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ABSTRACT 

 
The thesis entitled “To explore the corrosion inhibition properties and adsorption 

behaviour of some phytochemically rich extract of plant waste materials for steel 

being used in petroleum industry” explain the study of eco-friendly and cost effective 

plant waste corrosion inhibitor and its effects on stainless steel(SS-410) in 15% HCl 

solution with the help of various techniques. Corrosion is metal destruction process by 

interaction between metal and different environmental condition. In general, corrosion is 

an economic problem closely associated with business loss. Corrosion causes thousands 

of billon of dollar loss every year worldwide. It should be control by providing most 

advantages method. The use of natural corrosion inhibitors is the most practical method 

to prevent the corrosion. 

S.S.is one of main steel used in petroleum industry in various applications. The main 

reason of corrosion in petroleum industry is acid attack on the steel surface. Generally 

inhibitors are mixed into the acid solution for reducing the aggressiveness of corrosion 

on the steel surface. The major commercial composition found in corrosion inhibitors 

are aromatic aldehydes, alkenyl phenones and various products of amine and carbonyl. 

There are various difficulties come in the using of these inhibitor like they are very 

expensive and harmful to the environment, which is the main reason for finding 

ecofriendly and cost effective corrosion inhibitors. 

The corrosion inhibition properties of selected plant waste material as corrosion 

inhibitors for S.S.in 15% HCl were explained depending on the various parameters like 

temperature, inhibitor concentration and surface roughness of stainless steel. 

Experiment of weight loss measurement, Potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS) were used for calculating the corrosion 

inhibition efficiency. For explain the surface morphology, scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) were used. Density function 
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theory (DFT) was used for theoretical evaluation. There are five chapter mentions in 

this thesis. 

 
 
 

Chapter 1: Introduction 

 
In this chapter, the explanation of corrosion, mechanistic approach to corrosion, factors 

affecting metallic corrosion, corrosion in petroleum industry, methods of corrosion 

control and corrosion inhibitors are describes in this chapter. 

Chapter 2: Review of literature 

 
In this chapter, corrosion inhibition in hydrochloric acid environment, waste materials 

from plants as inhibitors of corrosion in hydrochloric acid, plant waste biomass like 

straw and husk as environmental pollutants, plant based corrosion inhibition used at 

high concentration, stainless steel 410 in petroleum industry, purpose of present work, 

scope and intent of present research work, also objectives of the study are mention. 

Chapter 3: Materials and Methods 

 
This chapter describes various techniques and experimental procedures applicable in 

the corrosion test for S.S. 410 in 15 % HCl solution. Weight loss measurements were 

carried out at the temperature of 298 K. Electrochemical impedance and 

potentiodynamic study of natural corrosion inhibitor on S.S.in acidic media also have 

been discuss in this chapter. Comparative study between synthetic paint and selected 

plant waste extract was discussed. For the identification of functional group present in 

selected plant waste, Fourier transform infra-red spectroscopy has been discussed. SEM 

and AFM are used for surface morphological studies of plant waste corrosion inhibitor. 

Density functional theory were used for calculating quantum chemical parameters like 

energies of highest occupied molecular orbital, energies of lower unoccupied molecular 

orbital and the energy gab between highest occupied molecular orbital and lower 

unoccupied molecular orbital. With the help of these parameters, corrosion inhibition 

mechanism of selected pant on S.S.-410 surface in acidic media was easy to analyses. 

Chapter 4: Results and Discussion 
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There are nine parts (4.1 to 4.9) are explained in this chapter. All the results and their 

discussion of selected plants including Oryza sativa, Populus tremula, Triticum 

aestivum, Brassica nigra, Saccharum officinarum, Beta vulgaris and Phyllanthus 

emblica are mentioned in this chapter. 

Chapter 5: Summary and Conclusions 

 
In this chapter, overall characteristics of selected corrosion inhibitors, conclusion, 

comparisons of the results, summary of the results, future work scope, list of 

publications and bibliography are mention. 



vii  

 
 
 
 
 
 
 

ACKNOWLEGEMENT 

 
I am utilizing this great opportunity to expressing my thanks to everyone who 

supported me directly or indirectly during the time of my research work. 

I want to express my gratitude to my supervisor Dr. Vineet Kumar for the continuous 

support of my Ph.D. work for his patience, motivation, and immense knowledge. His 

advice towards research plays an important role in my research career. 

I want to give special thanks to my mother Mrs. Jaimala Sharma and father Mr. 

Sudesh Pal Sharma for their love and sacrifices that they have made for me. I also 

want to express my gratitude to my uncle Mr. Rajkumar Sharma for his blessing and 

unconditional support. I appreciate my younger brother Mr. Shashank Bhardwaj for 

taking all the responsibility on his shoulder in my absence. 

I want to give a special thanks to my research mate Ms. Pooja Sharma for her advices 

and supports regarding my research work. 

Finally, I am thankful to the God for giving me the good health that was needed to 

complete this research work. 

