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Abstract

The effect of adding [(E)-2-benzylidene-4-(prop-2-ynyl)-2H-benzo[b][1,4]thiazin-3(4H)-one] named (P1), newly
synthesized on the electrochemical behavior of mild steel in molar hydrochloric acid was investigated by using the
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) measurements. EIS diagrams show that
adsorption of (P1) increases the transfer resistance and decrease the capacitance of interface metal/solution. The inhibition
efficiency for this compound studied increased with the increase in the inhibitor concentrations to attain 94% at the 10 M
of (P1). The inhibitor (P1) was adsorbed on the steel surface according to the Langmuir adsorption isotherm model. From
the adsorption isotherm, some thermodynamic data for the adsorption process were calculated and discussed. Kinetic
parameters activation such as activation energy, entropy and enthalpy of activation were evaluated from the effect of
temperature on corrosion and inhibition processes. Correlation between quantum chemical calculations and inhibition
efficiency of the investigated compound is discussed using the Density Functional Theory method (DFT).
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I. Introduction:

Organic compounds containing polar groups by which the molecule can become strongly or specifically adsorbed on
the metal surface constitute most organic inhibitors [1,2].

These inhibitors, which include the organic N, P, S, and OH groups, are known to be similar to catalytic poisons as
they decrease the reaction rate at metal/solution interface without in general, being involved in the reaction
considered. It is generally accepted that most organic inhibitors act via adsorption at the metal/solution interface. The
mechanism by which an inhibitor decreases the corrosion current is achieved by interfering with some of the steps for
the electrochemical process. The corrosion inhibition of mild steel in aggressive acidic solutions has been widely
investigated.

In industries, hydrochloric acid solutions are often used in order to remove scale and salts from steel surfaces, and
cleaning tanks and pipelines. This treatment may be prerequisite for coating by electroplating, galvanizing, or
painting techniques. The acid must be treated to prevent an extensive dissolution of the underlying metal. This
treatment involves the addition of some organic inhibitors to the acid solution that adsorb at the metal/solution
interface by displacing water molecules on the surface and forming a compact barrier film. The choice of the inhibitor
is based on two considerations, first economic consideration and second, should contain the electron cloud on the
aromatic ring or the electronegative atoms such as N, O in the relatively long chain compounds. Generally the
organic compounds containing hetero atoms like O, N, S, and P are found to work as very effective corrosion
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inhibitors. The efficiency of these compounds depends upon electron density present around the hetero atoms, the
number of adsorption active centers in the molecule and their charge density, molecular size, mode of adsorption, and
formation of metallic complexes [3-31]. These compounds in general are adsorbed on the metal surface, blocking the
active corrosion sites. Four types of adsorption may take place by organic molecules at metal/solution interface:

(a) electrostatic attraction between the charged molecules and the charged metal

(b) interaction of unshared electron pairs in the molecule with the metal

(¢) interaction of m-electrons with the metal

(d) combination of aand ¢

The adsorption ability of inhibitors onto metal surface depends on the nature and surface charge of metal, the
chemical composition of electrolytes, and the molecular structure and electronic characteristics of inhibitor
molecules.

Density functional theory (DFT) has grown to be a useful theoretical method to interpret experimental results,
enabling one to obtain structural parameters for even huge complex molecules, and it can explains the hard and soft
acid base (HSAB) behavior of organic molecules, i.e., DFT connects some traditional empirical concepts with
quantum mechanical interpretations [32,33]. Therefore, DFT is a very powerful technique to probe the
inhibitor/surface interaction and to analyze experimental data. The aim of the present work is to investigate the
effects of (E)-2-benzylidene-4-(prop-2-ynyl)-2H-benzo[b][1,4]thiazin-3(4H)-one (P1) as corrosion inhibitor for mild
steel in 1 M HCI solution using electrochemical techniques. Thermodynamic activation parameters were evaluated
from experimental data. The relationships between the inhibition performances of the investigated inhibitor in 1 M
HCI and some quantum chemical parameters, such as the highest occupied molecular orbital energy (Exomo), the
lowest unoccupied molecular orbital energy (ELumo), the energy gap between E| ymo and Evomo (AELumo-Homo) and
dipole moments. The molecular structure of P1 is given in scheme 1.

A
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Scheme 1: (E)-2-benzylidene-4-(prop-2-ynyl)-2H-benzo[b][1,4]thiazin-3(4H)-one (P1).

