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1. Introduction

Mild steel is widely used in industrial applications. The acidic solutions are commonly used for the pickling,
industrial acid cleaning, acid descaling, oil well acidifying, etc. Unfortunately, iron and its alloys could corrode
during these acidic applications particularly with the use of hydrochloric acid, which results in terrible waste of
both resources and money [1]. The decreasing of corrosion rate of metals provides saving of resources,
economical benefits, increasing the lifetime of equipment and also decreasing the dissolution of toxic metals from
the components into the environment [2]. Corrosion inhibitors are used to prevent metal dissolution [3-8]. Many
research works have been developed in order to correlate the substituent effect and the inhibition efficiency of
organic molecules [9,10]. The inhibition efficiency of organic compounds containing heterocyclic nitrogen
increases with the number of aromatic rings and the availability of electronegative atoms in the molecule [11,12].
Quantum chemical calculations have been widely used to study reactional mechanisms and to interpret the
experimental results as well as to resolve chemical ambiguities [13,14]. However, the inhibition efficiency was
reinforced by the presence of heteroatoms such as sulfur, nitrogen and oxygen in the ring which facilitates its
adsorption on metallic surface following the sequence O < N < S [15-17].

The purpose of this paper is to investigate inhibition performance of 4-decyl-2-substituted-[1,4]-benzothiazin-3-
one (P1 and P2) as corrosion inhibitors for mild steel in 1M HCI solution using weight loss, potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS) measurements and quantum chemical method. The
structure of inhibitors is shown in Fig. 1.
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Figure 1: Structures of the two benzothiazine derivatives, P1 (X : CH,) and P2 (X : C=CH-CgHs).

2. Experimental

2.1. Inhibitors

e Synthesis and crystallization

To a solution of 2-substituted-[1,4]-benzothiazin-3-one (P1 and P2: 2 mmol), potassium carbonate (0.55 g, 4
mmol) and tetra n-butyl ammonium bromide (0.064 g, 0.2 mmol) in DMF (15 ml) was added 1-bromodecane
(0.85 ml, 4 mmol). Stirring was continued at room temperature for 12 h. The mixture was filtered and the solvent
removed. The residue was extracted with water. The organic compound was chromatographed on a column of
silica gel with ethyl acetate-hexane (9/1) as eluent. Yellow oil were isolated when the solvent was allowed to
evaporate (Figure 2).

Figure 2: Characterization of the benzothiazine derivatives, P1 and P2.
o |[dentification
The analytical and spectroscopic data are conforming to structures of compounds formed.
(P3):Yield: 41%; mp:Yellow oil;RMN'H (DMSO-d6) & ppm:6.98-7.47 (m, 4H, Harom); 3.87 (t, 2H, N-CH2-,
J=7.2Hz); 3.43 (s, 2H, SCH2); 1.61 (m, 2H, N-C-CH2); 1.21-1.23 (m, 14H, CH2); 0.84 (t, 3H, -CH3, J= 7.2Hz).
RMN®C (DMSO-d6) & ppm:165.0 (C=0); 139.4, 123.6 (Cq); 128.4, 127.8, 123.4, 118.4 (CHarom); 31.2,31.1,
27.4,27.2,26.8, 26.6, 26.3, 22.4 CH2); 43.2(NCH2); 31.4(S-CH2); 14.3(CH3).
(P4):Yield: 65%;mp:brown oil;RMN'H (DMSO-d6) & ppm: 7.73(s, 1H,CHanyie); 7.04-7.62 (M, 9H, Harom);
4.03 (t, 2H, NCH,-, J= 7.5Hz); 1.6 (m, 2H; N-C-CH,); 1.24-1.26 (m, 14H, CH,); 0.82 (t, 3H, -CH3, J= 6.7Hz).
RMN"C (DMSO-d6) & ppm:160.9 (C=0);136.3, 134.2, 121.0, 118.6(Cq); 134.2 (CHay); 130.6, 129.5, 129.0,
128.0, 126.8, 124.1, 117.9 (CHaom);44.2 (NCH,); 31.6, 29.4, 29.3, 29.2, 29.1, 27.0, 26.6, 22.4 (CH,); 14.2 (CHy).

