X48 corrosion in HCI 1 M and H,SO4 0.5 M at 25 °C
are summarized in Table 1.
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Table 1. Corrosion parameters for Carbon steel X48 in aqueous solution of 1 M HCIl and 0.5 m H,SO,
in absence and presence of different concentrations of ligand L from weight loss measurements
at 25 °C for 6 h.

Acid solution Inhibitor concentration (M) W (mg.cm™®.h?) g, (%)

00 0.272
10° 0.089 67.03
LM HCl 5.10° 0.051 81.11
10 0.023 91.34
5.107 0.015 94.20
7,5.10" 0.006 97.72

00 0.265
10° 0.121 54.31
5.107 0.093 64.60

0.5 M H,S0, §

10 0.071 73.20
5.10% 0.035 86.89
7,5.10* 0.020 92.42

The variation in inhibition efficiency with concentration of ligand L is shown in Fig. 1, it can
be seen that #,, increases sharply with an increase in concentration, especially in 1 M HCl solution.

95 4

90 4

85 -

80 4

754

w

704

65 -

60
55 4
50

T T T T T T T T T
0,0000 0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007 0,0008
C(M)

Figure 1. Plot of variation of inhibition efficiency with concentration of inhibitor L in 1 M HCI and
0.5 M H,S0,at 25 °C

The inhibition efficiency 7, achieves a maximum value of 97.72 % in HCI 1M and 92.42% in
H,S0,4 0.5 M at a concentration of 7,5.10™ M. It is noticed, that the ligand inhibits the steel corrosion
in both considered media. This behavior may be explained by a significant adsorption of the inhibitor
at the carbon steel X48 surface, n values at any inhibitor concentration are higher in 1 M HCI solution
than that in 0.5 M H,SQO, solution, well noticed at low concentration.
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3.3. Electrochemical impedance spectroscopy (stationary method)

To confirm the results of weight loss measurement sand achieve more information on the
corrosion mechanism (phrase incomprehensible), electrochemical techniques were used as a more
complete method (electrochemical impedance spectroscopy and polarization curves).

The electrochemical impedance spectroscopy diagrams obtained at open circuit potential,
recorded after 30 minutes immersion in HCl 1 M and H,SO, 0.5 M media at 25 °C with and without
various concentrations of the compound L are shown in Fig. 2.
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Figure 2. Nyquist plot at different concentrations of inhibitor L in 1 M HCI (a) and 0.5 M H,SOy (b)
solution at 25 °C

Nyquist spectrum appears as a unique capacitive loop which confirms that Carbon steel X48
corrosion in acid medium with and without inhibitor is mainly controlled by charge transfer process
[23]. These diagrams have a similar shape for all concentrations, indicating there is no change during
the entire corrosion mechanism. Besides, these Nyquist curves are not perfect semi-circles due to the
electrode heterogeneous surface. This heterogeneity may be due to the surface roughness, impurities,
inhibitor adsorption and desorption phenomena, formation of porous layers and the carbon steel
chemical composition [24].

The semi-circle diameter is larger in the presence of inhibitor than that observed in the blank
solution (in HCI 1M and H,SO; 0.5 M medium) which increases with the increase of the
concentration. This could be related to the increase in the surface coverage of steel by inhibitory
molecule.

The charge transfer resistance values are calculated up on impedance difference for high and
low frequencies on real axis. The corrosion inhibition efficiency of steel is calculated from the charge
transfer resistance according to the equation (3):

1, % =MX100 (3)
Rt[
Rcty and Rct; are respectively, the charge transfer resistance values of carbon steel after
immersion in absence and in presence of inhibitors.

The electrochemical parameter values for various concentrations for carbon steel corrosion in



Int. J. Electrochem. Sci., Vol. 12, 2017 11049

HCI 1 M and H,SO, 0.5 M medium are listed in Table 2.

