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ABSTRACT

Inhibition performance of 2-(3-ox0-2,3-dihydro[1b§nzothiazin-4-yl)acetic acid named (P1), newltsysized on
the electrochemical behavior of mild steel in mdtgdrochloric acid was investigated by using thagheloss
method, potentiodynamic polarization and electracival impedance spectroscopy (EIS) measuremenss. El
diagrams show that adsorption of (P1) increasestthasfer resistance and decrease the capacitafiéeterface
metal/solution. The inhibition efficiency for thiempound studied increased with the increase inirihébitor
concentrations to attain 93% at the 10-3M of (PRffect of temperature is also studied between 388 263 K.
Correlation between quantum chemical calculatiomsl anhibition efficiency of the investigated compadus
discussed using the Density Functional Theory nte(BéT).
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INTRODUCTION

The study of corrosion inhibition is a very actfi@d of research. Several classes of organic camgs are widely
used as corrosion inhibitors for metals in acidiemments [1-5]. Experimental means are usefulxplaén the
inhibition mechanism but they are often expensiveé time-consuming. Ongoing hardware and softwaramces
have opened the door for the powerful use of thalechemistry in corrosion inhibition researclevBral quantum
chemical methods and molecular modeling technidpae® been performed to correlate the inhibitiofcifiicy of

the inhibitors with their molecular properties [®}1 Using theoretical parameters helps to charaetethe
molecular structure of the inhibitors and to prapdseir interacting mechanism with surfaces [1Hm8 studies
have shown that the inhibition of the corrosiongass is mainly described by the formation of doaoceptor
surface complexes between free or p—electrons ofgemic inhibitor, mostly containing nitrogen, fsulor oxygen
atoms, and a vacant d-orbital of a metal [12-18}rQhe years, 1,4-benzothiazines have constitateanportant
class of heterocyclic which, even when part of englex molecule [19], possess a wide spectrum olobical

activities [20-21], due to the presence of a fdlthg the nitrogen sulfur axis, the biological aittivof some 1,4-
benzothiazines is similar to that of phenothiazifieaturing the same structural specificity [22-ZH}e role of 1, 4-
benzothiazine in medicinal chemistry was reviewedier [25]. Generally, benzothiazine and derivesivhave
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found widespread application as analgesic [26-2n}ibacterial [28-29], anticancer [30], anticonauls [31],
anthelmintic [32].

The present study aimed to test new compounds naj2€d-oxo-2,3-dihydro[1,4]-benzothiazin-4-yl)aaeti
acid]:(P1) on the corrosion of mild steel in 1 Mdngchloric acid solution. In this work, we are irgsted in the
synthesis of the title compound for biological wities, by realized the hydrolysis reaction withludion of
potassium hydroxide, in water was added to thetismluof ethyl 2-(3-oxo-2,3-dihydro[1,4]-benzothiazl-
yl)acetate in ethanol. The resulting reaction migtwas poured into water and acidified with 4 M HGIform

compound (P1) Scheme 1.
: : :SL
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Scheme 1: 2-(3-o0x0-2,3-dihydro[1,4]-benzothiazin-y¥hacetic acid:(P1) [33]
MATERIALS AND METHODS

2.1. Materials and solutions

Coupons were cut into 1.5x 1.5 x 0.05 cm3 dimersstmaving composition (0.09%P, 0.01 % Al, 0.38 %0305 %

Mn, 0.21 % C, 0.05 % S and Fe balance) used faghtdédss measurements. Prior to all measuremédmgxposed
area was mechanically abraded with 180, 400, 8000,11200 grades of emery papers. The specimensashed
thoroughly with bidistilled water degreased andedrivith ethanol. The aggressive solutions of 1.HEI were

prepared by dilution of an analytical grade 37% H@ih double distilled water. The concentration ganof

inhibitors employed was 10 10° (mol/l).

2.2. Synthesis of inhibitors

A solution of potassium hydroxide (12.5 mmol) intera(5 ml) was added to the solution of ethyl 2o®-2,3-

dihydro[1,4]-benzothiazin-4-yl)acetate (3.07 mmialethanol (10 ml). The resulting reaction mixtwas stirred at
room temperature for 6 h and the reaction compietvas checked by TLC. The reaction mixture was @dunto

water and acidified with 3 M HCI to form 2-(3-o0xg32dihydro[1,4]-benzothiazin-4-yl)acetic acid asartess solid.
Single crystals suitable for X-ray analysis werdagied by crystallization from dichloromethane undtow

evaporation (M.p 88-90 K).