2.2. Materials

Corrosion tests were performed using coupons prepared from steel having the compostion: 0.09% P; 0.38% Si;
0.01% Al; 0.05% Mn; 0.21% C; 0.05% S and 99.21% Fe were polished with emery paper up to 1200 grade,
washed thoroughly with double-distilled water, degreased with AR grade ethanol, acetone and dried at room
temperature. Mild steel samples of size 1 x 1 x 0.1 cm and MS powder were used for weight loss studies. For
electrochemical studies, specimens with an exposed area of 1 cm® were used. These specimens were degreased
ultrasonically with 2-propanol and polished mechanically with different grades of emery paper to obtain very
smooth surface.

1.3 Solution

The test solutions were prepared by the dilution of analytical grade 37 % HCI with distilled water up to the
optimum inhibitor concentration of P1 and P2. For pH studies, the test solutions were prepared by the dilution of
distilled water up to the optimum concentration, which was reached by adjusting the pH using HCI and NaOH.
Inhibitor was dissolved in acid solution at required concentrations in (mol/L) and the solution in the absence of
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inhibitor was taken as blank for comparison purposes. The test solutions were freshly prepared before each
experiment by adding P1 and P2 directly to the corrosive solution. Experiments were conducted on several
occasions to ensure reproducibility. Concentrations of P1 and P2 were 105, 107%, 10* and 10°M.

1.4 Weight loss measurements

Gravimetric measurements were realized in a double walled glass cell equipped with a thermostat-cooling
condenser. The mild steel sheets were abraded with a different grade of emery paper (120-400-600-1200) and
then washed thoroughly with distilled water and acetone. After weighing accurately, the specimens were
immersed in beakers which contained 100 mL acid solutions without and with various concentrations of P1 and
P2 at temperature equal to 308 K remained by a water thermostat for 6h as immersion time. The gravimetric tests
were performed by triplicate at same conditions. The corrosion rates (Cg) and the inhibition efficiency (nw. %) of
mild steel have been evaluated from mass loss measurement using the following equations:
W, W,

At

T (%) = (1 - ﬂ] <100 2)

0
where W, and W, are the specimen weight before and after immersion in the tested solution, wy and w; are the
values of corrosion weight losses of mild steel in uninhibited and inhibited solutions, respectively, A the total area
of the mild steel specimen (cm?) and t is the exposure time (h).

1)

R

2.5 Electrochemical measurements

The potentiodynamic polarization curves were conducted using an electrochemical measurement system
PGZ 100 Potentiostat/Galvanostat controlled by a PC supported by the Voltamaster 4.0 Software. The
electrochemical measurements were performed in a conventional three electrode glass cell with mild steel as a
working electrode, platinum as counter electrode (Pt) and a saturated calomel electrode used as a reference
electrode. The working electrode surface was prepared as described above gravimetric section. Prior to each
electrochemical test an immersion time of 30 min was given to allow the stabilization system at corrosion
potential. The polarization curves were obtained by changing the electrode potential automatically from -700
to -200 mV/SCE at a scan rate of 0.5 mV s™. The temperature is thermostatically controlled at desired
temperature +1K.The percentage protection efficiency nrarer (%) is defined as:

D ra(®6) == =m0 100 3)

Where I and leongy are the corrosion current densities for steel electrode in the uninhibited and inhibited
solutions, respectively.

Electrochemical impedance spectroscopy (EIS) measurements were carried out with same equipment used for
potentiodynamic polarization study (Voltalab PGZ 100) at applied sinusoidal potential waves of 10 mV
amplitudes with frequencies ranging from 100 KHz to 10 mHz at corrosion potential. The impedance diagrams
are given in the Nyquist representation. The charge transfer resistance (R.) was determined from Nyquist plots
and double layer capacitance (Cgy) was calculated from CPE parameters of the equivalent circuit deduced using
Zview software. In this case the percentage protection efficiency (n, %) is can be calculated by the value of the
charge transfer resistance (R)

%xloo 4

ct

1, %=
Where, R and R!, are the charge transfer resistance in absence and in presence of inhibitor, respectively.