Table 2. Impedance parameters and inhibition efficiency values for carbon steel X48 after 30 min
immersion period in 1 M HCI and 0.5 M H,SO, in absence and presence of different
concentrations of inhibitor L at 25 °C

. . - . Rs Rct Cdl Nz
Acid solution Inhibitor concentration (M) (Qem?) (Qem®) (LF.em?) (%)
00 1.43 23.19 433.7
10° 1.42 70.96 251.1  67.31
5.107 1.38 116.2 153.3  80.04
1 M HCI y
10° 3.31 196.5 90.66  88.19
5.10™ 2.05 209.3 85.03  88.92
7.5.10% 6.2 237.4 84.44  90.23
00 1.75 40.64 493.4
10 2.57 60.19 296.10  48.10
5.107 2.44 90.14 24710 54.91
0.5 M H,SO, p
10 2.83 96.13 190.66  57.72
5.10% 4.90 207.0 153.70  80.36
7.5.10% 3.71 220.2 114.10 81.54

From Table 2, it can be noticed that:

-The inhibition efficiency 7, increases with the inhibitor L concentration and achieves a
maximum value of 90.23 % in HCI 1M and 81.54 % in H,SO4 0.5 M at 7,5.10™* M. This result is in
agreement with those found by gravimetric measurements.

-The charge transfer resistance (Rct) increases significantly with the increasing inhibitor
concentration, whereas the double-layer capacity decreases when the inhibitor is added.

-The decreasing in the double-layer capacity (Cq) is due to the inhibitor adsorption at the steel
surface which reduces the dielectric constant of the medium and/or increases the electric double-layer
width, suggesting that the L molecule acts by adsorption at the metal/solution interface.

The same behavior is shown on the Bode-modulus plots (Fig. 3). Indeed, Inhibition effect of
the inhibitor can easily be observed from the low frequency impedance modulus [25]. The low
frequency impedance modulus increases with increasing the concentration of the inhibitor, which
demonstrates that the adsorption of the inhibitor improves corrosion resistance of carbon steel in 1 M
HCl and 0.5 M H,SO,4[26].
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Figure 3. Bode plot at different concentrations of inhibitor L in 1 M HCI (a) and 0.5 M H,SOq, (b)
solution at 25 °C

3.4. Polarization curves

The polarization curves in absence and in presence of ligand L, at various concentrations
between 10° M and 7,5.10* M, in HCI 1M and H,SO, 0.5 M of Carbon steel at 25 °C, are reported in
Fig. 4. From the obtained results, it can be noticed that the addition of the compound L results
systematically by a decrease of the anodic and cathodic current densities. This may be due to the
adsorption of the inhibitor on the corroded surface [27].
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Figure 4. Tafel plot of Carbon steel X48 with different concentrations of inhibitor L in 1 M HCI (a)
and 0.5 M H,SO, (b) solution

The inhibition efficiency n, obtained from the potentiodynamic polarization curves was
calculated according to the following equation (4):

Mp% = {*—E;} X100  (4)
Where i°rr and icorr are the corrosion current densities values obtained by extrapolation of the
linear portions of the anodic current—potential curves to the corresponding corrosion potentials (Ecorr),
during 30 minutes immersion in acid medium (HCI 1 M and H,SO,4 0.5 M) respectively in absence and
in presence of inhibitor L.
The various ligand L corrosion parameters in both media HCI 1 M and H,SO,4 0.5 M obtained
using this method, such as the corrosion potential E,.r (MV), Tafel cathodic 5. (mV/dec) and anodic f.
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(mV/dec) slope, the corrosion current density icorr (MA.cm™) and the inhibitive efficacy np (%) for
various concentrations are reported in the Table 3. It is obvious that the corrosion current density
values (icorr) decreased from 1.15 mA.cm?to 0.055 mA.cm™and from 0.95 mA.cm™to 0.085 mA.cm™
for a concentration of 7,5.10* M of ligand L in HCI 1 M and H,SO4 0,5 M respectively (Table 3).

