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Abstract 

Corrosion is a big challenge and many corrosion control methods have been adopted all over 

the world. It can damage the materials, which are used to construct automobiles, pipeline 

systems, bridges and buildings, petroleum refineries, etc. Corrosion inhibitors are used as 

effective alternatives for the protection of metallic surfaces against corrosion. Herein, the 

corrosion inhibition characteristics of 2-(4-сhlorophenyl)-1,4-benzothiazin-3-one (CBT) have 

been studied as efficient inhibitor for corrosion control of mild steel in 2.0 M phosphoric acid 

solution using potentiodynamic polarization, weight loss measurements and electrochemical 

impedance spectroscopy (EIS) techniques. The effects of inhibitor concentration on the 

inhibition action were investigated. The corrosion inhibition efficiency increased with the 

increase of CBT concentration up to 85% obtained at 25 °C at 5 mM concentration. The 

adsorption of CBT on metal surface obeyed Langmuir adsorption isotherm. Adsorption 

isotherm study suggests that both physical and chemical adsorptions may be the type of 

adsorption of the inhibitor on the metal surface. Polarization measurements showed that the 

CBT acted as mixed inhibitor. The surface morphology of mild steel, in the absence and 

presence of CBT in 2.0 M phosphoric acid solution, was studied using scanning electron 

microscopy (SEM). The SEM analysis strongly supports the results of electrochemical 

measurements.  
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1. Introduction 

Metallic corrosion is attracting the attention of researchers. Researchers all over the world 

are searching for some methods to avoid corrosion damage. Using inhibitors is an effective 

method to reduce corrosion rate [1, 2]. 

An acid wash process is widely used in many industries in order to cleaning and 

descaling of steel substrates [3–5]. In acid pickling process, hydrochloric acid, phosphoric 

acid and sulfuric acid are used due to their special chemical properties [6]. By considering 

the fact that mentioned mineral acids are aggressive solution for metallic substrates, using 

corrosion inhibitors in acidic bath is one of the most practical methods for preventing the 

corrosion of metals. As a result, corrosion inhibitors for acidic media have attracted 

increasing attention due to their extended applications [7]. Up to now, little work [8, 9] 

appears to have been done on the inhibition of steel in H3PO4 solutions.  

1,4-Benzothiazine is the pharmacophore of phenothiazines, which are well established 

anti-psychotic drugs [10], and is also known as the basic unit for their utility as dyestuffs [11], 

photographic developers, ultraviolet light absorbers and antioxidants [12]. Recently, the 

emergence of antibiotic-resistant bacterial strains has increased dramatically, so that the 

search for efficient substances to control micro-organisms is of paramount importance 

[13–16]. 

The present work is to investigate the corrosion inhibition of mild steel (MS) in 2.0 M 

H3PO4 by 2-(4-chlorophenyl)-1,4-benzothiazin-3-one (CBT) using weight loss, 

potentiodynamic polarization methods, electrochemical impedance spectroscopy (EIS) and 

scanning electron microscopy (SEM). 

2. Experimental details 

2.1. Synthesis 

General procedure for the preparation of 2-(4-chlorophenyl)-1,4-benzothiazin-3-one 

(CBT): To a solution of epoxide (1) (5 mmol) in MeCN (20 mL), are added the  

2-aminothiophenol (2) (5 mmol). The mixture is refluxed for 22 h. The solvent was 

removed under reduced pressure and the residue obtained is added to a mixture of 

Et2O/petroleum ether, the 2-arylbenzothiazin-3-one precipitate slowly and are then 

purified by flash chromatography on alumina column eluted with acetone to give solids, 

which are recrystallized in EtOH. 

2-(4-Chlorophenyl)-1,4-benzothiazin-3-one: (1.23 g, 90%); mp 196–197°C (mp 

198.5–199.5 [26]); IR (KBr): 3220, 1660 cm
–1

; 
1
H NMR (300 MHz, CDCl3 + CF3CO2H) δ 

4.71 (s, 1H, CHS), 6.93–7.34 (m, 8H, Ar), 10.00 (s, 1H, NH); 
13

C NMR (75 MHz, CDCl3+ 

CF3CO2H) δ 45.7, 118.2, 119.8, 122.4, 125.7, 126.1, 127.7, 129.2, 132.4, 133.1, 135.2, 

169.8; MS m/z  (%): 275 (M+, 1%), 151 (100), 96 (78), 123 (73). 
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Scheme 1. Synthesis of the 1,4-benzothiazines-3-one 3. 