1) NaOH/ HO/ EtOH

L
>

2) HO/l H
N o 2 N o

OCH; OH

O o)
Scheme 2: Characterization of 2-(3-oxo0-2,3-dihydrd[4]-benzothiazin-4-yl)acetic acid (P1)

The analytical and spectroscopic data are confayitarihe structure of compound formed.
(P1).Yield = 72%; M.p.88-90K; RMN1H (DMSO-d&) ppm : 13.32(s, 1H ; OH); 3.66 (s, 2H ; CH2); 4(S82H ;

NCHZ2); 7.04-7.41 (m, 4H, Har); RMN13C (DMSO-d&)ppm : 30.6(SCH2); 46.8 (NCH2); 118.2, 123.9, 127.8
128.5 (CHar); 123.1, 139.8(Cq); 165.9, 170,2 (C=0)
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RESULTS AND DISCUSSION

Mild steel corrosion behavior in 1 M HCI was invgsted in the absence and presence of 1,4-benzuothia
derivative (P1) with the help of weight loss andotlochemical techniques. It was seen that mildl stissolution
rate was very high in 1 M HCI alone but presencénbfbitor significantly decreased the corrosioteraf mild
steel.

3.1 Weight Loss Measurements
The weight loss data made primarily at 6 hoursywhersion at room temperature (308 K) were givehahle 1,
where the inhibition efficiency was calculated gsthe following equation (1):

vo-v

0 =
Ew % 70

X 10 (1)

where VO and V are the values of corrosion ratéaut and with inhibitor, respectively.

It is clear that with the rise in 1,4-benzothiazdezivative (P1) concentration, corrosion raterdased and then the
inhibition efficiency increased. The highest inltiitg efficiency attained 93% at 10-3M. This excetlénhibitory
effect merits to be studied at elevated temperature

Table 1. Corrosion rate and inhibition efficiency n the absence and presence of 1, 4-benzothiazineidative (P1) in 1.0 M HCI solution

at 35°C

Inhibitor Concentration Cr n

(M) (mg.cn?h?) | (%)
1M HCI - 0.82
10-6 0.21 74
o 10-5 0.17 79

- AY

1, 4-benzothiazine (P 104 011 87
10-3 0.06 93

3.2. Effect of temperature

The effect of temperature on the inhibited acid-ahetaction is very complex, because many changesr @n the
metal surface such as rapid etching, desorptianhilbitor and the inhibitor itself may undergo dewgmosition [34].
The change of the corrosion rate at selected caratems of the benzothiazine derivative during &éflimmersion
with the temperature was studied in 1 M HCI, batlhie absence and presence of benzothiazine deevdtor this
purpose, gravimetric experiments were performetifigrent temperatures (313-353 K).

C(mg.cmi’ h)

./l

T T T T T T T T T T
310 320 330 340 350 360
T()

Figure 1: Variations of the corrosion rate (CR) ofmild steel in 1 M HCl with 1, 4-benzothiazine deriative (P1) for the temperatures
shown in the inset
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Figure 2: Corrosion inhibition of steel expressed sinhibition efficiency in percentage E(%) as a fuation of 1,4-benzothiazine derivative
(P1) in 1 M HCI solution at different temperatures

It is clear that the corrosion rate increased amrsibly with the rise of temperature for blank siolu In the
presence of the tested molecule, the corrosionsdtghly reduced at moderate temperatures. Werged that the
efficiency depends on the temperature and decreatesemperature up to 45% at 353 K. This canXydaned by
the decrease of the strength of the adsorptionegsss at elevated temperature, suggesting a phydsarption

mode [35].

The logarithm of the corrosion rate of steql €an be represented as a straightline (Fig. 3)timmeof 1000/T
(Arrhenius equation, equation 2), where T is thegerature in Kelvin:
Wecorr = K exp (-Ea/RT) and WOcorr = K 'exp (-EaT)R (2)

Ea'= 94.58 and Ea = 55.24 kJ/mol are the activadoargy with and without 1,4-benzothiazine deriat{P1)
respectively.
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Figure 3: Arrhenius plots of steel in 1 M HCI in the absence and presence of 10-3 M 1,4-benzothiazitegivative (P1)

It is observed that Ea increases in the presenaghifitor, which indicates poor performance of-bghzothiazine
derivative (P1) at higher temperatures. This ingeeaf activation energy is generally interpretedua®lectrostatic
adsorption process of inhibitor on the steel s&f36].
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3.2. Polarisation results
The electrochemical study was carried out usingtermiostat PGZ100 piloted by Voltamaster soft-warhis

potentiostat is connected to a cell with threetebele thermostats with double wall. A saturatedcw! electrode
(SCE) and platinum electrode were used as referandeauxiliary electrodes, respectively. Anodic aathodic
potentiodynamic polarization curves were plotted ablarization scan rate of 0.5mV/s. Before afleriments, the
potential was stabilized at free potential durifign3in. The polarisation curves are obtained froraG-81v to —200
mV at 308 K. The solution test is there after deati®l by bubbling nitrogen. Inhibition efficiendg%) is defined
as Equation 3, wheregio and ionnny represent corrosion current density values withmod with inhibitor,
respectively.

icor(0)—icor(inh)
icor(0)

Ep% = x 100 (3)

Anodic and cathodic polarization curves for mildedtin 1.0 M HCI with and without various concetitvas of used
inhibitor are shown in Figures 4.

