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A new class of Schiff base compounds viz.,, 4,4-bis(2,4-dihydroxybenzaldeyde)
diphenylethanediimine (L1) and 4,4’-bis(4-diethlylaminosalicylaldehyde) diphenylethanediimine (L2)
have been synthesized and characterized by spectral techniques using Elemental analysis, FTIR, *H-
NMR and mass spectrometry. The inhibition action on corrosion of the Schiff bases on mild steel in 1
M hydrochloric acid has been studied by the weight loss, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) methods were applied to study the corrosion at
different concentrations of inhibitors. The inhibition efficiency has been compared with their parent
amine from which the Schiff bases have been derived. The obtained results showed that L1land L2
exhibited good inhibition on mild steel in HCI solution and the inhibition efficiency increased with
increasing concentration, reaching a maximum inhibition efficiency of 95.33% and 94.18% designated
respectively to Lland L2 at 5x10* M and decreased with increasing the temperature. Polarization
study clearly suggested that these Schiff’s bases act as mixed-type inhibitors with some cathodic
predominance. The adsorption of L1 and L2 obeys Langmuir isotherm. SEM analyses revealed that
inhibition occurs due to adsorption of molecules at metal/solution interface. Quantum chemical
parameters were calculated using DFT method such as energy gaps support the good inhibiting
performance of the two Schiff bases.
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1. INTRODUCTION

Metal is a fundamental process of vital importance in economics and society. In order to
prevent corrosion, the primary strategy adopted is to isolate the metal from corrosive media. It is a
well-known fact that acids play crucial roles in our daily lives due to their excellent properties. These
materials are used in many industrial processes such as acid cleaning, acid pickling, acid descaling,
and oil well acidification [1- 3]. To prevent from acidic solutions aggression, the use of inhibitors is
one of the most practical methods to control the corrosion of steel [4, 5]. In recent years different type
organic compounds are used as inhibitors. The use of inhibitors is specific and must depend on the
chemical composition of the solution, the nature of the metal surface, the temperature and the potential
at the metal—solution interface. Nowadays, organic inhibitors compounds containing heteroatoms with
electronic lone pair (N, O, S and P), or p systems, or conjugated bonds, or aromatic rings, are generally
considered to be good corrosion inhibitors [6-9]. From this point of view, some reported the effect of
Schiff base for steel [10-14], aluminum [15] and copper in acidic media [16, 17]. A great number of
investigations revealed that Schiff bases show more inhibition efficiency than corresponding aldehyde
and amines, and this may be due to the presence of a -C=N- group in the molecules [18]. For this
reason it has recently been reported that a new potential class of corrosion inhibitors has recently
emerged [19-22]. In the recent times, the uses of quantum chemical calculations in the estimation of
reaction mechanisms and to analyze the experimental data have been extremely useful [23-27]. In this
context, our contribution was to synthesize and evaluate, for the first time, the inhibitive effect of two
newly heterocyclic Schiff bases [4,4'-bis(2,4-dihydroxybenzaldeyde) diphenylethanediimine (L1) and
4,4’-bis(4-diethlylaminosalicylaldehyde) diphenylethanediimine (L2)] on mild steel X38 in
hydrochloric acid using the electrochemical and gravimetric measurements. The experimental results
were discussed with various activation and adsorption thermodynamic parameters. The passive film
formed on the metal surface was characterized by EDX and SEM studies. Quantum chemical
calculations were performed to investigate their relative corrosion inhibition performance from
theoretical point of view. Several Quantum chemical properties and Mulliken atomic charges are
hereby studied using density functional theory (DFT) at B3LYP/6-31G (d, p) level. Local reactive sites
of the present molecules have been analyzed through Fukui indices. This study could provide
important information discover new inhibitors with better efficacy.

2. EXPERIMENTAL

2.1. Inhibitors synthesis

The heterocyclic Schiff bases; 4,4'-bis(2,4-dihydroxybenzaldeyde) diphenylethanediimine (L1)
and  4,4’-bis(4-diéthlylaminosalicylaldéhyde)diphényléthanediimine (L2) shown in Fig.1 were
synthesized in our laboratory, and were prepared according to the method described in the literature

[28], by a simple condensation reaction between 0.2 g (1 mmol) of 4,4’-diaminodiphenylethane
(C14H16N2, Mol. Wit. 212.29) and corresponding aldehydes: 0.18 g (2 mmol) 2,4-dihydroxy
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benzaldehyde (C7HgOs;, Mol. Wit. 138.12) for L1, or with 018 g (2 mmol) 4-
diethylaminosalicylaldehyde (C,,H1sNO,, Mol. Wt. 193.25) in case of L2. The reactions were carried

out in 20 mL of absolute ethanol. The mixture of both solutions was refluxed for 3 h with stirring, and
then cooled to room temperature. The solution was concentrated using the rotary evaporator. The final
products were collected by filtration, washed with ethanol and purified by recrystallizing from EtOH-
THF (3/7, v/v) mixture and dried in air. The molecular structure and spectroscopic properties of the
synthesized compounds L1 and L2 were confirmed using 1H NMR, IR spectroscopy and elemental
analysis. The Schiff bases under investigation were subjected to (C, H and N) elemental analysis
which was performed using the “Service d’Analyse du C.N.R.S de I'.C.S.N., Gif sur Yvette
(France)”. The mass spectrum was determined using EI technique conditions at 70 eV and recorded on
an MS-5988 GC-MS Hewlett—Packard instrument. Melting point was determined on "Kofler bank
Melting point Apparatus”. Infrared spectra were recorded on Perkin—Elmer 1000 series FTIR
spectrophotometer, using KBr disks. UV-Vis absorption spectra were rec?rded on a UNICAM
UV300 spectrophotometer in DMF solutions, using 1 cm quartz cuvettes. H-NMR spectra were
measured on a model Bruker Advance 300 (MHz) using DMSO-Dg as solvent; the chemical shifts are
reported in 3(ppm) unit downfield internal reference (TMS).

4,4'-bis(2,4-dihydroxybenzaldeyde) diphenylethanediimine(L1) [C2sH24N204, Mol.Wt.452.67]:
Yield: 78.53%. m.p.= 220 °C ; Anal.Calc. %: C, 74.29; H, 5.34; N, 6.18; O, 14.08. Found %: C,
74.33; H, 5.34; N, 6.19; O, 14.15. 'H RMN (DMSO-dy), & (ppm), 300 MHz): 6.4(2d, 4H, HC=CH),
7.0 (m, 3H, Ar-H), 7.8 (s, 1H, HC=N), 10.25 and 13.6 (2s, 2H, 2XOH). vmax (KBr): C=N, 1627.23 cm’
L Amax = 348 nm (¢ = 91.034 x 102 L molfl cmfl) kmax (nm) [emax (dm3 mol 1 cm 1)]
(acetonitrile); M*:453.2.