 
 
 
 
 
 
 

Nishant Bhardwaj 



viii  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“I dedicate this thesis to my parents 

 
(Mrs. Jaimala Sharma and Mr. Sudesh Pal Sharma) 

For their constant support and unconditional love” 



ix  

 
 
 
 
 
 
 

Table of Contents 
 
 
 
 

Title Page 

Number 

Declaration ii 

Certificate iii 

Abstract iv-vi 

Acknowledgement vii 

List of Tables xii-xiii 

List of Figures xiv-xix 

List of Appendices xx-xxi 

Chapter 1: Introduction  

 Corrosion 
1-2 

 Mechanistic approach to corrosion 2 

 Factors affecting metallic corrosion 3 

 Corrosion in petroleum industry 3-5 

 Methods of corrosion control 5-6 

 Corrosion inhibitors 6-8 



x 
 

 

 
Chapter 2: Review of Literature  

 Corrosion inhibition in Hydrochloric acid environment 
9-16 

 Waste materials from plants as inhibitors   of   corrosion in  

hydrochloric acid 17-20 

 Plant waste biomass like Straw and husk as environmental 20-21 

pollutants  

 Plant based corrosion inhibition used at high concentration 21-22 

 S.S.- 410 in petroleum industry 23-24 
 Purpose of the present work 

 Scope and intents of the present research work 

 Objectives of the study 

24 

24-25 

 25 

Chapter 3: Materials and Methods  

 Chemicals and Reagents 
26 

 Selected plants for the investigation 26 

 Preparation of plant extract 26-27 

 Elemental analysis of S.S.- 410 27 

 Preparation of working electrodes 27 

 FT-IR spectroscopy 27-28 

 UV-visible spectroscopy 28 
 Weight-loss experiments 

 Langmuir adsorption isotherm 

 Electrochemical techniques 

29 

29-30 

 Comparative studies with some existing synthetic paints 
30-32 

 Surface investigations 
33 

 Quantum chemical calculations 33-34 

 34 

Chapter 4: Results and Discussion 

 Corrosion inhibition properties and adsorption behavior of 

 

35-43 



xi 
 

 

 
Oryza sativa  

 Corrosion inhibition properties and adsorption behavior of 44-52 

Populus tremula  

 Corrosion inhibition properties and adsorption behavior of 

Triticum aestivum 

 
53-61 

 Corrosion inhibition properties and adsorption behavior of  

Brassica nigra 
62-70 

 Corrosion inhibition properties and adsorption behavior of  

Saccharum officinarum 71-79 

 Corrosion inhibition properties and adsorption behavior of Beta  

vulgaris 80-89 

 Corrosion inhibition properties and adsorption behaviour of 89-93 
Phyllanthus embelica  

Chapter 5: Summary and Conclusion  

 Summary 
94-97 

 Conclusion 97 

 Future scope 98 

 List of publication, conferences and workshop 99-100 

 Bibliography 101-130 



xii 
 

 
 
 
 
 
 
 
 

 
List of Tables 

 
Table 

No 

Title Page 

number 

2.1 Plant based corrosion inhibition used at high concentration 22 

4.1.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.- 410 in 15% HCl with different 

concentrations of O. sativa extract 

40 

4.1.2 Calculated quantum chemical parameters of phytochemicals of 

O. sativa 

43 

4.2.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.-410 in 15% HCl with different 

concentrations of P. tremula extract 

49 

4.2.2 Calculated quantum chemical parameters of phytochemicals of 

P. tremula 

52 

4.3.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.-410 in 15% HCl with different 

concentrations of T. aestivum extract 

58 

4.3.2 Calculated quantum chemical parameters of phytochemicals of 

T. aestivum 

61 



xiii 
 

 

 
4.4.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.-410 in 15% HCl with different 

concentrations of B. nigra extract 

67 

4.4.2 Calculated quantum chemical parameters of phytochemicals of 

B. nigra 

70 

4.5.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.-410 in 15% HCl with different 

concentrations of S. officinarum extract 

76 

4.5.2 Calculated quantum chemical parameters of phytochemicals of 

S. officinarum 

79 

4.6.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.-410 in 15% HCl with different 

concentrations of B. vulgaris extract 

85 

4.6.2 Calculated quantum chemical parameters of phytochemicals of 

B. vulgaris 

88 

4.7.1 Corrosion parameters from weight loss, and electrochemical 

experiments for S.S.-410 in 15% HCl with different 

concentrations of P. emblica extract 

94 

4.7.2 Calculated quantum chemical parameters of phytochemicals of 

P. emblica 

97 

4.8.1 Inhibition efficiency and corrosion rate of the paint-coated 

S.S.-410 without and with selected inhibitors 

98 



xiv 
 

 
 

List of Figures 

 
Figure 

No 

Title Page 

number 

1.1 Types of corrosive agents generally found in petroleum 

industry 

4 

1.2 Types of mechanism of corrosion prevention by inhibitor 7 

3.1 S.S.-410 used in (a) weight loss, and (b) Electrochemical 

studies 

27 

3.2 
FT-IR instrument used for the study. 

28 

3.3  
UV-visible spectrophotometer used for the study. 

28 

3.4  
Langmuir plot of O. sativa as an example 

30 

3.5 
(a)   Three   electrode   cell   assembly, and (b) used 

electrochemical workstation 

31 

3.6 
An example of an experimental potentiodynamic curve 

32 

3.7 
(a) Used SEM, and (b) AFM instruments for the study. 