Table 3. Polarization parameters and inhibition efficiency values for Carbone steel X48 after 30
minutes immersion period in 1 M HCI and 0.5 M H,SO, in absence and presence of different
concentrations of inhibitor L at 25 °C

L S S

solution (M) (mVICSE) (mA.cm™) (mV/dec) (mV/dec) (%)
00 -495 1.15 117.4 -87.6

10 -496.0 0.37 118.1 -112.3 67.82

510° -493.8 0.22 79.1 -105.6 80.86

10 -491.2 0.11 55.2 -65.9 90.43

L MHCI 5.10* -495.4 0.08 72.4 -50.3 93.04

7,5.10" -491.1 0.05 32.6 -36.3 95.65
00 -507.8 0.95 97.5 -85.3

10° -510.5 0.45 74.4 -110.8 5263

5.107° -512.2 0.34 70.2 -83.5 64.21

10 -511.7 0.26 87.4 -82.9 72.63

05 M HzS0 5.10* -505.1 0.14 80.5 -118.9 8526

7,5.10" -510.7 0.08 43.0 -54.8 91.57

Polarization anodic and cathodic curves show that the addition of inhibitor L causes a decrease
of anodic and cathodic current densities and modifies slightly the corrosion potential values (Ecor).
This inhibitor may so be classified as a dual inhibitor in both media (HCI and H,SO,).

The inhibition efficiency 7, (%) is noticed to increase with the increasing inhibitor L
concentration. This ligand protects almost totally the metal against HCI and H,SO, corrosive attack. It
is to be noted that the inhibitor provides a better inhibitive efficiency in HCI than in H,SO4.This is
probably due to the significant adsorption of SO,* ions much more voluminous than CI” ions on the
active sites at the steel surface at the expense of organic molecules [28]. This result indicates clearly
that adding the L inhibitor reduces the anodic dissolution of steel and slows the evolution of H* proton
discharge. This may result in a formation of a layer adsorbed on the metal surface.

The results obtained by gravimetric and electrochemical measurements are seen to be in
agreement to each other.

To confirm our results in the both media HCI and H,SO,4, The comparison of previous studies
results with those found for similar types of Schiff base compounds, we observe that from the data
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presented in Table 4, these compounds are very good Inhibitors and behave better in HCI than in
H.SO, [28-30]. The good activity of the inhibitor could be attributed to the presence of C = N (imine)
in the molecular structure and furthermore the substitution of -OH, -NH, functions in its aromatic rings
could increase the inhibitory performance of our Inhibitor and the three compounds reported in
previous work.

Table 4. Comparison of the results obtained in this study by previous work for similar type of Schiff
base compounds.

Efficiency at optimal concentration in acidic medium # (%)

Present inhibitor | Wang and al [28] | Dadgarinezha and al [29] | Dadgarinezha and al [30]
(E)-3-(((2- 1, 4-bis (benz N,N-O-Phenylen-bis Bis(2-hydroxy-1-

Structure amino-4- imidazolyl) (salicylidenimine) naphtaldehyde)1,6-
/ Acidic methylphenyl) benzene hexadiamine
solution imino) methyl)

naphthalen-2-ol
HCI 97 97 92 97
H,SO, 92 92 77 95

3.5. Adsorption isotherms

The inhibition of the corrosion of metals by organic compounds is reflected in their adsorption.
The latter appears under three well-known aspects: physisorption, chemical adsorption or mixed
adsorption (physisorption tending to chemisorption or the inverse

Metal corrosion inhibition by organic compounds is reflected in their adsorption. The latter
appears under three well known aspects: physisorption, chemical adsorption or mixed adsorption (
physisorption tending to chemisorption or the reverse). It depends on many factors such as the metal
charge, its nature, the organic species chemical structure and the electrolyte type. It is generally
accepted that the chemical adsorption process involves an electron transfer or sharing between the
inhibitor molecules and the unsaturated "d" orbitals of the metal surface that allowing the formation of
dative and covalent bonds, respectively.

