
 

EXPLORING CORROSION INHIBITION PROPERTIES OF 

THIADIAZOL COMPOUND FOR THE PROTECTION OF CARBON 

STEEL 

by 

 
 

Sabiha Sharmin 

 

 

 

 

MASTER OF SCIENCE IN CHEMISTRY 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

DEPARTMENT OF CHEMISTRY 

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

DHAKA, BANGLADESH 

 
APRIL, 2023 



 
 

 

 

 

 

 

Exploring Corrosion Inhibition Properties of Thiadiazol Compound for 

the Protection of Carbon Steel 

 
by 

 
Sabiha Sharmin 

 

 

 

A thesis submitted to the 

Department of Chemistry 

in partial fulfillment for the degree of 

MASTER OF SCIENCE IN CHEMISTRY 

 

 

 

 

 

 
 

 
Department of Chemistry 

Bangladesh University of Engineering and Technology 

Dhaka, Bangladesh 

April 2023



 

 

 

 

 

  



 

iii 

 

 

 

 

 

 

 

DECLARATION 

 

 
I hereby declare that this thesis is my own work and to the best of my knowledge    it contains 

no materials previously published or written by another person, or have been accepted for the 

award of any other degree or diploma at Bangladesh University of Engineering and 

Technology (BUET) or any other educational institution, except where due acknowledgment 

is made. I also declare that the intellectual content of this thesis is the product of my own 

work and any contribution made to the research by others, with whom I have worked at 

BUET or elsewhere, is explicitly acknowledged. 

 

 

 

  

                                                                                           Sabiha Sharmin  



 

iv 

 

 

Dedicated to…….. 

 

 

 

 

 

 

 

My Beloved Family 

& 

Advanced Research Laboratory 

  



 

v 

 

 

 

 

 

TABLE OF CONTENTS 

 

 

 

Table of content……………………………………………………………...…….….v 

List of figures and Tables………………………………………………….…..……viii 

List of Abbreviations of Technical Symbols and Terms……………….……….........xi 

Acknowledgment………………………………………………….…………………xii 

Abstract……………………………………………………….…………………..…xiv 

 

1. Chapter  
1.1 General Introduction ................................................................................................ 2 

1.2 The objective of this work ....................................................................................... 3 

1.3 Carbon Steel ............................................................................................................. 3 

1.4 Corrosion.................................................................................................................. 4 

1.5 Economic Aspects of Corrosion .............................................................................. 4 

1.6 Types of Corrosion .................................................................................................. 5 

1.6.1 General Corrosion ............................................................................................. 5 

1.6.2 Pitting Corrosion ............................................................................................... 5 

1.6.3 Dealloying, Dezincification and Parting ........................................................... 6 

1.6.4 Intergranular Corrosion ..................................................................................... 6 

1.6.5 Stress-Corrosion Cracking ................................................................................ 6 

1.6.6. Galvanic Corrosion .......................................................................................... 6 

1.6.7 Crevice Corrosion ............................................................................................. 6 

1.6.8 Corrosion Fatigue.............................................................................................. 7 

1.6.9 Fretting Corrosion ............................................................................................. 7 

1.7 Electrochemical Principals of Corrosion ................................................................. 7 

1.8 Corrosion Inhibitors ................................................................................................. 9 

1.9 Thiadiazole Derivatives ......................................................................................... 10 

1.10 Synergistic Effect on Organic Corrosion Inhibitors ............................................ 12 

1.11 Adsorption Phenomenon of CI on Metal Surface ................................................ 13 

1.12 Theories of Experimental Techniques ................................................................. 13 

1.13 Weight-loss Measurement ................................................................................... 13 



 

vi 

 

1.14 Scanning Electron Microscopy (SEM) ................................................................ 14 

1.15 Adsorption Isotherm and Thermodynamic Characterization ............................... 14 

1.16 Thermodynamic Parameters ................................................................................ 15 

1.16 Electrochemical Techniques ................................................................................ 16 

1.16.1 Open Circuit Potential................................................................................... 16 

1.16.2 Potentiodynamic  Polarization ...................................................................... 18 

1.16.3 Electrochemical Impedance Spectroscopy ................................................... 19 

References .................................................................................................................... 21 

2. Chapter 

2.1 Chemicals & Reagents ........................................................................................... 27 

2.2 Synthesis of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) ...................... 27 

2.3 Method of Solution Preparation ............................................................................. 27 

2.3.1 Preparation of Stock Solution of HCl ............................................................. 28 

2.3.2 Preparation of CTAB solution ........................................................................ 28 

2.3.3 Preparation of ANPT solution ........................................................................ 28 

2.4 Instruments ............................................................................................................. 28 

2.5 Cells and Electrodes ............................................................................................... 28 

2.6 Preparation of Working Electrode ......................................................................... 29 

2.7 Test Method ........................................................................................................... 30 

2.7.1 WL Measurement............................................................................................ 30 

2.7.2 Surface Analysis ............................................................................................. 30 

2.7.3 Electrochemical Analysis................................................................................ 30 

2.7.3.1 OCP .......................................................................................................... 30 

2.7.3.2 PDP .......................................................................................................... 30 

2.7.3.3 EIS Measurement ..................................................................................... 31 

Reference ..................................................................................................................... 32 

3. Chapter 

3.1 Synthesis of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) ...................... 34 

3.2 Weight-Loss Test ................................................................................................... 37 

3.3 FE-SEM Analysis of CS Surfaces: ........................................................................ 37 

3.4 Adsorption Isotherm .............................................................................................. 39 

3.5 Thermodynamic Characterization .......................................................................... 45 

3.6 Electrochemical Studies ......................................................................................... 49 

3.7 OCP Analysis ......................................................................................................... 49 

3.8 PDP Analysis ......................................................................................................... 51 

3.9 EIS Analysis........................................................................................................... 52 



 

vii 

 

3.10 Synergistic Effect in Presence of Surfactant ........................................................ 55 

3.10.1 OCP Analysis ................................................................................................ 55 

3.10.2 PDP Analysis ................................................................................................ 56 

3.10.3 FE-SEM Analysis of CS Surfaces ................................................................ 58 

3.11 Proposed Corrosion Inhibition Mechanism ......................................................... 59 

References .................................................................................................................... 62 

4. Chapter 

4.1 Conclusion: ............................................................................................................ 68 

 

 

 

 

 

 

 

  



 

viii 

 

 

 

 

 

List of Figures and Tables 
 

 

 

Figures  

Figure 1. 1 The chemical structure of 2-amino-1,3,4-thiadiazole ................................. 3 

Figure 1. 2 Pitting corrosion on CS............................................................................... 5 

Figure 1. 3 Rust formation on CS in the presence of water and air .............................. 9 

Figure 1. 4 Structures of surfactants, (a) CTAB and (b) SDS. ................................... 12 

Figure 1. 5 EDL .......................................................................................................... 17 

Figure 1. 6 Schematic diagram of OCP plot ............................................................... 17 

Figure 1. 7 Schematic diagram of Tafel plot .............................................................. 18 

Figure 1. 8 Schematic diagram of Nyquist plot and Bode plot ................................... 20 

 

Figure 2. 1 Synthesis route of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) 27 

Figure 2. 2 Three-electrode system ............................................................................. 29 

Figure 2. 3 Working electrode (CS) ............................................................................ 29 

 

Figure 3. 1 Synthesis route of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) 34 

Figure 3. 2 FT- IR spectrum of ANPT ........................................................................ 35 

Figure 3. 3 NMR Spectra of ANPT (a) NMR spectra (b) expanded NMR spectra .... 36 

Figure 3. 4 SEM images of CS surface (a) before immersion (b) corroded surface after 

immersion 0.5 M HCl solution (c) in presence of 200 ppm ANPT ............................. 38 

Figure 3. 5 Langmuir adsorption model of various concentrations of ANPT on the 

surface of CS in 0.5 M HCl at different temperatures ................................................. 40 

Figure 3. 6 Temkin isotherm adsorption model of various concentrations of ANPT on 

the surface of CS in 0.5 M HCl at different temperatures ........................................... 42 

Figure 3. 7 Freundlich isotherm adsorption model of various concentrations of ANPT 

on the surface of CS in 0.5 M HCl at different temperatures ...................................... 44 

Figure 3. 8 Arrhenius Plot for CS in 0.5 M HCl solution without and with ANPT at 

different concentrations of ANPT ................................................................................ 46 

Figure 3. 9 Alternative Arrhenius Plot of ln(CR/T) vs. 1000/T for CS in 0.5 M HCl 

solution without and with different concentrations of ANPT ...................................... 47 

Figure 3. 10 Time variation of the OCP for CS in 0.5 M HCl solution with different 

concentrations of ANPT at room temperature ............................................................. 50 

Figure 3. 11 PDP plots for CS in 0.5 M HCl solution with different concentrations of 

ANPT at room temperature .......................................................................................... 51 

Figure 3. 12 Nyquist plots for CS in 0.5 M HCl with different concentrations of ANPT

...................................................................................................................................... 53 

Figure 3. 13 Bode plots for CS in 0.5 M HCl with different concentrations of ANPT

...................................................................................................................................... 53 

Figure 3. 14 Equivalent circuit .................................................................................... 54 



 

ix 

 

Figure 3. 15 Time variation of the OCP for CS in 0.5 M HCl solution with different 

concentrations of ANPT in combination with 1 mM CTAB at room temperature ..... 55 

Figure 3. 16 PDP plots for CS in 0.5 M HCl solution with different concentrations of 

ANPT in presence of 1 mM CTAB at room temperature ............................................ 57 

Figure 3. 17 SEM of CS surface (a) before immersion (b) corroded surface after 

immersion 0.5 M HCl solution (c) in presence of 200 ppm ANPT (d) in presence of 200 

ppm along with 1 mM CTAB ...................................................................................... 59 

Figure 3. 18 Inhibition mechanism of ANPT on the CS surface against HCl ............ 61 

Figure 3. 19 Inhibition mechanism of ANPT on the CS surface in presence of CTAB 

against HCl................................................................................................................... 61 

 

  



 

x 

 

Tables 

Table 1. 1 Structure of some developed thiadiazole derivatives as corrosions inhibitor

...................................................................................................................................... 11 

 

Table 3. 1 Corrosion parameters for CS immersed in 0.5M HCl solution for 3h 

without/with different concentrations of ANPT at 298 K temperature obtained from WL 

measurements ............................................................................................................... 37 

Table 3. 2 The values of Cinh and θ at different temperatures ................................... 39 

Table 3. 3 Adsorption parameters of ANPT and CS surface in 0.5 M HCl by Langmuir 

adsorption isotherm at different temperatures (298 K, 303 K, 313 K, 323 K) ............ 41 

Table 3. 4 The values of Cinh, lnCinh and θ at different temperatures ...................... 41 

Table 3. 5 Adsorption parameters of ANPT and CS surface in 0.5 M HCl by Temkin 

adsorption isotherm at different temperatures (298 K, 303 K, 313 K, 323 K) ............ 42 

Table 3. 6 The values of Cinh, lnCinh and θ at different temperatures ...................... 43 

Table 3. 7 Adsorption parameters of ANPT and CS surface in 0.5M HCl by Freundlich 

adsorption isotherm at different temperatures (298K, 303K, 313K, 323K) ................ 44 

Table 3. 8 Corrosion parameters for CS immersed in 0.5 M HCl solution for 3 hours 

without/with ANPT at 298 K, 303 K, 313 K & 323 K temperature obtained from WL 

measurements ............................................................................................................... 45 

Table 3. 9 The activation energy of adsorption on the CS surface in the absence and 

presence of ANPT at different concentrations was calculated by Arrhenius Plot ....... 46 

Table 3. 10 Some thermodynamic parameters for the adsorption of ANPT on the CS 

surface .......................................................................................................................... 48 

Table 3. 11 The PDP parameters for CS in 0.5 M HCl solution without/with different 

concentrations of ANPT at room temperature ............................................................. 52 

Table 3. 12 Electrochemical impedance parameters for CS in 0.5 M HCl solution with 

ANPT at different concentrations ................................................................................ 54 

Table 3. 13 The PDP parameters for CS in 0.5M HCl solution with different 

concentrations of ANPT in presence of 1 mM CTAB at room temperature ............... 57 

  



 

xi 

 

 

 

 

 

List of Abbreviation 
 

 

 

1. CS: Carbon steel 

 

2. CI: Corrosion inhibitor 

 

3. CR: CR 

 

4. ANPT: 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole 

 

5. OCP: Open circuit potential 

 

6. PDP: Potentiodynamic polarization 

 

7. EIS: Electrochemical impedance spectroscopy 

 

8. WL: Weight-loss Test 

 

9. SEM: Scanning electron microscopy  

 

10. EDX: Energy dispersive X-ray 

 

11. WE: Working electrode 

 

12. CE: Counter electrode  

 

13. RE: Reference electrode 

 

14. icorr: Corrosion current 

 

15. Ecorr: Corrosion potential 

 

16. IE%: IE 

 

17. Rf: Solution resistance 

 

18. Rt: Charge transfer resistance 

 

19. EDL: Electrical Double Layer 

 

  



 

xii 

 

 

 

 

 

Acknowledgement 
 

 

 

At the very beginning. I humbly acknowledge my deepest gratitude to the almighty, the 

most gracious, benevolent and merciful creator for his infinite mercy bestowed on me 

in carrying out the research work presented in the dissertation. 

