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Abstract 
The inhibition effect of benzothiazine (3,4-dihydro-2H-1,4-benzothiazine-3-thione ): P1 in mild steel corrosion in 1M 

HCL acid was investigated by weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy 

(EIS) techniques. The result showed that corrosion rate was significantly decreased in presence of the inhibitor. The 

inhibiting action increases with the concentration of benzothiazine compound to attain 92 % at 10
-3

mol/L. The increase in 

temperature leads to a decrease in the inhibition efficiency of the compounds in the temperature range 313-343K.  
Adsorption of benzothiazine P1 on the mild steel surface in 1M HCL solution obeyed the Langmuir adsorption isotherm. 

Attempt to correlate the molecular structure to quantum chemical indices was made using density functional theory 

(DFT).  EIS measurements showed an increase in charge transfer resistance (Rct) with concentration. Potentiodynamic 

polarization study showed that the inhibitor act as mixed type, controlling both the anodic and cathodic reactions.  

 

Keywords: Benzothiazine, mild steel, Corrosion, inhibition efficiency, EIS. 

 

Introduction 
In recent years, there has been an upsurge in the synthesis of non-steroidal anti-inflammatory drugs (NSAIDs) 

with two or more heterocyclic to overcome the drawbacks of known non-steroidal anti-inflammatory drugs 

(NSAIDs) such as aspirin, ibuprofen and naproxen. The search for novel analgesic and anti-inflammatory 

agents devoid of side effects continues to be an active area of research in medicinal chemistry. A number of 

2H-1,4-benzothiazine derivatives were reported for their biological activities such as antimicrobial [1], 

antimalarial [2], anti-inflammatory [3], antifungal [4] and 15-lipoxygenase inhibition properties [5]. Have been 

reported as effective corrosion inhibitors for steel in acidic media. The heterocyclic compounds with 

functional groups containing hetero-atoms, which can donate lone pair electrons are found to be particularly 

useful as inhibitors for metal corrosion [6-9]. Recently more study shows that the inhibitive effect is found to 

enhance several nitrogen containing organic compounds for carbon steel in acid solutions. Organic nitrogen 

compounds which usually employed for their rapid action in acidic solutions specify the corrosion behavior of 

iron and steel [10].  

The objective of this investigation is to determine the corrosion inhibition efficiency of 3,4-dihydro-2H-1,4-

benzothiazine-3-thione :P1 as a novel inhibitor for the corrosion of mild steel  in 1.0 M HCL. The inhibition 

efficiency was determined using two different techniques: electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization measurements. Quantum chemical calculation was also employed to provide 

insight into the mechanism of the inhibitory action.  

 

2. EXPERIMENTAL 
2.1. Materials 

Mild steel was used for this study has the following composition: Mild Steel strips containing (0.09 % P; 0.38 

% Si; 0.01 % Al; 0.05 % Mn; 0.21 % C; 0.05 % S and the remainder iron. 
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The specimen was used for electrochemical measurements. The exposed surface area was 1cm
2
. 
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Scheme.1: 2H-benzo[b][1,4]thiazine-3(4H)-thione 

 

2.2. Synthesis of inhibitor 

To a well-stirred solution of (5 g, 33.1mmol) 3,4-dihydro-2H-1,4-benzothiazine-3-one in 50 mL of dry 

pyridine was added (14.7g ,33.1mmol) phosphorus pentasulfide, the reaction mixture is heated to reflux for 4 

hours, the solid obtained is washed several times with hot water, dried and then purified in absolute ethanol. 