The surface coverage values (0) for various concentrations of the ligand in acid medium,
obtained from the polarization curves, electrochemical impedance spectroscopy and gravimetric
measurements at 25°C, were used to explain the best isotherm and to determine the adsorption process,
it can be estimated using from the inhibitor efficiency as 6 = n (%)/100.

During this investigation, Langmuir, Temken and Frinmkin isotherms have been tested in order
to find the most suitable isotherm. Langmuir isotherm [31] was found to be the most appropriate and
can be given by the following equation (5) [32, 33]:
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Cinh 1

g Kgds

+ Cian (5)

Where Ci,, the concentration of inhibitor is, K,gs is the adsorption equilibrium constant, and 0 is
the surface coverage expressed by the ration n /100.

Fig. 5 shows that the variation of the ratio Ci,,/ 6 as a function of the inhibitor concentration
Cinn is linear for the three methods studied at 25 °C. This indicates that the ligand L adsorption on the
Carbon steel surface in HCI and H,SO, follows Langmuir isotherm with linear correlation coefficients
(R? = 0.999) are close to 1 [34].
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Figure 5. Langmuir adsorption of ligand on the steel surface in HCI 1M (a) and 0.5 M H,SQO;, (b)
solution using different methods.

From the intercepts of the straight lines Cin/6 axis, the Kygs values were calculated and given in
Table 5. The adsorption constant K,gs is related to the adsorption standard free energy (AG®,qgs) by the
following equation (6)[35]:

1 —AG .
ads EEXI] ( BT :]

(6)

Where R is the gas constant (8.314 J.mol™.K™), T the absolute temperature (K), and the value
55.5 represents the concentration of water in solution (mol.I™) [35].

Adsorption constant values K, and standard free energy of adsorption (AG°.s) values
calculated from Langmuir isotherms are reported in Table 5.

Table 5. Thermodynamic parameters for the adsorption of ligand in 1 M HCI and 0.5 M H,SO4 on the
Carbon steel X48 at 25 °C

Method/ Gravimetric Tafel Impedance
Acid
R’ Kags 10 AGPs R® Kags: 10 AGO,q R’ Kags 10 AGOs
(M™ (KJ.mol™) (M™ (KJ.mol™) (M™ (KJ.mol™)
HCI 0.9998 11.28 -38.80 0.9999 1394  -39.32 0.9999 22.18 -40.47
(1M)
H,SO, 09975 4511 -36.52 0.9977 4.397 -36.46 0.9978 3.291 -35.70

(0.5 M)
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Generally, (AG®.) values less or equal to -20 Kj.mol™, are related to the interactions between
the charged molecules and the metal charges (physisorption), however, those close to or greater than -
40 kJ.mol™, result in a charge transfer between the inhibitor molecules and the metal surface creating
covalent or coordination bonds (chemisorption) [36 , 37].

In the present case, AGqgs values are noticed to be less than -40 Kj.mol™in HCI and -36 Kj.mol™
in H,SO4 (Table 5), which indicates that the inhibitor {L} is strongly adsorbed on the steel surface as a
neutral molecule via chemisorption and physisorption mechanism [38].

Furthermore, negative values AG®.s (from -35.70 to -40.47 Kj.mol™), and the high values of
the adsorption constant Kyqs are indicative of the adsorption process spontaneity and the adsorbed layer
on metal surface stability [38].

3.6. Effect of the temperature

The effect of temperature on the corrosion inhibitive activity of organic compounds in acid
media is very important, which can modify the behavior of inhibitors. The temperature accelerates the
corrosion reactions and can weaken the corrosion steel resistance.

In the aim to study the influence of this parameter on the efficiency, a potentiodynamic analysis
of steel in both media HCI and H,SO,, in absence and in presence of inhibitor L, studied at
concentrations from 10™ to 7,5.10* M and at various temperatures comprised between 25 °C and 55
°C. The electrochemical properties are gathered in Table 6.