It is a great pleasure for me to acknowledge my deepest sense of gratitude, sincere. 

appreciation, heartfelt indebtedness and solemn regards to my reverend teacher and 

supervisor, Assistant Professor, Department of Chemistry. Bangladesh University of 

Engineering and Technology (BUET), for his kind supervision, indispensable guidance, 

valuable and constructive suggestions, liberal help and continuous encouragement 

during the whole period. It is obvious that his attributive contribution and efforts have 

greatly shaped me into what I am today. In fact. I am quite fortunate to be a part of his 

ambitious research team. 

It is my great honor to convey my sincere gratitude to my respected teacher Professor 

Dr. Al-Nakib Chowdhury, honorable Head of the Department of Chemistry, BUET for 

giving me his wonderful support to move through the academic processes during this 

M.Sc. program. I am thankful to all other respected teachers of the Department of 

Chemistry, BUET, for their time-to-time support. I would also like to thank all of the 

officers and staffs of the Department of Chemistry, BUET for their continuous help 

during my study period. 

I am highly grateful to all members of the board of examiners for their valuable 

suggestions and resourceful comments. 

I am thankful to my dear colleagues and all the members of Advance Research 

Laboratory for their friendly cooperation and lovely encouragement throughout my 

research period. Special thanks to Sharmin Sultana, Sabikun Nahar Munna, Md. 

Mahamudul Hasan Rumon & Anas Mahmud for their continuous help during the 

research. I am also thankful to other fellows of Chemistry Advance Research lab for 



 

xiii 

 

their cooperation during the research period. I am grateful to the authority of 

Bangladesh University of Engineering and Technology (BUET), Ministry of Science 

& Technology, Govt. of the People's Republic of Bangladesh for providing financial 

support for this research work. 

Finally, I would like to express my heartfelt indebtedness and profound gratitude to my 

beloved father, mother and all of my family members for their continuous inspiration 

and immeasurable sacrifices throughout the period of my study. And heartiest thanks 

to my husband for his supports and encouragement.  

 

 

 

                                                                                                                                                 

10th April, 2023                                                                                        Sabiha Sharmin       

  



 

xiv 

 

 

 

 

 

ABSTRACT 
 

 

 

Thiadiazole derivatives have gained much attention as non-volatile, non-flammable, 

and non-toxic corrosion inhibitors to build an eco-friendly world. However, these 

derivatives have found limited practical use for their low aqueous solubility and IE. 

Here, a water-soluble thiadiazole derivative 2-amino-5-(4-nitrophenyl)-1,3,4- 

thiadiazole (ANPT) has been synthesized, and its corrosion inhibition behavior has 

been investigated. A facile one-pot synthesis route has been followed for the synthesis. 

Fourier-transform infrared spectroscopy and nuclear magnetic resonance spectroscopy 

have been used to confirm the preparation of ANPT. The corrosion inhibition property 

of ANPT was investigated for carbon steel specimens in aqueous hydrochloric acid as 

corrosive media. Electrochemical techniques, open circuit potential measurement, 

potentiodynamic polarization and impedance spectroscopy were used to determine the 

corrosion IE. Weight-loss measurement was carried out to investigate the practical 

inhibition situation. Scanning electron microscopic images, before and after the 

corrosion, were analyzed to observe the changes in surface microstructure during 

corrosion. The experimental results of electrochemical tests showed that ANPT is a 

suitable corrosion inhibitor for carbon steel with 56 % corrosion IE against the highly 

corrosive 0.5 M HCl solution. The maximum IE has been observed at a concentration 

of 200 ppm. The ANPT protects carbon steel from corrosion by physical adsorption. 

The high IE was attributed to the blocking of active sites by the adsorption of inhibitor 

molecules on the carbon steel surface. It covers the carbon steel surface by reducing 

both cathodic and anodic reactions. It has been observed that the corrosion IE of ANPT 

can be further improved to 70 % by adding a low concentration of surfactant 

cetyltrimethyl ammonium bromide. The results of this study are expected to widen the 

application of thiadiazole derivatives for corrosion inhibition. 

  



 

 

 

 

 

 

 

 

 

 

 

1. CHAPTER 

INTRODUCTION 
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1.1 General Introduction 

Metal corrosion is a well-known topic that destroys almost 3% of the world’s gross 

domestic product [1]. It has become a global problem that needs to be lessened. 

Generally, the corrosion rate (CR) depends on two major factors: (a) the nature of the 

metal and (b) the corrosion media [2]. Due to their unique mechanical properties, metals 

like low-cost carbon steel (CS) are the most preferred constructive material widely used 

in industries such as reinforced concrete, oil and gas field, and automobiles [3-5]. But 

CS is generally susceptible to corrosion under industrial operations such as using 

mineral acids (HCl, H2SO4, HNO3, etc.) [6]. Among them, hydrochloric acid (HCl) is 

used on a large scale in industrial applications such as the production of vinyl chloride, 

hydrometallurgical processing, chlorine dioxide synthesis, hydrogen production, 

activation of petroleum wells, miscellaneous cleaning, metal cleaning (e.g. steel 

pickling) and so on [7]. During all these processes, this acid becomes an extensive 

corrosive media for CS [8]. To deal with this problem, several types of the phenomenon 

are commonly practiced to reduce this material loss, such as coating, cathodic and 

anodic preventions, metal selection, corrosion inhibitors, and design improvement [2]. 

However, in most cases, these techniques are complex and require great human effort 

[9]. Usually, corrosion inhibitors are used as suitable alternatives to reduce this material 

loss in corrosive media [10-11]. Applying inorganic and organic compounds as 

corrosion inhibitors (CI) are preferable due to their high efficiency and cost-effectivity, 

especially in industries [12-13]. Generally, organic corrosion inhibitors are adsorbed on 

the metal surface through physical or chemical bonds, making a barrier between the 

surface and corrosive media and protecting the metal from corrosion [14-15]. 

Thiadiazole derivatives have gained enormous attention as corrosion inhibitors due to 

its remarkable performance in various aggressive media. Based on the aqueous 

environment's non-toxicity and stability, the thiadiazole derivative is a good choice for 

inhibition [16-18]. Furthermore, the presence of a heterocyclic ring of polar amine 

group along with nitrogen and sulfur atoms and the nitro group in the structure enhances 

the corrosion Inhibition efficiency (IE) compared with those containing only one atom 

or group among them (Figure 1. 1) [19-22].  
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Figure 1. 1 The chemical structure of 2-amino-1,3,4-thiadiazole 

These aforementioned characteristics of thiadiazole derivatives are pointing to being 

efficient corrosion inhibitors with the desired IE to protect carbon steel in corrosive 

media. The selected thiadiazole derivative 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole 

(ANPT) with all these properties is supposed to be good corrosion inhibitor. 

Furthermore, surfactants are also used as corrosion inhibitors [23-24]. The addition of 

surfactant shows a remarkable change in the IE of thiadiazole [25]. 

1.2 The objective of this work 

This work aims to investigate the corrosion inhibition properties of ANPT over CS The 

specific objectives of this work are to 

I. synthesize ANPT 

II. investigate ANPT as a corrosion inhibitor  

III. observe the change in IE after adding surfactant 

IV. comprehend the  inhibition mechanism  through the experimental data 

obtained  

1.3 Carbon Steel 

CS is an alloy of iron and carbon, whereas the percentage of carbon content isn’t more 

than 2.11 wt. % along with phosphorus, sulfur, and manganese at a minimal amount. 

The portion of carbon content influences the properties of CS, such as hardness and 

strength. CS is harder than wrought iron, malleable and flexible, unlike cast iron. 

Depending on carbon content, CS is primarily classified into three classes. They are- 

(a) low CS, (b) medium CS and (c) high CS [26]. 
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The presence of carbon in CS increases the hardness and wear resistance of the alloy. 

CS containing 0.25 % to 0.30 % carbon is known as Low CS [27]. They are relatively 

soft and weak, possessing excellent ductility and toughness. They are susceptible to 

damage in corrosive media. Low CS is the most used CS today due to its machinability, 

weldability, and cost-friendliness compared to other steels. Medium CS contains carbon 

in a range of 0.30 % – 0.55 % conducting high mechanical properties [27]. They have 

low hardenability and can be used without heat treatment for some applications. 

Compared to low CS, medium CS has lower ductility and toughness. They are used 

mainly in tempered conditions and have a tempered microstructure. High CS has a 

limited application due to its higher production cost, poor ductility, and weldability. 

They are usually used in hardened and temped conditions. The carbon content of High 

CS is around 0.55 % - 1.00 % [27-28]. Besides these three types of CS, there is also 

one type of CS called Ultra-high CS containing 1.00 % to 2.10 % carbon. Due to its 

unique mechanical properties, it can be strong and ductile at room temperature [27, 29].  

1.4 Corrosion 

Corrosion can be described as the destruction or deterioration of metals by their 

surroundings. This is a damaging process of the metals or alloys in contact with 

corrosive media [30]. Through this process, the metals lose their characteristics. In 

another way, corrosion is an electrochemical process in aqueous media [31-32]. 

1.5 Economic Aspects of Corrosion 

Corrosion causes substantial economic losses by severely degrading material properties 

[33]. This became a global issue due to its direct and indirect financial loss. The 

international expense of corrosion is supposed to be $ 2.5 trillion, equivalent to 3.4 % 

of the global GDP (2013) [10]. This expenditure can be lessened by up to 15 % to 30 

% by practicing corrosion control techniques or methods [34]. The corrosion problem 

in Bangladesh is more severe due to its humid weather than in any other cold and 

developed country. The increased humidity in the air is more favorable for corrosion 

reactions. Moreover, a lack of public awareness also worsens this situation [35]. 
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1.6 Types of Corrosion 

Corrosion is generally identified as rust formation on the metal surface. Corrosion in 

an aqueous medium is an electrochemical process [32]. Generally, corrosion is the 

degradation of metals in corrosive media. Based on nature and environment, corrosion 

can be classified into various forms. They are briefly described below: 

1.6.1 General Corrosion 

General corrosion, also named uniform corrosion, is the simplest form. This corrosion 

does not penetrate very deep inside the metal. Generally, metal loss on the surface due 

to a chemical attack or dissolution of the metallic component is defined as general 

corrosion. Iron rusting, tarnishing silver, and fogging of nickel are examples of general 

corrosion [31]. 

1.6.2 Pitting Corrosion 

Pitting corrosion is occurred due to localized attacks causing cavities or pits on the 

metal surface. In Figure 1. 2 a schematic diagram of pitting corrosion is shown. This 

type of corrosion by itself is a corrosion mechanism. The rate of pitting corrosion on 

the surface is not uniform, resulting in cavities being more significant in some areas 

than in others [31]. The shape of the pits differs from each other despite being on the 

same surface. Metals having films on the surface are more susceptible to this corrosion. 