Recrystallization is carried out in the petroleum ether. The product obtained was characterized by 
1
H NMR, 

13
C NMR. 
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Scheme 2: Characterization of 3,4-dihydro-2H-1,4-benzothiazine-3-thione :(P1) 

 
 

Characterization of 3,4-dihydro-2H-1,4-benzothiazine-3-thione : (P1) Light yellow solid (75 % yield), mp: 

126-128 °C. 1H NMR (δ) 3.88 (s, 2H, -CH2-), 7.02 (d, J = 8.0 Hz, 1H, aromatic), 7.10 (dd, J = 7.8, 8.0 Hz, 

1H, aromatic), 7.20 (dd, J = 7.8, 8.0 Hz, 1H, aromatic), 7.34 (d, J = 7.8 Hz, 1H, aromatic), 10.40 ( s, 1H, NH). 
13

C NMR (δ) 37.5 (t), 117.9 (d), 122.9 (d), 125.7 (d), 127.5 (d), 128.4 (s), 136.1 (s), 192.5 (s). 

 

2.3. Solutions 
The aggressive solutions of 1.0 M HCl were prepared by dilution of an analytical grade 37% HCl with double 

distilled water. The concentration range of inhibitor employed was 10
-5

 – 10
-3

(mol/l) 

 

2.4. Weight loss method 

Gravimetric measurements were carried out in a double-walled glass cell equipped with a thermostat cooling 

condenser. The solution volume was 50 mL. The steel specimens used had a rectangular form (1.5cm × 1.5 cm 

× 0.05 cm). The immersion time for the weight loss was 6 h at 308 K. 

 In order to get good reproducibility, experiments were carried out in duplicate. The average weight    loss was 

obtained. 

 

2. Electrochemical tests 
2.1. Electrochemical impedance spectroscopy   

The electrochemical measurements were carried out using Volta lab (Tacussel- Radiometer PGZ 301) 

potentiostate and controlled by Tacussel corrosion analysis software model (Volta master 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
2
. The working 

electrode was mild steel. All potentials given in this study were referred to this reference electrode. The 

working electrode was immersed in test solution for ½ hours 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 308K. The EIS experiments were conducted in the frequency 

range with high limit of 100 KHz and different low limit 10 mHz 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. 
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Nyquist plots were made from these experiments and the impedence plots are given in the Nyquist 

representation. Experiments are repeated three times to ensure the reproducibility. 

2.2. Potentiodynamic polarization  

The electrochemical behavior of mild steel sample in inhibited and uninhibited solution was studied by 

recording anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 1.0 

M HCL solution containing different concentrations of the tested inhibitor by changing the electrode potential 

automatically from -800 to -100 mV versus corrosion potential at a scan rate of 1 mV/s. The linear Tafel 

segments of anodic and cathodic curves were extrapolated to corrosion potential to obtain corrosion current 

densities (Icorr).  

 

3. Results and Discussion 
3.1. Potentiodynamic Polarization Curves 

Figure 1. Shows the anodic and cathodic polarization curves for mild steel in 1M HCl at different 

concentrations of the benzothiazine derivatives (P1) inhibitor.  
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Figure 1. Potentiodynamic polarization curves of mild steel in 1M HCl in the presence of different 

concentrations of benzothiazine derivatives (P1) at 308K 

It's clear from this figure that the addition of the inhibitor concentration causes a significant decrease in the 

corrosion rate, a displacement of the anodic curves to more positive potentials and the cathodic curves to more 

negative potentials. This may be attributed to adsorption of the inhibitor on the electrod surface. Figure 1 

shows the tafel polarization curves for mild steel in 1.0 M Hydrochloric acid solution at different 

concentrations (10
-3

 to 10
-6

 M) of inhibitor at 308K. The inhibition efficiency values IE (%), were calculated 

using the following equation (1): 

 

IE% =
Icorr

0 −Icorr

Icorr
0      (1) 

 
Where I°corr and Icorr are uninhibited and inhibited corrosion current densities, respectively. Values of the 

corrosion current densities (Icorr), corrosion potential (Ecorr), cathodic Tafel slope (bc), were calculated from 