4.,4°-bis(4-diéthlylaminosalicylaldéhyde) diphényléthanediimine (L2) [CssH42N4O2, Mol.Wh.
562,74]: Yield: 63.63%. m.p.> 260 °C; Anal.Calc. %: C, 76.8; H, 7.52; N, 9.95; O, 5.73. Found %: C,
76.86; H, 7.47; N, 9.96; O, 5.69. '"H RMN (DMSO-dy), & (ppm), 300 MHz): 2.08 (t, 6H, 2CHs), 4.2 (q,
4H, 2CHy), 6 5- 7.45 (m, 5H, Ar-H), 7.69(s, 1H, 2CH N), 113 21(s 1H, Ar-OH). vmax (KBr): C=N,
1626.65 cm™: Amax =386 nm (¢ = 31.347 x 10 L mol ~cm ) kmax (nm) [emax (dm3 mol 1 cm

1)] (acetonitrile); M*:563.4.
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Figure 1. Synthesis procedure and general structures of investigated Schiff bases.
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2.2. Materials preparation

All commercial reagents and solvents were analytical grade (AR), The chemicals used included
4,4’-diaminodiphenylethane, 2,4-dihydroxy benzaldehyde and 4-diethylaminosalicylaldehyde were
purchased from Sigma-Aldrich (France) and used as received without further purification. Prior
to all measurements, the mild steel specimens used in the present study had composition (wt %) Fe
99.21 %, C 0.21%, Si 0.38%, P 0.09%, Mn 0.05%, S 0.05%, Al 0.01%, were used for electrochemical
and gravimetric studies, were mechanically abraded using emery paper (400, 600, 800, 1000 and 1200
mesh/in grade). The surface and thickness of the test electrode were measured and washed with
distilled water, cleaned with acetone and finally dried in hot air. The test solution 1 M HCI prepared
from analytical grade reagent (37% HCI) and double-distilled water. The working concentrations of
inhibitors varied from 1.0x10™° M to 5.0x10* M in 1 M HCI. Doubly distilled water was used in the
preparation of the various concentrations of test solutions.

2.3. Measurements

Gravimetrical and electrochemical techniques were used to evaluate the inhibition efficiency of
the investigated Schiff bases L1 and L2.

2.3.1. Weight loss method

Weight loss experiments were carried out as described [17- 29]. Mild steel specimens having
the dimension of 2x 1x 0.5 cm. Gravimetric tests were performed by weighing cleaned and dried MS
specimens before and after immersion in test solution of 1 M HCI for 6 h at different concentrations
(1x10™° M to 5x10™ M) of the studied Schiff bases at 25°C. The temperature was controlled by an
aqueous thermostat bath. The experiments were carried out in duplicate and average values were
obtained. The weight loss allowed the calculation of the mean corrosion rate in mg cm? h. The
corrosion rate (Cg), the degree of surface coverage (¢) and the inhibition efficiency IE (%) were
calculated at different concentration [30- 32].

C. = @
RAt
O — CR _CR(i) (2)
CR
O/ _ R_CR(i)
IE,, % = %100 (3)
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Where, W is the weight loss of specimens (mg), A is the area of the specimen (cm?) and t is the
immersion time (h). Cr and Cgg; are the corrosion rates in the absence and presence of the inhibitors
L1 and L2 respectively

2.3.2. Electrochemical measurements

Polarization study was performed in a conventional three electrode cylindrical Pyrex glass cell
connected with a Potentiostat model Voltalab PGZ100 and piloted by Voltamaster 4. The mild steel
was used as the working electrode, a platinum electrode was used as the counter electrode and the
reference electrode was a saturated calomel electrode (SCE). The surface area exposed to the
electrolyte is 1 cm? and the working electrode was immersed in the test solution for 30 minutes and to
a establish steady-state (open circuit) potential (OCP) corresponding to the corrosion potential (Ecor)
of the working electrode was obtained. After measuring the Eqcp, the polarization measurements were
performed. The potentiodynamic curves were recorded by sweeping the electrode potential from -700
to -200 mV/SCE at a constant sweep rate 1 mV/s. The corrosion inhibition efficiency was calculated
from the corrosion current values determined from the Tafel extrapolation method using the
experimental relation:

0
—i
|E(O/O) _ corr corr XlOO (4)
Icorr
Where i°  and i are the corrosion current densities in the uninhibited and inhibited

corr corr

solutions, respectively. EIS measurements were performed using PGZ 100, with a small amplitude AC.
signal 10 mV, at frequencies between 100 KHz to 10 mHz with 10 points per decade, at open circuit
potential (Ecorr). After the immersion, the impedance diagrams are given in the Nyquist representation
and the impedance data were analyzed and fitted with ZView 2.80, equivalent circuit software. The use
of the non-linear least squares fit allowed us to give the intersections with the x-axis and this was done
by fitting the best semicircle through the data points in the Nyquist plot. The charge transfer resistance
(Rct), double layer capacitance (Cq) and other parameters were calculated. The inhibition efficiency
IE(%) from impedance measurements was calculated by the following expression [33].
0
|E(%)=Mx100 (5)
Rct
Where, R; and R are charge transfer resistance without and with inhibitors, respectively.

2.3.4. Surface morphology

The surface examinations of mild steel samples with and without optimum concentration of
inhibitors were immersed in 1 M HCI solution for 6 hours. Subsequently, the mild steel specimens
were removed; washed and dried. FEI quanta 200 scanning electron microscope was used for this
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study. All Micrographs of the corroded specimens were enlarged to 200 in order to present a constant
view.

2.3.5. Quantum chemical calculations

Quantum chemical method was performed to explore the correlation between molecular
properties of the studied inhibitors in line with its corresponding inhibition efficiency. From a
computational point of view DFT (Density Functional Theory) methods have become popular from the
last few decades for their accuracy in respective calculation in lesser time with a much less investment.
In this present study DFT calculations were performed using the Gaussian 03 programme package
[34]. Complete geometry optimization of the molecules was carried out by density functional theory
(DFT) level with the non-local hybrid density functional B3LYP/6-31G (d, p) basis set [35-37]. This
approach is widely used in the analysis of the characteristics of the corrosion process and allows
obtaining favorable geometries for a wide variety of systems. Some molecular descriptors were
evaluated from the obtained optimized molecular structure: HOMO and LUMO energy values, the
energy band gap (AEgap), molecular dipole moment (u), global hardness (n), softness (o),
electrophilicity index (w), Total energy (TE) and the Mulliken charges, the absolute electronegativity
() and the number of transferred electrons (AN), were calculated using DFT and correlated with
inhibition efficiencies. The local reactivity was analyzed through Fukui function.

3. RESULTS AND DISCUSSION

3.1. Mass spectroscopy

The electron impact mass spectra of both Schiff bases are investigated and
recorded at 70eV of electron energy. The spectra are characterized by moderate to high relative
intensity molecular ion peaks. The mass spectrum of the studied products using electron impact (EI)
conditions gave the parent ion peaks M* at m/z 453.2 (R.I = 100%, base peak) and 563.4 (R.I = 100%,
base peak) which are close to the calculated formulas m/z 452.67 and m/z 562.74. These values are
assigned, respectively, to the species L1 and L2, supporting the structures of the Schiff bases. It is
observed that the abundance of the molecular ions depends mainly on the structures of L1
and L2. Other molecular ion peaks in the range, i.e. 97.8, 120.2, 156.3, 183.8, 213 and 333u can be
attributed to L1 and L2, i.e. 98, 157, 194, 229.8, 388.2 and 422.2 are designated for L2. However, the
abundance of the ion peaks from the range 1-100 % may be attributed to the fragmentation of the
Schiff bases obtained from the rupture of different bonds inside the molecule. It is apparent that, the
molecular ion peaks are in good agreement with their proposed empirical formula.
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3.2. Weight loss measurements
3.2.1. Influence of concentration

Table 1. Inhibition efficiencies for various concentrations of L1 and L2 for corrosion of MS specimens
immersed in 1M HCI for 6 h by weight loss measurements.

