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Abstract

The corrosion inhibition performances of (4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazol-4-yl)-
methanol  (Cl1);  4-{[(4-ethyl-2-phenyl-4,5-dihydro-1,3-0xazol-4-yl)methoxy]methyl}-
benzene-1-sulfonate (C2) and 4-[(azidoxy)methyl]-4-ethyl-2-phenyl-4,5-dihydro-1,3-
oxazole (C3) mild steel in molar hydrochloric solution have been evaluated by using
gravimetric, electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization techniques as well as quantum chemical calculations. Results obtained reveal
that these compounds reduce significantly the corrosion rate of mild steel, their inhibition
efficiencies increased with inhibitor concentration. This behavior means that the inhibitive
effect of the studied oxazole derivatives occur through the adsorption of inhibitor
molecules on the metal surface. Polarization curves reveal that both compounds C1 and C3
act essentially as mixed type inhibitors with cathodic predominance effect, while the
compound C2 can be classified as cathodic type inhibitor. EIS spectra obtained show a
typical Nyquist plot with single semicircles shifted along the real impedance of x-axis.
Impedance data are analyzed in term of the simple modified Randles equivalent circuit
with one relaxation time constant. Indeed, a Constant phase element, CPE, is introduced in
the circuit instead of a pure double layer capacitor in order to take into account the
electrode surface heterogeneity. Adsorption of these inhibitors on the mild steel surface
was found to obey the Langmuir adsorption isotherm. Some thermodynamic parameters
were calculated and discussed. The correlation between inhibition efficiency and molecular
structure of oxazole derivatives was theoretically studied via quantum chemical
calculations using density functional theory (DFT) at B3LYP/6-31G (d,p). Results showed
a general correlation between the computed descriptors and the experimental data.
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1. Introduction

Protection of metals and alloys from corrosion represent an important challenge for
industries. Several approaches have been designed to protect metallic installations against
this phenomenon. However, the use of inhibitors is one of the best-known and the most
cost-effective methods to avoid or prevent destruction or deterioration of the metal surface
[1, 2]. In general, the organic compounds containing heteroatom with a high electronic
density such as oxygen, sulphur, and nitrogen atoms, or those containing n electrons in
triple or conjugated double bonds are usually effective inhibitors for steel corrosion [3, 4].
Furthermore, the molecules that, simultaneously, include nitrogen and Sulfur in their
structures are of particular importance. Numerous studies report [5—7] that the compounds
containing both nitrogen and sulphur in their structure provide excellent inhibition
properties compared with those containing only sulphur or nitrogen.

On the other hand, it is generally assumed that the organic compounds inhibit the steel
dissolution by adsorption on the metal surface blocking the actives corrosion sites. Their
efficiencies depend on the nature and charge of the metal surface, the type of corrosive
medium and the chemical structure of inhibitor [6, 8].

Adsorption can be essentially described by two mean types of interactions which are :
physical adsorption involving electrostatic forces between the ionic charges or dipoles of
the adsorbed species and the electrical charge at the metal/solution interface. And chemical
adsorption, which involves the sharing of charge or charge transfer of inhibitory molecules
to the metal surface to form coordinate types of bond [7, 9].

Theoretical calculations have been widely used in order to establish any relationship
between quantum chemical calculations and experimental inhibition efficiencies of the
inhibitors [10].

Among abundant suggestions for acid corrosion inhibitors, azole compounds have
gained a great attention. Indeed, several azoles derivatives have been reported to be
effective as corrosion inhibitors for steel and copper in acidic media [11-13, 18]. In our
laboratory, many azole derivatives such as pyrazole [14—-16] and Benzimidazole [17]
compounds have been recently studied as corrosion inhibitors for mild steel in
hydrochloric acid, and have been shown a good inhibition properties,