The pitting decay generally proceeds through the breakdown of the protective film on 

the surface. With time the depth of the pits can increase [36]. For example, in soil, the 

buried iron got shallow pits on its surface, whereas deep holes are observed on stainless 

steel when immersed in seawater. 

 

Figure 1. 2 Pitting corrosion on CS 
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1.6.3 Dealloying, Dezincification and Parting 

Dealloying refers to the selective metal corrosion of an alloy [32]. For example, in brass 

(zinc alloy), the removal of zinc through corrosion. This is known as dezincification. 

Parting defines as the removal of one or more components preferentially by corrosion. 

This is similar to dezincification [31]. 

1.6.4 Intergranular Corrosion 

Intergranular corrosion is defined as the localized attack on the grain boundaries of the 

metal or alloy resulting in loss of ductility and strength [37]. For instance, on heating 

to a temperature of 950 – 1450 oF the stainless steel fails due to intergranular corrosion. 

1.6.5 Stress-Corrosion Cracking 

Stress-corrosion cracking refers to the delayed failure of alloy or metal by cracking. 

This happens due to continuous exposure of the metal surface in the corrosive 

environment and static tensile stress [31]. For example, structural metals are susceptible 

to stress-corrosion cracking. 

1.6.6. Galvanic Corrosion 

Galvanic corrosion occurs in a corrosive electrolyte immersing two connected 

dissimilar metals with potential differences. When two metals with different potentials 

are connected in an electrolyte, the galvanic cell is named. Due to potential differences 

between the metals, electron flow exists between them. In the cell, a metal with a higher 

CR is the anode; the other is the cathode. In short, the potential difference is the driving 

force of galvanic corrosion [37]. For example, the corrosion of CS in a galvanic cell is 

caused by coupling CS to copper [32]. 

1.6.7 Crevice Corrosion 

Crevice corrosion occurs on the metal surface due to the deposition of dirt, dust, and 

mud on the surface or by crevices, cavities, and other defects in corrosive media. This 

is a localized type of corrosion formed by metal-to-metal or metal-to-nonmetal contact 

[37]. For example, stainless steel undergoes crevice corrosion in a chloride environment 

by forming ferric or ferrous chloride in the crevices [32]. 
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1.6.8 Corrosion Fatigue 

Corrosion fatigue refers to metal fractures by fatigue prematurely under the combined 

attack of corrosive media and cyclic or fluctuating stress [36]. For example, this type 

of corrosion is usually found in ships, aircraft, heat exchanger tubes, pump shafts and 

steam turbine blades [37]. 

1.6.9 Fretting Corrosion 

Fretting corrosion occurs when the cyclic relative motion between two adjacent metal 

surfaces is restricted to a very small amplitude of vibration [37]. This type of corrosion 

is a combination of wear and corrosion. For say, a stainless-steel spacer used to install 

a control rudder on the space shuttle exhibits fretting. Fretting corrosion also affects the 

bolted fish plates used in railroad tracks and causes wheels and turbines to become 

detached from their mounting shafts [32]. 

1.7 Electrochemical Principals of Corrosion 

Corrosion is the process through which it returns to its thermodynamic condition. 

Metals form the metal oxides or sulfides after corrosion as they are collected from the 

ores. This process proceeds through an electrochemical reaction [38].  

In aqueous media, corrosion frequently takes place by forming short-circuited galvanic 

cells. Some sites of metal surface act as an anode, facilitating oxidation at these sites. 

𝑀 = 𝑀𝑧+ + 𝑧𝑒− 

where, z is a stable valance of a given metal, M. 

Electrons generated from the anode flow to the cathode are consumed by the cathodic 

sites by reduction reaction. 

𝑋 +  𝑧𝑒−  →  𝑧𝑋− 

Thus the overall reaction is, 

𝑀 + 𝑧𝑋 → 𝑀𝑧+ + 𝑧𝑋− 

These reactions are spontaneous and result in the loss of metal.  
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The rust formation on the CS surface is also an electrochemical process, whereas, at the 

anodic area, the following reaction takes place: 

𝐹𝑒 →  𝐹𝑒2+ + 2𝑒− 

Through this oxidation reaction, the anode produces some current. The cathodic 

reaction controls the rate of this reaction or the CR of iron. In a deaerated solution, the 

most common response is hydrogen reduction. The reaction is rapid in an acid 

environment and slower in alkaline or neutral media. The following hydrogen reduction 

reaction generates hydrogen gas. 

𝐻+ →  
1

2
𝐻2(𝑔) −  𝑒− 

Dissolved oxygen can accelerate the cathodic process called depolarization [36]. The 

reaction is given below: 

2𝐻+ +  
1

2
𝑂2  →  𝐻2𝑂 −  2𝑒− 

The O2 reduction involves the conversion of  dissolved O2 gas to hydroxyl ions (OH.−), 

the overall reaction is: 

𝑂2 +  2𝐻2𝑂 + 4𝑒−  → 4𝑂𝐻− 

A common pathway for this 4𝑒− process is through the formation of hydrogen 

peroxide.  

In a stable alkaline medium, ferrous hydroxide Fe(OH)2 was generated due to the 

secondary reaction between Fe2+ and OH.− 

𝐹𝑒2+ +  2𝑂𝐻−  →  𝐹𝑒(𝑂𝐻)2 

Fe(OH)2 is water-insoluble and commonly known as rust. Another equilibrium reaction 

also takes place between iron and water mentioned below: 

𝐹𝑒 +  𝐻2𝑂 ⇄ 2𝐹𝑒𝑂 +  2𝐻+ +  2𝑒− 

Forms a monolayer of FeO islands [37]. 
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In the presence of O2, Fe(OH)2 could oxidize to ferric hydroxide Fe(OH)3 which has 

very low solubility 

2𝐹𝑒(𝑂𝐻)2 + 𝑂2 +  𝐻2𝑂 →  2𝐹𝑒(𝑂𝐻)3 

The pH of saturated Fe(OH)3 is almost neutral. Fe(OH)3 is unstable and could be 

converted into more stable products.  

𝐹𝑒(𝑂𝐻)3  → 𝐹𝑒𝑂𝑂𝐻 +  𝐻2𝑂 

2𝐹𝑒(𝑂𝐻)3  → 𝐹𝑒2𝑂3. 3𝐻2𝑂 → 𝐹𝑒2𝑂3 +  𝐻2𝑂 

Between hydrous Fe2O3 and FeO, a dark intermediate layer frequently occurs that is 

composed of a magnetic hydrous ferrous ferrite, Fe3O4. nH2O. So, in most cases, three 

layers of iron oxides in varying degrees of oxidation make up rust films [31]. The 

process of rust formation on CS in the presence of air and water has been shown in 

Figure 1. 3. 

 

Figure 1. 3 Rust formation on CS in the presence of water and air 

1.8 Corrosion Inhibitors 

Corrosion inhibitors (CI) are chemical substances that suppress metal corrosion. They 

can reduce CR through low consumption [39]. In the beginning, the Romans used 

bitumen and tar to preserve iron. Some of the foundations of corrosion were recognized 

shortly after discovering the galvanic cell and the link between electricity and chemical 
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changes. Throughout the nineteenth century, inhibitors like glue, gelatin, bran, and 

vegetable oils were employed to prevent iron corrosion in acids [32]. Till now, massive 

research has been conducted on CI. In the year 2021, Khadim et. al. summarized various 

works on CIs on different metals or alloys in various environments. They concluded 

that the inhibition rate can reach around 80 % by using appropriate CI [40]. In Tang’s 

work, an overview of the chemistry, rust inhibition capabilities, and development of 

CIs for rust-preventative fluids can be found [41]. Based on their solubility and 

dispersity, CIs are selected for metals or alloys in different corrosive environments. 

They can be applied either in solid, liquid, or gaseous form. Generally, the inhibition 

mechanism of the inhibitors proceeds through the adsorption on the metal or alloy 

surface [42].  

1.9 Thiadiazole Derivatives   

Thiadiazoles, the hetero-organic compounds, are used as anti-microbial agents or drugs 

[43]. But for the nontoxicity character, they are widely used as green CI [9, 44]. The 

cyclic skeleton of the five-membered heterocycle thiadiazole has one sulfur atom, two 

nitrogen atoms, and two nitrogen atoms. It is discovered that the hetero atom-containing 

inhibitors have a great capacity to donate electrons, and their efficacy of inhibition rises 

in the order O < N < S [13]. In this regard, thiadiazole derivatives are supposed to be 

efficient inhibitors for CS. 

Various research has been conducted on the IE of thiadiazole derivatives. For instant, 

5-amino 1,3,4-thiadiazole-2-thiol has been reported as an effective inhibitor against 1 

M HCl medium, and its efficiency is proportional to its concentration [16]. It’s also 

been found that 2-mercapto-5-amino-1,3,4-thiadiazole (MAT), 2-mercapto-5-

acetylamino-1,3,4-thiadiazole, 2-mercapto-5-methyl-1,3,4-thiadiazole and 2-

mercapto-5-phenylamino-1,3,4-thiadiazole are efficient CI for bronze against a mixture 

of Na2SO4
  and NaHCO3 solution at pH 5 [17]. Besides, it’s also reported that 2-amino-

5-(4-pyridinyl)-1,3,4-thiadiazole has high IE on the upper surface in 0.1M KCl solution 

[45]. The 2,5-bis(n-pyridyl)-1,3,4-thiadiazoles shows good efficiency as CI in various 

acidic media such as 1M HCl, 0.5M H2SO4, and 1M HClO4. The inhibiting protection 

depends on the position of the nitrogen on the pyridinium substituent [46]. Furthermore, 

density functional theory (DFT) was used to successfully determine the geometries of 

the 2-amino-1,3,4-thiadiazole and its 5-alkyl derivatives and to show how well these 
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compounds worked as CI of mild steel in 1M H2SO4 [47]. A comparative study of 

corrosion IE of phenyl-substituted amino thiadiazoles such as 5-phenyl-2-amino-1,3,4-

thiadiazole (APT) and 5-(4-methoxyphenyl)-2-amino-1,3,4-thiadiazole (AMPT) on 

copper in 0.5M H2SO4 solution has been performed [48]. When thiazolo thiadiazole 

(TT) derivatives were tested for their ability to prevent mild steel corrosion in 1M 

H2SO4, the results revealed that the effectiveness of the inhibitors increased with 

increasing inhibitor concentration [49]. In the following Table1. 1 the IE of some 

thiadiazole derivatives as corrosion inhibitors are presented. 

Table 1. 1 Structure of some developed thiadiazole derivatives as corrosions inhibitor 

SI 

NO. 

Name of Thiadiazole 

derivatives 

Structure of Thiadiazole 

derivatives 
IE Ref. 

1 

5-amino 1,3,4-

thiadiazole-2-thiol 

(5-ATT) 
 

90 % [16] 

2 

2-mercapto-5-methyl-

1,3,4-thiadiazole 

(MMeT) 
 

90 % [17] 

3 

2-mercapto-5-

phenylamino-1,3,4-

thiadiazole 

(MPhAT)  

90 % [17] 

4 

2-amino-5-(4-

pyridinyl)-1,3,4-

thiadiazole 

(4-APTD) 
 

90 % [45] 

5 

2,5-bis-(3-pyridyl)-

1,3,4-thiadiazole 

(3-PTH) 

 

Around 

90 % 
[46] 

6 

5-(4-methoxyphenyl)-

2-amino-1,3,4-

thiadiazole 

(AMPT) 

 

97 % [49] 
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1.10 Synergistic Effect on Organic Corrosion Inhibitors  

The interaction of two or more substances, agents, entities, or factors results in a 

synergistic effect, an effect that is greater than the sum of its parts. This is a helpful 

method for increasing the inhibitors' ability to inhibit, reducing their consumption, and 

diversifying their uses in acidic media [50]. Numerous research had clarified the 

function of synergism in the corrosion prevention mechanism of mild steel in acidic 

media [51-52]. A few studies focused on the interaction of surfactants with various 

chemical molecules [53-54]. Surfactants or surface-active compounds decrease the 

interfacial tension or interfacial free energy of the interfaces and contain a hydrophilic 

region along with the hydrophobic part. The synergistic effect caused by the addition 

of surfactant increases the IE of thiadiazole derivatives for mild steels in an acidic 

medium [25]. Figure 1. 4 represents some structures of surfactants. There are four types 

of surfactants. They are:  

(a) cationic surfactant (examples of some common cationic surfactants include 

alkyl ammonium chlorides) 

(b) anionic surfactant (sulfates, sulfonates, and gluconates are examples of anionic 

surfactants) 

(c) nonionic surfactant (examples of some common nonionic surfactants include 

cocamide, ethoxylates, and alkoxylates) 

(d) amphoteric surfactant (examples of some frequently used amphoteric 

surfactants are betaines and amino oxides). 