2. Experimental details

2.1. Materials and solutions

Mild steel was used for this study has the following composition: (0.37% C, 0.23%Si, 0.016 S%, 0,68 Mn%, 0.16
Cu%, 0.077Cr%, 0.011Ti%, 0,052Ni%, 0.009 Co% ) and Fe

The aggressive solutions of 1.0 M HCI were prepared by dilution of analytical grade 37% HCI with distilled water.
;I'he conciantration range of E)-2-benzylidene-4-(prop-2-ynyl)-2H-benzo[b][1,4]thiazin-3(4H)-one (P1) used was 10°
M to 10"M.

2.2. Synthesis of inhibitor

To a mixture of (22)-2-(benzylidene)-3,4-dihydro-2H-1,4-benzothiazin-3-one (0.38 g, 1.5 mmol), potassium
carbonate (0.24 g, 1.8 mmol) and tetra n-butyl ammonium bromide (0.05 g, 0.15 mmol) in DMF (25 ml) was added
propargyl bromide (0.12 ml, 1.6 mmol). Stirring was continued at room temperature for 24 h. The salt was removed
by filtration and the filtrate was concentrated under reduced pressure. The residue was separated by chromatography
on a column of silica gel with ethyl acetate-hexane (1:2) as eluent; yellow crystals were obtained upon evaporation of
the solvent (yield = 55%) (scheme 2).

\

O\i j@ Br-CH,-C= CH Q\I j@

K,CO,/BTBA/DMF

Scheme 2: Characterization of (E)-2-benzylidene-4-(prop-2-ynyl)-2H-benzo[b][1,4]thiazin-3(4H)-one
Yield = 55%; F (°C) = 130-132.
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RMN'H (DMSO-ds) & ppm : 2.48(t, 1H, -C=CH, J=1,8Hz); 4.85 (d, 2H, NCH,, J=2,4Hz); 7.84(s, 1H; =CH); 7.09-
7.66 (M, 9H, Ha). RMN®C (DMSO-dg) & ppm : 34.9 (NCH,); 75.4 (-C=CH); 126.8 (=CH); 117.8, 118.3, 124.4,
126.8, 2* 128.1, 129.1, 2*129.7, 130.6 (CH,,) ; 79.6, 134.4, 2*135.4, 135.8 (Cqg), 165.1 (C=0).

2.3. Electrochemical measurements
The electrochemical measurements were carried out using a Volta lab (Tacussel- Radiometer PGZ 100) potentiostate
and controlled by Tacussel corrosion analysis software model (Voltamaster 4) at under static condition. The corrosion
cell used had three electrodes. The reference electrode was a saturated calomel electrode (SCE). A platinum electrode
was used as auxiliary electrode of surface area of 1 cm® The working electrode was carbon steel with the surface area
of 1 cm® All potentials given in this study were referred to this reference electrode. The working electrode was
immersed in test solution for 30 minutes to a establish steady state open circuit potential (Eocp). After measuring the
Eocp, the electrochemical measurements were performed. All electrochemical tests have been performed in aerated
solutions at
303 K. The EIS experiments were conducted in the frequency range with high limit of 100 kHz and different low
limit 0.1 Hz at open circuit potential, with 10 points per decade, at the rest potential, after 30 min of acid immersion,
by applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from these experiments. The best semicircle
can be fit through the data points in the Nyquist plot using a non-linear least square fit so as to give the intersections
with the x-axis.
The inhibition efficiency of the inhibitor was calculated from the charge transfer resistance values using the following
equation:
n, % = ﬁ x100 1)
R I

ct

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

After ac impedance test, the potentiodynamic polarization measurements of mild steel substrate in inhibited and
uninhibited solution were scanned from cathodic to the anodic direction, with a scan rate of 2 mV s ™. The
potentiodynamic data were analysed using the polarization VoltaMaster 4 software. The linear Tafel segments of
anodic and cathodic curves were extrapolated to corrosion potential to obtain corrosion current densities (lor). The
inhibition efficiency was evaluated from the measured I Values using the following relationship:

M, %= M x100 )

o

corr
where leorr and leorgiy are the corrosion current densities for steel electrode in the uninhibited and inhibited solutions,
respectively.

2.4. Quantum chemical calculations

Density Functional theory (DFT) has been recently used [34-37], to describe the interaction between the inhibitor
molecule and the surface as well as the properties of these inhibitors concerning their reactivity. The molecular band
gap was computed as the first vertical electronic excitation energy from the ground state using the time-dependent
density functional theory (TD-DFT) approach as implemented in Gaussian 03[38]. For these seek, some molecular
descriptors, such as HOMO and LUMO energy values, frontier orbital energy gap and molecular dipole moment,
were calculated using the DFT method and have been used to understand the properties and activity of the newly
prepared compounds and to help in the explanation of the experimental data obtained for the corrosion process.