This paper aimed to evaluate the corrosion inhibitive activity of three newly
synthesized phenyl oxazol substituted compounds namely, (4-ethyl-2-phenyl-4,5-dihydro-
1,3-oxazol-4-yl)methanol ~ (C1);  4-{[(4-ethyl-2-phenyl-4,5-dihydro-1,3-0xazol-4-yl)-
methoxy]methyl} benzene-1-sulfonate (C2) and 4 -[(azidoxy)methyl]-4-ethyl-2-phenyl-
4,5-dihydro-1,3-oxazole (C3) (Figure1l) on mild steel in 1 M HCI solution, using
gravimetric study, potentiodynamic polarization, and electrochemical impedance
spectroscopy. Quantum chemical calculations were performed in order to ascertain any
correlation between inhibition efficiencies and structure of oxazole derivatives.
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Figure 1. Chemical molecular structures of oxazole derivatives.
2. Experimental details
2.1. Synthesis of inhibitors
Cl: (4-Ethyl-2-phenyl-4,5-dihydro-1,3-oxazol-4-yl)methanol is prepared by

condensation of 2-amino-2-ethylpropane-1,3-diol with benzoic acid at reflux in xylene.
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C2: The action of tosyl chloride in pyridine at 0°C on (4-ethyl-2-phenyl-4,5-dihydro-
1,3-oxazol-4-yl)methanol  gives  4-{[(4-ethyl-2-phenyl-4,5-dihydro-1,3-o0xazol-4-yl)-
methoxy]methyl}benzene-1-sulfonate.
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C3: The reaction of sodium azide with 4-{[(4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazol-
4-yl)methoxy]methyl}benzene-1-sulfonate in dimethyl formamide (DMF) gives, after 48
hours of heating to 120°C 4-[(azidooxy)methyl]-4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazole.
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2.2. Materials and solutions

Mild steel strips with the composition of (wt. %): 0.21 % C, 0.38 % Si, 0.05% Mn, 0.05%
S, 0.09% P, 0.01 % Al and balance Fe were used for electrochemical and weight loss
measurements. For all experiments, the mild steel specimens were polished using a
sequence of emery papers of different grades (from 180 to 1200), degreased with acetone
and rinsed with distilled water.

2.3. Methods
2.3.1. Gravimetric study

Gravimetric experiments were executed according to standard methods using the
thermostatic cooling condenser at rang of temperature from 308 K to 338 K.After weighing
accurately, the soft steel samples with dimension of (2 cm % 1 ¢cm x 0.2 cm) are immersed
vertically in the corrosive solution in the absence and the presence of investigated
inhibitors. After the corrosion test, the specimens were carefully washed in double distilled
water, dried and then weighted. The values of inhibition efficiency n,,, (%) are calculated

as follow:
(%) = =eer—tnh 100 (1)

corr

Mwi

where W, and W';,, are the values of the corrosion rate in the absence and presence of
inhibitor respectively.
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2.3.2 Electrochemical study

Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were
performed in a three-electrode glass cell: a platinum electrode (CE) as the auxiliary
electrode, a saturated calomel electrode (SCE) as the reference electrode (all potentials
given in this study were referred to this reference electrode) and a mild steel with a surface
of 1 cm? as the working electrode (WE). The electrochemical study was carried out using a
potentiostat Radiometer-analytical PGZ100 piloted by Voltamaster 4 software at room
temperature. Electrochemical impedance spectroscopy plots were recorded after the open
circuit potential reached a steady state for 30 min. All the experiments were conducted
over a frequency domain between 100 kHz to 100 mHz. A small signal (10 mV ac peak-to-
peak voltage) was applied. Potentiodynamic polarization curves were obtained in the
presence and the absence of the inhibitors in the solution. Both cathodic and anodic
directions were recorded between —800 mV to —200 mV under a scan rate of 1 mV s . In
order to determine the corrosion current values, the linear Tafel segments, in a large
domain of potential, of the cathodic curves were extrapolated to the corresponding
corrosion potentials.

2.3.3 Calculation method

The quantum theoretical calculations were performed by means of Gaussian-09 software
package [19]. Calculations were carried out at the DFT level employing the B3LYP/ 6-31G
(d, p) basis set taking into account exchange and correlation. Indeed, the B3LYP method
uses Becke’s three-parameter functional including a mixture of HF with DFT exchange
terms associated with the gradient-corrected correlation functional of Lee, Yang and Parr
(LYP) [20]. However, because of the good balance between computational cost and
achievable accuracy, DFT has become the most popular method for electronic structure
calculations.

Geometry optimizations for all studied molecules were undertaken without any
symmetry constraints. The quantum chemical parameters were calculated for all studied
molecules in gas as well as in aqueous phase. Polarized Continuum Model (PCM)
developed by Tomasi etal. [21] was used in order to get a better approach of the
experimental results acquired in aqueous solution, such model based on the representation
of the liquid by polarizable dielectric continuum having the static dielectric constant of
water (e = 78.39). Indeed, water was used to include the solvent effect because we cannot
represent the implicit effect of hydrogen chloride [22].