 

(a) Cetyl-N, N, N-trimethyl ammonium bromide (CTAB) 

 

(b) Sodium dodecyl sulfate (SDS) 

Figure 1. 4 Structures of surfactants, (a) CTAB and (b) SDS. 
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1.11 Adsorption Phenomenon of CI on Metal Surface 

Generally speaking, adsorption is thought to be the initial step in the acid inhibition 

process. The type of aggressive medium, the inhibitor's chemical nature and the 

composition and surface charge of metals have an impact on adsorption [55]. There are 

two types of adsorption, such as (a) physical adsorption and (b) chemisorption. The 

inhibitor molecules' electrostatic attraction to the electrical charge on the metal surface 

leads to electrostatic adsorption. But, in chemisorption, inhibitor molecules, and metal 

surfaces have already formed a coordination bond exchange or share charges [56]. 

Besides these two types of adsorption, surface interaction between the inhibitor 

molecules also causes strong adsorption [57]. 

1.12 Theories of Experimental Techniques 

Various techniques have been developed for determining metal CR (CR) and CI's IE. 

For say, weight-loss measurements, scanning electron microscopy (SEM) for surface 

analysis, adsorption isotherms & thermodynamic characterization, and electrochemical 

techniques are familiar names in the field of corrosion science. 

1.13 Weight-loss Measurement  

Weight-loss measurement (WL) is one of the most reliable techniques for the 

determination of CR and IE. This quantitative technique is used to measure and analyze 

metals' internal or exterior corrosion. In this technique, the weight of the metal is 

measured in the corrosive medium at periodic intervals. Since just time (t) and weight 

(W) is involved, which are simple indices to get, this corrosion monitoring method may 

be the simplest. It determines the corrosion type in a particular environment and the 

appropriateness of various design materials. 

Usually, coupons are used in weight loss analysis and characterization. The technique 

involves placing the coupons in a particular setting, removing the samples after a 

predetermined time, cleaning them for net weight, and monitoring the weight difference 

(ΔW) by periodic intervals. The recorded data from this technique is used in a known 

engineering formula leading to the calculation of the CR. If A is the surface area of the 

specimen, then the equation of the CR determination is 
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𝐶𝑅 (𝑚𝑔. 𝑐𝑚−2. ℎ−1) =
∆𝑊

𝐴 ×𝑡
    (1) 

The IEWL and surface coverage (θ) can be calculated from the following equations, 

𝐼𝐸𝑊𝐿% =
𝐶𝑅0−𝐶𝑅𝑖𝑛ℎ

𝐶𝑅0
× 100                         (2) 

𝜃 =
𝐼𝐸𝑊𝐿

100
                                 (3) 

Where ∆W is the weight loss in mg, A is the exposed surface area in cm2 in solution, t 

is the exposure time in hours, and  CRo and CRinh are respectively the CR in uninhibited 

and inhibited corrosive solution [53]. 

1.14 Scanning Electron Microscopy (SEM) 

A sophisticated technique used to photograph the microstructure of the materials is 

Scanning Electron Microscopy (SEM). SEM is typically performed in a high vacuum 

because gas molecules tend to disturb the electron beam and the emitted secondary and 

backscattered electrons used for imaging. Before the morphological inspection, the 

specimen is reduced in size and coated with aurum [58]. A light microscope can 

typically magnify images up to 1000 to resolve details down to 0.2 µm [59]. Similarly, 

electron beam interaction with the specimen emits an energy-dispersive X-ray (EDX) 

with a unique energy that can be detected to determine the composition of the material 

under examination [59]. 

1.15 Adsorption Isotherm and Thermodynamic Characterization 

Adsorption isotherm provides a better understanding of the mechanism of CI on the 

metal surface. The adsorption isotherm describes the interaction of the inhibitor 

molecule with the metal surface [60]. Several adsorption isotherms, including Temkin, 

Freundlich, and Langmuir adsorption isotherms, are used to understand the interaction 

mechanism between CI and the metal surface [20]. 

According to the above adsorption isotherms, surface coverage (θ) is related to 

inhibitors' concentration (C). Then the adsorption models' formulae are as follows: 

Langmuir :  
𝜃

(1−𝜃)
=  𝐾𝑎𝑑𝑠𝐶𝑖𝑛ℎ               (4) 
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Freundlich:                   log 𝜃 = log 𝐾𝑎𝑑𝑠 + 
1

𝑛
𝑙𝑜𝑔𝐶𝑖𝑛ℎ               (5) 

Temkin:                   𝜃 = 𝑙𝑛𝐶𝑖𝑛ℎ +  𝐾𝑎𝑑𝑠               (6) 

Frumkin:              𝑙𝑜𝑔
𝜃

(1−𝜃)𝐶𝑖𝑛ℎ
= log 𝐾𝑎𝑑𝑠 + 𝑔𝜃               (7) 

Where, 

Kads is the adsorption equilibrium constant, 

Cinh is the inhibitor concentration, 

g is the adsorbate interaction parameter, 

n is the constant at any temperature. 

The above adsorption isotherms are all tested to fit the experimental data. However, 

which one provides the best linear fits with the correlation coefficient (r2) > 0.9 is finally 

chosen for further study of the corrosion inhibition mechanism of inhibitors. If a graph 

of Cinh vs Cinh/θ is plotted, then Kads is calculated from the intercept. Using the following 

equation, standard free energy can be calculated: 

∆𝐺𝑎𝑑𝑠
0 =  −𝑅𝑇𝑙𝑛(55.5𝐾𝑎𝑑𝑠)               (8) 

Where R is the universal gas constant, and T is the absolute temperature and the constant 

value, 55.5 represents the molar concentration of water in solution. The negative value 

of ∆𝐺𝑎𝑑𝑠
𝑂  indicates the spontaneity of the reaction. The adsorption will be non-

spontaneous for the value positive value of Gibb’s free energy [16, 20, 60].  

1.16 Thermodynamic Parameters 

The temperature has a significant effect on adsorption, and  using the CR and IE at 

different temperatures, activation energy (𝐸𝑎), activation enthalpy (∆𝐻𝑎
0) and activation 

entropy (∆𝑆𝑎
0) can be calculated [60]. The following Arrhenius-type equation may be 

used to estimate the computed values of apparent activation energy (Ea) for the 

corrosion process: 

ln(𝐶𝑅) =  −
𝐸𝑎

𝑅𝑇
+ 𝐴                 (9) 
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R is the general gas constant, T is the absolute temperature, and A is the Arrhenius pre-

exponential factor [16]. 

However, the activation enthalpy (∆𝐻𝑎
0) and activation entropy (∆𝑆𝑎

0) can be calculated 

from the following alternative Arrhenius equation: 

𝐶𝑅 =
𝑅𝑇

𝑁ℎ
exp (

∆𝑆𝑎
0

𝑅
) exp (−

∆𝐻𝑎
0

𝑅𝑇
)            (10) 

Where, h is Plank’s constant and N is Avogadro’s number [16, 61]. 

Equation (10) can be rewritten in the following form, 

ln (
𝐶𝑅

𝑇
) =  −

∆𝐻𝑎
0

𝑅
×

1

𝑇
+ ln (

𝑅

𝑁ℎ
) + (

∆𝑆𝑎
0

𝑅
)              (11) 

Here, ∆𝐻𝑎
0 can be calculated from the slope −

∆𝐻𝑎
0

𝑅
 of the plot 

𝐶𝑅

𝑇
 against 

1

𝑇
  and ∆𝑆𝑎

0 can 

be calculated from the intercept of ln (
𝑅

𝑁ℎ
) + (

∆𝑆𝑎
0

𝑅
) [60]. 

1.16 Electrochemical Techniques 

Electrochemical techniques give an electrical component that enables the measurement 

of corrosion currents. These currents estimate the CRs that may be used to predict 

equipment and structural service lifespan [64]. The following techniques are generally 

used to estimate the metal and metal alloy CRs: 

1.16.1 Open Circuit Potential 

Open circuit potential (OCP) or corrosion potential are the terms used to describe 

electrode potential when no applied voltage is present. OCP is the potential measured 

between the working electrode (WE) and the reference electrode (RE) in the absence 

of current[62]. 

When the WE is immersed in the aqueous corrosive media, one type of layer is formed 

on it consisting of (a) the negative charge of the valance electron of the surface atom, 

(b) adsorbed water molecule, and (c) the positively charged metal ions. This layer is 

mentioned as an electrical double layer (EDL) [62]. In Figure 1. 5 a schematic diagram 

of EDL has been represented. 
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Figure 1. 5 EDL 

The EDL's charge separation produces an electrical potential that can be measured as 

the difference between two metal electrodes or a metal and reference electrode [62]. 

This electrical potential is OCP, represented as a time vs potential graph shown in 

Figure 1. 6. It is possible to determine the corrosion in a specific metal environment by 

measuring WE OCP. 

 

Figure 1. 6 Schematic diagram of OCP plot 
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1.16.2 Potentiodynamic  Polarization  

Potentiodynamic polarization (PDP) is a technique where the electrode's potential is 

varied at a selected rate by applying a current through the electrolyte. The PDP method 

is used to identify the potential area at which an alloy or metal becomes passive when 

exposed to a particular environment. This method estimates the information about the 

CR, passivity, and cathodic behavior of an electrochemical system [63]. In this 

technique, the potential of a sample is scanned or stepped in small increments over a 

range from below the corrosion potential or OCP to well above the OCP. The current 

passed at the electrode surface is determined as a function of the potential. The current 

density is easily calculated and is often plotted as a function of potential on a semi-log 

plot. Such a plot is called a polarization curve [64]. 

 

Figure 1. 7 Schematic diagram of Tafel plot 

In the polarization curve, the absolute value of the current is plotted, as the log of a 

negative number is undefined. The relationship tends to follow the straight-line 

characteristic of Tafel kinetics for the anodic reaction (𝛽𝑎) at high potentials and the 

cathodic reaction (𝛽𝑐)  at low potentials because one of the processes, either the cathodic 

or anodic reaction, occurs at a significantly larger rate far from the corrosion potential. 

In the plot, the potential at which the curve points is called corrosion potential (Ecorr) 
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where the anodic current is equal to the cathodic current. Moreover, the extrapolation 

of the anodic reaction and cathodic reaction to the corrosion potential gives an 

intersection of anodic and cathodic Tafel lines [64]. This intersection point is termed 

the corrosion current (icorr). A Tafel plot has been shown in Figure 1. 7. By using this 

corrosion current the CR and IEPDP can be calculated from the following equation: 

𝐼𝐸𝑃𝐷𝑃 % =
𝑖𝑐𝑜𝑟𝑟−𝑖𝑖𝑛ℎ

𝑖𝑐𝑜𝑟𝑟
× 100          (12) 

where, icorr and iinh are the corrosion current densities of solution without or with 

inhibitors, respectively [16,19]. 