3. Results and discussion

3.1. Polarization study:

The Kinetics of the cathodic and anodic reactions occurring on working electrode in 1 M HCI in the absence and
presence of P1 were studied through the potentiodynamic polarization measurements and the polarization curves are
shown in Fig. 1. The values of related electrochemical parameters, i.e., corrosion potential (Ecor), COrrosion current
density (I.or), and Tafel slopes (B. and B,), obtained by extrapolating the anodic and cathodic Tafel curves are listed
in Table 1. It can be seen that the addition of P1 causes a remarkable shift in both anodic and cathodic Tafel curves to
lower current densities (Fig. 1). This phenomenon indicates that both anodic metal dissolution and cathodic hydrogen
evolution reactions are drastically inhibited. The cathodic Tafel curves give rise to almost parallel lines, meaning the
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hydrogen evolution is activation-controlled and the reduction of H" on the working electrode surface occurs mainly
through a charge transfer mechanism [39]. For the anodic part of the Tafel curves, it is apparent that the anodic
reaction is evidently inhibited in the presence of P1. The higher concentration of P1 provides better inhibition
efficiency.
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Figure 1: Polarization curves of mild steel in 1M HCI containing different concentrations of P1.

Table 1: Polarization parameters and the corresponding inhibition efficiency for the corrosion of mild steel in 1 M
HCI containing different concentrations of P1 at 303K.

Inhibitor Cone “Ecor Pa i leor M
(M) (MVsce) (mV/dec) (mV/dec) (LA cm™©) (%)

Blank _ 477 101 138 579 —
10 439 96.4 128 130 78

b1 10°® 444 77.2 132 85 85
10° 449 95.0 177 75 87
10 432 93.0 211 40 93

With the inspection of Table 1, we found that there is no obvious shift in the corrosion potential in response to
addition of different P1 concentrations, which can be interpreted that P1 acts as a mixed type inhibitor. After addition
of P1 to the blank solution, the values of corrosion current density decrease, and the inhibition efficiencies increase
density decrease, and the inhibition efficiencies increase sharply. As can be seen from Table 1, E., values are
slightly changed (only the displacement was < 45 mV) [40,41], in the presence of P1 with respect to blank
suggesting that the P1 acts as mixed type inhibitor.

3.2. Electrochemical impedance spectroscopy measurements

The corrosion behavior of mild steel, in acidic solution containing different concentration of benzothiazine derivative
(P1) compound, was investigated by the EIS at 303K after 30 min of immersion. The obtained results are presented in
Figure 2. The impedance parameters calculated are given in Table 2.

The curves show a similar type of Nyquist plot for mild steel in the presence of various concentrations of P1. The
simple equivalent Randle circuit for studies was shown in figure 3, where Rq represents the solution and corrosion
product film resistance, the parallel combination of resister, Ry and capacitor Cq represents the corroding interface.
The existence of single semi circle showed the single charge transfer process during dissolution which is unaffected
by the presence of inhibitor molecules. Deviations of perfect circular shape are often refereed to the frequency
dispersion of interfacial impedance which arises due to the roughness and other inhomogeneity of the surface [42,
43]. As seen from Table 2, the R values of inhibited substrates are increased with the concentration of inhibitors. On
the other hand, the values of Cg are decreased with increase in inhibitor concentration which is most probably is due
to the decrease in local dielectric constant and / or increase in thickness of the electrical double layer, suggests that P1
act via adsorption at the metal / solution interface [44,45].
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Figure 2: Nyquist plots of mild steel in 1M HCI without and with different concentrations of (P1) at 303K.
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Figure 3: The electrochemical equivalent circuit used to fit the impedance measurements.

Table 2: Impedance parameters of mild steel in 1M HCI containing different concentrations of P1 at 303K.

- Rt Cai Nz
Inhibitor ?I\%]C (Q cm?) Iﬂa;) (uFlem?) %)
Blank 1.0 20 63 126

10 99 20 80 80
o1 10°® 164 16 61 88
10° 176 20 45 89
10 359 20 22 94

3.3. Kinetic-thermodynamic corrosion parameters

To evaluate the adsorption of P1 and activation parameters of the corrosion processes of mild steel in acidic media,
polarization measurements are investigated in the absence and presence of inhibitor and also in the range of
temperature 303-333 K. The numerical values of the variation of corrosion current density (l..r), corrosion potential
(Ecorr), anodic and cathodic Tafel slopes at all studied temperatures are given in Table 3.