As a result, some main global reactivity descriptors such as: energy of HOMO
(Enomo), energy of the LUMO (E_umo), the energy gap AEg, between Enyomo and Epumo,
dipole moment (u), electronegativity (y), electron affinity (A), global hardness (n),
ionization potential (I) and the fraction of electrons transferred (AN) were determined and
discussed. In addition, some local reactivity parameters such as atomic populations and
Fukui indices were also calculated in order to provide information on the nucleophilic and
electrophilic behavior of the oxazole derivatives.
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3. Results and discussion

3.1. Tafel polarization measurements

Polarization measurements were carried out to determine the effect of oxazole derivatives
studied on the electrochemical behavior of mild steel in 1 M hydrochloric acid. Tafel
polarization curves for mild steel in 1M HCI media in the absence and presence of various
concentrations of the oxazole compounds under study are shown in Figure 2.
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Figure 2. Tafel polarization curves for mild steel in 1 M HCI without and with different
concentration of C1, C2 and C3 compounds.

The cathodic potential diagrams give rise to parallel lines indicating that the addition
of inhibitor molecules does not change the hydrogen evolution mechanism. Thus, the
hydrogen reduction on the mild steel surface occurs mainly through a charge transfer
mechanism [23]. Moreover, the small variation of the cathodic Tafel slopes (B.) suggest
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that the hydrogen evolution reaction, is activation controlled and the addition of oxazole
derivatives does not modify the mechanism of this process.

As it is reported in the literature [24], use of both anodic and cathodic slopes for
determination of currents density is certainly preferred. However, the use of only one of
either the cathodic or the anodic regions is recognized [25]. In the present investigation, the
corrosion current densities were obtained by only extrapolating the cathodic Tafel plots to
the corresponding corrosion potential. Indeed, the anodic region of polarization curves
does not display Tafel behavior which is very apparent in the presence of compound C2.
Accordingly, there is an ambiguity and source of error in the numerical values of the
anodic Tafel slopes calculated by the Ec-Lab software. This is the reason why values of the
anodic Tafel slopes are not included here.

The inhibition efficiency was calculated by using the following equation [26]:

ICOFF_JéOFF
1/]Tafel % = x 100 (2)

corr

Where I, and I, represent the corrosion current densities of mild steel in the absence
and the presence of inhibitor respectively.

The obtained data such as the corrosion potentials (Ecor), corrosion current densities
(leor), cathodic Tafel slopes (B¢) and the corresponding corrosion inhibition efficiencies are
given in Table 1.

Table 1. Electrochemical polarization parameters for mild steel in 1M HCI without and with different
concentration of C1, C2 and Cs3.

Medium Conc?%ration Ecor(r r¥18\/ ?CE (uAI;O(;n 2 IBd (MV dec™) n;'/e(l)fel
1 M HCI 00 ~456 1072 176

107 ~485 228.5 165 78.6

10* 486 426 162 60.2

C1 10° ~490 613 162 42.8

10° —473 678 153 36.7

1073 543 56 138 94.7

10* —528 124 152 88.4

C2 10° 515 179 148 83.3

10° 528 259 152 75.8

107 —479 151 160 85.9

10 —489 390 182 63.6

e 10™° ~485 453 171 57.7

10°° 484 647 163 39.6
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Inspection of Figure 2 and Table 1 reveals that the current density decreases clearly
with the increase of the inhibitor concentrations for all inhibitor. This behavior could be
attributed to the increase in adsorption of inhibitor at the metal/solution interface.

Generally, an inhibitor act as a cathodic or anodic type if the corrosion potential value
was shifted more than 85 mV compared with that of the blank solution [27, 28]. It is clear
from Figure 2 and Table 1 that the addition of the three studied inhibitors decreases
markedly the current density on the cathodic branch, while a small decrease is registered
in the anodic branch.

Furthermore, the corrosion potential is slightly moved into the cathodic direction in
the presence of various concentrations of C1 and C3. The maximum displacement in E,,
value was 34 mV these results suggest that both compounds mainly act as mixed-type
inhibitors with a predominant cathodic effect. Whereas a marked displacement of potential
toward more negative potentials can be clearly observed for C2, the largest displacement
obtained in the values of E.,, was about 87.6 mV (> 85 mV). Thus C2 can be classified as
cathodic type inhibitor.