Figure 1 and are listed in Table 1. 
Data in Table 1 show that P1 inhibit the corrosion process and the inhibition efficiency values (%IE) increases 

with the concentration of inhibitor, reaching its maximum value is 93% at 10
-3

M .These data show that the 

increase in inhibitor concentration leads to decrease in the corrosion current density. The presence of the P1 

concentration does not remarkable displacement of the corrosion potential, while the cathodic Tafel slope βc 

change with the increase in the inhibitor concentration. These observations indicate that the P1 inhibitor is a 

mixed-type inhibitor for the corrosion of mild steel in 1.0 M HCl [11]. This due to the adsorption of the 

inhibitor on the corroding surface [12, 13]. 
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Table 1. Electrochemical parameters of mild steel in 1M HCl solution without and with benzothiazine 

derivatives (P1) at different concentrations. 

Inhibitor Concentration 

(M) 

-Ecorr 

(mV/SCE) 

Icorr 

(μA/cm
2
) 

-βc 

 

βa 

 

IE(%) 

HCl 1M - 464 1386 164 135 - 

P1 

10
-3

 456 102 82 68 93 

10
-4

 467 266 103 85 81 

10
-5

 466 320 110 80 77 

10
-6

 473 656 111 101 53 

 

3.2. Electrochemical impedance spectroscopy 

The impedance measurements were carried at 308 K after 30 min of immersion in 1M HCl solutions in the 

absence and presence of different concentrations of the P1 inhibitor. The Nyquist plots for mild steel obtained 

at the interface in the presence and the absence of P1 at different concentrations are given in figure 2. 
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Figure 2. Nyquist plots for mild steel in 1 M HCl containing different concentrations of benzothiazine 

derivatives (P1) 

 

Figure 2 show the Nyquist plots present capacitive loops as a depressed semicircle, the diameter of the 

capacitive loop in the presence of inhibitor is larger than that in the absence of inhibitor and increases with the 

inhibitor concentration, indicating that the corrosion is primarily a charge transfer process and the formed 

inhibitive film increases by the addition of the inhibitor P1 [14]. 

The charge-transfer resistance (Rct) values are calculated from the difference in impedance at lower and higher 

frequencies as suggested by Tsuru et al [15]. The double layer capacitance (Cdl) , the values of frequency at 

which the imaginary component of the impedance is maximum -Zim(max) was found and used in the following 

equation (2) with corresponding Rct values: 

𝐶𝑑𝑙 =  
1

2𝑓𝑚𝑅𝑡
                                                      (2) 

With Cdl Double layer capacitance (µF.cm
-2

); 𝑓𝑚 : maximum Frequency (Hz) and Rt: Charge transfer resistance 

(Ω.cm
2
). 

In this case, the inhibition efficiency is calculated using charge-transfer resistance 

from equation (3): 

%𝐼𝐸 = (1 −
𝑅𝑐𝑡

°

𝑅𝑐𝑡
)                                              (3) 

Where Rct
°  and Rct are the charge transfer resistance in the absence and presence of different concentrations of 

inhibitor, respectively. 
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Table 2. AC impedance data of mild steel in 1.0 M HCl acid solution containing different concentrations of P1 

at 308K. 

Inhibitor Concentration 

(M) 

Rtc 

(Ω.cm
2
) 

Cdl 

(µf/cm
2
) 

IE 

(%) 

HCl 1M - 14.57 200 -- 

 

P1 

10
-3

 118 68.04 88 

10
-4

 51 99.86 71 

10
-5

 41 99.49 64 

10
-6

 29 115.40 50 

The experimental result of EIS measurements for the corrosion of mild steel in 1M HCl in the absence and 

presence of P1 inhibitor is given in Table 2. As it can be observed from the table, the charge-transfer resistance 

values (Rct) increased with increase in the concentration of the inhibitor, whereas the values of the capacitance 

of the interface (Cdl) starts decreasing with increase in inhibitor concentration, which is most probably due to 

the decrease in local dielectric constant and/or increase in thickness of the electrical double layer. This 

suggests that the inhibitor acts via adsorption at the metal/solution interface [16] and the decrease in the Cdl 

values is caused by the gradual replacement of water molecules by the adsorption of the inhibitor molecules on 

the electrode surface, which decreases the extent of metal dissolution [17]. The inhibiting effectiveness 

increases with the concentration of the inhibitor to reach a maximum value reach to a maximum value from 

88% for P1. 