1.16.3 Electrochemical Impedance Spectroscopy  

Electrochemical impedance spectroscopy (EIS) demonstrates how surface 

inhomogeneities impact corrosion processes [65]. This is a widely practiced corrosion 

science technique [17, 24, 45]. EIS perturbs an electrode surface with brief periodic 

signals, measuring the electrochemical response that may be examined to learn more 

about corrosion kinetics and processes. In corrosion investigations, a 10 to 50 mV 

sinusoidal voltage signal is frequently applied to a corroding electrode interface, and 

the subsequent current signal is measured at the same excitation frequency. Impedance 

is measured over a range of distinct frequencies from 100 MHz to 100 KHz, making 

the measurement spectroscopic [66]. An electronic circuit known as the equivalent 

electrical circuit of capacitors and resistors is used in EIS to represent the corrosion cell 

or any electrochemical discharge reaction at the electrode interface. This type of circuit 

usually consists of solution resistance (Rs), double layer capacitance (Cdl) and charge 

transfer resistance (Rct) [63].  

In corrosion studies, EIS data are graphically presented in Nyquist and Bode plots. A 

simple circuit and a schematic diagram of Nyquist plot and Bode plot are shown in 

Figure 1. 8. In Nyquist plot, the impedance at each frequency is located according to 

its real and imaginary components. At each frequency, the magnitude of this impedance 

is equal to the length of the vector drawn to the point from the plot origin. In Bode plots, 

the log of the impedance magnitude and the phase angle is plotted versus the logarithm 

of the applied frequency. The impedance is primarily resistive at the highest and lowest 

frequencies, and the Bode magnitude plots are flat [66]. 
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Figure 1. 8 Schematic diagram of Nyquist plot and Bode plot 

Nyquist and Bode plots are used to obtain information about the CR and IEEIS. The EIS 

experiments are performed with an amplitude signal frequency range. The IEEIS is 

analyzed by the EIS technique through the following equation: 

 𝐼𝐸𝐸𝐼𝑆 % =
𝑅𝑐𝑡(𝑖𝑛ℎ)−𝑅𝑐𝑡

𝑅𝑐𝑡(𝑖𝑛ℎ)
× 100          (12) 

Where, Rct and Rct(inh) are the charge transfer resistances without or with inhibitors for 

WE in an aqueous solution, respectively [17].  
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2.1 Chemicals & Reagents 

Analytical-grade chemicals were used directly in this study without further purification. 

Reagents like sodium hydroxide, hydrochloric acid, and ethanol were collected from 

Merck, Germany. Other chemicals such as 4-nitrobenzoic acid, thiosemicarbazide, 

POCl3, acetone, ethanol, potassium hydroxide, sodium hydroxide and oxalic acid were 

procured from Sigma-Aldrich. 

2.2 Synthesis of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) 

A mixture of 4-nitrobenzoic acid (0.01 mol), thiosemicarbazide  (0.01 mol) and POCl3 

(10 mL) was refluxed at 85 °C for 2 hrs. The reaction mixture was then cooled to room 

temperature and 50 mL ice cold water was added. Again, the mixture was refluxed for 

4 hrs. After cooling, the mixture was then alkalized to pH 8 by the dropwise addition 

of 10 % KOH solution. The crude solid precipitate was filtered, washed and dried over 

a desiccator and purified by recrystallization from ethanol. A yellow compound was 

obtained with a 75 % yield. The compound’s melting point was recorded as 248-252 

oC [1-2]. The overall reaction is given in Figure 2. 1. 

 

 

Figure 2. 1 Synthesis route of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) 

2.3 Method of Solution Preparation 

The stock solution of different chemicals with desired concentration was prepared. 

Using the stock solutions, other solutions with desired concentrations were prepared by 

using the dilution method. The following equation was used.   

𝑉1𝑆1 = 𝑉2𝑆2 

It was ensured that the distilled water, used for various dilute solutions preparation,  

was contaminant free.  

4-nitrobenzoic 

acid 

 

thiosemicarbazide ANPT 
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2.3.1 Preparation of Stock Solution of HCl  

A stock solution of HCl was prepared by taking the required amount of HCl in a 250 

mL volumetric flask, and DI water was added up to the mark to make it a 250 mL 

solution. Thus 0.5 M concentration of HCl was prepared and used for the 

electrochemical study. Before every electrochemical or weight-loss test, the 

concentration of HCl was ensured through acid-base titration, where 0.5M standard 

NaOH was used as a base.  

2.3.2 Preparation of CTAB solution 

A solution of CTAB was prepared by dissolving the required quantity in 0.5 M HCl in 

a 250 mL volumetric flask. This CTAB solution was used as a solvent in ANPT solution 

preparation. 

2.3.3 Preparation of ANPT solution 

ANPT solutions were prepared in a 25 mL volumetric flask using 0.5 M HCl solution 

as solvent. The required quantity of the ANPT was weight in a balance to prepare 

solutions with several concentrations; blank, 100 ppm, 200 ppm and 300 ppm. 

Furthermore, mixture solutions of ANPT with the mentioned concentrations were 

prepared in 1 mM CTAB solution. 

2.4 Instruments 

The following instruments were used for this study: 

1. Digital Balance (AB 265/S/SACT METTLER, Toleto, Switzerland) 

2. Shaker machine (Stuart, Orbital shaker, SSL1, United Kingdom) 

3. Hot plate & magnetic stirrer (Sniders, 34532, India) 

4. Field Emission Scanning Electron Microscopy (FM-SEM) (JEOL JSM-7600F, 

Tokyo, Japan) 

5. Electrochemical Workstation (CHI-660E instruments, USA) 

2.5 Cells and Electrodes 

The electrochemical study was conducted using a three-electrode system ( Figure 2. 2) 

electrochemical cell with the following electrodes: 
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1. Caron Steel Rod (WE) (Fe 93.40 %, C 0.24 %, Ni 2.00%, Si 1.57 %, Mn 1.77 

%, Cu 0.15 %, Cr 0.33 %, Mo 0.4 %) 

2. Platinum Electrode (PtE) (CHI-660E instruments, USA) 

3. Silver/Silver Chloride Electrode (Ag/AgCl RE) (CHI-660E instruments, USA) 

 

Figure 2. 2 Three-electrode system 

2.6 Preparation of Working Electrode 

Rod like CS has been used as the WE (Figure 2. 3) in this research. The CS used in the 

electrochemical studies had 0.28 cm2 of exposed surface area; the remainder was 

embedded in Teflon and shrinkable tubes. The surface of the CS specimens was 

repeatedly abraded with abrasive paper from 120 up to 360 grit size, washed with DI 

water, degreased with anhydrous ethanol, and then dried at room temperature before 

each measurement [3, 5]. 

 

Figure 2. 3 Working electrode (CS) 
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2.7 Test Method 

All electrochemical tests were carried out using CHI 660E in a standard three-electrode 

cell. The weight-loss measurement was performed in an orbital shaker. After 

completing a weight-loss test, the metal surface was forwarded for FM-SEM analysis.  

2.7.1 WL Measurement 

The WL technique is one of the physical techniques of corrosion measurement. After 

performing all the electrochemical tests, the weight-loss test was performed. In this test, 

CS coins with a diameter of 0.61 cm were immersed in 25 mL of the testing solutions 

with or without ANPT over 3 hours. At different temperatures and concentrations of 

ANPT, the test was performed. 

2.7.2 Surface Analysis 

After weight-loss tests, the CS coins were cleaned with DI water and dried by blowing 

with cool air for further surface analysis. The surface morphologies and chemical 

compositions of fresh and corroded samples were examined using FE-SEM and EDX. 

2.7.3 Electrochemical Analysis 

Electrochemical tests such as OCP, PDP and EIS were performed in this work. 

2.7.3.1 OCP 

OCP measurement was performed to obtain a primary idea of the interaction of ANPT 

and CS in the presence and absence of CTAB. Any external force was not applied 

during this technique. Only the voltage measurement was available on the cell, but it 

was disconnected from the power amplifier. The stable potential was recorded and a 

graph of time versus voltage of the cell was plotted where time was on the X-axis and 

voltage of the cell was on Y-axis. It was observed that the electrochemical cell reached 

a steady state almost after 25-30 min. 

2.7.3.2 PDP 

PDP was performed after OCP measurements. Before each test, the CS was immersed 

in the testing solutions for 30 min in the presence and absence of ANPT. The potential 
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was scanned from a positive to a negative direction. A potential was applied within the 

range of -150mV to 150mV versus the OCP with a scan rate of 0.5mV s-1 [4]. 

2.7.3.3 EIS Measurement 

EIS tests were performed after OCP and PDP tests. This test provides information about 

resistance change on the CS surface by applying a range of frequencies. All the EIS 

tests were performed with a 10 mV amplitude signal from 100 kHz to 100 mHz. there 

are two parts in the EIS test, (a) Nyquist plot and (b) Bode plot [4]. 

 The Nyquist plot provides information about resistances such as Rs, Rct and different 

kinds of capacitance such as Cdl. The Nyquist plots were recorded and fitted with a 

simplified equivalent circuit to acquire more accurate findings about resistance between 

the ANPT and CS interface [5]. Compared to the Nyquist plot, where frequency values 

are implicit rather than explicit, the Bode plot gives a clearer representation of the 

frequency-dependent behavior of the electrochemical system. 
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3.1 Synthesis of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) 

A mixture of 4-nitrobenzoic acid & thiosemicarbazide was refluxed at 85 °C for 2 hrs  

in presence of solvent POCl3. 4-nitrobenzoic acid contains the nitro-phenyl group and 

the thiosemicarbazide provides the C-S-C bond in ANPT. The solvent POCl3 was used 

for cyclilization of the thiadiazole ring. The reaction mixture was then cooled to room 

temperature and 50 mL ice cold water was added. Again, the mixture was refluxed for 

4 hrs. The mixture then forms a water-soluble amonium chloride salt.  The mixture was 

then alkalized to pH 8 by the addition of 10 % KOH solution. In the basic media the 

synthesized compound, ANPT was precipitated. The crude solid precipitate was 

filtered, washed and dried over a desiccator and purified by recrystallization from 

ethanol [1-2]. The overall reaction is given in Figure 3. 1. 

 

 

Figure 3. 1 Synthesis route of 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (ANPT) 

The obtained structure was then confirmed by FT-IR and NMR. The IR spectrum 

(Figure 3. 2) of ANPT showed an absorption band at 3289, 3109 cm-1 for secondary 

N-H moiety. The aromatic C-H stretching was detected at 2792, 2709 cm-1. The peak 

at 1635 cm-1 indicates C=N stretching. The characteristic peak at 1507 cm-1 was 

distinguished and observed for aromatic C=C and the peak at 619 cm-1 was for C-S-C 

stretching. 
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Figure 3. 2 FT- IR spectrum of ANPT 

The 1H NMR spectra (Figure 3. 3) of ANPT showed a sharp singlet for the N-H proton 

at  7.559. The doublet with coupling constant J=8.0 Hz was designated at  8.05, 8.07 

was attributed for two aromatic protons, and another doublet with coupling constant 

J=8.0 Hz was assigned at  8.17,8.19 for two aromatic protons. A sharp singlet 

attributed at 7.284 is for CDCl3 which is used as the solvent. However, the presence of 

six protons was confirmed in ANPT by 1H NMR analysis. 
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Figure 3. 3 NMR Spectra of ANPT (a) NMR spectra (b) expanded NMR spectra 
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3.2 Weight-Loss Test 

The CR of CS and the percentage of IE  were calculated by the WL test with different 

concentrations (100-250 ppm) of ANPT for 3 hours [3-5]. This test was performed at 

room temperature (298 K) and data is presented in Table 3. 1. The values of CR, IE 

and θ was calculated by using the equations  1, 2 and 3. 

Table 3. 1 Corrosion parameters for CS immersed in 0.5M HCl solution for 3h 

without/with different concentrations of ANPT at 298 K temperature obtained from WL 

measurements 

C
inh 

(ppm) ΔW (mg) CR (mgcm
-2

h
-1

) IE
WL

(%) θ 

Blank 65 37 --- --- 

100 31 18 52 0.52 

150 22 13 67 0.67 

200 17 10 74 0.74 

250 12 7 81 0.81 

This table shows that the CR decreased with the increase in the concentration of ANPT. 