2.6. Quantum chemical calculations
Complete geometry optimization of the inhibitor molecules were performed using density functional theory
(DFT) with Beck's three-parameter exchange functional along with Lee-Yang-Parr non-local correlation
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functional (B3LYP) with 6-1G* basis set using the Gaussian 03 programme package [18]. Frontier molecular
orbitals (HOMO and LUMO) were used to interpret the adsorption of inhibitor molecules on the metal surface.
According to DFT Koopman's theorem [19,20], the ionization potential (1) is approximated as the negative of the
highest occupied molecular orbital energy (Enomo) and the negative of the lowest unoccupied molecular orbital
energy (ELumo) is related to the electron affinity (A).

| = - Evomo ()
A=-ELumo (6)

Natural bond orbital (NBO) analysis was performed to evaluate the electron density distributions. The

electrondensity plays an important role in calculating the chemical reactivity parameters. The global reactivities

include electronegativity (y), global hardness (n) and the global softness (¢). They can be calculated from the

following equations:
I+ A

x=— (7)
1-A

n=— 8

Gzlz_EZE )
n HOMO ~ —LUMO

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

AN = & = X (10)

2(n, +n,,)
Where yre and y;nn denote the absolute electronegativity of iron and inhibitor molecule ng and n;,, denote the
absolute hardness of iron and the inhibitor molecule respectively. In this study, we use the theoretical value of
Yre =7.0 ¢V and nge = 0, for calculating the number of electron transferred.

2. Results and Discussion

3.1. Gravimetric measurements

The corrosion rate of mild steel specimens after exposure to 1M HCI solution with and without the addition of
various concentrations of both inhibitors was calculated in mg cm™ h™ and the data obtained are given in Table 1.
The inhibition efficiencies (nw %) were calculated and the data obtained given in the same Table 1. It can be seen
from Table 1 that, the addition of P1 and P2 to the aggressive solution reduces the corrosion rate of mild steel
(Fig. 3). The corrosion rate decreased and inhibition efficiency increased with increasing inhibitors concentration
(Fig. 4) suggests that the inhibitors molecules act by adsorption on the metal surface [23].

Table 1: Weight loss values of various concentrations of P1 and P2 in 1M HCI solution at 308 K.

Medium Conc Ck 0 Nwi
(M) (mg/cm? h) (%)
HCI 1 0.7561 — —
10° 0.0175 0.977 97.7
P1 10* 0.1194 0.842 84.2
10° 0.1442 0.809 80.9
10 0.2187 0.711 71.1
10° 0.0360 0.952 95.2
P2 10* 0.1307 0.827 82.7
10° 0.1745 0.769 76.9
10 0.2278 0.699 69.9
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Figure 3: Relationship between corrosion rate (Cg) and concentration of P1 and P2 in 1M HCI at 308 K.
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Figure 4: Relationship between inhibition efficiency (nw.%) and P1 and P2 in 1M HCI at 308 K.

3.2. Polarization potentiodynamic results

The polarization curves of mild steel in HCI medium in the presence and absence of inhibitors are shown in Figs.
5a and 5b. It is shown that when the concentration of inhibitors increases, there is a change in the corrosion rate to
lower values and efficacy of inhibition due to the action of inhibitors.

Electrochemical corrosion kinetics parameters such as corrosion potential (E.), cathodic and anodic Tafel
slope (B, Ba), the inhibition efficiency (ntar1 %) and corrosion current density (leor) Were given in Table 2.
Analysis on the polarization curves show that in the presence of the inhibitors, the cathodic and anodic curves
were slightly shifted. An inhibitor can be classified as cathodic or anodic type if the displacement in corrosion
potential is more than 85 mV with respect to corrosion potential of the blank [24]. This indicates that P1 and P2
act as a mixed type inhibitors. Note the suppression of the two anodic and cathodic reactions of the corrosion of
mild steel in a hydrochloric acid solution, and when the concentration of inhibitor P1 and P2 increases, the
inhibitory efficiency increases. It is known that when the E., shifts slightly, the inhibitor act as mixed type
inhibitor [25]. In addition, cathodic current-potential curves give rise to parallel Tafel lines, which indicates that
the addition of inhibitors does not modify the mechanism of the reaction [26]. The results demonstrate that the
inhibition efficiency increases with inhibitors concentration. It also can be seen from Table 2 that the corrosion
current density decreases with incremental inhibitor concentration, and this decrease is more pronounced in the
case of P1. Thus, P1 exhibits higher inhibitive efficiency than P2.
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Figure 5a: Polarisation curves of mild steel in 1M HCI for various concentrations of P1 at 308K.
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Figure 5b: Polarisation curves of mild steel in 1M HCI for various concentrations of P2 at 308K.
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Table 2: Polarization data of mild steel in 1M HCI without and with addition of inhibitors at 308 K.