Inhibitor Concentration Weight loss IEwL 0
(M) (mg cm™h™) (%)
1M HCI(Blank) - 0.9596 - -
4,4’- diaminodiphenylethane 1x107 0.6675 30.43 0.30
(M1)
5x107 0.6097 36.46 0.36
1x10™* 0.5366 44.08 0.44
5x10™ 0.3218 66.46 0.66
4,4'-bis(2,4- 1x107 0.0689 92.81 0.92
dihydroxybenzaldeyde)
diphenylethanediimine (L1) 5x107 0.0564 94.12 0.94
1x10™ 0.0462 95.18 0.95
5x10 0.0245 97.44 0.97
4,4°-bis (4- 1x10® 0.0770 91.97 0.91
diethylaminosalicyaldehyde)
diphenylethane (L2) 5x107 0.0716 92.53 0.92
1x10™ 0.0625 93.48 0.93
5x10 0.0413 95.57 0.95

Gravimetric measurements were performed in order to determine the corrosion rate and the
percent of the inhibition efficiency. This physical measurement will furnish direct response on how the
corrosion environments affect the samples and also show the average corrosion rate during the
experiments. Table 1 shows the values of inhibition efficiency and corrosion rates of the mild steel
with and without the addition of different inhibitor concentrations determined after 6h at room
temperature. The results show that both, L1 and L2, act effectively as corrosion inhibitors.
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Figure 2. Relationship between the inhibition efficiency (IE%) and corrosion rates corrosion rates(Cr)
vs. Concentrations (C) for steel after 6 h immersion in 1 M HCI of L1, L2 and M1.

To compare the inhibition efficiency of Schiff base and parent amine, weight loss
measurements of MS specimens in HCI containing various concentrations of the Schiff bases L1 and
L2 and the parent amine M1 were carried out at 25 ‘C. It was observed that these compounds M1, L1
and L2 decrease the value of corrosion rate of mild steel with the increasing in the concentration of the
compounds tested (Fig.2). This can result from the fact that adsorption and surface coverage have
increased with increasing concentrations. The corrosion inhibition values which were obtained are
shown in table 1. It is evident to note that inhibition performance increases with increasing inhibitor
concentrations and inhibition efficiency of the Schiff bases L1 and L2 was marked higher than the
corresponding parent amine M1, for the studied concentrations (Fig.3). The high inhibition efficiency
was obtained at 5x10® M for M1, L1 and L2 attains respectively 66.46%, 97.44%, 95.57%, is
attributed to the presence of several heteroatoms in the form of polar functional groups. From weight
loss measurements, it can be deduced that the inhibition efficiency of the three tested compounds
follows the order: L1 > L2 > M1.The presence of —C=N- group, which is not present in the parent



Int. J. Electrochem. Sci., Vol. 12, 2017 4875

amine, is responsible for the higher inhibition efficiency of the Schiff base than parent amine. This
investigation, clearly establishes the role of azomethine linkage (C=N), the OH group present in the
Schiff base which actively participate in the corrosion inhibition mechanism [38-40]. The oxygen and
the nitrogen atoms of the inhibitors L1 and L2 are probably the active adsorption centers on the surface
of mild steel.
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Figure 3. Comparison of inhibition efficiency of Schiff base and parent amine (M1) obtained for
different concentrations in 1M HCI.

3.3. Thermodynamic activation parameters

In order to collect more information about the activation parameters of the Schiff base
inhibitors for mild steel in 1 M HCI solution, Weight loss measurements were carried out at optimum
concentration of L1 and L2 in a temperature range of 30 to 60 °C. The Arrhenius Eq. (6) represents the
effect of temperature on the corrosion inhibition efficiency of the studied Schiff bases, indicating the
natural logarithm of corrosion rate (log Cg) as a linear function of 1/T as shown in Fig.4.

K = Aexp[ _RI‘Eraj (6)

Where K is the rate of metal dissolution, A the pre-exponential factor, E, the activation energy
of the metal dissolution reaction, T the absolute temperature and R is the gas constant. Values of the
activation corrosion energy are obtained from the slope values of Arrhenius plots shown in Fig. 4.

All the linear regression coefficients are close to unity, the kinetic model is used to elucidate
the corrosion of the steel in hydrochloric acid. The calculated values of E, are found as 37.801, 68.895
and 62.031 kJ mol™, for 1M HCI, L1 and L2 respectively. The results showed that the values of E; in
the presence of inhibitors are higher than obtained in the blank solution. This indicates that the
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corrosion rate of the mild steel is controlled by the activation [41, 42]. It is well known that the
inhibition efficiency is related to the effect of temperature and correlates with the activation energy
values of the corrosion process in the absence and presence of the Schiff bases, which can also provide
additional evidence regarding the mechanism of action of inhibition [43]. According to other authors
[44], the higher value of E, is interpreted as an indication for an electrostatic character of the

inhibitor’s adsorption.
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Figure 4. Arrhenius plots to calculate the activation energy of corrosion of MS in the absence and
presence of 5x10™ M of the studied inhibitors.

3.4. Potentiodynamic polarization studies

()

-
1 _1_
e
3}
<
-2 2
g .
] X )
3 P « 1x10"M
= 5x10°M
-4
T T T T T T T T T T
-700 -600 -500 -400 -300 -200

E(mV/SCE)



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

(b)

i(mA.cm'2)

i Blank

LN 5
Lo 5x10° M
. 1x10* M
5x10" M

T T T T T T
-700 -600 -500 -400 -300
E(mV/SCE)

4877

Figure 5. Potentiodynamic polarization curves for mild steel in 1 M HCI in the presence and absence

of different concentrations of (a) L1 and (b) L2.

Polarization curves were obtained for mild steel in HCI solution with and without inhibitors.
Tafel lines were obtained in various concentrations of L1 and L2 solutions are shown in Fig.5. The
electrochemical parameters such as current density (lcorr), corrosion potential (Ecorr), Tafel constants (b,
and b.) were calculated by extrapolating the Tafel slope, surface coverage (#) and inhibition efficiency

are given in Table 2.

Table 2. Electrochemical parameters calculated from Tafel extrapolation measurements in 1M HCI
solution with and without inhibitors concentrations.