Corrosion current density evolution in the corrosive medium only (HCI, H,SO,) shows a rapid
and regular increase, confirming an increasing metal dissolution with the increasing temperature.

The increase in the corrosion current density with the temperature in presence of inhibitor is
weaker than that in the reference. These results confirm that the studied compound inhibits the
corrosion process in this temperature range [25, 35, 45 and 55 °C]. This result suggests that the
inhibitor acts by both physical and chemical adsorption [39].

In HCI medium, the inhibition efficiency decreases from 95.21 % (25 °C) to 91.51 % (35°C),
then becomes constant in the temperature range from 35 °C to 55 °C, but in H,SO4 medium, it
decreases within the temperature range of 25 to 45 °C.

The temperature increase shifts the adsorption-desorption equilibrium in favor of the desorption
process, thereby reducing the inhibitive potency of the compound (imine) [40, 41].

Many authors [42-44] use Arrhenius equation to define the temperature T effect on the
corrosion current density in acid medium According to equation (7):

Loppr = Aexp(

) ™

EB
RT

Where E; is the activation energy and A is pre-exponential factor [45].
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Table 6. Effect of temperature on electrochemical parameters and inhibition efficiency for carbon steel
in 1 M HCl or 0.5 M H,SO, in the absence and presence of ligand L

Acid Solution 1 M HCI 0.5 M H,SO4
Temperature Inhibitor Ecorr Icorr Mp Ecorr icorr Mp
(°C) C(M) (mV/SCE) (mAcm?) (%) (mV/SCE) (mA.cm?) (%)
00 -495 1.15 -507.8 0.95
107 -496.0 0.37 6782 5105 045  52.63
5.10° -493.8 0.22 8086 5122 041 5884
10 -491.2 1.11 91.46 -511.7 0.32 66.31
2 5.10" -495.4 0.08 9391  -505.1 0.14  81.31
75.10% 4911 0.05 9521  -510.7 0.08 91.05
00 -514.3 1.65 -511.9 1.12
107 -506.5 0.57 65.45 -512.1 0.67  44.67
5.10° -511.8 0.35 7878  -529.3 053  52.67
35 10 -504.6 0.26 84.24  -510.8 042 6250
5.10" -536.1 0.20 87.87  -527.6 0.28  77.04
7510  -534.1 0.14 9151  -521.3 0.13  89.34
00 -523.8 2.399 -517.5 1.78
10° -512.4 0.83 65.27  -514.1 1.05  41.01
5.10° -550.1 0.51 7866  -516.0 0.84  52.80
10 -521.2 0.38 84.10  -518.2 0.67  62.35
o 5.10" -534.4 0.29 87.86  -513.8 041  76.96
75.10%  -9345 0.21 9121  -533.0 0.27  87.64
00 -510.6 3.35 -517.3 3.18
10° - 4955 1.15 65.67 -517.5 1.86  41.50
5.10° -508.8 0.73 7820  -518.6 155  51.25
55 10* -524.8 0.52 84.47  -526.8 122  61.63
5.10 -548.8 0.41 87.76  -535.4 0.76  76.10
75.10%  -550.9 0.29 91.34  -542.7 0.39  87.73

The activation energies shown in Table 6 were determined by linear regression between Lnicor
and 1/ T (Fig. 6) from the Arrhenius equation for various inhibitor L concentrations in two media
(HCI and H,S0O,). It is obvious that in presence of inhibitor, the activation energy values E, are higher
than those calculated with its absence in both media. This behavior is reported as being specific of a
physisorption phenomenon of the inhibitor at the metal surface [46-49]. Adding the inhibitor L with
increasing concentration in the two solution media HCI and H,SO, increases the activation energy.
This increase may be assigned to a significant decrease of the inhibitor adsorption on the steel surface
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with the increasing temperature [50]. This phenomenon may be assigned by the fact that the steel
corrosion process in presence of inhibitor depends not only on the reaction occurring at the bare metal
surface, but also on Fe?* ion diffusion through the adsorbed inhibitor layer.