Various corrosion parameters such as corrosiomgiat€Ecorr), corrosion current density) and the inhibition
efficiency (E%) were determined by Tafel extrapiolatmethod [37] and are given in Table 2.
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Figure 4. Tafel plot of mild steel with differentconcentrations of 1,4-benzothiazine derivative (Ain 1M HCI solution

The analyse of the data in Table 2 revealed thatctirrosion current density.{f) decreases considerably with
increasing benzothiazine derivative concentratiamle no definite trend was observed in the shifEg,, values.
The cathodic Tafel slopei¢) show slight changes with the addition of 1,4#zmhiazine derivative (P1), which
suggests that the inhibiting action occurred bypdénblocking of the available cathodic sites on itietal surface,
which lead to a decrease in the exposed area @egdes hydrogen evolution and lowered the dissotutate with
increasing benzothiazine derivative concentratiile dependence of E(%) versus the inhibitor comagon of
benzothiazine derivative is also presented in Tablehe obtained efficiencies indicate that benzaihe derivative
acts as effective inhibitor. Indeed, the valueg& ®6) increase with inhibitor concentration, reachits maximum
value, 92%, at TOM.

Table 2. Polarization parameters and corresponding inhibition efficiency for the corrosion of the mild steel inLM HCI without and with
addition of various concentrations of 1,4-benzothizine derivative (P1) at 35°C

| Inhibitor [ Concentration | -Econ (MV/ECS) [ Teow | B | m |
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() (uA/cm?) | (mV/dec) | (%)

1M HCI - 454 1205 184 -

10-6 455 279 128 77

o \ 10-5 461 230 128 81

1, 4-benzothiazine (P1) 104 163 182 135 a5
10-3 460 97 152 92

3.3. Electrochemical impedance spectroscopy (EIS)
The electrochemical impedance spectroscopy (ElSisorements are carried out with the electrochersigstem,

which included a digital potentiostat model VoltaRGZ100 computer at Ecorr after immersion in sofutvithout
bubbling. After the determination of steady-staterent at a corrosion potential, sine wave voltédemV) peak to
peak, at frequencies between 100 kHz and 10 mHz@perimposed on the rest potential. Computer progr
automatically controlled the measurements perforitetest potentials after 0.5 hour of exposureQ& B. The
impedance diagrams are given in the Nyquist reptatien. Inhibition efficiency (F20) is estimated using the
equation 4, where ®) and Rt(inh) are the charge transfer resistzatiges in the absence and presence of inhibitor,
respectively:

Rt(inh)—Rt(0)

0 =
ER% Rt(inh)

x 100 ()

Electrochemical impedance spectroscopy (EIS) isnsonty used technique in corrosion researches ttaexthe

mechanisms and adsorption phenomena [38-39]. Edpedn inhibition studies, a single semi-circulshape is
observed for mild steel in acidic media. As in poerg studies [40-41], the parallel results weredietd in EIS data.
The EIS results and equivalent circuit were presegnt Figs. 5 and 6, respectively

It is the diameter of Nyquist plot shows the difiece in real impedance at lower and higher fregesndhe CPE
is the constant phase element which is used irepidouble layer capacitancey)do give non-ideal capacitive
behavior [42]. In Fig. 5, Nyquist plots for mildegt in 1 M HCI solution with, and without differeabncentrations
of the 1,4-benzothiazine derivative (P1) were s@ée Nyquist plots were detected as one partsefnaicircle.
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Figure 5: Nyquist plot at different concentrationsof 1,4-benzothiazine derivative (P1) in 1M HCI dation
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Figure 6: Electrical equivalent circuit model usedfor the modeling metal/solution

Results obtained show thaf Rcreases and {£tends to decrease when the concentration of itenibicreases. A
decrease in the Cdl values, which can result frafe@ease in the local dielectric constant andidnerease in the
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thickness of the electrical double layer, suggt®itthe 1,4-benzothiazine derivative (P1) funttiy adsorption at
the metal solution/interface [43-44].