34 

4.1.1 (a) Image of O. Sativa plant (b – d) molecular structure of 

phytochemicals present in O. Sativa extract (OSE) 

35 

4.1.2 FT-IR spectra of O. sativa extract (OSE) 36 

4.1.3 UV-visible absorption spectra of the O. sativa extract 

(OSE) 

37 

4.1.4 Langmuir adsorption isotherm for O. sativa extract (OSE) 

with the help of weight loss measurement 

38 



xv 
 

 

 
4.1.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of O. sativa extract (OSE) 

39 

4.1.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with O. sativa extract (OSE) (d) SEM micrographs of S.S.- 

410 (e) SEM micrographs of S.S.-410 immersed in 15% 

HCl solution (f) SEM micrographs of S.S.-410 immersed 

in 15% HCl solution with O. sativa extract (OSE) 

41 

4.1.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in O. sativa extract (OSE) 

42 

4.2.1 (a) P. tremula plant (b – d) molecular structure of 

phytochemicals present in P. tremula extract (PTE) 

44 

4.2.2 FT-IR spectra of P. tremula extract (PTE) 45 

4.2.3 UV-visible absorption spectra of the P. tremula extract 

(PTE) 

46 

4.2.4 Langmuir adsorption isotherm for P. tremula extract (PTE) 

with the help of weight loss measurement 

47 

4.2.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of P. tremula extract (PTE) 

48 

4.2.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with P. tremula extract (PTE) (d) SEM micrographs of 

S.S.-410 (e) SEM micrographs of S.S.-410 immersed in 

15% HCl solution (f) SEM micrographs of S.S.-410 

immersed in 15% HCl solution with P. tremula extract 

50 



xvi 
 

 

 
 (PTE)  

4.2.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in P. tremula 

51 

4.3.1 (a) T. aestivum plant (b – d) molecular structure of 

phytochemicals present in T. aestivum extract (TAE) 

53 

4.3.2 FT-IR spectra of T. aestivum extract (TAE) 54 

4.3.3 UV-visible absorption spectra of the T. aestivum extract 

(TAE) 

55 

4.3.4 Langmuir adsorption isotherm for T. aestivum extract 

(TAE) with the help of weight loss measurement 

56 

4.3.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of T. aestivum extract (TAE) 

57 

4.3.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with T. aestivum extract (TAE) (d) SEM micrographs of 

S.S.-410 (e) SEM micrographs of S.S.-410 immersed in 

15% HCl solution (f) SEM micrographs of S.S.-410 

immersed in 15% HCl solution with T. aestivum extract 

(TAE) 

59 

4.3.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in T. aestivum 

60 

4.4.1 (a) B.   nigra   plant   (b   –   d)   molecular   structure   of 

phytochemicals present in B. nigra extract (BNE) 

62 

4.4.2 FT-IR spectra of B. nigra extract (BNE) 63 



xvii 
 

 

 
4.4.3 UV-visible absorption spectra of the B. nigra extract 

(BNE) 

64 

4.4.4 Langmuir adsorption isotherm for B. nigra extract (BNE) 

with the help of weight loss measurement 

65 

4.4.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of B. nigra extract (BNE) 

66 

4.4.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with B. nigra extract (BNE) (d) SEM micrographs of S.S.- 

410 (e) SEM micrographs of S.S.-410 immersed in 15% 

HCl solution (f) SEM micrographs of S.S.-410 immersed 

in 15% HCl solution with B. nigra extract (BNE) 

68 

4.4.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in B. nigra 

69 

4.5.1 (a) S. officinarum plant (b – d) molecular structure of 

phytochemicals present in S. officinarum extract(SOE) 

71 

4.5.2 FT-IR spectra of S. officinarum extract (SOE) 72 

4.5.3 UV-visible absorption spectra of the S. officinarum extract 

(SOE) 

73 

4.5.4 Langmuir adsorption isotherm for S. officinarum extract 

(SOE) with the help of weight loss measurement 

74 

4.5.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of S. officinarum extract (SOE) 

75 



xviii 
 

 

 
4.5.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with S. officinarum extract (SOE) (d) SEM micrographs of 

S.S.-410 (e) SEM micrographs of S.S.-410 immersed in 

15% HCl solution (f) SEM micrographs of S.S.-410 

immersed in 15% HCl solution with S. officinarum extract 

(SOE) 

77 

4.5.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in S. officinarum 

78 

4.6.1 (a) B. vulgaris plant (b – d) molecular structure of 

phytochemicals present in B. vulgaris extract (BNE) 

80 

4.6.2 FT-IR spectra of B. vulgaris extract (BNE) 81 

4.6.3 UV-visible absorption spectra of the B. vulgaris extract 

(BNE) 

82 

4.6.4 Langmuir adsorption isotherm for B. vulgaris extract 

(BNE) with the help of weight loss measurement 

83 

4.6.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of B. vulgaris extract (BNE) 

84 

4.6.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with B. vulgaris extract (BNE) (d) SEM micrographs of 

S.S.-410 (e) SEM micrographs of S.S.-410 immersed in 

15% HCl solution (f) SEM micrographs of S.S.-410 

immersed in 15%  HCl solution with B. vulgaris extract 

(BNE) 

86 



xix 
 

 

 
4.6.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in B. vulgaris 

87 

4.7.1 (a) P. embelica plant (b – d) molecular structure of 

phytochemicals present in P. embelica extract (PEE) 

89 

4.7.2 FT-IR spectra of P. embelica extract (PEE) 90 

4.7.3 UV-visible absorption spectra of the P. embelica extract 

(PEE) 