Inhibitor C E corr ba -b, Tafel data R, IE, 0
(M) (MV/SCE)  (mV/dec) (mV/dec) loor(UA/CM?) (Q cm?) (%)
1M HCI(Blank) - -450.1 160.4 225.6 1626.2 18.47 - -
4,4'-bis(2,4-
dihydroxybenzaldeyde) 1x10° -452.3 96.7 183.5 178,3 140.43 89.03 0.89
diphenylethanediimine (L1)  5x10° -486.5 146.9 101.7 117,58 214.13 92.76 0.92
1x10™ -490.5 131.4 108.4 82.93 239.51 9489 094
5x10 -513.1 163.1 106.3 75.81 266.17 95.33 0.95
4,4'-bis(4-
diethylaminosalicylaldehyde) 1x107 -485.8 153.5 172.6 210.51 160.83 87.05 0.87
diphenylethanediimine(L2) ~ 5x10° -476.2 128.8 161.8 129.79 218.16 92.01 0.92
1x10™ -482.6 119.7 158.7 124.34 243.08 9235 0.92
5x10™ -511.9 189.9 119.1 94.56 243.20 94.18 094

The examination of the results listed in Table 2, showed that the density of the corrosion

current decreases by increasing the concentrations in the presence of L1 and L2; significantly
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indicating the formation of a protective film by inhibitory molecules and therefore inhibition occurs
[45]. This demonstrates the effective inhibitive nature of the Schiff base molecules [46]. Moreover, it
is seen that the corrosion current density (icorr) became lower with inhibitors than acid solution, which
exhibited a maximum inhibition efficiency of 95.33% and 94.18% designated respectively to Lland
L2. The cathodic Tafel curves in Fig. 5 give rise to parallel lines show that the additions of the Schiff
base inhibitors do not modify the hydrogen evolution mechanism and the reduction of hydrogen ions
on the mild steel surface takes place mainly through a charge transfer mechanism [47]. The adsorbed
inhibitors molecules only block the active sites of hydrogen evolution on the metal surface. However,
for potential higher than -300 mV (SCE), the presence of Schiff base molecules did not change the
current-vs.-potential characteristics and the inhibition efficiency decreases in anodic domain (Fig. 5).
This potential can be defined as the desorption potential. The phenomenon may be explained by the
equality of the rate of adsorption of inhibitor and that of the metal oxidation leading to a desorption of
the inhibitor molecules from the electrode surface [48]. If the change in corrosion potential is greater
than +85 mV with respect to the corrosion potential of the blank solution, the inhibitor can be
considered as anodic or cathodic type [49]. Concerning the present case, the potential shifts in the
presence of L1 and L2 to more negative value and are less than 85 mV, indicating that the investigated
inhibitors act as mixed-type inhibitor with slight predominant cathodic effectiveness [50, 51]. Schiff
base molecules exhibit the best inhibition efficiency, probably because of the excess nitrogen atoms
and the presence of aromatic ring in the molecules, which can increase the adsorption of molecules on
the surface. The results obtained from the polarization in acidic solution were in good agreement with
those obtained from the weight loss.

3.5. Electrochemical impedance spectroscopy (EIS) measurements

The experimental results can be interpreted in terms of the equivalent circuit of the electrical
double layer, which used previously to model the steel-acid interface [12]. The corrosion response of
the mild steel in 1M HCI solution with and without inhibitors was also investigated by electrochemical
impedance spectroscopy (EIS) measurements. Fig.6. represents the Nyquist plots of MS specimens in
HCI. It is evident from the plots that the impedance response of metal specimens shows a marked
difference in the presence and absence of the inhibitors L1 and L2. From a visualization of the Nyquist
plots, the diameter of the half-circle capacitive loop increases in the presence of an increasing
concentration of inhibitor. The increasing diameter of capacitive loop indicated the inhibition of
corrosion of mild steel, which indicates the adsorption of inhibitors on the metal surface. The
capacitance loop intersects the real axis at higher and lower frequencies. At high frequency end, the
intercept corresponds to the solution resistance (Rs) and at lower frequency end corresponds to the sum
of Ry and charge transfer resistance (Rc). The technical behavior can be well explained by pure
electrical models that can verify and allow calculating numerical values corresponding to the physical
and chemical properties of the electrochemical system under examination. EIS spectra were analyzed
using the equivalent circuit in Fig. 7. It included (Rs) solution resistance, in series with the parallel
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combination of the double-layer capacitance (Cq) and a charge transfer- resistance (R¢) [52, 53]. The
value of double layer capacitance (Cq) was calculated by using the following equation:

1 1
Cdlzzﬂ_f XR (7)

max ct

In the above relation fnax presents the frequency at which the imaginary part of the impedance
reaches a maximum. The calculated impedance parameters such as Rct, Cdl and IE(%) are listed in
Table 3. From the plots, it is clear that there is a significant change in the steel impedance response of
the uninhibited solution and the corrosive solution. This indicates that the impedance of the inhibited
substrate increased with increasing inhibitor concentration [54, 55]. From results obtained, the values
of Rct increase, the Cdl values also decrease with increasing concentration of inhibitors, the increase in
the quantum of adsorption of the surface-inhibiting molecules is the result of a decrease in the local
dielectric constant and / or an increase in the thickness of the electrical double layer. This implies that
the change in Cq values was provided because of the gradual replacement of water molecule from the
steel surface by the inhibitor molecule thereby reducing the active sites of corrosion [56]. The
inhibition efficiency increases with increasing inhibitor concentration due to more and more coverage
of mild steel surface with the inhibitor concentrations. The high values of the inhibition efficiency are
93.70%, 92.64% for respectively L1 and L2 at 5x10™ M. Variation in the IE % might be due to the
substituents, molecular mass and molecular sizes of the inhibitors [57]. It is clear that there is
conformity between the impedance graph measured and that computed by the equivalent circuit model
used. Fig. 7 is an equivalent circuit generally used to represent the corrosion process on the mild steel
in hydrochloric acid.
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Figure 6. Nyquist plot for mild steel in 1.0 M HCI in the presence and absence of different
concentrations of (a) L1 and (b) L2.
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Figure 7. Equivalent circuit model for impedance analysis.

Moreover, the Bode and phase angle plots for mild steel in 1 M HCI with and without of
inhibitors L1 and L2 were plotted using the same experimental data in the Nyquist format (Fig. 8). The
high-frequency intercept with the real axis in Bode plot is attributed to the charge transfer reaction and
time constant of the electric double layer and to the surface non-homogeneity of structural or
interfacial origin, such as those found in adsorption processes. The low-frequency inductive loop may
be attributed to the relaxation of adsorbed compound on electrode surface [58]. The Fig. 8a shows the
impedance plots at the low frequency move to higher absolute values as the inhibitor concentration
increases, suggesting the great resistance of the adsorbed layer which is related to the adsorption of
azomethine compounds on the mild steel surface in HCI [59]. The curves of the small phase angle (Fig.
8b) is ascribed to some physical nature of surface i.e., inhomogeneity, roughness and active site of
surface of the mild steel resulting from the attack of corrosive medium. The continuous increase in the
phase angle shift is corresponding to the development of the surface coverage by the inhibitor
molecules [60]. Excellent fit with this model was obtained for all experimental data.
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Figure 9. Impedance diagrams with 5x10™ M of the studied Schiff bases L1 and L2 (a) Nyquist plot
and (b) Bode plot; (......... ) experimental result; (—) fit result.