Close examination of Table 3 shows that an increase in temperature increases I, While the addition of P1
decreases the Iy Vvalues across the temperature range. The results also indicate that the inhibition efficiencies
increased with the concentration of inhibitor but decreased proportionally with temperature. Such behavior can be
interpreted on the basis that the inhibitor acts by adsorbing onto the metal surface, and an increase in temperature
results in the desorption of some adsorbed inhibitor molecules, leading to a decrease in the inhibition efficiency [46].
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The activation parameters for the corrosion process were calculated from Arrhenius-type plot according to the
following equation:

I =kexp (_Rf_aj 3)

corr

where E, is the apparent activation corrosion energy, R is the universal gas constant and k is the Arrhenius pre-

exponential constant.

Table 3: Polarisation parameters for M steel in 1M HCI with optimum concentration of P1 at different temperatures

T Inh -Ecorr Ba -Be leorr MNTafel
(K) (MVsce) (mV dec™) (mV dec™) (MAcm?) (%)
303 Blank 477 101 138 579 —
10™*M 432 93 211 40 93
313 Blank 448 43 57 781 —
10™*M 481 99 93 130 83
323 Blank 457 106 107 882 —
10*M 488 81 102 211 77
333 Blank 475 60 161 999 —
10™*M 491 128 129 298 70

Arrhenius plots for the corrosion density of mild steel in the case of P1 are given in Fig.4. Values of apparent
activation energy of corrosion (E,) for mild steel in 1 M HCI with the absence and presence of P1 at optimum
concentration were determined from the slope of Ln (lcor) versus 1/T plots and shown in Table 4.

1000/T (K™Y

Figure 4: Arrhenius plots of mild steel in 1 M HClwith and without 10* M of P1.

From table 4, the activation energy for the corrosion process increases from 14.83 to 55.01 kJ mol™. The increase in
the corrosion current density and the activation energy indicate that dissolution of mild steel in 1 M HCI in the
presence of inhibitor is lower than in the solution with no inhibitor. It has been reported that higher E, in the presence
of inhibitor for carbon steel in comparison with blank solution is typically indicative of physisorption [47].

An alternative formulation of Arrhenius equation is:

RT AS AH
I, =—exp| —* |exp| —* (@)
Nh R RT
where | is the corrosion rate, A is the pre-exponential factor, h is Planck’s constant, N is the Avogadro number, R

is the universal gas constant, AH, is the enthalpy of activation and AS, is the entropy of activation.
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Figure 5: Transition arrhenius plots of Ln (lco) versus 1000/T with and without optimum concentration of P1.

Table 4: The values of activation parameters E,, AH, and AS, for mild steel in 1 M HCI in the absence and presence
of 10 M of P1.

Medium E. AH, AS,
(kJ/mol) (kJ/mol) (I mol™ K

Blank 14.83 12.19 -151.54

P1 55.01 52.37 -39.79

Fig. 5 shows a plot of Ln (l,/T) against 1/T. Straight lines are obtained with a slope of (-AH, /R) and an intercept of
(Ln(R/Nh) + (AS,/R)) from which the values of AH, and AS, are calculated and listed in Table 4. The analysis of the
results of Table 4 shows that the activation energy E, and activation heat AH, against the P1 vary in the same manner.
The thermodynamic parameters (AH, and AS,) of the dissolution reaction of steel in 1 M HCI in the presence of P1 is
higher than that of in the absence of inhibitor (blank). The positive signs of the enthalpies AH, reflect the
endothermic nature of the steel dissolution process and mean that the dissolution of steel is difficult [48]. In the
presence of P1, the increase of AS, reveals that an increase in disordering takes place on going from reactants to the

activated complex [49].

3.4. Adsorption isotherm and thermodynamic parameters

It is well recognized that the first step in inhibition of metallic corrosion is the adsorption of organic inhibitor
molecules at the metal/solution interface and that the adsorption depends on the molecules chemical composition, the
temperature and the electrochemical potential at the metal/solution interface. In fact, the solvent H,O molecules could
also adsorb at metal/solution interface. So 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(sol)] and
water molecules at the electrode surface [H,O (ads)] [50]:

Org (sol) + nH,O (ads) «> Org (ads) + nH,O (sol)

Where (n) is the size ratio, that is, the number of water molecules replaced by one organic inhibitor. Basic
information on the interaction between they inhibitor and the steel surface can be provided by the adsorption
isotherm. In order to obtain the isotherm, the linear relation between degree of surface coverage (8) values
(0=MT1a7e/%/100) and inhibitor concentration (C) must be found. Attempts were made to fit the 6 values to various
isotherms including Langmuir, Temkin and Frumkin. By far the best fit is obtained with the Langmuir isotherm. This
model has also been used for other inhibitor systems [51, 52]. According to this isotherm, 6 is related to C by:

i -1
Langmuir: ==+ C ()