91 

4.7.4 Langmuir adsorption isotherm for P. embelica extract 

(PEE) with the help of weight loss measurement 

92 

4.7.5 (a) Potentiodynamic polarization plot (b) Electrochemical 

impedance plot (c) Bode plot (d) phase angle plot for 

different concentration of P. embelica extract (PEE) 

93 

4.7.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of 

S.S.-410 immersed in 15% HCl solution (c) AFM 

micrographs of S.S.-410 immersed in 15% HCl solution 

with P. embelica extract (PEE) (d) SEM micrographs of 

S.S.-410 (e) SEM micrographs of S.S.-410 immersed in 

15% HCl solution (f) SEM micrographs of S.S.-410 

immersed in 15% HCl solution with P. embelica extract 

(PEE) 

95 

4.7.7 Optimized structures, HOMO and LUMO of 

phytochemicals present in P. embelica 

96 



xx 
 

 
 

List of Abbreviations 
 
 

S.S. Stainless steel 

MS Mild steel 

K Kelvin 

C Concentration 

IE Inhibition energy 

WE Working electrode 

SEM Scanning electron microscopy 

AFM Atomic force microscopy 

EIS Electrochemical impedance spectroscopy 

PDP Potentiodynamic polarization 

OCP Open circuit potential 

HOMO Highest Occupied Molecular Orbitals 

LUMO Lowest Unoccupied Molecular Orbitals 

icorr Corrosion current density 

Ecorr Corrosion potential 

Rct Charge transfer resistance 

CR Corrosion rate 

θ Surface coverage 



1  

 
 

CHAPTER 1: INTRODUCTION 

1. Corrosion 
 

Corrosion has been discussed by the scientific community from last several decades 

due to its economic and environmental losses. It is recognized as a significant in many 

industrial processes and domestic structures, causing deterioration, failure, and severe 

incidents and threats [1, 2]. Corrosion is the oxidation of metals caused by a corrosive 

agent in their environment, such as chlorine, fluorine, carbon dioxide, oxygen, and so 

on. It is normally defined as destruction of metals and also a spontaneous process. 

Maintenance and repair costs, material loss, equipment damage, a reduction in 

productivity, and the loss of usable or productive life are all examples of economic 

damages caused by corrosion. Other social consequences of corrosion damage include 

safety issues (bursts, toxic material release), health issues (pollution due to toxic 

product contamination), and resource depletion [3]. Corrosion can affect the natural 

resources same as other phenomena like climate occasions. There are various methods 

for controlling corrosion rates and reduces their harmful effect on economy and public 

safety [4]. 

The most important thing about corrosion is that it is an unwanted phenomenon that 

destructs the materials and reduces their life time. Corrosion cannot be stop completely 

by any methods but its rate of reaction can be control. Its prevention is more achievable 

as compare to its disposal [5]. Corrosion is not always simply restricted to metals; it 

could likewise occur on distinct materials, for instance, polymers and plastic 

manufacturing. Amongst many metals, corrosion is experienced firmly in iron and steel. 

The formation of oxides in the process of oxidation does no longer hold immovably to 

the surface of metal, as a result it gets off the metal effortlessly [6]. Corrosion consists 

of an electrochemical procedure which depends on vital environmental factors like pH, 

temperature, pressure etc. [7]. Corrosion has vast monetarily and ecological impact 

directly or indirectly on highways, bridges, buildings, petroleum industries, chemical 

processing and wastewater systems, and all aspects of global infrastructure [8]. In 

various reports, it is mentioned that the total losses due to corrosion is around 2.5 trillion 

US dollars, which corresponds to 3.4% of gross domestic product (GDP) in the world 

(2013). From the national point of view, India lost around USD 70.3 billion, or 4.2% 
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of the country's GDP due to corrosion (2013) [9]. It causes several damages to 

materials, risks to community protection, disrupts industrial processes and involves 

wide restoration of stopped properties. In addition, the substitute of a corroded boiler 

or condenser in a large plant may additionally require dollar 1,000,000 or more for 

energy bought from inter linked electric power plants for supply to customers while the 

boiler is down. In the United States, this types of electric utilities, tens of millions of 

dollars annual amount are used [10-11]. 

1.2 Mechanistic approach to corrosion 

 
At the initial stage, the process of corrosion was explained by Evans, Wagner and Traud 

based on local cell model and corrosion potential model [12]. According to 

electrochemical theory of corrosion, on immersing a metal or alloy in corrosive medium 

different potential zones are developed because of the destruction of its crystalline 

lattices by means of corrosion. Because of this potential difference anodic and cathodic 

areas are formed on the surface of metal where oxidation and reduction take place 

respectively [13]. Generally, the corrosion of a metal can be explained by considering 

the local electrochemical cells that are formed over the surface of metal during metal 

dissolution. Some part of surface acts as anode and other as cathode [14]. 

Two partial reactions, oxidation and reduction take place at the same time on the surface 

of metal. The reactions for the corrosion of iron are given below- 

Anodic reaction 

 
𝐹𝑒 →  2+ + 2𝑒– (1) 

 
Cathodic reaction 

 
2𝐻+ + 2𝑒– → 𝐻2 (2) 

 
Overall reaction 

 
2 𝐹𝑒 + 4𝐻+ + 𝑂2 → 2 𝐹𝑒2+ + 2𝐻2𝑂 (3) 
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1.3 Factors affecting metallic corrosion 

 
For the most part all metals and alloys show a crystalline structure. The crystals or 

giants of a metal are comprised of these unit cells repeated in a three dimensional 

arrangement. The crystalline nature of metals is not promptly clear in light of the fact 

that the metal surface are generally fits with the shape in which it has been formed [15]. 