 

3.3. Weight Loss Measurements and adsorption isotherm 

The effect of addition of P1 compound tested at different concentrations on the corrosion of steel in 1.0 M HCl 

solution was studied by weight loss at 308K after 6h of immersion. The values of the percentage inhibition 

efficiency IE (%) were calculated from the following equation (4): 

%𝐼𝐸 =
𝑊𝑐𝑜𝑟𝑟 −𝑊𝑐𝑜𝑟𝑟

′

𝑊𝑐𝑜𝑟𝑟
∗ 100     (4) 

Where Wcorr and W'corr are weight loss in the absence and presence of inhibitor. 

Table 3: Weight loss data of mild steel in 1 M HCl for various concentrations of the benzothiazine derivatives 
(P1). 

Inhibitor Concentration 

(M) 

Corrosion rate 

(mg cm
-2
 h

-1
) 

IE 

(%) 
 

HCl 1M — 0.820 — — 

 

P1 

10
-6

 0.279 66 0.66 

10
-5

 0.141 83 0.83 

 10
-4

 0.068 92 0.92 

 10
-3

 0.031 96 0.96 

Table 3 clearly indicates a decrease in the corrosion rate in the presence of all concentrations of this 

compound, P1 inhibits the corrosion of mild steel and the efficiency inhibition increases with the increasing 

inhibitor concentration. This effect is hugely marked at higher concentration of inhibitor. The presence of 

inhibitor P1 gave a high inhibiting. This is probably due to the presence of sulphur and nitrogen atom 

according to Every and Riggs [18]. The organic compound containing the nitrogen and sulphur has better 

inhibition efficiency in acidic media. 

The adsorption process depends on the structural formula and electronic characteristics of the inhibitor, 

temperature, the nature of metal surface and the varying degrees of surface-site activity [19, 20]. In actual fact, 

the H2O molecules could be adsorbed at the electrod /solution interface. To this effect, the adsorption of 

organic inhibitor molecules can be considered as a quasi substitution process between the organic compounds 

in the aqueous phase Org(sol) and water molecules at the electrode surface H2O(ads) [21]: 

Org (sol) + nH2O (ads) ↔ Org (ads) + nH2O (sol) 

Where (n) is the size ratio, that is the number of water molecules replaced by one organic inhibitor. 
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Figure 3: Variation of inhibition efficiency and corrosion rate in 1M HCl on mild steel surface without and 

with different concentrations of benzothiazine derivatives (P1). 
 

The adsorption isotherm helps us to provid the information on the interaction between the inhibitor molecule 

of P1 and the metal surface. The degree of surface coverage (θ) for different concentrations of inhibitor was 

evaluated from Weight loss measurements. Attempts were made to fit θ values to various isotherms such as 

Temkin, Frumkin and Langmuir. The best fit was obtained with the Langmuir isotherm (Figure. 4). From this 

isotherm θ is linked to concentration inhibitor follow equation (5) [22]. 
𝛳

1−𝛳
= 𝐶𝑖𝑛ℎ .𝐾𝑎𝑑𝑠      (5) 

By rearranging this equation (6): 
𝐶𝑖𝑛 ℎ

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ      (6) 

Where Kads is the adsorption/desorption equilibrium constant, Cinh is the corrosion inhibitor concentration in 

the solution. 