m HOI
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T
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T » 75
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a4 > 9
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Figure 6. Arrhenius plot for Carbon steel X48 corrosion in the absence and presence of different
concentrations of ligand L in 1 M HCI (a) and 0.5 M H,SO4 (b)

An alternative formula of Arrhenius’ equation allows determine the activation enthalpy AH®,
and entropy AS, according to the following equation [51]:

RT

L= e (F)ew(-57) @

h: Planck constant, N: Avogadro’s number.

The variation of Ln (icor /T) as a function of the inverse of the temperature is a straight line
(Fig. 7), with a slope equal to (AH°#/R) and an intercept (Ln R/Nh +AS, /R) [51]. Thus, the values of
AH°, and AS°, can be calculated.
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Figure 7. Transition state plot for Carbon steel corrosion in the absence and presence of different
concentrations of ligand L in 1 M HCI (a) and 0.5 M H,SOq4 (b)

The enthalpy AH°, and entropy AS, values are given in Table 7. Positive signs of the
enthalpies AH®, reflect the endothermic aspect of the steel dissolution process. In fact, the activation
enthalpy AH®, increases with the concentration corresponds to a decrease in the metal dissolution [52].
This result shows that the activation energy values (Ea) are higher than their analogues of AH®,
indicating that the corrosion process involves a gas reaction, forming H,. High negative values of the
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entropy AS’; prove a decrease in disorder during the transformation of reactive into activated Fe-
molecule complex in the solution [53].

Table 7. Activation parameters of the dissolution of carbon steel in 1 M HCI and 0.5 M H,SOy in the
absence and presence of different concentrations of ligand L

Acid solution /MNibitor concentration Ea. . AHY, } ASY, j
(M) (KJ.mol™) (KJ.mol™) (KJ.mol™)

00 28.44 25.98 -156.43

10° 29.81 2687  -162.42

5x107° 31.29 29.33 -158.65

L MHCl 10* 35.69. 37.86 -134.78

5x10* 40.35 37.78 -137.10

75x10* 43.39 40.18 -132.34

00 32.66 30.09 -145.12

10° 37.67 35.35 -133.39

0.5 M H,SOx 5x10° 39.64 37.48 -128.27

10 40.36 36.29 -134.26

5x10™ 43.49 41.10 -122.88

7.5x 10" 42.14 39.70 -132.65

3.7. Adsorption isotherms at various temperatures

Table 8. Thermodynamic parameters for the adsorption of ligand L in 1 M HCI and 0.5 M H,SO,4 on
the Carbon steel at 25-55 °C

Kads- 10-5 AGoads AHoads ASOads
(MY (Kdmol?) (KJmol™) (KJ.molt.K™)

25 0.99992 1.39%4 -39.32
35 099922 1132 -40.11
1 M HCI -4.84 115.1
45 099876 1.072 -41.28
55  0.99938 1.155 -42.77
25 099768 4.397 -36.46
35 0.99562  2.563 -36.30
0.5 M H3S0O4 -13.00 77.4
45  0.99628 2.643 -37.56

55  0.99624  2.530 -38.62

Acid solution T (°C) R?
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In order to compare the standard free energy of adsorption values (AG®.) at various
temperatures from 25 to 55 °C for various inhibitor concentrations from the polarization curves, we
have drawn (C/0) as a function of inhibitor concentration (C) in HCI and H,SQO,4. The (C/0) curve as a
function of C is linear, indicating that adsorption of L follows Lagmuir’s isotherm model with a
correlation unity [54]. Thermodynamic parameters Kags and AG®,¢s Obtained from adsorption isotherms
in the same previous conditions are listed in Table 8.