In the HCl solution, the CR of the CS was 37 mgcm
-2

h
-1

 in absence of ANPT. Then 

with the addition of only 100 ppm ANPT CR was dropped to 18 mgcm
-2

h
-1

, half of the 

initial CR. But, after that no significant change in CR was observed by the presence of 

150 ppm, 200 ppm and 250 ppm ANPT. However,  at a concentration of 100 ppm of 

ANPT, the IE % was 52 %, which increased with the addition of CI. The IE % increased 

to 81 % at a concentration of 250 ppm. The increased surface coverage by the ANPT 

molecules at the CS/acid solution interface through adsorption is thought to be 

responsible for corrosion inhibition [4, 6-7]. The CR of CS decreases with the 

increasing surface coverage by ANPT in 0.5M HCl solution after 3 hours of immersion. 

After WL analysis the surface morphology of the CS coins were observed by FE-SEM 

analysis technique. 

3.3 FE-SEM Analysis of CS Surfaces: 

FE-SEM was used to analyze the adsorption layer's CS surface morphology both in the 

absence and presence of ANPT in 0.5 M HCl solution [8, 9]. Figure 3. 4 shows the FE-

SEM images at 10 µm magnification of the normal CS surface, corroded CS surface 
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dipped in 0.5 M HCl solution and CS surface dipped in 0.5 M HCl solution in presence 

of 200 ppm ANPT. From the figure, it is seen that, before immersion of CS in ANPT 

solution, it was a clean and smooth surface, which became damaged because of 

corrosion, and rust surfaces were observed in various points for the immersion in 0.5 

M HCl solution. While it showed a less corroded surface in presence of the 200 ppm 

ANPT solution. These results demonstrated that inhibitors formed a surface-adsorbed 

layer that shields the CS from acid attack and inhibits the material's damage, thereby 

reducing corrosion. To analyze the adsorption nature, adsorption isotherm was 

observed. 

     

 

Figure 3. 4 SEM images of CS surface (a) before immersion (b) corroded surface after 

immersion 0.5 M HCl solution (c) in presence of 200 ppm ANPT 

 

b a 

10 µm 10 µm 

c 

10 µm 
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3.4 Adsorption Isotherm  

Adsorption isotherms are also analyzed by WL. According to the Langmuir adsorption 

isotherm, θ is related to the inhibitor concentration and adsorption equilibrium constant. 

Rewriting equation 4, the following equation is observed [6], 

𝐶𝑖𝑛ℎ

𝜃
=  

1

𝐾𝑎𝑑𝑠
+  𝐶𝑖𝑛ℎ 

 where Kads is the adsorptive equilibrium constant and Cinh is the concentration of 

inhibitor [10-13]. The values of Cinh and θ at different temperatures are presented in 

Table 3. 2. 

Table 3. 2 The values of Cinh and θ at different temperatures 

Cinh 

(ppm) 

Temperature (K) 

298 303 313 323 

θ Cinh / θ θ Cinh / θ θ Cinh / θ θ Cinh / θ 

100 0.52 192.27 0.92 108.44 0.89 112.05 0.81 122.14 

150 0.67 227.85 0.93 161.2 0.88 168.84 0.78 191.84 

200 0.74 269.32 0.96 206.86 0.88 225.45 0.72 274.83 

250 0.81 306.74 0.94 265.33 0.90 277.42 0.81 306.15 

A plot of experimental data expressed as Cinh / θ vs. Cinh yielded straight lines presented 

in Fig. 3. 5. The linear correlation coefficient (R2) is greater than 0.9 (Table 3. 3). The 

adsorptive equilibrium constant (Kads) had been be calculated from the reciprocal of the 

intercept of the Cinh / θ vs Cinh curve [4]. 
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Figure 3. 5 Langmuir adsorption model of various concentrations of ANPT on the 

surface of CS in 0.5 M HCl at different temperatures 

In Langmuir adsorption isotherm, Gibb’s free energies had been calculated from the 

intercept of the curves. It can be observed that the value of ∆𝐺𝑎𝑑𝑠
𝑂  calculated from these 

data is negative, indicating the spontaneous adsorption of ANPT molecules on the CS 

surface. Moreover, Gibb’s free energies at temperatures 303 K, 313 K and 323 K are 

below -20 kJmol-1, which indicates the physisorption. Because, if the free energy of 

activation is less than -20 kJmol-1, then the adsorption nature is supposed to be physical, 

which is due to the electrostatic interaction between the charged molecules and charged 

metal surface [14]. In contrast, around -40 kJmol-1 or a higher value of Gibb’s free 

energy indicates chemisorption involving charge sharing or transfer from organic 

molecules to the metal surface to form a coordinate type of bond [14-16]. 
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Table 3. 3 Adsorption parameters of ANPT and CS surface in 0.5 M HCl by Langmuir 

adsorption isotherm at different temperatures (298 K, 303 K, 313 K, 323 K) 

Temperature 

(K) 
Intercept Slope R2 Kads 

Free energy of 

adsorption, 

∆𝑮𝒂𝒅𝒔
𝑶  (kJmol-1) 

298 K 114.33 0.76 0.99 0.00 1.80 kJmol-1 

303 K 4.74 1.03 0.99 0.21 -6.19 kJmol-1 

313 K 2.48 1.10 0.99 0.40 -8.08 kJmol-1 

323 K 1.48 1.27 0.97 0.67 -9.73 kJmol-1 

The value of Gibbs free energy at temperatures 303 K, 313 K and 323 K were -6.19 

kJmol-1, -8.08 kJmol-1, and -9.73 kJmol-1 respectively. It is clear from the above 

explanation that the adsorption type of ANPT molecule on the CS surface is 

physisorption. To find the best fit, the Temkin adsorption isotherm was checked. In 

Temkin adsorption isotherm, the adsorption parameter is calculated by rewriting 

equation 6 [11]: 

𝜃 = −
1

𝑔
𝑙𝑛𝐶𝑖𝑛ℎ −

1

𝑔
 𝐾𝑎𝑑𝑠 

Where g is the molecular interaction parameter. A plot of experimental data expressed 

as θ vs. lnCinh yielded straight lines (Fig. 3. 6). The values of Cinh, ln Cinh and θ at 

different temperatures are presented in Table 3. 4. 

Table 3. 4 The values of Cinh, lnCinh and θ at different temperatures 

Cinh 

(ppm) 

ln Cinh 

(ppm) 

θ 

298 K 303 K 313 K 323 K 

100 4.6 0.52 0.92 0.89 0.81 

150 5.01 0.67 0.93 0.88 0.78 

200 5.29 0.74 0.96 0.88 0.72 

250 5.52 0.81 0.94 0.90 0.81 

The linear correlation coefficient (R2) value along with intercept and slope had been 

tabulated in Table 3. 5.  
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Figure 3. 6 Temkin isotherm adsorption model of various concentrations of ANPT on 

the surface of CS in 0.5 M HCl at different temperatures 

Table 3. 5 Adsorption parameters of ANPT and CS surface in 0.5 M HCl by Temkin 

adsorption isotherm at different temperatures (298 K, 303 K, 313 K, 323 K) 

Temperature (K) Intercept Slope R2 

298 -0.94 0.3197 0.99 

303 0.76 0.0336 0.46 

313 0.85 0.0064 0.16 

323 0.94 -0.0302 0.07 

The linear correlation coefficient (R2) in the conducted data from Figure 3. 6 is less 

than 0.9. In this sense, this adsorption is found to be unfit for this system. 

From the Freundlich adsorption isotherm, the adsorption parameter was also calculated 

by the given equation 5 [12]. A plot of experimental data expressed as lnθ vs. lnCinh 

yielded straight lines (Fig. 3. 7). The linear correlation coefficient (R2) is equal to 1 
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(Table 3. 7). The values of Cinh, lnCinh and θ at different temperatures are presented in 

Table 3. 6. 

Table 3. 6 The values of Cinh, lnCinh and θ at different temperatures 

Cinh 

(ppm) 

ln Cinh 

(ppm) 

Temperature (K) 

298 303 313 323 

θ lnθ θ ln θ θ ln θ θ ln θ 

100 4.6 0.52 -0.65 0.92 -0.08 0.89 -0.11 0.81 -0.2 

150 5.01 0.67 -0.41 0.93 -0.07 0.88 -0.11 0.78 -0.24 

200 5.29 0.74 -0.29 0.96 -0.03 0.88 -0.11 0.72 -0.31 

250 5.52 0.81 -0.20 0.94 -0.05 0.90 -0.10 0.81 -0.20 

The adsorptive equilibrium constant (Kads) can be calculated from the intercept of the 

logθ vs. logCinh curve. The value of  
1

𝑛
 indicates the ease of adsorption. Generally, if the 

value is between 0 < 
1

𝑛
 < 1, then the adsorption is thought to be easy and moderate. If 

the value of 
1

𝑛
 is greater than 1 then the adsorption process is supposed to be difficult 

[12]. 
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Figure 3. 7 Freundlich isotherm adsorption model of various concentrations of ANPT 

on the surface of CS in 0.5 M HCl at different temperatures 

Table 3. 7 Adsorption parameters of ANPT and CS surface in 0.5M HCl by Freundlich 

adsorption isotherm at different temperatures (298K, 303K, 313K, 323K) 

lnθ  

(ppm) 

Intercept Slope R2 

298 K -2.88 0.4886 0.99 

303 K -0.24 0.0358 0.47 

313 K -0.15 0.0071 0.16 

323 K -0.04 -0.0394 0.08 

In this table it is observed that the linear correlation coefficient (R2) is less than 0.9 

indicating this adsorption is found to be unfit for this system. 
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From the above discussion, it’s clear that the adsorption nature between ANPT and CS 

surface in 0.5 M HCl is followed by Langmuir adsorption isotherm and the adsorption 

type is physisorption. To understand the adsorption nature more elaborately, the 

activation energy, enthalpy and entropy value were calculated by thermodynamic 

characterizations.  

3.5 Thermodynamic Characterization 

Temperature is an important parameter in studies of corrosion inhibition [17]. The 

effect of temperature on adsorption was studied in 0.5 M HCl at the temperature range 

of 298 K to 323 K in the absence and presence of ANPT for 3 hours. The data was 

calculated by the WL experiment and presented in Table 3. 8.  

Table 3. 8 Corrosion parameters for CS immersed in 0.5 M HCl solution for 3 hours 

without/with ANPT at 298 K, 303 K, 313 K & 323 K temperature obtained from WL 

measurements 

When the temperature increases from 298 K to 303 K, the IE keeps rising, whereas, 

after that, IE was dropped down. The increase in IE with increasing temperature is 

observed between temperatures 298K to 303K and after that, a decrease in IE is found 

there. This revealed that desorption occurs at the CS surface at high temperatures. After 

303 K, the CR increases with the rise of temperature. At 303K temperature, the highest 

IE value is observed for 200 ppm ANPT. In this case, the electrostatic interaction 

between the inhibitor molecules and the CS surface generates an attraction between 

them through physisorption. The activation parameters for the corrosion reactions were 

calculated from the Arrhenius-type plot by using equation 9 [4]. 