The compound C2 prove the best inhibition effect, this performance could be due to
the availability of m electrons and more surface what leads to a bigger adsorption on the
metallic surface [29, 30].

3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a convenient technique in investigating
corrosion mechanisms [31]. The corrosion behaviour of mild steel in 1 M HCI without and
with various inhibitors concentration was investigated by EIS at 298 K after 30 min of
immersion. Figure 3 illustrates the Nyquist plots obtained without and with studied
inhibitors. All the impedance spectra were measured at the corresponding open-circuit
potentials and are analyzed in term of equivalent circuit shown in Figure 3.

EIS spectra obtained exhibit a typical Nyquist plot with single semicircles shifted
along the real impedance of x-axis, Electrochemical impedance spectroscopy (EIS)
measurements showed that the dissolution process of steel occurred under activation
control. Impedance experimental data revealed a frequency distribution of the capacitance,
simulated as constant phase element.

As it can be observed from Figure 3, the impedance plots acquired with 1 M HCI in
the absence and the presence of the three inhibitors at different attentions, they didn’t show
a perfects semicircles, this behavior is usually referred to the frequency dispersion which
has been attributed to the inhomogeneities of the metal surface or its roughness during the
corrosion process, generally the frequency dispersion is frequently modeled by use of
constant phase element (CPE) [32, 33].

The Nyquist plots for mild steel in corrosive medium with and without the studied
inhibitors were modeled by a simple Randles circuit (Figure 4), which is a solution
resistance (R) in series with a parallel combination of the charge-transfer resistance (Ry)
and the constant phase element (CPE) [34].
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Figure 3. Nyquist plots of EIS measurements for mild steel in 1 M HCI without and with
different concentrations of C1, C2 and C3.

R1 CPE1
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Figure 4. Electrical equivalent circuit used to fit the EIS data of the interface mild steel / 1 M
HCI solution without and with investigated inhibitors.

The experimental plots were very well fitted according to the proposed equivalent
circuit and electrochemical impedance parameters obtained from the recorded EIS
spectrum in the Table 2 the inhibition efficiency IE% was calculated by the charge transfer
resistance values for different concentrations of compounds using the following equation
[35, 36].

(3)

Where Ry and Rginn are the charge-transfer resistance values without and with inhibitor,
respectively.

Rct/inh—R
0/ — ct/inh™ Rct X
Epet Rct/inh 100
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Table 2. Electrochemical impedance parameters of different concentration of tested compounds C1, C2
and C3 for the corrosion of mild steel in 1 M HCI.

: Concentration Rs Ret Cal o
Medium (mol 1) (Q-cm?) : (Q-cm®)  (uF-cm™) Eret (%)
1 M HCI 00 2.07 0.831 22.8 151.6 —

107 1.89 0.784 105.5 123.5 78.4

1 M HCI/ 10 2.5 0.762 47.7 146.1 52.2
Cl 107 2.7 0.752 45.7 147.7 50
107 2.4 0.750 43.2 155.7 47

103 1.08 0.803 415.3 39.7 94.5

1 MHCI/ 107 1.65 0.781 179.9 68.8 87.3
C2 10° 1.74 0.776 145.7 88.7 84.3
107 1.82 0.766 87.4 96.6 74

103 2.2 0.772 166.1 56.2 86

1 MHCI/ 107 2.0 0.805 116.9 94.9 80
C3 10°° 1.7 0.782 81.9 95.5 72
10 2.8 0.758 41.7 129.1 45

Examination of the table above reveals that the addition of the inhibitors decreases the
values of the double layer capacity Cq and increases that of the charge transfer resistance
R.. The decrease in the Cgy value can be attributed the adsorption of the molecules of the
inhibitor to the surface of the steel forming a protective layer [37]. Furthermore, the
decrease of the n value after addition of studied compounds when compared to that
obtained in blank can be explained by some increase in the initial surface inhomogeneity
[38]. The values of efficiencies obtained from the impedance measurements are
comparable and run parallel with those obtained from the weight loss measurements and
the potentiodynamic polarization method.

3.3 Effect of temperature

The temperature is important factors that can influence the corrosion process by modify
electrode/solution in the uninhibited or the inhibited medium [39]. The study of the
temperature effect was performed in the range of temperature 308—338 K. All the results
obtained were represented in Table 3.