2.2. Electrodes, chemicals and test solution  

Corrosion tests have been performed, using the gravimetric and electrochemical 

measurements, on electrodes cut from sheets of mild steel with the chemical composition: 

0.370% C, 0.230% Si, 0.680% Mn, 0.016% S, 0.077% Cr, 0.011% Ti, 0.059% Ni, 

0.009% Co, 0.160% Cu, and the remainder iron. The aggressive medium of phosphoric 

acid used for all studies were prepared by dilution of analytical grade 85% H3PO4 with 

double distilled water. The concentrations of CBT used in this investigates were varied 

from 10
–4

 to 5×10
–3

 M. 

2.3. Gravimetric measurements  

Gravimetric measurements were realized in a double walled glass cell equipped with a 

thermostat-cooling condenser. The carbon steel specimens used have a rectangular form 

with dimension of 2.5×2.0×0.2 cm were abraded with a different grade of emery paper 

(320, 800, 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 CBT at temperature equal to 

303 K remained by a water thermostat for 6 h as immersion time. The gravimetric tests 

were performed by triplicate at same conditions. The corrosion rates (CR) and the inhibition 

efficiency (η m, %) of mild steel have been evaluated from mass loss measurement using 

the following equations: 
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Where CR and RC  are the corrosion rates of the mild steel in phosphoric acid without and 

with the studied range of the CBT concentrations, respectively, θ is the degree of surface 

coverage. 

2.4. Electrochemical measurements 

Electrochemical measurements, including stationary methods (PDP) and transient (EIS) 

were performed in a three-electrode cell. Pure mild steel specimen was used as the working 

electrode, a saturated calomel (SCE) as reference and an area platinum as counter electrode 

(CE) were used. All potentials were measured against SCE. The working electrode was 

immersed in a test solution for 30 min until the corrosion potential of the equilibrium state 

(Ecorr) was achieved using a type PGZ100 potentiostat. The potentiodynamic polarization 

curves were determined by a constant sweep rate of 1 mV/s. The measurements of the 

transitory method (EIS) were determined, using ac signals of amplitude 10 mV peak to 

peak at different conditions in the frequency range of 100 kHz to 10 mHz. The data 

obtained by EIS method were analyzed and fitted using graphing and analyzing impedance 

software, version Zview2. For PDP method, the inhibition efficiency of the studied 

compound was calculated using the following equation:  

 

corr
PDP 0

corr

η (%) 1 100
i

i

 
 
  

     (3)  

where corri  and 0
corri  are the corrosion rates in the presence and absence of inhibitor, 

respectively. The impedance diagrams were determined by EIS method. To confirm 

reproductibility, all experiments were repeated three times and the evaluated inaccuracy 

does not exceed 10%. For EIS method, the inhibition efficiency was calculated using the 

following equation: 
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    (4)  

where Rp and Rp(inh) were the polarisation resistance of mild steel electrode in the 

uninhibited and inhibited solutions, respectively. 

2.5. SEM 

The changes of the surface morphology of the mild steel in absence and in presence of the 

optimum concentration of CBT was studied using Scanning Electron Microscopy (SEM) 

after 6 h of immersion at 303 K. SEM (Hitachi TM-1000) with an accelerating voltage of 

15 kV was used for the experiments. 
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3. Results and discussion 

3.1. Polarization results 

The potentiodynamic polarization curves for mild steel in 2 M H3PO4 solution at 298 K 

with and without inhibitor are presented in Figure 2. The curves are shifted to lower 

current regions in the presence of inhibitor showing that the studied inhibitor inhibits the 

corrosion reaction. The associated electrochemical parameters such as corrosion potential 

(Ecorr), corrosion current density (icorr), anodic and cathodic Tafel slopes (βa and βc) were 

obtained from the intersection of anodic and cathodic Tafel lines, and corrosion inhibition 

efficiencies PDP(%)  were calculated and presented in Table 1. 
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Figure 2. Potentiodynamic polarization curves for mild steel in 2 M H3PO4 solution in the 

presence and absence of different concentrations of CBT at 298 K.  

Table 1. The electrochemical parameters calculated by the PDP technique for the corrosion of mild steel 

in 2 M H3PO4 in the absence and presence of different concentrations of CBT at 298 K. 