Table 3. Impedance parameter values for the corrosh of mild steel in 1M HCI

o Concentration Ry Rp C n
Inhibitor (M) (Qemd) | (Qemd) | (uficmd) | (%)
1M HCI - 14.57 1.37 200 --
10° 69 1.53 94.12 79
1, 4-benzothiazine (P1) 10° 108 1.68 73.62 87
10* 122 1.67 67.47 88
10° 148 1.68 64.83 90

3.4. Adsorption isotherm

The interactions of 1,4-benzothiazine derivativé)(Hnhibitor and the mild steel surface can bengixad by the
adsorption isotherm. The degree of surface covevagees §) for variousconcentrations of the inhibitors in the
solution have been estimated from the differenhné@ues measurements. Suitable adsorption isotheas
obtained, using these calculated values. The liredationships of @ versus C, as shown in Fig 7, suggest that the
adsorption of 1,4-benzothiazine derivative (P1) tlom mild steel obeyed the Langmuir adsorptionhison. This
isotherm can be represented as [45]:

Clo = 1/Kyqst+ C (5)
® =E /100 (6)
The degree of surface coverage of each inhibitargiven concentration can be calculated usingbiteze equation

(6). The strong correlation R0.99) of the Langmuir adsorption isotherm for @afé was observed. Fig.7. depicts
the graph of the Langmuir adsorption isotherm figr studied compound.

0.0012

—a— weight loss
0.0010 —@— polarisation
EIS

aeMm

T T T T T T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

Cinh(M)

Figure 7: Experimental results at 308 K according @ the Langmuir adsorption isotherm for 1,4-benzothézine derivative (P1) by various
methods

3.5. Theoretical calculations

Quantum chemical calculations were performed t@stigate the effect of structural electronic partanmseon the
inhibition efficiency of inhibitor. Previous studieonfirmed the fact that, in aqueous acidic sofytthese types of
compound get protonated and exist as neutral miglexun the form of cation. The studied compouralyrabsorb
on the metal surface in the form of neutral molear in the form of protonated molecule. Geomearid electronic
structure of the inhibitor was calculated by thenptete geometrical optimization in their neutratlgsrotonated
form. The obtained molecular structure and HOMO &tiMO orbitals of the neutral inhibitor molecule by
DFT/B3LYP/6-31G(d, p) [46] obtained from the DFalculations are given in Figs. 8 and 9.
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Figure 8: Calculated HOMO and LUMO molecular orbitals of the studied molecule neutral form

Figure 9: Calculated HOMO and LUMO molecular orbitals of the studied molecule protonated form

Quantum chemical parameters are obtained fromalwailations which are responsible for the inhibitifficiency
of inhibitors such as the energies of HOMQ,dfo), energy of LUMO (Eymo), energy gap AE) and dipole
moment f)are shown in Table 4.

Table 4. Calculated quantum chemical parameters dhe studied compound

Quantum parameters | Neutral | Protonated
E HOMO (eV) -0.31898| -0.31055
E LUMO (eV) -0.01268 -0.01854
AEgap (eV) 0.30630 0.29201
u (debye) 3.2058 4.3656

The energy of HOMO is often associated with thetetm-donating ability of a molecule. Thereforeg #nergy of
LUMO indicates the ability of the molecule to actefectrons [47]. So, the calculations show that¢tbmpound
protonated, has the highest LUMO level and lowe®MD. On the other hand, when we examine the oldaine
values of gap energies, the results obtained shawthe compound protonated has a small value o &k This
parameter provides a measure for the stabilithefformed complex on the metal surface. Even iditheture the
correlation betweenE gap and inhibition efficiency is often cited [48]

The most widely used quantity to describe the [itglés the dipole moment of the molecule [49]. Diponoment is
the measure of polarity of a polar covalent bonds ldefined as the product of the charge on tbhenatand the
distance between the two bonded atoms. The tgpalelimoment, however, reflects only the global pbleof a

molecule. For a complete molecule, the total mdbacdipole moment may be approximated as the vestar of
individual bond dipole moments. The calculationswhhat the benzothiazine derivative neutral has ldwest
value of dipole moment. Indeed, the inhibition @ffncy decreases with increasing dipole moment [50]
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CONCLUSION

The following conclusions are drawn:

» The 1,4-benzothiazine derivative (P1) inhibit tleerosion of steel in 1 M HCI solution. The inhilbiti efficiency
increases with the inhibitor concentration.

» Inhibitor act essentially as mixed type inhibitor.

» The adsorption of inhibitor on the steel surfawarf 1 M HCI solution follows the Langmuir adsorptisotherm.
» The inhibition efficiency of organic compound dexse in the temperature range 308—353 K.

» Through the quantum chemical calculations, we t&nevn that the calculated parameters are cordeleith the
experimental results,
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