Frumkin :Ln (C (%)) = LnK + g6 (6)
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Temkin: Ln (2) = LnK — o @)

The 0 is the surface coverage, K is the adsorption-desorption equilibrium constant, C is the concentration of
inhibitor and is the adsorbate parameter.
Figure 6 shows the plots of C/0 versus C and the expected linear relationship is obtained for this compound. The
strong correlation (R* = 0.99994 for the compound P1) confirm the validity of this approach. The thermodynamic
parameters from the Langmuir adsorption isotherm are listed in Table 5, together with the value of the Gibbs free

energy of adsorption AG_ calculated from the equation

AG,, =-RTLNn(555K_, ) (8)

ads
where R is the universal gas constant, T is the absolute temperature and the value of 55.5 is the concentration
of water in the solution [53].
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—1 0.00006 -
©
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Figure 6: Langmuir isotherm adsorption model of P1 on the surface of mild steel in 1M HCI.

The parameters calculated from the Langmuir adsorption isotherm model are reported in Table 5.

Table 5: Langmuir adsorption parameters.

Medium Slope Kads R’ AG
(M—l) ads
(kJ/mol)
P1 1.07 3558174.37 0.99994 -48.11

From table 5, the negative values of standard free energy of adsorption indicate spontaneous adsorption of organic
molecules on metallic surface and also the strong interaction between inhibitor molecules and mild steel surface
[54,55]. Generally, the standard free energy values of - 20 ki mol™ or less negative are associated with an
electrostatic interaction between charged molecules and charged metal surface (physical adsorption); those of - 40 kJ
mol " or more negative involves charge sharing or transfer from the inhibitor molecules to the metal surface to form a

co-ordinate covalent bond (chemical adsorption) [56,57]. Based on the literature [58], the calculated AG_, value in
this work indicates that the adsorption mechanism of P1 on mild steel is chemisorption.

3.5. Quantum chemical calculations
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In order to investigate the correlation between the molecular structure of the inhibitor and its inhibition effect,
guantum chemical calculations have been performed. Fig. 7 shows the optimized geometric structure and the electron
density distribution of both HOMO and LUMO. The related quantum chemical parameters including Exomo, ELumos
AE and p are given in Table 6. From Fig. 7, it can be found that the electron density distribution of HOMO is
localized on the whole molecule, whereas the LUMO density is mainly located on a benzene ring and the hetero
atoms.

(@)

(b) (©

Figure 7: Optimized geometric structure (a) and the electron density distributions of both HOMO (b) and LUMO (c)
for the P1.

It is well known that HOMO is often associated with the ability of the molecule to donate electron and high Exomo
value means a strong electron-donating ability [59-63], while LUMO indicates the electron-accepting ability of the
molecule and the lower value of E,ywmo indicates that the molecule would more probably accept electrons [59-63].
The energy gap (AE) between HOMO and LUMO reflects the stability of the molecule, a smaller AE implies that the
molecule is much easier to be polarized and adsorbed on the metal surface [59,62-64]. In addition, owing to the
dipole-dipole interaction between molecules and metal surface, high values of the dipole moment can lead to stronger
inhibition [62,63]. The results of Table 6 shows that the values of E,omo and E_ymo are lower, which indicates the P1
cation is more likely to accept electrons rather than donate electrons. The p of the P1 cation is higher than that of H,O
[62]. The high value of u probably increases the adsorption between the P1 cation and metal surface [62].

Table 6: The computed molecular parameters for P1 compound.

Eromo (V) E.ovo (€V) AE gap (eV) Lt (debye)
-6.367 -1.741 4.626 2.9246
Conclusion:

The main conclusions drawn from this study are:
1. of (E)-2-benzylidene-4-(prop-2-ynyl)-2H-benzo[b][1,4]thiazin-3(4H)-one (P1) inhibits the corrosion of mild steel
in 1M HCI.
2. The inhibition efficiency increases with increasing inhibitor concentrations to
attain a maximum value of 94 % for inhibitor P1 at 10* M,
3. The inhibition efficiency decreased with increasing temperature as a result of the higher dissolution of steel at
higher temperature.
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4. P1 acted through adsorption on the mild steel surface and its adsorption obeyed the Langmuir adsorption

isotherm.

5. Potentiodynamic polarization curve reveals that P1 belonged to mixed-type inhibitor.

6. Impedance method indicates that Benzothiazine derivative adsorbs on mild
steel surface with increasing charge-transfer resistance and decreasing the

double-layer capacitance,
7. Comparison between the theoretical findings satisfactorily correlates with experimental results and validate the
method employed here.
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