According to result shown in table 8, it is noticed that:

-The negative values of AG,qs indicate the adsorption process spontaneity and the adsorbed
layer on metal surface stability [55].

-Absolute values of AG®qs calculated (table) in H,SO, are higher than 20 Kj.mol™ and lower
than 40 KJ.mol™, this shows that the inhibitor was physically and chemically adsorbed. Whereas, in
HCI, AG®4; values are close or higher than 40 Kj.mol™, showing that this inhibitor was chemisorbed
on the metal surface with the increasing temperature [56].

If AGP°s Vvalues decrease as a function of temperature (become more negative), then,
adsorption process is endothermic, the inhibitor adsorption is privileged by the temperature increase
[57]. The calculated values of AG®,s Show that the inhibitor adsorption is a chemical endothermic
process with the temperature increase. However, the physisorption phenomenon cannot be excluded.
This conclusion is supported by the fact that the corrosion inhibitive activity of this ligand L decreases
at high temperature.

These results confirm that the inhibitor into HCI medium contributes to a chemical adsorption
stronger than in H,SO,4. The inhibitor L adsorption may also occurred trough () electron interactions
between the molecule imine structure and the metal surface because of the existence of a much more
sites on the metal surface into HCI solution because of the weak adsorption of chloride ions on the
steel surface [58].

The variation of (AG®,qs) as a function of the temperature (Fig. 8) allows calculate the standard
adsorption enthalpy (AH®,4s) and entropy (AS°®,qgs) using Gibbs—Helmholtz’s equation (9) [59, 60]:

ﬂ-G;ds = 5H;ds - Tﬁj;ds )

An adsorption endothermic process (AH,4s>0) is attributed to the chemisorption, however, an
exothermic one (AH®,4s< 0) may be indicative of physisorption and/or chemisorption [61-63].
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Figure 8. Variation of the standard adsorption free energy (AG°®,4s) as a function of the temperature
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In the present case, AH®.qs values are negative and equal to -4.84 and -13 Kjmol™ in HCI and
H.SO, respectively, indicating that this inhibitor is physisorbed and chemisorbed on the metal surface.
The standard entropy positive values AS°y4s in presence of inhibitor mean an increase of disorder
during the formation of the metal/adsorbed molecules complex [64]. Such a disorder results from
desorption of several water molecules at the metal surface by a single inhibitor molecule adsorption
[65-67].

Finally, it can be concluded that both adsorption modes may be considered namely, the
physical adsorption and the chemisorption [68].

3.8. Quantum Chemical Studies

Quantum chemical calculations were performed in order to analyze the effect of the Schiff base
molecular structure and also electronic parameters on inhibition performance of compound L.

Protection efficiency of inhibitors depends on the electronic properties of the corrosion
inhibitors such as: highest occupied molecular orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO) [69]. In addition, Fig. 9 illustrates the optimized molecular structures and highest
occupied molecular orbital of the compound L.

HOMO LUMO

Figure 9. The optimized structure (left) and HOMO (center) and LUMO (right) distribution for
molecules.

The calculated quantum chemical data reported in Table 9 include the energy of the highest
occupied molecular orbital (Eqomo), the energy of the lowest unoccupied molecular orbital (ELumo),
the energy gap (AE=E_umo-Enomo), the dipolar moment (u), the absolute electronegativity (y), global
hardness (y) and the fraction of the transferred electrons (4N).

Table 9. Calculated quantum chemical parameters of the Inhibitor L

Quantum chemical
parameters

Inhibitor L -5.16 -1.39 3.76 3.34 3.27 1.88 0.99

Eromo (V)  Erumo(eV) A4E (V) p(Debye) X(eV) y(eV) 4N
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High value of Enomo (-5.16 eV) indicates the tendency of a molecule to donate electrons to an
appropriate acceptor molecule with empty molecular orbitals.

Therefore, the energy of E uwmo (-1.39) indicates the ability of a molecule to accept electrons
[70, 71].