It was found that from Figure 4 (plot of  𝐶 𝜃  versus 𝐶) gives straight line with slope near to 1, indicating that 

the adsorption of compound under consideration on mild steel / acidic solution interface obeys Langmuir 

adsorption. The thermodynamic parameters for the corrosion of mild steel in 1M HCl acid in the presence and 

absence of different concentrations of benzothiazine derivatives (P1) is given in the Table 4. 

 

Table 4: Thermodynamic parameters for the corrosion of mild steel in 1 M HCl in the absence and presence of 

different concentrations of benzothiazine derivatives P1. 

Inhibitor Linear 

correlation 

(coefficient R ) 

Slope 





Gads 

kJ.mol



P1 0.99999 0.96179 454097.549 -43.62 

 

The free energy of adsorption ΔG°ads can be calculated from the Kads value obtained from the above correlation 

[23]:  

∆Gads° = − RT Ln (Kads 55.5)      (7) 

Where ∆G
°
ads is the free energy of adsorption. 

Where 55.5 is the concentration of water, R=8.314J.K
-1

.mol
-1

 is the universal gas constant and T is the 

absolute temperature (K), Kads the adsorption–desorption equilibrium constant. 

The ∆Gads° values are also presented in Table 4, the negative sign of ∆Gads° indicates the spontaneity of the 

adsorption process and stability of the adsorbed film on the electrode surface [24]. Furthermore, values of 

∆G°ads  up to -20 kJmol
-1

 are reliable with the electrostatic interaction between the charged molecules and the 

charged metal (physisorption) while those more negative than -40 kJmol
-1

 involve sharing or transfer of 

electrons from the inhibitor molecules to the metal surface to forma co-ordinate type of bond (chemisorption) 

[25]. Accordingly, the value of ∆Gads° = -43.62 kJ/mol we propose chemisorption of P1 molecules on the mild 

steel surface. Infact, because of strong adsorption of H2O molecules on the surface of steel, it may be assumed 

that removal of water molecules from the surface is accompanied by chemical interaction between the metal 

surface and the formed film [23]. 

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

0.00

0.05

0.10

0.15

0.20

0.25

0.30

W
 (

m
g 

cm
-2
 h

-1
)

C (M)

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

IE
(%

)



J. Mater. Environ. Sci. 6 (11) (2015) 3034-3044                                                                              Sebbar et al. 

ISSN : 2028-2508 

CODEN: JMESCN 

 

3040 
 

 
Figure 4: Langmuir adsorption isotherm of P1 on the steel surface in HCl solution  

 

3.4. Effect of temperature 

To investigate the nature of adsorption of the inhibitor and to calculate the activation energies of the corrosion 

process, weight loss measurements were obtained at different temperatures in the absence and the presence of 

P1 and precisely in the range of temperature 313-343K. 

 

Table 5: various corrosion parameters for mild steel in 1M HCl in absence and presence of optimum 

concentration of benzothiazine derivatives (P1) at different temperatures. 

Temperature 

(K) 

Inhibitor Corrosion rate 

(mg/cm
2
.h) 

θ IE 

(%) 

313 HCL 1M 1.69 -- -- 

P1 0.21 0.88 87.57 

323 HCL 1M 3.23 -- -- 

P1 0.45 0.86 86.07 

333 HCL 1M 6.73 -- -- 

P1 1.43 0.79 78.75 

343 HCL 1M 10.39 -- -- 

P1 2.77 0.73 73.34 

 

Inspection of Table 5 showed that corrosion rate increased with increasing temperature both in uninhibited and 

inhibited solutions, while the inhibition efficiency of P1 product decreased with temperature, it might be due to 

weakening of physical adsorption. In order to calculate activation parameters for the corrosion process, 

Arrhenius equation (8) and transition state equation (9) were used [26]: 

𝐶𝑅 = 𝐴𝑒𝑥𝑝(−
𝐸𝑎

𝑅𝑇
)                         (8) 

              𝐶𝑅 =
𝑅𝑇

𝑁ℎ
exp  

∆𝑆𝑎
°

𝑅
 exp(−

∆𝐻𝑎
°

𝑅𝑇
)     (9) 

Where Ea is the activation energy of the corrosion process, A is the pre-exponential factor, R the general gas 

constant, h is the plank’s constant, N is Avogadro’s number, ∆𝑆𝑎
° is the apparent entropy of activation and ∆𝐻𝑎

°  

is the apparent enthalpy of activation.  