Table 3 reveals that the rate of corrosion increases as the temperature increases in the
absence and presence of these inhibitors. Moreover, this increase is more pronounced
without investigated inhibitors. These results show that, at high temperatures, these
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inhibitors do not exhibit a well-marked inhibitory character; hence a high-temperature
application of these compounds is not conceivable [40, 41].

Table 3. Inhibition efficiency values for mild steel in 1 M HCI without and with different compounds at
10~* M after 2 h immersion period.

1 M HCI C1 C2 C3
Tem?%at” W IE%  Wer  IE%  Wer  IE%  Wer  IE%
(mg/cm?-h) (mg/cm?-h) (mg/cm?-h) (mg/cm?-h)
308 0.8517 - 0.2003 76 0.0591 93 0.1351 84
318 1.6898 - 0.4168 75 0.122 92 0.3705 78
328 3.8596 - 0.96 75 0.424 89 1.1047 71
338 6.1541 - 1.947 68 1.0167 83 1.842 70

3.3.1 Thermodynamic parameters of the activation corrosion

The thermodynamic activation parameters such as the activation apparent energy E,, the
activation enthalpy AH* and the activation entropy AS* were calculated from the
Arrhenius equation (4) and the transition state equation (5) [42, 43].

E
W, = Aexp(— =2
corr p( RT ) (4)
RT AS AH
| = a a
o~ Nh exp( R jexp( RT j (5)

Where W, is the corrosion rate, (R = 8.314 J-mol™-K™), T is the absolute temperature
[44], A is the Arrhenius pre-exponential constant, (Kg = 1.38066-10%J-K™), h is the
Plank’s constant, AH* is the activation enthalpy and AS* is the activation entropy [45].

All the activation parameters values for mild steel in the corrosive medium at
different concentrations of compounds C1, C2 and C3 are listed in the Table 4.

Table 4. Activation parameters of the dissolution reaction of mild steel in 1 M HCI in the absence and
presence of three compounds at 107 M.

Inhibitor Ea (kJ-mol™) AH* (kJ-mol™) AS* (kJ-mol™-K™)
none 58.5 55.8 -64.9
C1 66.2 63.5 -52.3
C2 84.5 81.84 -3.8

C3 77.5 74.8 -18.3
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The energies of the activations of the three compounds are superior to those of the
acid medium. This result confirms that our molecules are adsorbed into the surface of the
metal by forming physical bonds (physisorption) [46]. Furthermore, positive signs of
activation enthalpies revels the endothermic nature of the process of dissolving steel.

3.3.2 Adsorption isotherm

The inhibition of corrosion of metals by organic compounds is explained by their
adsorption. The latter described by two to main types: physical and chemical adsorption.
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Figure 5. Langmuir adsorption plots for mild steel in 1 M HCI containing different
concentrations of oxazole derivatives at T = 298 K.

The adsorption isotherm was plotted by the variation of the C/6 ratio as a function of
the concentration represents some straight line in the presence of the three inhibitors in the
aggressive medium, the slopes and correlation factors values (R?) are close to suggest that
the inhibitors studied were adsorbed into the surface of the steel obeying to the Langmuir
adsorption isotherm.

The surface coverage 0 is related to the equilibrium adsorption constant K4 as follow
[47]:

1

Cinh _ _
0 - Kads +C1nh (6)

Where C;y, IS the inhibitor concentration
AGg,gs = —RT In(55.55 Kjqs) (7)

Where AG,g; is the free energy adsorption.

The values of AG,ys are all very close to —40 kJ/mol, which implies electron charging
or transfer between the molecules of the studied inhibitors and the surface of the metal to
form bond, is chemisorptions [48].
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Table 5. Thermodynamic parameters for the adsorption of studied compounds at 298 K on mild steel in
1 M HCI at different concentrations (103, 10, 10> and 10 ® M).

Inhibitors Kads (L/mol) AGags (kJ-mol™)
C1 6.05-10" -37.2
C2 2.90-10° -41.1
C3 2.45-10° -40.7

As result, from all thermodynamic parameters for activation and adsorption process, it
IS suggested that the three compounds were adsorbed onto the mild steel surface by involve
both physisorption and chemisorptions interaction.

4. Quantum chemical study

The geometry of the inhibitors molecules were determined by optimizing the structural
parameters at BALYP/6-31G (d. p) using the Gaussian 09 program package [49].