Corrosion cells are made on the surface of metal in contact with an electrolyte as a 

result of energy differences between the metal and the electrolyte. Diverse regions on 

the metal surface could likewise have distinct potentials for the electrolytes. These 

variations are due to metallurgical factors, i.e. differences in their composition of 

microstructures, manufacture process, field establishment and environmental factors 

[16]. Corrosion is primarily influenced and relies upon the primary and secondary 

factors. Generally, the primary factors are specifically connected with the metal or alloy 

while secondary factors are related with specific environment. Since, corrosion is a 

natural condition that enables a substance to dissolve when exposed to aggressive 

conditions [17]. Corrosion is influenced by a number of factors, the most significant of 

which are the material and the surrounding atmosphere. If the material is involved or 

adjacent to a nobler component in the galvanic chain, it corrodes, causing the first one 

to dissolve. Specific climatic factors, such as gases dissolved in air out of which oxygen 

along with carbon dioxide are generally considered, pH and temperature of the 

surrounding area also cause the material more prone to corrosion. Depending on the 

process of corrosion, corrosion can take many different forms, pitting, crevice, 

uniform, galvanic environmentally-induced cracking, intergranular, and de-alloying are 

some examples [18- 20]. 

1.4 Corrosion in petroleum industry 

 
The oil industry's annual corrosion costs are in the billions of dollars. From drill 

platforms to casing, corrosion affects any aspect of research and development. The 

petroleum industry is home to a diverse range of corrosive conditions. Some of these 

are exclusive to the sector [21]. As a result, it is easier to group all of these conditions 

together. Steel and iron pipe, tubing, pumps, valves, and sucker rods are all used 

extensively in oil and gas fields. Leaks result in the loss of oil and gas, as well as the 
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purification of water and silt, causing corrosion damage. In oilfields, saline water and 

sulphides are common. Corrosion happens within and without the casing in wells [22]. 

Inorganics like water, hydrochloric acid, sodium chloride, sulfuric acid, carbon dioxide 

etc. are to blame for the majority of corrosion problems in refineries. The petroleum 

industry and the chemical industry have a lot in common [23]. 

 

 
Fig. 1.1 Types of corrosive agents generally found in petroleum industry 

 
Corrosive agents are classified into two parts: those found in raw material or petroleum 

products, and those associated with the analysis or control. Accordingly, hydrolysis 

results in the formation of hydrochloric acid. It may also be an unintentional addition 

to the product stream. Since this is a means of friction acid, it is often found in 

separation processes as well as in condensed crude oils like use of hydrofluoric acid in 

alkylation process [24]. Around 98 percent, commonly available carbon steel is the 

most important alloy, which is used as main alloy in materials used for building 

processes. In general, steel should be used wherever possible. This can be accomplished 

by altering the mechanism, such as decreasing the temperature or introducing inhibitors 
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[25]. Apart from cast iron, steel is the most affordable engineering metal. Because of 

corrosion by the cooling system, carbon steel is often unsuitable for heat-exchanger 

tubes. Arsenical Admiralty Metal, brass and red brass, and cupronickels are all popular 

materials. Austenitic steel structures are costly and prone to cracking in chloride-rich 

environments [26]. These steels, on the other hand, have been used for still piping and 

gas-cracking pipes. The film's passive nature protects the steel from corrosion while 

also allowing it to self-heal [27]. In steel, chromium is the most advantageous alloying 

element for Sulphur compound resistance. As a result, the chromium content of steel 

increases with rising Sulphur and temperature, beginning at 1 percent Cr [28]. The 

extent of corrosion protection is dependent on the percentage proportion of chromium 

as well as other metallic alloys to maintain their metallurgical properties. For this 

reason, now-a-days chromium–nickel steel structures become most widely used 

components for both low and high temperatures in harsh corrosive conditions [29]. 

Hence, due to their exceptional and diverse mechanical properties, these steels are 

broadly used throughout the industries which are working in chemical, oil & gas, 

significantly necessitating corrosion protection for various parts of the industrial 

instruments and processes which employ steels because steel corrodes, corrosion 

protection is needed for engineering, automobiles, boiler plates, pipes, reaction vessels, 

storage tanks, and bridges and construction projects [30]. 

However, such steels are influenced by the presence of chloride ions exposed due to 

various acid utilizing industrial procedures which causes localized corrosion more 

specifically to pitting corrosion. Most of the corrosion which occur in petrochemical 

sector is pitting corrosion and is mostly responsible for degradation of stainless steels 

[31]. Martensitic stainless steels consist of the 400 series of stainless steel which are 

chromium-containing general-purpose steels with excellent corrosion resistance. Due 

to their wide applicability, duplex and martensitic stainless steel have been studied 

extensively for corrosion resistance and vulnerability in corrosive conditions [32]. 