Cinh 

(ppm) 

Temperature (K) 

298 303 313 323 

CR IEWL CR IEWL CR IEWL CR IEWL 

Blank 0.0373 --- 0.0475 --- 0.0753 --- 0.1032 --- 

100 0.0179 52 0.0037 92 0.0081 89 0.0187 81 

150 0.0127 67 0.0033 93 0.0084 88 0.0225 78 

200 0.0096 74 0.0015 96 0.0085 88 0.0281 72 

250 0.0069 81 0.0027 94 0.0074 90 0.0189 81 
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The values of Ea for CS in 0.5 M HCl with and without ANPT obtained from the slope 

of the plots ln(CR) vs. 1000/T have shown in Figure 3. 8. The data obtained from this 

figure, are listed in Table 3. 9. The energy of activation, Ea was calculated by using the 

data obtained from that figure. The change in Ea value contains important information 

about the nature of the adsorption of inhibitor molecules on the metal surface. 
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Figure 3. 8 Arrhenius Plot for CS in 0.5 M HCl solution without and with ANPT at 

different concentrations of ANPT 

Table 3. 9 The activation energy of adsorption on the CS surface in the absence and 

presence of ANPT at different concentrations was calculated by Arrhenius Plot 

Cinh (ppm) Slope Ea (kJmol-1) 

Blank - 3.92 33 

100 -8.17 68 

150 -9.68 81 

200 -14.82 123 

250 -9.82 82 
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In this table, it is observed that the Ea value for the inhibited system by 200 ppm ANPT 

was four times greater than the uninhibited system. 

Generally increased Ea indicates physical adsorption which occurs in the first stage by 

weak chemical bonding between the inhibitors and the metal surface [6]. So, the 

increased Ea in the presence of 200 ppm ANPT suggested that ANPT reduced the 

dissolution of CS in 0.5 M HCl through the physical adsorption layer. 

Alternative Arrhenius plots of ln(CR/T) vs 1000/T (Figure 3. 9) for CS dissolution in 

0.5 M HCl both in absence and presence of ANPT at different concentrations were used 

to calculate the value of activation enthalpy (ΔHa
o
) using equation 11 [19]. Straight 

lines were also obtained from this plot with a linear correlation coefficient (R2) value 

which was  around 1.  

3.05 3.10 3.15 3.20 3.25

-8

-7

-6

-5

-4

-3

[ANPT] (ppm)

 Blank

 100

 150

 200

 250

ln
(C

R
/T

) 
(g

cm
-2

h
-1

K
-1

)

1000/T  

Figure 3. 9 Alternative Arrhenius Plot of ln(CR/T) vs. 1000/T for CS in 0.5 M HCl 

solution without and with different concentrations of ANPT 

The value of ∆𝐻𝑎
𝑜 was calculated from the slope of the ln(CR/T) vs. 1000/T plot and 

intercept was used to calculate the value of ∆𝑆𝑎
𝑜. The calculated value of ∆𝐻𝑎

𝑜  and ∆𝑆𝑎
𝑜 

obtained from these plots are tabulated in Table 3. 10. 
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Table 3. 10 Some thermodynamic parameters for the adsorption of ANPT on the CS 

surface 

Cinh (ppm) Ea (kJmol-1) ∆𝑯𝒂
𝒐  (kJmol-1) ∆𝑺𝒂

𝒐  (kJmol-1) 

Blank 33 35 -118 

100 68 71 -25 

150 81 83 15 

200 123 126 148 

250 82 84 17 

This table shows the value of activation energy of the uninhibited system is lower than 

the inhibited system of 200 ppm ANPT and CS in 0.5 M HCl solution indicating the 

physical adsorption between ANPT molecules and CS surface. 

The nature of adsorption is assumed by the value of enthalpy ∆𝐻𝑎
𝑜, either it would be 

endothermic or exothermic. The positive values of ΔHa
0 of the system indicate 

endothermic adsorption [20-21]. In comparison to the values obtained for the 

uninhibited solution, the presence of the inhibitor results in greater values for ∆𝐻𝑎
𝑜. This 

suggests improved protection effectiveness. This might be explained by the reaction 

having an energy barrier, whereby the adsorption process increases the enthalpy of the 

corrosion process. The value of  ∆𝐻𝑎
𝑜 at a concentration 200 ppm ANPT is much higher 

than the uninhibited system revealing a barrier between the ANPT molecule and the CS 

surface.  

Since the activated complex in the rate-determining step represents an association rather 

than a dissociation step, large and negative values of entropies ∆𝑆𝑎
𝑜 imply that this step 

represents an association rather than a dissociation step, and this implies that there is a 

reduction in disordering as one moves from reactants to the activated complex [19-22]. 

In Table 3. 10, the ∆𝑆𝑎
𝑜 value of the uninhibited system is much more negative than the 

inhibited one. However, by the addition of 200 ppm ANPT, the value shifted to a more 

positive side resulting decreasing the CR. 

The above discussion provides thermodynamic evidence that ANPT effectively 

prevents CS corrosion in the presence of a 0.5 M HCl solution through adsorption on 

the CS surface.  
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By the previous discussion it’s observed that in WL analysis at concentration 250 ppm 

ANPT the highest IE was found. But thermodynamic analysis supports 200 ppm for the 

highest IE of ANPT in 0.5 M HCl solution. This difference may be due to the abrupt 

measurement in WL. Furthermore, Electrochemical tests were also performed to 

observed the IE of ANPT. 

3.6 Electrochemical Studies 

Electrochemical tests such as OCP, PDP Measurement and EIS were performed. All 

these tests were conducted in a three-electrode system.  The test results of these 

electrochemical techniques are discussed below: 

3.7 OCP Analysis 

Every corrosion reaction has a potential value (OCP) in absence of any supplied current 

[23]. In this manner, the corrosion reactions of CS in 0.5 M HCl have also an OCP 

value depending on the nature of the metal and corrosive environment. Then, a change 

in OCP will happen with the addition of the inhibitor, ANPT.  

The open circuit potential (OCP) of CS was measured in 0.5 M HCl solution without 

and with the addition of different concentration of ANPT at room temperature. The 

obtained results are shown in Figure 3. 10. which represents the variation in open 

circuit potential with time in the absence and presence of ANPT. 
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Figure 3. 10 Time variation of the OCP for CS in 0.5 M HCl solution with different 

concentrations of ANPT at room temperature 

Initially, the OCP value of the CS electrode in inhibitor-free 0.5 M HCl solution seems 

to be negative shown in curve for 0.5 M HCl solution in Figure 3. 10. This negative 

value signifies the deposition of corrosion products on the CS surface. Moreover, the 

electrode's potential shifts toward higher negative values than the initial potential 

indicating the dissolution of the CS electrode in 0.5 M HCl solution [24-25]. After 300 

seconds the change in potential is observed almost steady.  

The curves for 100 ppm, 200 ppm and 300 ppm in Figure 3. 10, represents the variation 

in OCP of CS in 0.5 M HCl with time after the addition of ANPT at different 

concentration. All these curves show a more positive value of OCP than the blank one. 

Though at first, all the curves moved toward a negative value indicating CS dissolution, 

after around 150 seconds followed the upper trend indicating a decrease in metal 

dissolution [25]. Almost after 1100 seconds a steady change is observed in all the 

curves. So, these results attributed that the ANPT formed a protective film on the CS 

surface immersed in 0.5 M HCl solution. Moreover, at a concentration of 200 ppm of 
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ANPT in 0.5M HCl solution, the most positive OCP value of CS is found pointing a 

better IE than the other concentrations. 

3.8 PDP Analysis 

The cathodic and anodic polarization curve of CS in 0.5 M HCl in the absence and 

presence of various concentrations of ANPT at room temperature is presented in Figure 

3. 11. The scan rate was 0.5 mVs-1. 

-0.6 -0.5 -0.4 -0.3

-3

-2

-1

0

lo
g

i 
(A

)

E vs. Ag/AgCl (V)

[ANPT] (ppm)

 Blank

 100

 200

 300

 

Figure 3. 11 PDP plots for CS in 0.5 M HCl solution with different concentrations of 

ANPT at room temperature 

Electrochemical kinetic parameters, i.e., corrosion potential (Ecorr), cathodic and anodic 

Tafel slope (βc and βa) and corrosion current density (icorr), obtained by extrapolation of 

the Tafel lines, are presented in Tale 3. 11. 

Figure 3. 11 illustrates how the concentration of thiadiazole derivatives affects the 

cathodic and anodic branches, respectively, and how this influence varies. The IEPDP of 

ANPT for CS against 0.5 M HCl at room temperature has been calculated by using 

equation 12 [4, 26]. 
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Table 3. 11 The PDP parameters for CS in 0.5 M HCl solution without/with different 

concentrations of ANPT at room temperature 

Cinh (ppm) Ecorr (mV) 
icorr 

(mA cm-1) 

βc 

(mVdec-1) 

βa 

(mVdec-1) 
IE (%) 

Blank -499.80 1.30 209.6 130.6 --- 

100 -479.26 0.76 161.0 95.0 42 

200 -468.61 0.57 139.4 78.0 56 

300 -482.02 0.81 175.4 119.2 38 

The table shows the Ecorr displacements in the presence and absence of ANPT toward 

positive value. This indicates the absorption of corrosion inhibitor molecules on the 

surface of the metal sample leading the formation of a protective layer on the CS 

surface. Additionally, it demonstrates that the molecules are absorbed across the surface 

of the mild steel sample more quickly and readily due to the lower density of anodic 

and cathodic currents [26].  

Additionally, the values of the Tafel coefficients (βc, βa), in the presence of ANPT 

considerably alter with the inhibitor's concentration, suggesting that these substances 

have an impact on the kinetics of the anodic and cathodic processes [4]. 

As can be seen in Table 3. 11., the IE increased with the increase in the concentration 

of ANPT in 0.5 M HCl solution. But at the highest concentration, there is a fall in IE. 

The best IE is observed at a concentration of 200 ppm ANPT and the IEPDP is 56.15 %. 

Moreover, an inhibitor may only be classified as anodic or cathodic if its Ecorr 

displacement is higher than 85 mV [27]. From Table 3.11. the maximum Ecorr 

displacement in presence of 200 ppm ANPT is 31mV, indicating that ANPT is a mixed-

type inhibitor. Now it is clear from the above discussion of PDP measurement that 

ANPT may be utilized as a mixed-type corrosion inhibitor. 

3.9 EIS Analysis 

EIS is a powerful technique having advantages in obtaining some parameters such as 

the passivation properties of the material, the kinetics of the electron transfer and the 

representation of the properties of the surface structure and its corrosion phenomena by 

equivalent circuits [27]. The Nyquist and Bode plots of CS immersed in the acidic 
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solution in the presence and absence of ANPT at the OCP obtained by EIS are 

represented in Figure 3. 12 and Figure 3. 13. 
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Figure 3. 12 Nyquist plots for CS in 0.5 M HCl with different concentrations of ANPT 
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Figure 3. 13 Bode plots for CS in 0.5 M HCl with different concentrations of ANPT 
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It can be seen from Figure 3. 12, the Nyquist plot shows a depressed semicircle in 

absence of ANPT and the radius of the semicircle increased with the presence of ANPT 

within the range of 100 ppm to 300 ppm. Deviation of a perfect semicircle of the 

Nyquist plot expresses inhomogeneity and roughness of an electrode surface [19] and 

an increased radius of a Nyquist plot in presence of the inhibitor suggests the IE [26]. 

The random adsorption of ANPT molecules may be responsible for a decrease in steel 

surface homogeneity arising from the non-uniform film formed on the CS surface. In 

the presence of ANPT, the semicircles increased indicating the IE of ANPT. 

 

Figure 3. 14 Equivalent circuit 

In Figure 3. 13, the Bode plot showed shifting of frequency at maximum phase angle 

to higher value in the presence of ANPT. The given equivalent circuit in Figure 3. 14  

was used for EIS data fitting [19]. All the impedance data was fitted by the following 

equivalent circuit. The fitted impedance data are listed in Table 3. 12.  

Table 3. 12 Electrochemical impedance parameters for CS in 0.5 M HCl solution with 

ANPT at different concentrations 

Cinh (ppm) Rƒ (Ωcm2) Rct (Ωcm2) IEEIS (%) 

Blank 7.07 116 --- 

100 6.06 347 67 

200 4.17 353 67 

300 5.90 346 66 

Rƒ corresponds to the adsorption of inhibitor on the metal surface and Rct ascribe 

electron transfer on the metal solution interface. In impedance plots at high frequencies 

Rƒ and Rct at low frequencies can be appeared [27]. 