As an example, the Nyquist and Bode plots of both experimental and simulated data of mild
steel in uninhibited and inhibited acid solutions containing optimum concentrations of L1 and L2 are
shown in Fig. 9 (a) and (b).

Table 3. The Electrochemical Impedance parameters and inhibition efficiency of mild steel in 1 M
HCI containing different concentrations of L1 and L2.

C Ret Cal IEimp 0
Inhibitor (M) (2 Cm?) (UF/cm?) (%)
1M HCI(Blank) - 21.63 132 - -
4.4'-bis(2,4- 1x107 149.17 66.81 85.49 0.85
dihydroxybenzaldeyde) 5x107 201.20 60.21 89.24 0.89
diphenylethanediimine (L1) 1x10™ 322.23 40.60 93.28 0.93

5x10 343.54 24.95 93.70 0.93
4,4'-bis(4- 1x10 136.09 79.34 83.51 0.83
diethylaminosalicylaldehyde) 5x107 198.52 69.49 89.24 0.89
diphenylethanediimine (L2) ~ 1x10™ 259.65 60.68 91.67 0.91

5x10™ 286.24 45.39 92.64 0.92

3.6. Adsorption isotherm

The adsorption of inhibitors on the metal surface is generally influenced by the chemical
structure of the organic compounds, the charge distribution in the molecules, the nature of the surface-
charged metals, the temperature and the types of media used. In fact, the solvent H,O molecules could
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also adsorb at metal/solution interface [61]. The adsorption of organic inhibitor molecules from the
aqueous solution can be regarded as a quasi-substitution process between the organic compounds in
the aqueous phase [Org (son] and water molecules at the electrode surface [H2O(ags)] as represented in

Eqg. (8)
Org(sol) +n Hzo(ads) — Org(ads) +n HZO(SOI) ( 8 )

Where n is the size ratio representing the number of water molecules replaced by one
organic adsorbate. For organic inhibitors which posse the ability to adsorb on metal surface, the
impeding dissolution reaction and the surface coverage can be evaluated as the inhibition efficiency.
The relationship between the inhibition efficiency and the concentration of the inhibitor at constant
temperature, which is known as isotherm, gives an insight into the adsorption process [62]. Several
adsorption isotherms were attempted to fit 6 values to various isotherms including Frumkin [63],
Temkin [64], Freundlich [64], Floy-Huggins [66] and Langmuir isotherm [67]. All these models were
used as primary criteria to select the best adsorption isotherm with the aid of correlation coefficient R%
The degree of surface coverage (0) for different concentrations was evaluated from the weight loss
data. Langmuir adsorption isotherm is the best description of the adsorption behavior of the inhibitor
on the mild steel surface [68]. This isotherm can be represented by the following equation:

Cnn = s +Cip 9)
6 Kads

In the cases of these plots the Ci,, represents the concentration of the inhibitor, 0 is the
fractional surface coverage and Kgs is the equilibrium constant for adsorption—desorption process. The
relation between Ci,, / 6 and Ciyn in 1 M HCI at 25°C is shown in Fig. 10, and the expected linear
relationship is observed with a strong correlation coefficients (R*= 0.99998) for L1 and L2,
respectively . From the intercept of the Langmuir plot, values of Ky were calculated at different
studied temperatures; (599.370 x10®° M for L1 and 641.02 x10™ for L2 at 298 k). It should be noted
that other adsorption isotherms including Langmuir, Temkin and Frumkin were made to fit the 6
values. In the present study, the Langmuir adsorption isotherm was tested and shows the best
approximate between them. This is why the assumption is true for Langmuir adsorption isotherm. The
value of the regression coefficient R established the validity of this approach. The slope of the straight
line (1.02337 and 1.04367 for L1 and L2, respectively) is may be due to the adsorbed inhibitor
molecules form monolayer on the steel surface and there is no interaction among the adsorbed Schiff
base molecules.

There is a good correlation between adsorption equilibrium constant (Kags) and standard free
energy of adsorption (AG%qs) which is as follows:

1 AG®
K, = ——exp(——=2% 10
ads 555 p( RT ) ( )
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The constant value of 55.5 denotes the concentration of water in solution, R is the universal gas
constant and T is the temperature. The derived value of free energies (AG®ygs) and Kqygs for the studied
Schiff bases are listed in Table 4. The relatively high value of adsorption equilibrium constant reflects
the high adsorption ability on the mild steel surface. AG©®qgs can be calculated from Kygs. The
calculated values of AG°,s were found as -25.79 and -25.96 kJ/mol designated for L1 and L2,
respectively at 5x10™ M for 25-60°C temperature range. The decreasing values of AG°.gs reflect the
stronger ability of adsorption of the inhibitor. In this case, the negative values of AG°,qs indicate that
both inhibitors are adsorbed spontaneously from HCI solution onto the mild steel surface. In general,
when AG°,4s Values is in the order of -20 kJ/mol or more positive are associated with an electrostatic
interaction between charged inhibitor molecule and charged metal surface, physisorption;. and -40
kJ/mol or more negative values of AG®,s is related to electron sharing or transfer from organic
molecules to the metal surface to form a coordinate covalent bond, chemisorption. The values of
AG*°,4s Tor both compounds indicate physisorption on steel surface in acid solution [69]. The value of
AH and AS can be calculated using van’t-Hoff equation:

1 _AHC, | AS°

InK_, =1In
555 RT R

ads (1 1)

Where 4H  the apparent enthalpy of adsorption and A4S~ the apparent entropy of adsorption,
respectively. The relationship between Ln (Kqgs)and 1/T gave a straight line with a slope of (-4H ags /R)
and intercept equal to [4S a4s/R + In(1/55.5)], from which the value of AH s and AS s were calculated
and presented in Table 4. Thermodynamic parameters for the adsorption of inhibitors can provide
valuable information about the mechanism of corrosion inhibition. While an endothermic adsorption
process (4H ags > 0) is attributed unequivocally to chemisorption, an exothermic adsorption process
(4H a4s < 0) may involve either physisorption or chemisorption or a mixture of both the processes [70,
71]. In an exothermic process, physisorption can distinguished from chemisorption by considering the
absolute value of AH s
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Figure 10. Langmuir isotherm plots for L1 and L2 on mild steel surface in 1 M HCI solution at
different temperatures.

Furthermore, if the value of AH s < 41.86 kd/mol then it is physisorption. While for
chemisorption process, 4H ags values in and around 100 kJ/mol. In the case of L1 and L2, the enthalpy
value positive reflect that inhibitors adsorb onto the mild steel through endothermic reaction. That is
the reason of the decrease in %IE with temperature. The positive sign of AS°yqs is also related to
substitutional process, which can be attributed to the increase in the solvent entropy and more positive
water desorption entropy. It also interpreted with increase of disorders due to the more water
molecules which can be desorbed from the metal surface by one inhibitor molecule [72- 74].

Table 4. The values of Kags, AGeags , AH®,gs and AS®,qs for steel obtained from Langmuir adsorption
isotherm for the studied Schiff bases in 1M HCI at different temperatures.