1.5 Methods of corrosion control 

 
The significance of corrosion prevention might be perceived in perspective of vast 

financial losses endured because of metallic corrosion in all spheres of life and 
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especially by industries [33]. From the view purpose of country’s economy, it is 

extremely important to receive proper ways and intends to lessen the misfortunes due 

to corrosion. With increasing development in technology and industries the utilization 

of metals and alloys is expanded quickly and any progression in the heading of avoiding 

corrosion would be an incredible help [34]. Corrosion scientific experts and 

technologists trust that around one third of misfortunes because of corrosion can be 

spared by applying anticipation technique. The attacks of corrosion can be 

accomplished by numerous conceivable choices. The most essential among them are- 

Modification of materials by additionally alloying or de-alloying- where the substrate 

modification is made such that the oxide layer will either be relatively unreactive or 

protective coating is formed generally known as passivation for specific harsh 

environments [35]. Adjustment in the conditions of corrosive environments- addition 

of some corrosion preventing agents or adjusting of surrounding conditions like 

corrosive temperature or pH [36]. Utilization of defensive coatings- physical barrier 

methods like preventive films or coating can be used to reduce the rate of corrosion 

[37]. Cathodic and anodic protection- the corrosion current is inhibited, forcing it to 

flow to the metal that needs to be covered. It is accomplished by adding a more active 

(anodic) substrate to the system to be covered or by using a source of power [38]. 

Utilization of corrosion inhibitors- its mechanism follows the resistance of corrosion 

initiation by adsorbing themselves on the steel substrate and by the formation of thin 

film which act as defensive barrier against corrosion [39]. Prevention of corrosion by 

applying inhibitors is one of the most convenient way. In the present study corrosion 

inhibition has been considered by utilizing corrosion inhibitors, in this manner an 

itemized discussion on corrosion inhibitors and their applications has been done [40]. 

1.6 Corrosion inhibitors 

 
They are substances that can slow down corrosion reactions when applied to the 

process. Their inhibition function is not always easy to decipher and analyze. Anodic, 

cathodic, or mixed inhibition effects are possible [41]. Substances which reduces the 

rate of reaction without influencing the environment are known as corrosion inhibitors. 

The inhibitors utilized as a part of corrosive environment basically functions by forming 

a protective layer on the metal surface [42]. The mixed class comprises majority of 
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green corrosion inhibitors. By lowering both their electrochemical concentrations, 

mixed-type inhibitors can protect at both cathodic and anodic ends simultaneously. The 

adsorption of molecules with functional group or elements comprising free electron 

couples, such as N, P, S, and O, is often linked to the mechanism of inhibition [43- 44]. 

 

 
Fig. 1.2 Types of mechanism of corrosion prevention by inhibitor 

 
Metal tubulars, down hole equipment, substrate lines, and other metals are more prone 

to corrosion. Since, the rate of corrosion increase dramatically in wells having higher 

temperature ranges. Hence, corrosion control becomes an important problem to be 

handled with caution [45]. Different compounds are there that are considered in the 

form of appropriate inhibitors. They ordinarily have N, O and conjugated systems and 

strong capacity of being adsorbed on the surface [46]. The most imperative 

disadvantage relative with the greater part of them is their high cost and non-eco- 

friendly character. Numerous corrosion inhibitors are being used successfully in the 

industry, including quaternary ammonium products, propargyl alcohol-based 

compounds, and so on. Due to strict environmental legislation, therefore, attention has 
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shifted to the production of new environmentally friendly protective coatings. Inorganic 

materials, especially chromates and their derivatives, are highly regarded for inhibitory 

properties. Despite this, they have a negative effect [47]. The consequences for human 

lives and the ecosystem has prompted their abolition. Along these lines the investigation 

of most recent low harmful inhibitors is essential to discard this disadvantage. The area 

of metallic materials deterioration, which is typically addressed with harmful 

substances, has found fertile ground in green chemistry [48]. In reality, when oxidation 

process needs to be stopped, regulated, or delayed, the use of inhibitors is a well-known 

technique. Green inhibitors are biodegradable, environmentally friendly, and 

regenerative. Nowadays inhibitors are being developed by using various parts of plants 

as they can be accessed easily and they are sustainable [49]. Food-grade chemicals that 

are called "green" chemicals have a lot of potential in the petroleum industry as 

corrosion protection. Plant parts extracts are excellent corrosion inhibitors in the acid 

range of concentrations studied (0.1–2 M), mostly acting as mixed form corrosion 

inhibitors, though a few studies have shown that they can also act as anodic and 

cathodic type inhibitors [50]. The presence of different compounds like polyphenols, 

polysaccharides etc. increases the capability of such inhibitors (plant extract) to restrain 

the procedure of corrosion. The viability of inhibitors is reliant on different factors like 

- the relationship between corrosion inhibition and inhibitor concentration has been 

examined by other researchers [51]. The increase in corrosion resistance with the effect 

of concentration of inhibitor trend to approach a most extreme effectiveness at a certain 

concentration past which no critical increment in efficiency is observed. This is known 

as the optimum concentration and the maximum surface area of metal is covered at this 

concentration [52-53]. Since, in petroleum industries, pipelines are indeed the secure 

and most cost-effective way to move oil and gas in both offshore and onshore systems. 