Medium Conc ~Ecorr lcorr ) ~Pc a NTafel
(M) (mV/SCE)  (uA/cm®) (mv/dec) (mv/dec) (%)
HCI 1 453 1560 174 145 —
P1 10° 475 95 184 114 93.9
10* 463 115 186 128 92.6
10° 457 303 169 109 80.6
10° 453 744 217 163 52.3
P2 10 448 105 199 95 93.3
10* 463 139 165 74 91.1
10° 459 395 186 110 74.7
10° 457 808 198 146 48.2

3.3. Electrochemical impedance spectroscopy
Figs. 6a and 6b show the representative Nyquist plots of mild steel obtained in 1M HCI solution in the absence
and presence of various concentrations of inhibitors studied (P1 and P2). The electrochemical parameters derived
from the Nyquist plots are given in Table 3.
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Figure 6a: Nyquist curves for mild steel in 1M HCI for selected concentrations of P1 at 308 K.
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Figure 6b: Nyquist curves for mild steel in 1M HCI for selected concentrations of P2 at 308K.

Rct
Figure 7: Equivalent electrical circuit model

The Nyquist diagrams show a single semicircle shifted along the real impedance axis (Z..), indicating that the
corrosion of mild steel in 1M HCI is controlled by a charge-transfer process [27]. For analysis of the impedance
spectra containing a single capacitive semicircle, the standard Randle’s circuit is used [28] (Fig. 7), where the
circuit is composed of a solution resistance component (Rs) and a capacitance component (Cg). The resistor R; is
in series to the double layer capacitance and R while double layer capacitance is parallel to R. Similar figures
have been described in literature for the acidic corrosion of iron and mild steel in the presence and absence of
various inhibitor molecules [29,30]. The charge-transfer resistance values (R¢) were obtained from the Z,. The
higher-frequency intersection corresponds to the solution resistance (R;), and the lower-frequency intersection
corresponds to Ry + R. Thus, Ry values were calculated as the difference between the high- and low-frequency
intersection values [31]. Double-layer capacitance (Cq) values were calculated using the following equation [32]:

1

Ch=——"— (11)
2z f R,

Where f.x is the frequency value at which the imaginary component of the impedance is greatest.

The semicircle corresponds to a capacitive loop in the obtained electrochemical impedance diagrams. Deviations

from a perfectly circular shape indicate the frequency dispersion of the interfacial impedance [33]. The diameter
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of the capacitive loop increased in the presence of the inhibitors. Table 3 shows that the R values increased and
the Cq values decreased with increasing inhibitor concentration.

The increase in R value can be attributed to the formation of protective film on the metal/solution interface. The
decrease in the Cy values may be caused by a decrease in the local dielectric constant and/or an increase in the
thickness of the electrical double layer, indicating that the inhibitors function by adsorption at the metal surface
[34,35]. The sequence of the inhibitors efficiencies were following the order of P1 > P2 which is in agreement
with the results obtained from the polarization technique.

Table 3: EIS parameters for the corrosion of mild steel in 1M HCI containing P1 and P2 at 308 K.

Medium Conc (M) Ry (Q cm?) Ca (UF/cm?) Nz (%)

HCI 1 25 148 _

P1 10° 448 36 94.4
10* 331 40 92.4
10° 114 87 78.1
10° 76 92 67.1

P2 107 338 46 92.6
10* 142 47 82.4
10° 86 96 70.9
10° 61 110 59.0

3.4. Adsorption isotherm and thermodynamic parameters

Basic information on the interaction between an organic inhibitor and a mild steel surface can be obtained from
various adsorption isotherms. The most commonly used adsorption isotherms are the Langmuir, Temkin, and
Frumkin isotherms. The surface coverage (0) [nw. % = 100x8] for different concentrations of inhibitor in 1M
hydrochloric acid was tested graphically to determine a suitable adsorption isotherm.