These energies of a molecule facilitate adsorption and therefore enhance the inhibition
efficiency by influencing the transport process through the adsorbed layer.

In the same way, values of energy gap (AE=E_umo-Eromo) is the measure of excitation energy
to remove an electron from the last occupied molecular orbital. Low values of AE=E, ymo-Enxomo Will
provide good inhibition efficiencies [72].

The dipolar moment is the measure of polarity of a polar covalent bond. it is clear that, the
dipolar moment of ligand L p (3.34D) is more than that of punzo (1.88 D), this is related to stronger
dipole—dipole interactions of molecules L and metallic surface. This shows the strong adsorption of
ligand L on the surface of the steel.

The energies of Enomo and E ymo are related to the ionization potential (1) and the electron
affinity (A) of the iron atoms and the inhibitor molecules [73], defined as and | = -Eomo and A= -
ELumo. The absolute electronegativity (y) and the global hardness (y) of the inhibitor molecule are
approximated by Eqgs. (11) and (12):

y = I+4 (11)

-
=

-4

Y= (12)
Thus, the fraction of electrons transferred from the inhibitor to metallic surface (4N) is
calculated by equation (13) [74]:

AN = Xre—Xink (13)

¥re+ Vimk)

Where the yre and yg are the absolute electronegativity and global hardness of the Fe atom, and
the yinn and yinn are the absolute electronegativity and global hardness of the self-assembled molecules.
The theoretical values of yr. and yge are 7 eV and 0 eV [75].

The inhibitor tested has the value of 4N <3.6 (Table 9) and therefore the molecules of the
inhibitor are electron donors and the iron surface is an acceptor [76].

Inhibitors containing atoms with high negative charges are often considered to have the highest
tendency to donate electrons to the metal surface [77]. Therefore, N and O atoms are the active center,
which have the strongest ability of bonding to the metal surface. In addition, the areas containing N
and O atoms are the most possible sites of bonding metal surface by donating electrons to the metal
iron.

Finally, it is worth noting that, the data obtained from quantum chemical calculations give good
evidence on the obtained results by electrochemical techniques and the adsorption of the inhibitor was
mainly concentrated around the nitrogen and oxygen atoms.
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4. CONCLUSION

From the above results and discussion, the following conclusions are drawn:

- The new Schiff base named (E)-3-(((2-amino-4-methylphenyl)imino)methyl)naphthalen-2-ol
(L) was synthesized then purified. The chemical structure of this compound was confirmed by
elemental analysis and spectroscopic methods.

- This synthesized inhibitor L was found to be effective as a corrosion inhibitor for Carbon
steel in both 1M HCI and 0.5M H,SO, media by weight loss and electrochemical techniques.

- The inhibition efficiencies of ligand L for Carbon steel tend to increase with increasing ligand
L concentration in both acidic media. The inhibition performance in 1 M HCI solution is higher than
that in 0.5 M H,SO4 solution at any inhibitor concentration.

- Inhibition efficiencies obtained from weight loss are in good agreement with both
potentiodynamic polarization curves and electrochemical impedance spectroscopy methods.

- The polarization measurements show that the inhibitor L is found to behave as a mixed type
inhibitor.

- The adsorption of this ligand L was successfully described by the Langmuir adsorption
isotherm and the corresponding values of AG°gs revealed that the adsorption mechanism of this
inhibitor on Carbon steel X48 surface in 1 M HCI and 0.5 M H,SO, solution is mainly due to mixed
form physical and chemical adsorption.

- The study of the temperature effect on the inhibition efficiency shows that the inhibition
decreases with the increasing temperature, which confirms that the adsorption of the inhibitor to the
surface occurs by means of an intermediate adsorption between physisorption and chemisorption.

- Finally, this study shows a good correlation between the theoretical and electrochemical data
which confirms the reliability of quantum chemical methods to investigate the corrosion inhibition of
metal surfaces.
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