Inhibitor 
Concentration 

(M) 

–Ecorr 

(mV/SCE) 

–βc 

(mV/dec) 

βa 

(mV/dec) 

icorr 

(µA/cm
2
) 

ηPDP 

(%) 

H3PO4 2 488 135 92 2718 – 

CBT 

5×10
–3

 463 133 76 504 81 

10
–3

 465 131 74 631 76 

5×10
–4

 461 137 77 856 68 

10
–4

 464 139 74 1043 61 
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It is clear that the addition of inhibitor hindered the acid attack on the steel electrode 

and a comparison of curves in both cases, showed that, with respect to the blank, 

increasing the concentration of the inhibitor gave rise to a consistent decrease in anodic 

and cathodic current densities indicating that inhibitor acts as mixed type inhibitor [17, 18]. 

Increasing of inhibitor concentration results a reduction in the corrosion current densities 

and an increase in η%, which suggests that the protective film adsorbed on the metal 

surface tends to be more complete at higher inhibitor concentrations. It is clear from 

Table 1 that after increasing the concentration of inhibitor, the inhibition efficiency 

increased, while the corrosion current density decreased due to adsorption of inhibitor 

molecule on the metal surface. The minor shift in Ecorr value towards positive direction in 

the presence of inhibitor as compared to the Ecorr value in the absence of inhibitor indicates 

that tested inhibitor acts as mixed type inhibitor [19]. 

3.2. Electrochemical impedance spectroscopy (EIS) 

Figure 3 shows the Nyquist diagrams for mild steel in 2 M H3PO4 at 298 K containing 

various concentrations of CBT. Inspection of Figure 3 reveals that the addition of the 

inhibitor increases the capacitive loop diameter without affecting their characteristic 

features. This indicates the strengthening of the formed inhibitive film, which is 

responsible for the inhibition action of this inhibitor. The protective film is formed because 

of adsorption of inhibitor molecules on the mild steel surface without changing the 

mechanism of corrosion process. It can be seen clearly from Figure 3, that the Nyquist 

plots show a single capacitive semicircle shape at higher frequencies in the presence of 

inhibitor. This indicates that corrosion of mild steel in 2 M H3PO4 solution is mainly 

controlled by charge transfer process [20–22].  
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Figure 2. Nyquist plots for carbon steel in 2 M H3PO4 solution containing various 

concentrations of CBT at 298 K. 
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The impedance spectra were fitted to the Rs (Rp CPE) equivalent circuit of the form in 

Figure 3. It consists of an electrolyte resistance (Rs), a polarization resistance (Rp) and a 

constant phase element (CPE), which is used for a non-ideal double layer. The impedance 

of this element is frequency-dependent and can be calculated using the Equation 5:  

 CPE

1

(j )nZ
Q




 (5) 

Where Q is the CPE constant (in Ω
–1

·S
n
·cm

–2
), ω is the angular frequency (in rad·s

–1
),  

j
2
 = –1 is the imaginary number and n is a CPE exponent which can be used as a gauge for 

the heterogeneity or roughness of the surface [23, 24].  

The electrochemical kinetic parameters obtained from the fitting of impedance spectra 

are listed in Table 2. The impedance value at low frequency region corresponds to the 

polarization resistance (Rp). The Rp values for the inhibited systems are generally higher 

than that of the uninhibited 2 M H3PO4 system, which implies that the studied inhibitor 

inhibits mild steel corrosion in 2 M H3PO4. The increased Rp values with increasing the 

concentration of the inhibitor correspond to an enhanced impedance to electrochemical 

corrosion at high inhibitor concentration. In addition, the double layer capacitances, Cdl, for 

a circuit including a CPE were calculated by using the following Equation 6: 

 
1–
pdl

nnC Q R 
 

(6)  

 

Figure 3. Equivalent electrical circuit. 

Table 2. Impedance parameters recorded for mild steel electrode in 2 M H3PO4 solution in the absence 

and presence of different concentrations of inhibitor at 298 K. 