Plots of C/0 versus C yielded straight lines (Figure 8) with correlation coefficient (R?) values of 0.99966 and
0.99970 for P1 and P2, respectively, at 308 K.
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Figure 8: Langmuir adsorption isotherm for mild steel immersed in 1M HCI solution in presence of various
concentrations of P1 and P2.

This indicates that the adsorption of these inhibitors can be fitted to the Langmuir adsorption isotherm,
represented by the equation:

C 1

= 4+C 12
0K (12)

ads
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0 is the surface coverage, K. is the adsorption-desorption equilibrium constant, C is the concentration of
inhibitor. From the intercepts of the straight lines on the C/6 axis, K,gs values were calculated for the adsorption

process (Table 4). Free energy of adsorption (AG,, ) was calculated by using following equation Eq. (13),

AG,, =-RTLn(555K ) (13)

where R is gas constant and T is absolute temperature of experiment and the constant value of 55.5 is the
concentration of water in solution in mol L™,

Table 4: Thermodynamic parameters for the adsorption of inhibitors in 1M HCI on mild steel at different
concentrations

Inhibitors R’ Slopes Kags (L/mol) AG", (kJ/mol)
P1 0.99966 1.02 162549.03 -41.01
P2 0.99970 1.04 163579.91 -41.03

Results presented in the Table 4, indicate that the values of AG; are negative. The negative values signify

adsorption of the inhibitor molecules via mixed adsorption mechanism. Literature demonstrates that the values of
standard Gibbs free energy of adsorption in aqueous solution around -20 kJ mol™ or lower (more positive)
indicate adsorption with electrostatic interaction between the adsorbent and adsorbate (physisorption), while those
around or higher (more negative) than -40 kJ mol™ involve charge sharing between the molecules and the metal
(chemisorption) [36]. However, this should be taken with caution since the enthalpy of adsorption is the
parameter that actually reflects the adsorption bond strength, rather than the standard Gibbs free energy of
adsorption [37]. Physisorption is consistent with electrostatic interaction between charged molecules and a
charged mild steel surface while chemisorption is consistent with charge sharing or charge transfer from the
inhibitor components to the metal surface to form a coordinate type of bond. Calculated Ag- Vvalues indicated

that the adsorption mechanism of the prepared compounds on mild steel in 1M HCI solution is a chemical
adsorption [38].

3.6. Quantum chemical studies

The aim of quantum chemical calculation is to evaluate the inhibition performance of corrosion inhibitors, which
can quantitatively study the relationship between inhibition efficiency and molecular reactivity [39], so we can
predicted the capability of inhibitor molecules to donate or accept electrons by analysis of global reactivity
parameters, such as the energy gap between HOMO and LUMO, chemical hardness, and dipole moment.

Enomo indicates the tendency of an organic molecule to donate electrons. The higher the value of Epomo, the
greater the ability of a molecule to donate electrons while E, ywo indicates the propensity of a molecule to accept
electrons. The lower E,ywmo is the greater ability of that molecule to accept electrons. Thus, the binding ability of
organics to the metal surface increases with an increase in energy of the HOMO and a decrease in the value of
energy of the LUMO. The energy gap, AE, is an important parameter which indicates the reactivity tendency of
organics toward the metal surface [40]. As AE decreases, the reactivity of the molecule increases, leading to an
increase in adsorption onto a metal surface. A molecule with low energy gap is more polarizable and is generally
associated with high chemical reactivity and low kinetic stability. Thus, AE has been used in literature to
characterize the binding ability of organics to the metal surface [41].

Figure 9 shows the optimized geometry, the HOMO density distribution and the LUMO density distribution of
studied molecules (P1 and P2) by B3LYP/6-31G(d,p) method. The calculated quantum chemical parameters of
the two inhibitors are shown in Table 5. The energy of HOMO (Enomo) is related to the electron donating
capacity of the molecule and the values indicate that the molecule has a tendency to donate orbital electrons to
appropriate acceptor molecules with low energy or empty the 3-day orbital of Fe to form a coordinate bond
[41,42]. 1t is well established that the higher the HOMO energy of the inhibitor, the greater is its tendency to
donate electrons to unoccupied d orbital of the metal, and the higher will be the corrosion inhibition efficiency
[43]. The energy of HOMO measures the tendency towards the donation of electrons by the molecule.
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Figure 9: The frontier molecule orbital density distributions of P1 and P2: HOMO (left) and LUMO (right).