Corrosion inhibitors appear to play an important role in preventing internal corrosion 

in pipelines [54]. A variety of corrosion inhibitors have also been developed that have 

a low impact on the environment while maintaining their inhibitory effectiveness 
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CHAPTER 2: REVIEW OF LITERATURE 

 
Metals corrosion is a natural and inevitable process that causes desirable metal 

properties to deteriorate due to contact with certain elements in the setting. Metals, with 

the exception of gold, platinum, and a few others, are found in nature in impure forms, 

mostly as sulphides or oxides, and are stable [56]. In order to combat corrosion, many 

techniques have been implemented. Development, selection of materials, protection at 

anode or cathode, composites, and the application of corrosion inhibiting substances 

are all examples of these. In all of these methods, corrosion inhibitor is perhaps the 

most cost-effective and straightforward [57]. Corrosion inhibitors are compounds that 

can slow the rate of metal dissolution in corrosive conditions when present in low 

concentrations. There has been a lot of research into corrosion inhibition using extracts 

from different parts of the plant. In reality, bioactive compounds contained in plant 

extracts have been found to be almost as effective as synthetic inhibitors [58]. Plant 

extracts are often tested as corrosion inhibitors due to their environmental friendliness 

and economic value. Numerous phytoconstituents are present in plant extracts which 

can prove very effective substituent for the harmful inorganic and synthetic inhibitors. 

The composition of active ingredients determines the mechanism of inhibition for plant 

based inhibitors [59]. The main components vary from one plant to the next, and also 

within the same plant. Since the structures of such parts are so likely to be related, the 

mechanism of corrosion protection for various plants and their parts may or may not 

differ [60]. This opens up a lot of possibilities for using bio-resources from plant for 

corrosion inhibition at various levels in an environmentally friendly way [61-62]. 

2.1 Corrosion inhibition in hydrochloric acid environment 

 
Hydrochloric acid is a well-known industrial acid that is used for pickling and 

acidification of oil wells. Since less pickling time and improved surface quality can be 

achieved at low temperatures, HCl is preferred over other acids for pickling exercises 

[63]. Temperatures above 30 ℃ are not needed for the procedure because this would 

result in an excessive amount of hydrogen chloride gas being released. Pickling with 5–

15 percent HCl acid is recommended, while acidification with higher concentrations up 

to 32 percent is recommended [64]. Recent studies on plant component extracts as 
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an anticorrosive agent in an HCl setting suggest that the aim is to prevent metal 

corrosion during pickling. Plant extracts are effective corrosion inhibitors that primarily 

serve as mixed form inhibitors [65]. During pickling, plant extract is often used as an 

anticorrosive agent in an HCl setting. Oil well stimulation, which is typically performed 

with hot hydrochloric acid solutions, can significantly leads to corrosion of tubes and 

pipes in production area and also the other equipments exposed to acid [66]. Industries 

utilizes a number of chemicals like single or mixture of acids are used along with 

surfactants for well acidizing processes. During such procedures, the tubing and 

pipeline materials suffers acid attack and to protect them from deterioration, inhibitors 

are employed [67-68]. The process of inhibition in industries dealing with oil pipelines, 

distillatory, refineries etc. becomes more complex due to the presence of different forms 

of aggressive media and their usage in cleaning operations [69-70]. Before deciding on 

the appropriate materials, each case must be considered in its entirety. For all forms of 

corrosion, there is no universal anti-corrosive content. Some of the plant extract in 

which were used as anticorrosive in hydrochloric acid are explained below: 

Pandian Bothi raja et al. 2013 studied the anticorrosive properties of Neolamarckia 

cadamba for MS in 1M hydrochloric acid solution. To check the corrosion resistance 

nature of Neolamarckia cadamba, electrochemical analysis was performed. Protective 

film formation is verified by SEM study on the MS surface. From the studies conducted, 

it was concluded that the studied plant showed an approximate 80% inhibition 

efficiency at 5 mg/L concentration. The inhibitors acted as both anodic and cathodic 

type of inhibitors as shown by PDP. EIS studies revealed that the corrosion inhibition 

occurred due to increase in the resistance of system against corrosion. Also, the process 

of corrosion inhibition was adsorption which followed Langmuir adsorption isotherm 

pattern. From the SEM studies it was concluded that there is a kind of barrier formation 

which blocks the acid attack, thereby preventing corrosion [71]. 

Euphorbia falcat was studied in 1M HCl solution by Bribri et al. 2013 for carbon steel. 

Corrosion impedance was analyzed with the use of electrochemical studies which 

suggested an approximate 93 % inhibition efficiency at a concentration of 3.0 g/L. From 

the Tafel analysis, mixed type of corrosion inhibition, anodic and cathodic was shown 

and impedance studies revealed that the mechanism of inhibition of corrosion was due 
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to the increased system resistance towards acid attack and decrement in Cdl value 

indicated a layer formation on the steel surface. Since, the process of corrosion 

inhibition was adsorption, it followed the Langmuir adsorption isotherm pattern. Also 

SEM studies proved that a protective layer was formed on the steel surface, hence 

preventing it from the process of corrosion [72]. 

Hamdy and Gendy 2013 investigated the corrosion inhibition property of Henna in 1M 

HCL solution for low carbon steel. SEM, FTIR, XRD study were done along with 

electrochemical studies for the carbon steel surface. It was seen that the studied plant 

showed an approximate 92.72% inhibition efficiency at 3000 mg/L concentration. 