4.1 Global molecular reactivity

Frontier molecular orbital (Enomo IS the highest occupied molecular orbital energy, and
ELumo Is the lowest unoccupied molecular orbital energy) allows understanding the
adsorption process of the molecules onto the metal surface [50, 51]. The electron affinity
(A) and the ionization potential (1) are related respectively to the (E_omo) and the energy

(EHUMO)'

A =—E|omo; | = —Enumo

The parameters such as the global hardness (n), and the electro-negativity (y) were
calculated by the next equations [52].
_I+A _I-A
X=73 =

Table 6. The calculated quantum chemical parameters for structures of tested compounds at B3LYP/6-
31G (d.p) level of theory in gas (G) and in aqueous phases (A).

Enomo ELumo AE

n n X
@) @) (V) (D) e ey N

Inhibitor  phase

G —6.280 —0.943 5.337 1.245 2.669 3.612 0.635
“l A —6485 -1.146 5.339 1.466 2.669 3.815 0.596
G —6.439 -1.197 5.242 4.937 2.621 3.819 0.607
c A —6.604 -1.263 5.341 6.647 2.671 3.933 0.574
G —6.505 -1.161 5.344 2.001 2.672 3.833 0.592
« A —6.574 -1.230 5.344 2.468 2.672 3.902 0.579
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The low values of energy gap can indicate the ease of removing an electron from the
HOMO orbital to LUMO [33, 34], this increase the chance of getting better inhibition
efficiency. The energy gap, AE = (ELumo — Enomo), 1S important parameter and it is a
function of the reactivity of the inhibitor. As AE decreases, the reactivity of the molecule
increases to increase the inhibition efficiency of the molecule [53]. It can be concluded
from Table 6 that C2 is more efficient in gas than the other cases respecting the order of
the inhibition efficiency obtained experimentally.

4.2 Local molecular reactivity

The Fukui indices are used to obtain the detail information of local reactivity [54]. The
condensed Fukui functions are calculated using the following equations [55]:

fi = Pe(N + 1) — P(N)

fi =P(WN)—-P(N—-1)
f2 = 2[Pe(N +1) = Pe(N — 1)] (8)
Where Py, is the gross charge of k atom, the P,(N + 1), P, (N) and P, (N — 1) are defined
as the charge of the anionic, neutral and cationic species respectively. The calculated Fukui

indices for nucleophilic and electrophilic attack for the three studied inhibitors are
presented in Table 7.

Table 7. Pertinent natural population and Fukui functions of the studied inhibitors calculated at B3LYP/6-
31G (d, p) in gas (G) and aqueous (A) phases.