Inhibitor 
Concentration 

(M) 

Rp 

(Ω·cm
2
) 

Y0×10
–4 

(sn·Ω
–1·cm

–2
) 

n 
Cdl 

(μF/cm
2
) 

EIS 

(%) 

Blank 2.0 14 2.1024 0.88 94.96 – 

CBT 

5×10
–3

 93 0.6108 0.88 30 85 

10
–3

 73 0.8441 0.85 34 81 

5×10
–4

 55 1.0017 0.87 46 74 

10
–4

 41 1.3784 0.84 51 66 

Rp
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The calculated Cdl values in the presence of inhibitor are generally lower than that of 

the 2 M H3PO4 without inhibitor. This implies that the inhibitor forms protective film on 

the steel surface. The Cdl values also decrease with increasing concentration for the 

inhibitor, this implies that the thickness of the protective film increases with increasing 

inhibitor concentration [25]. The EIS values are high for the studied inhibitor indicating 

that it is good corrosion inhibitor for mild steel in 2 M H3PO4. 

3.3. Weight loss study 

Effect of inhibitor (CBT) concentration on the corrosion of mild steel in 2.0 M H3PO4 

was studied by weight loss measurement at 298 K and the results are given in Table 3. The 

data in Table 3 reveal that as the concentration of CBT increases inhibition efficiency 

increases and corrosion rate decreases. This behavior can be attributed to the increase in 

surface area covered by the adsorbed molecules on the mild steel surface with an increase 

in the concentration of CBT. The maximum efficiency of 80% was achieved at the 

concentration of 5×10
–3

 M. 

Table 3. Effect of CBT concentration on corrosion data of mild steel in 2.0 M H3PO4 

Inhibitor 
Concentration  

(M) 

CR 

(mg·cm
−2
·h

–1
) 

ηw 

(%) 
θ 

Blank 2.0 5.061 – – 

CBT 

5×10
–3

 1.045 80 0.80 

10
–3

 1.118 78 0.78 

5×10
–4

 1.441 71 0.71 

10
–4

 1.654 67 0.67 

3.4. Adsorption isotherm 

As a rule, inhibition of corrosion of steel in acidic solutions by inhibitors can be explained 

on the basis of molecular adsorption [4, 26–28]. Thus, the application of adsorption 

isotherm is very useful to study the mechanism of corrosion inhibition. To find a suitable 

adsorption isotherm in the present study, several commonly used isotherms were tested, 

among which the Langmuir adsorption isotherm was found to fit well with our 

experimental data. The Langmuir isotherm can be represented as [29]: 

 

inh
inh

ads

1

θ

C
C

K
 

 
(7) 

where Cinh is the concentration, Kads is the equilibrium constant of the adsorption process. 

Kads are related to the standard free energy of adsorption 0
adsG  by the following equation 

[30]: 
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where R represents the gas constant and T is the absolute temperature. The value of 55.5 is 

the concentration of water in solution in mol/L. 
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Figure 4. Langmuir adsorption of inhibitor on the mild steel surface in 2 M H3PO4 solution at 

298K. 

The value of 0
adsG  determined is −37 kJ·mol

−1
 (K = 11951) revealing that both 

physisorption and chemisorption processes were involved in the adsorption process of 

benzothiazinone derivative on mild steel surface [31–33]. 

3.5. Surface characterization 

The SEM micrographs of mild steel surfaces in absence and presence of optimum 

concentration of CBT after 6h immersion time are shown in Figure 5. Figure 5(b) depicts 

the SEM micrograph of mild steel surface in free acid solution, which revealed a very 

rough surface with characteristic pits and cracks along with strongly damaged surface 

compared to polished surface (Figure 5(a)). Figure 5(c) shows the surface morphology of 

mild steel specimen immersed in 2.0 M H3PO4 containing maximum concentration of 

CBT. Inspection of the Figure 5(c) revealed that mild steel surface morphology remarkably 

improved in presence of CBT with comparatively smooth and less corroded surface which 

might be attributed to the formation of protective film by CBT on metal surface. 
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Figure 5. The SEM micrographs in polished steel (a) in absence (b) and presence (c) of CBT 

at 5×10
–3

. 

4. Conclusion 

The studied inhibitor shows excellent inhibition properties for corrosion of mild steel in 

2.0 M H3PO4 and its inhibition efficiency increases with increasing the concentration. The 

results obtained from weight loss measurements, polarization curves and electrochemical 
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impedance study (EIS) are in reasonable agreement. The adsorption of the inhibitor obeys 

Langmuir adsorption isotherm. The result of polarization measurement demonstrated that 

the inhibitor under investigation is mixed type.  
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