The apparent activation energy (Ea) at optimum concentration of benzothiazine derivatives (P1) was 

determined by linear regression between Ln CR and 1/T (Figure 5) and the results is shown in Table 5. The 
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linear regression coefficient was close to 1, indicating that the steel corrosion in hydrochloric acid can be 

elucidated using the kinetic model. Inspection of Table 6 showed that the value of Ea determined in 1M HCl 

containing our compound is higher (55.24 kJ mol
-1

) for benzothiazine derivatives (P1) than that for uninhibited 

solution (79.63 kJ mol
-1

). The increase in the apparent activation energy may be interpreted as physical 

adsorption that occurs in the first stage [27]. Szauer and Brand explained that the increase in activation energy 

can be attributed to an appreciable decrease in the adsorption of the inhibitor on the steel surface with increase 

in temperature. As adsorption decreases more desorption of inhibitor molecules occurs because these two 

opposite processes are in equilibrium. Due to more desorption of inhibitor molecules at higher temperatures 

the greater surface area of steel comes in contact with aggressive environment, resulting increased corrosion 

rates with increase in temperature [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Arrhenius plots of Ln CR vs. 1/T for steel in 1M HCl in the absence and the presence of 

benzothiazine derivatives (P1) at optimum concentration. 

 

 

Figure 6 showed a plot of Ln (CR/T) versus 1/T. The straight lines are obtained with a slope (
∆𝐻𝑎

°

𝑅𝑇
) and an 

intercept of (𝐿𝑛
𝑅𝑇

𝑁ℎ
+

∆𝑆𝑎
°

𝑅
) from which the values of  ∆𝐻𝑎

°  and ∆𝑆𝑎
°  are calculated and are given in Table 6. 

Inspection of these data revealed that the thermodynamic ∆𝐻𝑎
°  and ∆𝑆𝑎

°  parameters for dissolution reaction of 

steel in 1M HCl in the presence of inhibitor is higher 76.63 and -13.69 kJ/mol than that of in the absence of 

inhibitor (52.51 and -72.95 kJ/mol respectively. The positive sign of ∆𝐻𝑎
°  reflect the endothermic nature of the 

steel dissolution process suggesting that the dissolution of steel is slow [29] in the presence of inhibitor. 

 

 

Table 6: Activation parameters for the steel dissolution in 1M HCl in the absence and the presence of 

benzothiazine derivatives (P1) at optimum concentration. 

 

Inhibitor  A 

(Ohm.cm
2
) 

Linear 

regression 

coefficient (r) 

Ea 

(kJ/mol) 
∆𝐻𝑎

°   
(kJ mol

-1
) 

∆𝑆𝑎
°  

(kJ mol
-1

) 

HCl 1M 1.49 10
6
 0.99742 55.24 52.51 -72.95 

 

P1  2.21 10
6
 0.99663 79.63 

 

76.63 

 

-13.69 
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Figure 6: Arrhenius plots of Ln (CR/T) vs. 1/T for steel in 1M HCl in the absence and the presence of 

benzothiazine derivatives (P1) at optimum concentration. 
 

The large negative value of mild steel in 1M HCl implies that the activated complex is the rate-determining 

step, rather than the dissociation step. In the presence of the inhibitor, the value of ∆𝑆𝑎
°  increases and is 

generally interpreted as an increase in disorder as the reactants are converted to ∆𝑆𝑎
°   the activated complexes 

[30]. The values of ∆𝑆𝑎
°  reflect the fact that the adsorption process is accompanied by an increase in entropy, 

which is the driving force for the adsorption of the inhibitor onto the steel surface. 