Inhibitor Atom Phase Py Pn-+1 Pn_1 i x i
c3 G 5.427 5.510 5.411 0.083 0.015 0.049
5.427 5.509 5411 0.082 0.016 0.049
NG G 7.525 7.658 7.290 0.133 0.235 0.184
A 7.525 7.657 7.289 0.132 0.235 0.184
o7 G 8.544 8.570 8.455 0.026 0.088 0.057
A 8.544 8.570 8.455 0.0258 0.088 0.0571
ca G 6.120 6.199 6.064 0.079 0.056 0.067
C1l A 6.119 6.200 6.064 0.080 0.055 0.067
co G 6.191 6.261 6.133 0.070 0.057 0.064
A 6.1911 6.2617 6.13387 0.070 0.057 0.063
c10 G 6.203 6.266 6.180 0.062 0.022 0.042
A 6.203 6.26613 6.18019 0.063 0.02291 0.042
15 G 6.224 6.367 6.107 0.142 0.116 0.129
A 6.224 6.36722  6.107 0.143 0.116 0.129
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Inhibitor Atom Phase Py Pr+1 Pn-1 fi [k fr
3 G 5420 5.46595 5.41205 0.04534 0.00856 0.02695
A 542018 5.46442 541351 0.04424 0.00667 0.025455
NG G 752995 758352 7.35137 0.05357 0.17858 0.116075
A 753082 758333 7.36267 0.05251 0.16815 0.11033
o7 G 853943 855811 8.47619 0.01868 0.06324 0.04096
A 853894 855715 8.47835 0.01821 0.06059 0.0394
cs G  6.12241 6.15494 6.07179  0.03253 0.05062 0.041575
A 6.12244 6.15451 6.07887  0.03207 0.04357 0.03782
- G  6.18998 6.2244 6.14567  0.03442 0.04431 0.039365
A 6.18997 6.22366 6.14913  0.03369 0.04084 0.037265
C2 c10 G  6.20079 6.23388 6.18213  0.03309 0.01866 0.025875
A 6.20059 6.23292 6.18239  0.03233 0.0182 0.025265
15 G  6.22198 6.29889 6.12396  0.07691 0.09802 0.087465
A 6.22166 6.29811 6.13029 0.07645 0.09137 0.08391
33 G  6.35385 6.41976 6.32009  0.06591 0.03376 0.049835
A 6.35871 6.42532 6.31606 0.06661 0.04265 0.05463
G  6.21283 6.25337 6.2187 0.04054  -0.00587 0.017335
C3 A 6.21004 6.25212 6.21893  0.04208 —0.00889 0.016595
ca0 G  6.00436 6.09578 5.95236  0.09142 0.052 0.07171
A 6.0026 6.09496 5.94076  0.09236 0.06184 0.0771
G 542293 549131 54138  0.06838 0.00913 0.038755
c3 A 542282 549077 5.41332 0.06795 0.0095 0.038725
NG G 752759 7.61573 7.32885 0.08814 0.19874 0.14344
A 752797 7.61619 7.32796  0.08822 0.20001 0.144115
o7 G 854096 8.56625 8.47341  0.02529 0.06755 0.04642
A 8.5407 8.56596 8.47276  0.02526 0.06794 0.0466
C3 cs G  6.12305 6.17299 6.06095 0.04994 0.0621 0.05602
A 6.12273 6.17358 6.0611  0.05085 0.06163 0.05624
G  6.19001 6.2417 6.13926  0.05169 0.05075 0.05122
<o A 6.19009 6.24184 6.13963  0.05175 0.05046 0.051105
c10 G  6.20166 6.25048 6.18032  0.04882 0.02134 0.03508
A  6.20168 6.25062 6.18023  0.04894 0.02145 0.035195
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Inhibitor Atom Phase Py Pr+1 Pn-1 fi [k fr
15 G 6.22186 6.33174 6.10836  0.10988 0.1135 0.11169
A 6.22173 6.33218 6.10823  0.11045 0.1135 0.111975
N29 G 7.35675 7.40543 7.30622  0.04868 0.05053 0.049605
A 7.35495 7.40273 7.30523 0.04778 0.04972 0.04875
G 6.78344 6.83124 6.79201 0.0478 —-0.00857 0.019615
N30 A 6.7836 6.83074 6.79219 0.04714 —0.00859 0.019275
N31 G 7.06738 7.2177 6.95195  0.15032 0.11543 0.132875
A 7.07063 7.21997 6.95527  0.14934 0.11536 0.13235

The Fukui indices make it possible to compare the reactivity of different sites within
the same molecular system. Atoms C1, C2 and C3 have the highest f." values, indicating
that these are probably the preferred sites in the case of a nucleophilic attack. Whereas the
O7 and 029 atoms for C1 O7, 029, S30, 031 and 032 for C2 and O7 for C3 have high
values of f,, making their atoms preferential sites for electrophilic attacks. However, The
preferred site for electrophilic attack is the atom in the molecule where the value of Fukui
function f; is the highest, the values of f,; of the Sulfur atom in C2 are significantly
higher than those of the oxygen in C1 and C3, which gives C2 greater adsorption on the
surface of mild steel in comparison with C1 and C3 respectively. Especially since Sulfur
atoms also have high values of £}, this double character is at the origin of very important
adsorption sites, which may explain the high values of the experimental inhibitory
efficiencies of C2 compared to C1 and C3.

5. Conclusion

The studied Cs 1, 2 and 3, inhibit corrosion of mild steel in 1 M HCI. The inhibition
efficiencies determined by gravimetric study, Tafel polarization, EIS methods and quantum
chemical study at B3LYP / 6-31G (d,p). All these methods results show that C2 is the best
inhibitor in the oxazolic series. Reason why the Sulfur compounds were found very
effective corrosion inhibitors for mild steel in the acid solution, since the Sulfur atom is a
stronger electron donor than most heteroatom’s. However, compounds containing both
nitrogen and Sulfur atoms have been found to be better inhibitors than those containing
either the heteroatom alone. The Langmuir adsorption isotherm and the negative value of
AG,qs Indicate that these compounds inhibit corrosion by both physical and chemical
adsorption for C1, however C2 and C3 act by chemisorption.
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