The energy of LUMO indicates the ability of a molecule to accept electrons. Lower the values of Eywo, the more
probable is the molecule to accept electrons. The inhibitor not only donates electrons to the unoccupied d-orbital
of the metal ion, but can also accept electrons from the d-orbital of the metal leading to the formation of a
feedback bond [44]. From Table 5, Exomo Obeys the order: P1 > P2. Obviously, this sequence is in completely
accordance with the order of inhibition efficiency. This may explain the better inhibition efficiency of P1
molecule than P2 is due to the higher Ejomo. On the other hand, E ymo Obeys the order: P2 > P1, which is not
agreement with the sequence of inhibition efficiency. The separation energy (AE) is an important parameter as a
function of reactivity of the inhibitor molecule toward the adsorption on metallic surface. As AE decreases, the
reactivity of the molecule increases in visa, which facilitates adsorption and enhances the efficiency of inhibitor
[22]. Inspection of the data in Table 5 reveals AE obeys the order of P2 < P1, which is in completely accordance
with the order of inhibition efficiency of P2 > P1. Thus, there is a good correlation between AE and inhibition
efficiency.

The dipole moment (i) is another important electronic parameter, used for the prediction of the direction of a
corrosion inhibition process. The dipole moment gives information on the polarity (hydrophobicity) in a bond of a
molecule and therefore the electron distribution in the molecule [45,46]. It is generally agreed that the adsorption
of high polar compounds possessing high dipole moment on the metal surface should lead to better inhibition. In
our study the dipole moment of the P1 compound is 2.9553 D and P2 compound is 2.5379 D. The high value of
the dipole moment of the P1 inhibitor shows higher inhibition efficiency.

According to some published papers [47], the parameter of y is related to the chemical potential, and higher y
means better inhibitive performance. On the other hand, n is equal to AE/2, and the lower n implies more
polarizability and higher inhibition efficiency. The parameter of & is reciprocal to n, thus high value of ¢ is related
to more efficiency. Values of AN exhibit inhibitive performance resulted from electrons donations. If
AN < 3.6, the inhibition performance increases with the increase in electron-donation ability to the metal surface
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[47]. In the present study, inhibition efficiency follows the order: P1 > P2. Thus, there is not a good correlation
between inhibitive performance and the parameters of n and AN.

Table 5: Quantum chemical parameters for P1 and P2.

Quantum parameters P1 P2
E,.. (€V) -5.8548 -5.6463
E,. (€V) 0.7270 -1.5034
AE gap (eV) 5.1278 4.1429
u (debye) 2.9553 2.5379
I =—E,_, (eV) 5.8548 5.6463
A= —E_,. (eV) 0.7270 1.5034

- % (eV) 3.2909 3.57485
ne % (eV) 2.5639 2.07145
o= i7 0.39003 0.48275
AN = Xee = Ximn

a m 0.72333 0.82675

Conclusion

Two benzothiazine derivatives of 4-decyl-2H-benzo[b][1,4]thiazin-3(4H)-one (P1) and 2-benzylidene-4-decyl-
2H-benzo[b][1,4]thiazin-3(4H)-one (P2) are good inhibitors for the corrosion of mild steel in 1M HCI solution.
Inhibition efficiency increases with increase in the concentration of each inhibitor, the maximum values of
inhibition efficiency reach until 97.7%. The adsorption of P1 or P2 obeys Langmuir adsorption isotherm. Both
benzothiazine derivatives act as mixed-type inhibitors. EIS spectra exhibit individual capacitive loop. The
presence of inhibitor in 1M HCI solutions increases R while reduces Cgy. There is a good correlation between
inhibition efficiency and the quantum parameters of Epomo, AE and p. The inhibition ability of the two
benzothiazine compounds follows the order: P1 > P2, which has been confirmed by the weight loss,
electrochemical measurements and theoretical calculation measurements.
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