 
 

4. COMPUTATIONAL DETAILS 
All quantum chemical study was carried out using the Density Functional Theory (DFT) with hybrid 

functional B3LYP, based on Becke’s three-parameter functional including Hartree–Fock exchange 

contribution with a nonlocal correction for the exchange potential proposed by Becke [31,32] together with the 

nonlocal correction for the correlation energy provided by Lee and al.[33]. 

 
Figure 7: Optimized structures of benzothiazine derivatives (P1) 

 

Parameters obtained from the quantum chemical calculations including the energy of highest occupied 

molecular orbital (EHOMO), the energy of lowest unoccupied molecular orbital (ELUMO), the separation energy 

(ΔE = ELUMO - EHOMO) and the dipole moment (μ) are shown in Table 7. 

In terms of the frontier molecular orbital theory, HOMO and LUMO energies may be used to predict the 

adsorption centers of the inhibitor molecules responsible for the interaction with surface metal atoms. As 

EHOMO is often associated with the electron donating ability of the molecule, high values of EHOMO mean that 

the molecule is tended to donate electrons to appropriate acceptor molecules with low energy and empty 

molecular orbital. Conversely, lower ELUMO values indicate the stronger ability of the molecule to accept 

electrons. Therefore, the ΔE value represents an important stability index that helps to predict the inhibitive 

effect of the calculated molecules [34, 35]. The other important parameter is dipole moment, which can lead to 

increase of inhibition and can be related to the dipole–dipole interaction of molecules and metal surface [36, 

37]. 

As we know, frontier orbital theory is useful in predicting the adsorption centers of the inhibitors responsible 

for the interaction with surface metal atoms. figure 8, show the HOMO and LUMO orbital contributions for 
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the studied inhibitor molecule benzothiazine. For the molecule, the HOMO and LUMO densities were 

concentrated on rings, N atom and S-atom. This means that these are active sites of the molecules responsible 

for interaction with metal surface. 

 

HOMO LUMO 

  

Figure 8: the frontier molecular orbital density distribution of benzothiazine derivatives (P1). 

 

Table 7 : Calculated quantum chemical parameters of the studied benzothiazine derivatives (P1). 

Quantum parameters  P1 

E HOMO (u.a.) -0.18846 

E LUMO (u.a.) -0.13113 

ΔEgap (u.a.) 0.05733 

μ (debye) 7.1376 

 

Figure 9: Charge repartition of benzothiazine derivatives (P1) 

 

It has been reported that the more negative the atomic charge of the adsorbed centre, the more easily the atom 

donates its electrons to the unoccupied orbital of metal [38-40]. Figure 9 shows the Mulliken charges of the 

atoms in benzothiazine molecule. By careful inspection of the values of Mulliken charges, the largest negative 

atom is found on the N (-0.03) of the benzothiazine thione ring. Other atoms with excess negative charges 

include S of thione group. This is further supported by figure 9, where the total electron density is located 

around these atoms. 

 

Conclusion 
3, 4-dihydro-2H-1,4-benzothiazine-3-thione P1 was found to be an inhibitor for the corrosion of mild steel in 

HCl solution. Inhibition efficiency increases with increase in benzothiazine derivatives (P1) concentration, but 

decrease with increase in temperature. Double-layer capacitances decrease with respect to blank solution when 

the synthesized inhibitor is added. This fact can be explained by adsorption of the synthesized inhibitor species 

on the steel surface. Polarization studies reveal that P1 act as a mixed-type inhibitor. The adsorption of P1 on 

mild steel surface can be approximated by Langmuir isotherm model. The smaller gap between EHOMO and 

ELUMO favors the adsorption of the synthesized inhibitor on steel surface and enhancement of corrosion 

inhibition. 
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