Inhibitor Temperature  R® K ags AG®4s AH 46 ©ds
(K) (mM™) (Kj mol™) (Kj mol™) (j mol™K™)
L1 298 0.99998 599.37 -25.79 21.43 158.26
303 0.99999 730.83 -26.78
313 1.00000 746.26 -29.37
323 0.99999 1154.10 -29.54
333 0.99998 1537.98 -29.72
L2 298 0.99998 641.02 -25.96 22.14 160.19
303 0.99998 628.93 -26.48
313 0.99999 662.25 -28.66
323 1.00000 1096.60 -28.96
333 1.00000 1590.63 -30.58

3.7. Effect of temperature

Many changes occur on the metal / solution interface, such as desorption of inhibitors and the
decomposition or rearrangement of inhibitor itself. This is the result of the impact of temperature on
the corrosion process of metal in aggressive solution. The effect of temperature on the inhibition
efficiency of Schiff base molecules was studied by weight loss measurements in the temperature range
303-333 k in absence and presence of inhibitors at optimum concentrations [75-78]. The results are
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presented in Table 5. The data obtained suggest that all Schiff bases get adsorbed on the mild steel
surface for all the temperatures studied and as the temperature increases, the corrosion rate increases in
absence and presence of inhibitors and hence the values of the inhibition efficiency are found to
decrease from 95.58% to 89.34% for L1 and from 94.93% to 87.90% for L2. These results confirm
that all Schiff base molecules are excellent inhibitors in the range of temperature studied [79]. This
decrease in inhibition is due to desorption of adsorbed inhibitors from metal surface and
decomposition at elevated temperature [80]. Though there is no much difference between the IE (%) of
the inhibitors, and the order for inhibition efficiency at the temperature is as follows: L1 > L2.

Table 5. Weight loss parameters such as Corrosion rate (W) and corrosion inhibition (IE%) for mild
steel in 1 M HCI at inhibitors optimum concentration (5x10™ M) in different temperatures
derived from weight loss measurements.

Inhibitor Temperature (K)
303 313 323 333
Blank Wo(mg cm™ h™) 0.634 1.494 2.299 3.738
Schiff base L1 W (mg cm™? h™) 0.028 0.098 0.193 0.34
1E(%) 95.58 93.44 91.60 89.34
Schiff base L2 W (mg cm? h) 0.0321 0.112 0.212 0.452
1E(%) 94.93 92.41 90.77 87.90

3.8. SEM Analysis

The surface morphology was carried out for the MS surface immersed in 1 M HCI solution in
the absence and presence of optimum concentration 5 x 10™ M of the Schiff bases L1 and L2. This
establishes the interaction of the inhibitor molecules with the surface. The experimental results were
gathered in Fig. 11, from which, the surface MS sample seemed smooth before immersion (Fig. 11a)
but Fig. 11(b) shows the SEM image of the mild steel surface after immersion in the acid without
inhibitory molecule for 6 h [81, 82]. It was obvious that the specimen in the absence of inhibitors was
seriously corroded and the unprotected metal surface contains a number of pits and cavities (rapid
corrosion attack). From (Figure 11(c)-11(d)) it can be concluded that the surface of the corroded area
of the mild steel immersed in hydrochloric acid solution is remarkably improved with the addition of
the Schiff bases and the presence of the inhibitors exhibited a smooth surface indicating restricted
corrosion unlike Fig. 11b. The SEM images clearly indicate that the mild steel surface was protected
from the corrosion in the presence of Schiff bases L1 and L2, which are acting as corrosion inhibitors.
These results are in conformity with the observed inhibition efficiency values of other methods such as
electrochemical measurements.



Int. J. Electrochem. Sci., Vol. 12, 2017 4887

————200 ym ———

label

e| det | mag D
500 x

LFD| 500

(@) | ©

Figure 11. SEM images of (a) MS surface, (b) MS in 1.0 M HCI, (c) MS in 200 pum Schiff base (L1),
(d) MS in 200 pm Schiff base (L2).

4. QUANTUM CHEMICAL CALCULATIONS

Use of quantum chemical calculations is very important in studying the correlation between
molecular structure and corrosion inhibition efficiency [83]. Moreover, a theoretical study permits the
pre-selection of compounds with the necessary structural characteristics to act as organic corrosion
inhibitors. Thus, several corrosion publications have incorporated these theoretical approaches [84,
85]. In order to support the experimental findings obtained for the studied Schiff base molecules,
guantum chemical parameters, namely the energy of highest occupied molecular orbital (Enomo),
energy of the lowest unoccupied molecular orbital (E Lumo), the energy gap (ELumo —Eromo), dipole
(), lonization Potential (1), Electron Affinity (A), electronegativity (), global hardness () and the
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fraction of electron transferred (AN) from the inhibitor molecules to iron are listed in Table 6. All of
theoretical calculations were obtained after geometric optimization using Kohn-Sham approach at DFT
level. Optimized molecular structure, the HOMO density distribution, the LUMO density distribution
of the Schiff bases L1 and L2 obtained with DFT at the B3LYP/6-31G (d, p) level of theory are shown
in Fig. 12. It can be seen that the electron density of the HOMO and LUMO location in the molecules
is mainly distributed near the nitrogen (NH) and hydroxyl (OH) atoms and on the rings benzene. This
indicates that are the favorite sites for adsorption. The molecular structure of the Schiff bases has
shown that they can adsorb on the surface of the steel by dividing the electron of the nitrogen atoms
with the metal surface to form coordinated bonds and n-electron interactions of the aromatic rings. It is
known that in the chemical adsorption, an increase in Ejomo causes significant increase in inhibition
efficiency of organic compounds while the negative sign of HOMO coefficient has been interpreted by
some researchers to be an indication of physical rather than chemical adsorption [86-88]. Therefore,
increasing values of Eyomo Of the molecule means a higher tendency for the donation of electron(s) to
the appropriate acceptor molecules with low-energy empty molecular orbital. The inhibition efficiency
also increases with decreasing LUMO energy of the inhibitors. It is known that, E, ymo indicates the
ability of the molecule to receive electrons. Excellent corrosion inhibitors are usually those organic
compounds, which did not only offer electrons to unoccupied orbital of the metal, but also accept free
electrons from the metal [89]. In the present study, The HOMO energy value is (-=5.30 eV) for L2 and
(—4.84 eV) for L1, illustrating that L1 has strong electron donating than L2. The obtained value of the
LUMO energy is equal to (-1.25 eV) indicates the easier of the acceptance of more electrons from the
d orbital of the metal leading to the formation of a feedback bond [90]. The band gap energy, E umo —
Enomo is an important parameter as a function of the reactivity of the inhibitor molecule which
determines the interaction between the adsorbed inhibitor and the metallic substrate. The calculations
indicate that L1 exhibits the smaller energy gap (4.00 eV), which means as energy gap decreases, the
chemical reactivity of the molecule increases and will providing good inhibition efficiencies. The
dipole moment (p in Debye) is an important electronic parameter which results from the non- uniform
distribution of the charges on the different atoms of the molecule. Inhibitor with high dipole moment
tends to form strong dipole—dipole interactions with the metal leading to greater inhibition efficiency.
In our study, the calculated dipole moment values for L1 (1.55 Debye) and L2 (1.29 Debye) show that
L2 can be probably adsorbed on the steel surface more easily than L1 which agrees well with the
experimental findings [91]. Other quantum chemical parameters including the fraction of electronic
charge transferred (AN) from the inhibitor to the metal is another important factor depending on the
guantum chemical method, may be written as:

AN = —Au — 41 (12)
201 +1, )

Where the subscripts yum and y; represent the absolute electronegativity of metal and inhibitor
molecule, respectively; nv and #, represent the absolute hardness of metal and the inhibitor molecule,
respectively. These quantities are related to the reactivity and selectivity of the inhibitors like
ionization potential (1), electron affinity (A) and were estimated according to Koopman’s theorem [92].
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| + A

X = (13)

1= g

lonization potential (1) is related to the energy of the Ejomo through the equation:

| = _EHOMO (15)

Electron affinity (A) is related to E _ymo through the equation:

A=-E umo (16)

According to Pearson [93], operational and approximate of the electronic chemical potential

(1) of a chemical system is defined follows.
(F+A)
—ﬂ=—7;—=Z 17)

Where (1+A)/2 is the Mulliken electronegativity for atoms, the electrophilicity is a descriptor of
reactivity that allows a quantitative classification of the global electrophilic nature of a molecule

within a relative scale. Parr et al. [94], have proposed electrophilicity index as a measure of energy
lowering due to rgaximal electron flow between donor and acceptor through the equation:

X
w=<— 18
2n (18)

This was proposed as a measure of the electrophilic power of a molecule. Global softness (o),
describes the capacity of an atom or group of atoms to receive electron [95], it can also be defined by
using the equation:

GZE 19)
n

The percent inhibition of steel with Schiff base inhibitors shows good correlation with the
electronic chemical potential, as depicted in Fig. 12. Using a theoretical yy value of 7 eV mol™ and #y
value of 0 eV mol™ for iron atom [96]. In this study, AN, the fraction of electrons transferred from
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inhibitor to the iron molecule, was calculated and given in Table 6. The values of the obtained AN
clearly reveal that the inhibition efficiency increases with the AN increase, agreeing with literature
[97], if AN < 3.6, the inhibition efficiency increases by increasing electron-donating ability of these
inhibitors to donate electrons to the metal surface, while it decreased if AN > 3.6 (electron). The results
indicate that Schiff bases L1 and L2 are the donators of electrons, and the metal surface is the acceptor
of electrons. The compounds are bound to the metal surface, and thus form an inhibition adsorption
layer against corrosion at mild steel/hydrochloric acid solution interface. The calculated values of
global hardness, softness and electrophilicity index are given in Table 6. It is reported that adsorption
of inhibitor onto a metallic surface occurs at the part of the molecule which has the greatest softness
and lowest hardness. Global softness (o) is also an important parameter describing the adsorption of
inhibitor on the surface. In corrosion inhibition chemistry, the inhibitors are considered as soft base
and the metals as soft acid [98]. Soft—soft interaction is the most predominant factor for the adsorption
of inhibitor molecules.

HOMO LUMO Optimized structure

Figure 12. Repartition of HOMO, LUMO densities and optimized structures of the studied Schiff
bases obtained from DFT at the B3LYP/6-31G (d, p) level.
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Whereas, the high value of global softness consisted with high inhibition efficiency [99]. In our
present study, the result presented in Table 6 shows that the inhibitor L1 has the lowest hardness value
and the highest softness value is expected to be the best inhibitor and it is in well agreement with
experimental inhibition efficiencies. According to this definition « measures the propensity of
chemical species to accept electrons. Thus, a good nucleophile exhibit low values of w. On the other
hand, a good electrophile is characterized by high values of w. The estimation of the adsorption centers
of the inhibitors and the calculation of the distribution of the charges over the whole skeleton molecule
have been widely reported by the use of the Mulliken population analysis [100-102]. Several authors
have stated that there is a general consensus that the most negatively charged heteroatom, is the more it
can be adsorbed on the metal surface through the donor-acceptor type reaction [103, 104]. Mulliken
charges on heteroatoms of the inhibitors are located in Table 7. As it can be seen, highest negative
charges are on the nitrogen and oxygen atoms; (-0.500 e, -0.561 e) for respectively N49 and O57 in
L1, (-0.508 e, -0.522 e) for N50 and O81 in L2. The adsorption of the Schiff base molecules L1 and L2
on the mild steel would take place through the aromatic rings, the carbonyl and the functional groups
like the imine and oxygen atom. This result suggests that L1 and L2 should behave as good corrosion
inhibitors.

Table 6. Quantum chemical parameters for Schiff base molecules L1 and L2 calculated using DFT at
the B3LYP/6-31G (d, p) basis set.

Molecule  Epomo Eiumo  AEgp=(ELumo(eV) Dipole  Total EA IP Electronegativity Hardness Softness o AN IE%
eV eV — Eromo(eV)) moment  energy eV eV ¢ n (o)
u Eipa(@.u.) eV ev?!
Debye eV
L1 -4.84 -0.84  -4.00 1.55 -149185 084 484 284 2.00 0.50 2016 104 9533
L2 -5.30 -1.25  -4.04 1.29 -1766.62 125 530 3.27 2.02 0.495 2.646 0.92 94.18

4.1. Active sites

Inhibitor molecules can bind with metal surface by electron transfer (donating or accepting).
Therefore, in an inhibitor it is important to examine the active sites of interaction. To investigate the
active sites of an inhibitor, there are three controlling factors that must be considered: (i) neutral
atomic charge, (ii) distribution of frontier molecular orbitals and (iii) Fukui indices. In this study, local
reactivity was investigated using the Fukui functions deduced through DFT [105, 106]. The active sites
of molecule, which possess the largest condensed Fukui functions, favor the higher reactivity. These
functions provide information about the reactive centers and indicate their chemical reactivity for
nucleophilic and electrophilic nature [107-109]. The nucleophilic and electrophilic attacks are
controlled by the maximum threshold values of f," and f, . The preferred sites for nucleophilic attacks
are the atoms or the regions where the value of fi" is the highest; similarly, electrophilic attacks are
preferred where the value of f, is the largest.
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Table 7. Mulliken atomic charges, the condensed Fukui functions on the selected atoms of the Schiff
bases L1 and L2 calculated using DFT at the B3LYP/6-31+G (d) method.