Table 3. 12 shows the value of Rct increased with the increasing concentration of ANPT 

within the range of 100 ppm to 300 ppm. An increase in Rct value indicates the increase 
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of inhibitor molecules’ adsorption on the metal surface [19]. The higher Rct value for 

ANPT was found at a concentration of 200 ppm and the best IE (IEEIS %) is 67.11 %. 

Hence, these results may be attributed to the adsorption of ANPT forming a protective 

adsorption layer on the CS surface. 

In this study, ANPT showed a good inhibition performance for every experiment at a 

concentration of 200 ppm. 

3.10 Synergistic Effect in Presence of Surfactant 

In presence of suitable surfactants, the efficiency of organic inhibitors can be enhanced 

through a synergistic effect [29-30]. CTAB is a cationic surfactant and a quaternary 

ammonium salt. It contains a long hydrocarbon chain and is used as an inhibitor as well 

as biocides [29]. Furthermore, the large molecular weight and negative charge on 

bromide ions facilitate CTAB to adsorb on the CS surface through Van der Waal’s 

force. The effect of the addition of CTAB with ANPT in 0.5 M HCl solution to inhibit 

CS corrosion in acid solution is measured by the following electrochemical tests: 

3.10.1 OCP Analysis 

Figure 3. 15 shows the OCP curves of the CS electrode in 0.5M HCl solution in the 

absence and presence of ANPT in combination with CTAB. 
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Figure 3. 15 Time variation of the OCP for CS in 0.5 M HCl solution with different 

concentrations of ANPT in combination with 1 mM CTAB at room temperature 
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Initially, the OCP value of the CS electrode in inhibitor-free 0.5 M HCl solution seems 

to be negative shown in OCP graph signifying CS dissolution and with the addition of 

1mM CTAB, the OCP value shifted toward positive value presented in Figure 3. 15. 

This indicates the decrease in the deposition of corrosion products on the CS surface in 

presence of CTAB. Moreover, the electrode's potential shifts toward higher negative 

values than the initial potential indicating the dissolution of the CS electrode in both 

0.5 M HCl solution and 1 mM CTAB solution [24-25]. After 300 seconds the change 

in potential is observed almost steady.  

The curves for 100 ppm, 200 ppm and 300 ppm in the figure represents the variation in 

OCP of CS in 0.5 M HCl with time after the addition of ANPT in presence of 1 mM 

CTAB at room temperature, respectively. All these curves show a more positive value 

of OCP than curves of blank solution and 1 mM CTAB . Initially, all the curves moved 

toward a negative value indicating CS dissolution, after around 150 seconds an upper 

trend is observed indicating a decrease in metal dissolution [25]. Almost after 1100 

seconds a steady change is observed in all the curves. So, these results attributed that 

the ANPT mixed with 1Mm CTAB formed a protective film on the CS surface 

immersed in 0.5 M HCl solution. Moreover, at a concentration of 200 ppm of ANPT in 

0.5 M HCl with 1 Mm CTAB solution the most positive OCP value of CS is found 

indicating a better IE than the other concentrations. 

3.10.2 PDP Analysis 

Figure 3. 16 shows the cathodic and anodic polarization curve of CS in 0.5 M HCl in 

the absence and presence of various concentrations of ANPT mixed with 1mM CTAB 

at room temperature. The scan rate was 0.5 mVs-1. 

The values of corrosion potential (Ecorr), cathodic and anodic Tafel slope (βc and βa) and 

corrosion current density (icorr), obtained by extrapolation of the Tafel lines, are 

presented in Table 3. 13. 
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Figure 3. 16 PDP plots for CS in 0.5 M HCl solution with different concentrations of 

ANPT in presence of 1 mM CTAB at room temperature 

This figure illustrates how the concentration of thiadiazole derivatives affects the 

cathodic and anodic branches, respectively, and how this influence varies in presence 

of 1 mM CTAB. The IEPDP of ANPT for CS against 0.5 M HCl by adding 1 mM CTAB 

at room temperature has been calculated by using equation (7) [6, 28]. 

Table 3. 13 The PDP parameters for CS in 0.5M HCl solution with different 

concentrations of ANPT in presence of 1 mM CTAB at room temperature 

Cinh (ppm) Ecorr (mV) 
icorr 

(mA cm-1) 

βc 

(mVdec-1) 

βa 

(mVdec-1) 
IEPDP (%) 

Blank -499.80 1.3 209.6 130.6 0.00 

1 mM 

CTAB 
-486.51 0.89 162.9 133.8 31.53 

100 + 1 

mM CTAB 
-475.78 0.74 166.9 115.7 43.07 

200 + 1 

mM CTAB 
-469.29 0.38 117.9 75.6 70.76 

300 + 1 

mM CTAB 
-470.00 0.26 117.7 80.3 80.00 

This table shows the Ecorr displacements in the presence and absence of ANPT with 

1mM CTAB towards positive value. Furthermore, a more increased in IE % of ANPT 
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is observed with the addition of 1 mM CTAB. This indicates that the absorption of 

corrosion inhibitor molecules on the surface of the metal sample led to the formation 

of a layer of protection on the CS surface is influenced by CTAB [28, 30].  

Additionally, the values of βc & βa in the presence of ANPT mixed with CTAB 

considerably alter with the inhibitor's concentration, suggesting that these substances 

have an impact on the kinetics of the anodic and cathodic processes [5]. As can be seen 

in Table 3. 13, the IE increased with the increase in the concentration of ANPT mixed 

with 1 mM CTAB in 0.5M HCl solution. The best IE is observed at a concentration of 

300ppm ANPT with CTAB and the IEPDP is 80 %. Moreover, an inhibitor may only be 

classified as anodic or cathodic if its Ecorr displacement is higher than 85 mV [25]. In 

this table, the maximum Ecorr displacement in presence of 200 ppm ANPT is 29 mV, 

indicating that the mixture of ANPT & CTAB is a mixed-type inhibitor. 

Now it is clear from the above discussion of PDP measurement that the presence of 

surfactant, CTAB enhances the IE of ANPT and the mixture worked as a mixed-type 

corrosion inhibitor. 

3.10.3 FE-SEM Analysis of CS Surfaces 

FE-SEM was used to examine the CS surface morphology in the absence and presence 

of ANPT in 0.5 M HCl solution with 1 mM CTAB [10, 11]. Figure 3. 17 shows the 

FE-SEM images at 10 µm magnification of normal CS surface, corroded CS surface 

dipped in 0.5 M HCl solution, CS surface dipped in 0.5 M HCl solution in presence of 

200 ppm ANPT and surface immersed in 0.5 M HCl solution with 1mM CTAB in 

presence of 200 ppm ANPT.  
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Figure 3. 17 SEM of CS surface (a) before immersion (b) corroded surface after 

immersion 0.5 M HCl solution (c) in presence of 200 ppm ANPT (d) in presence of 200 

ppm along with 1 mM CTAB 

Here, image (a) presents a clean smoother surface, (b) shows a severely damaged 

surface with rust on it and a less damaged surface is observed in the image (c). In 

corporation with CTAB a more clearer surface is also found (d). These results 

demonstrated that inhibitors in presence of CTAB formed a surface-adsorbed layer that 

shields the CS from acid attack and inhibits the material's breakdown, thereby reducing 

corrosion. CTAB facilities the ANPT molecule to adsorb on the CS surface more 

frequently resulting in enhanced IE of ANPT. 

After performing all the tests a possible inhibition mechanism of ANPT in 0.5 M HCl 

in absence and presence of 1 mM CTAB for the CS surface has been preposed. 

3.11 Proposed Corrosion Inhibition Mechanism 

From the above discussion of the weight-loss test and electrochemical measurement, 

it’s obvious that the inhibition mechanism of ANPT in 0.5 M HCl is followed by 

10 µm 10 µm 

10 µm 10 µm 
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adsorption on CS surface. The initial stage in the mechanism of the inhibitor action is 

generally accepted to be the adsorption of organic inhibitors at the metal surface 

contact. Four different mechanisms exist for organic molecules to adsorb on metal 

surfaces, 

i. electrostatic interaction between the charged molecules and the charged metal 

ii. interaction of unshared electron pairs in the molecule with the metal 

iii. interaction of π-electrons with the metal and 

iv. a combination of types (i–iii) [17] 

CS corrodes as a result of the Fe atoms breaking down into positive ions and electrons 

[29]. The simultaneous electrochemical processes of iron oxidation and hydrogen 

evolution occur on the anodic and cathodic sites of the steel surface in an acidic solution 

[32]. The anodic dissolution of iron follows the steps [33]: 

Fe + Cl
-
 ↔ (FeCl

-
)ads 

(FeCl
-
)ads ↔ (FeCl

-
)ads + e

-
 

(FeCl
-
)ads ↔ (FeCl

+
) + e

-
 

(FeCl
+
)ads ↔ Fe

2+
 + Cl

-
 

The cathodic reaction is the conversion of H+ ions to molecular hydrogen during the 

corrosion of iron in a strong acid solution according to reaction mechanism given below 

[5]: 

Fe + H
+ ↔ (FeH

+
)ads 

(FeH
+
)ads + e

-
 ↔ (FeH)ads 

(FeH)ads + H
+ + e

-
 ↔ Fe + H2 

Thiadiazole derivative, ANPT contains polar group such as nitrogen and sulphur along 

with aromatic ring, amine group and nitro group having high electron density. This 

electron density is adsorbed on the CS surface through electrostatic force. Thus, through 

the electron density, ANPT acts as a protonated layer on the surface of CS and builds a 
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barrier between the CS surface and corrosive 0.5 M HCl acid media [29-33]. In Figure 

3. 18 the inhibition mechanism has been shown.   

 

Figure 3. 18 Inhibition mechanism of ANPT on the CS surface against HCl 

The cationic surfactant, CTAB carries a positive charge and a negatively charged 

bromide ion in the acidic solution. This causes the adsorption of bromide ions onto the 

CS surface and the orientation of the dipoles of the surface compound with their 

negative ends towards the solution. As a result, the ionized CTAB easily reaches the 

CS surface preventing the direct acid solution attack [27] shown in Figure 3. 19. 

Moreover, the polar head acts as an adsorption mediator facilizing the adsorption of 

inhibitor, ANPT molecules [34]. 

 

Figure 3. 19 Inhibition mechanism of ANPT on the CS surface in presence of CTAB 

against HCl 
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4.1 Conclusion: 

The organic compound ANPT can be prepared through a facile one-pot synthesis route. 

It is a good CI for CS against dilute acidic media 0.5 M HCl. The IE increases with the 

increase in the concentration of ANPT in corrosive media. ANPT molecules cover the 

CS surface by physical adsorption process and inhibit the damage.  

 WL test showed that the IE was inhibitor concentration dependent and the highest 

IE (81 %) was at concentration 250 pmm with the minimum CR.  

 By thermodynamic test the values of activation energy Ea, enthalpy, Δ𝐻𝑎𝑑𝑠
𝑜  and 

entropy, Δ𝑆𝑎𝑑𝑠
𝑜  showed the adsorption of ANPT molecule on CS surface. In this 

test the maximum IE obtained at concentration 200 ppm.  

 The adsorption nature of the ANPT molecule on the CS surface in the dilute acidic 

solution obeys Langmuir’s adsorption isotherm. The negative value of Gibb’s free 

energy, Δ𝐺𝑎𝑑𝑠
𝑜  signifies the spontaneous physisorption behavior of ANPT on the 

CS surface through electrostatic interaction.  

 The electrochemical tests ( OCP, PDP, EIS) showed that the ANPT molecule 

acted as a mixed-type inhibitor for CS surface in 0.5 M HCl with 56 % IE. 

 The addition of CTAB enhanced the IE of ANPT through the synergistic effect.  

 It has been observed that the corrosion IE of ANPT was improved to 70 % by 

adding a low concentration of CTAB. 

 FE-SEM result showed a less corroded surface of CS after adding 200 ppm ANPT 

in the corrosive media. Further addition of 1 mM CTAB with 200 ppm ANPT 

provieded a more smooth surface in the acidic media. 