Inhibitor  Atoms N ON+1 ON-1 fi" fi fi
L1 C6 0.2462 0.2469 0.2524 0.0006 -0.0061 -0.0027
c11 -0.2382 -0.2299 -0.2505 0.0082 0.0122 0.0102
c29 0.1234 0.0766 0.1443 -0.0468 -0.0209 -0.0338
ca1 0.2910 0.2712 0.3081 -0.0198 -0.0171 -0.0184
c43 -0.1573 -0.1683 -0.1467 -0.0109 -0.0105 -0.0107
C46 0.3320 0.3037 0.3451 -0.0282 -0.0131 -0.0207
N49 -0.5003 -0.5333 -0.4790 -0.0330 -0.0213 -0.0271
N50 -0.5003 -0.5333 -0.4790 -0.0330 -0.0213 -0.0271
051 -0.5546 05777 -0.5256 -0.0230 -0.0289 -0.0260
053 -0.5546 05777 -0.5256 -0.0230 -0.0289 -0.0260
055 -0.5617 -0.5677 -0.5495 -0.0059 -0.0122 -0.0090
057 -0.5617 -0.5677 -0.5495 -0.0059 -0.0122 -0.0090
L2 C6 0.2401 0.2398 0.2405 -0.0002 -0.0003 -0.0003
C24 0.2402 0.2394 0.2399 -0.0007 -0.0002 -0.0002
c27 0.0957 0.0545 0.1062 -0.0141 -0.0105 -0.0258
c29 0.0958 0.0542 0.1071 -0.0416 -0.0112 -0.0264
C33 0.2792 0.2553 0.2930 -0.0238 -0.0138 -0.0188
C36 -0.1857 -0.1916 -0.1726 -0.0059 -0.0130 -0.0094
C37 0.3572 0.3290 0.3620 -0.0282 -0.0048 -0.0165
ca1 0.2790 0.2549 0.2934 -0.0241 -0.0143 -0.0192
C46 0.3575 0.3295 0.3637 -0.0280 -0.0061 -0.0171
C53 -0.0551 -0.0420 -0.0720 0.0131 0.0168 0.0150
C60 -0.0538 -0.0412 -0.0701 0.0125 0.0163 0.0144
C68 -0.3155 -0.3104 -0.3206 0.0050 0.0051 0.0050
c74 -0.0535 -0.0407 -0.0698 0.0127 0.0162 0.0145
N49 -0.5081 -0.5104 -0.4878 -0.0023 -0.0203 -0.0113
N50 -0.5083 -0.5102 -0.4849 -0.0019 -0.0233 -0.0126
N51 -0.4725 -0.5037 -0.4476 -0.0312 -0.0248 -0.0280
N52 -0.4727 -0.5036 -0.4499 -0.0309 -0.0227 -0.0268
081 -0.5225 -0.5277 -0.5143 -0.0051 -0.0082 -0.0067
083 -0.5224 -0.5275 -0.5143 -0.0050 -0.0080 -0.0065

The Fukui function fi has been formally defined as the first derivative of the electronic density
p(r) with respect to the number of electrons N in a constant external potential v(7).

op(r)

LT

v(r)

(20)
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Eq. (20) is indicated as the most standard presentation of the Fukui function. Owing to the
discontinuity of the chemical potential at integer N, the derivative will be different if taken from the
right or the left side. The Fukui function can be written by using the Mulliken population analysis
(MPA) and the finite difference (FD) approximations approach as follows:

f." =a.(N+1)—q,(N) (2D
fk_ :qk(N)_qk(N _l) (22)

fok _ qk(N +1);qk(N _1) (23)

Where gx(N), gk(N+1), and qx(N-1) are the electronic population of the atom k in neutral,
anionic and cationic systems respectively; " and f, are the Fukui indices condensed on atom k and
measure its electrophilic and nucleophilic tendencies respectively.

In this work, condensed Fukui functions were calculated using Mulliken atomic charges at DFT
level of theories. The equations (21)-(23) were employed to calculate the value of the Fukui
function atom by atom for the electrophilic, nucleophilic and free radical attack. Table 7 present
calculated values of condensed Fukui functions (calculated from Mulliken charge distributions).

From the results obtained, we note the presence of negative values of the Fukui function.
Recently it was reported that a negative Fukui function value describes the addition of an electron to
the molecule, in some spots, the electron density is reduced; alternatively when removing an electron
from the molecule, the electron density is increased [110]. For this study, the most probable reactive
site for the adsorption of the studied inhibitors L1 and L2 is located on nitrogen and oxygen atoms and
some carbon atoms which have the highest negative charge. When the molecule is accepting electrons,
the system will have an f,", the index for nucleophilic attack. On the other hand, fi is the index for
electrophilic attack when the molecule loss electrons. The results shown in Table 7 indicate that the
preferred sites for electrophilic attacks as suggested by the values of f, are O(51), and O(53) for L1 as
well as N(49), N(50), N(51), N(52) attributed to L2. These sites present the highest values of f, , e.g., -
0.0289 for O(51), -0.0289 for O(53) and -0.0203 for N(49), -0.0233 for N(50), -0.0248 for N(51), -
0.0227 for N(52). On the other hand, the values of fi" is highest on C(29), C(46), N(49), N(50) atoms
for L1 and C(29), C(37), C(46), N(51), N(52) atoms for L2, indicating that these atoms are the most
susceptible sites for nucleophilic attacks on the inhibitor; these sites have the highest values of fx",
e.g., -0.0468 for C(29), -0.0282 for C(46), -0.0330 for N(49), -0.0330 for N(50), and -0.0416 for
C(29), -0.0282 for C(37), -0.0280 for C(46), -0.0312 for N(51), -0.0309 for N(52). The observed
similarities in the sites suggest a same mechanism of inhibition. It should be noted that the nitrogen
atom in both L1 and L2 molecules has large values of fx on the site indicating that the nitrogen has a
high availability for radical attack. From these results, there is confirmation on the possibility of
donation and back-donation of electrons between inhibitors and steel surface. It was observed that
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azomethine linkages are the most appropriate sites for nucleophilic attack, whereas oxygen and
nitrogen atoms are appropriate for the electrophilic one. It can be concluded that the investigated
compounds L1 and L2 have many active sites for the adsorption on the surface of mild steel. These
results agree well with the experimentally inhibition efficiency.

5. CONCLUSIONS

1. Both Schiff bases, 4, 4'-bis(2,4-dihydroxybenzaldeyde)diphenylethanediimine (L1) and 4,4°-
bis(4-diethlylaminosalicylaldehyde)diphenylethanediimine (L2), were successfully synthesized and
investigated as corrosion inhibitors using a series of techniques. These compounds exhibited excellent
inhibition performance.

2. The results obtained from weight loss and electrochemical studies showed that the inhibiting
properties increase with inhibitor concentrations but decreased with solution temperature. The 1E%
increases in accordance to the order: compound L1 > compound L2 for all the employed methods.

3. The results of Potentiodynamic polarization studies reveal that L1 and L2 influence both
cathodic and anodic processes and hence behave as a mixed type inhibitors.

4. The Schiff bases L1 and L2 exhibited high inhibition efficiency than that of parent amine,
4,4’-diaminodiphenylethane (M1) for the studied concentrations.

5. Langmuir adsorption isotherm was found to be the best description for the studied
inhibitors, and involves physical adsorption mechanism.

6. Kags Values show that both molecules tend adsorption towards on the mild steel surface. The
values of AGgygs could be attributed to the adsorption capability of the inhibitor molecules with the
metal surface, forming a protective film.

7. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were
performed to characterize the passive film on the metal surface.

8. The condensed Fukui functions describe in detail the electrophilic as well as the nucleophilic
attacking the centers, where the corresponding electrophilic and nucleophilic interaction may occur
providing the information about the reactivity of the molecules. The theoretical calculations are
consistent with those of the experimental work.
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