Mixed type of inhibition was shown by inhibitor as concluded from potentiodynamic 

polarization. From the SEM studies it was seen that a barrier was formed on the steel 

surface which resisted the acid attack, hence preventing it from the process of corrosion, 

when the EDX analysis was done it was seen that there is suppression of Fe, O and Cl 

peaks in steel surface which was treated with the inhibitor molecules as compared to 

the steel which was untreated. This resulted in the formation of protective layer on the 

steel and hence prevents metal from corrosion. SEM studies indicated that the 

adsorption played a factor in corrosion control and it followed the Langmuir adsorption 

isotherm pattern. From the analysis of activation energy parameters, it was found that 

the process of adsorption was spontaneous and also endothermic [73]. 

In 1M HCl solution, Shalabi et al., 2014 tested the corrosion resistance of Atropa 

belladonna for carbon steel. Gravimetric analysis and electrochemical tests were used 

to analyze the inhibition efficiency for corrosion of Atropa belladonna. According to 

the electrochemical tests, the investigated plant had a 96.6 % inhibition efficiency at 

500 ppm concentration. Also, the inhibitors acted as mixed type of inhibitors but acted 

as anodic inhibitor at first place and impedance studies revealed that the corrosion 

inhibition occurred which is shown as increase in the system resistance and double layer 

capacitance value also decreased which suggested thick layer presence on the steel 

surface [74]. 

Soltani et al. 2014 investigated the corrosion resistance of Silybum marianum for S.S.- 

304 in 1M HCl solution. To check the corrosion resistance nature of Silybum marianum, 
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PDP and EIS were done at different temperature. From the electrochemical studies, it 

was observed that the studied plant showed an approximate 96% inhibition efficiency 

at 1.0 g/L concentration. The inhibitors acted as mixed type of inhibitors as shown by 

potentiodynamic polarization. The adsorption played a factor in corrosion control and 

it followed the Langmuir adsorption isotherm pattern. From the analysis of activation 

energy parameters, it was found that the process of adsorption was spontaneous and 

also endothermic suggesting adsorption by chemical process. Also, molecular dynamic 

studies were performed which showed inhibitor molecules are well adsorbed on the 

substrate [75]. 

Eleusine aegyptiaca was investigated by Rajeswari et al. 2014 for corrosion protection 

of cast iron in 1M HCl solution. From the electrochemical studies, it was seen that the 

studied plant showed an approximate 91.5% inhibition efficiency for Eleusine 

aegyptiaca and 94.6 % inhibition efficiency for croton rottleri at 2400 ppm 

concentration. From the XRD analysis, it was seen that there is suppression of peaks 

in steel surface which was treated with the inhibitor molecules as compared to the steel 

which was untreated. This was attributed to the formation of barrier on the surface of 

steel towards acid attack and hence prevents metal from corrosion. SEM studies 

indicated that the adsorption played a factor in corrosion control and it followed the 

Langmuir adsorption isotherm pattern. From the analysis of activation energy 

parameters, it was found that the process of adsorption was spontaneous and also 

endothermic It was also concluded that inhibition of corrosion was due to adsorption 

which followed physical mechanism of adsorption [76]. 

C38 steel was used by Faustin et al. 2015 to analyze the anticorrosive properties of 

Geissospermum martianum in 1M HCl solution. To characterize the active molecule 

functioning as corrosion inhibitor from this plant was identified by NMR and 

Geissospermine was found to be the most active molecule from the plant 

Geissospermum martianum. From the electrochemical studies, it was seen that the 

studied plant showed an approximate 92 % efficiency of inhibition at a concentration 

100 mg/L. The inhibitors acted as anodic type of inhibitor more prominently. SEM and 

EDX studies indicated the role of adsorption which played a key factor in corrosion 

control and it followed the Langmuir adsorption isotherm pattern [77]. 
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Anupama et al. 2015 analyzed the anticorrosive properties of leaf extract Pimenta 

dioica for MS in 0.5 M and 1M HCl solution. Along with electrochemical studies, SEM 

and AFM study was done to check the inhibitors effect on the MS surface. It was seen 

that the leaf extracts of studied plant showed a good inhibition efficiency of more than 

90 % at different concentrations and with different type of leaf extracts. The inhibitors 

acted as anodic type of inhibitor more prominently according to potentiodynamic 

polarization. SEM and AFM studies suggested that the inhibitor formed a protective 

barrier on the steel surface, hence preventing it from the process of corrosion. SEM 

studies indicated that the adsorption played a factor in corrosion control and it followed 

the Langmuir adsorption isotherm pattern [78]. 

Prabakaran et al. 2016 studied the corrosion resistance of Ligularia fischeri for MS in 

1M HCl solution. Protective film formation is verified by SEM, AFM and WAXD study 

on the mild steel surface. Plant showed an approximate 92% inhibition efficiency at 

500 ppm concentration as shown by electrochemical studies. When the EDX analysis 

was done it was seen that there is increase in the concentration of iron and oxygen on 

the steel surface which was treated with the inhibitor molecules as compared to the steel 

which was untreated. This was attributed to the protective barrier formation on the 

surface of steel and hence prevents metal from corrosion. SEM studies indicated that 

the adsorption played a factor in corrosion control and it followed the Langmuir 

adsorption isotherm pattern. From the analysis of activation energy parameters, it was 

found that the process of adsorption was spontaneous and also endothermic [79]. 

Anupama et al. 2016 studied the corrosion resistance of extract of Phyllanthus amarus 

for MS in 1M HCl solution. To check the corrosion resistance nature of Phyllanthus 

amarus, gravimetric analysis, PDP and EIS were used. From the electrochemical 

studies, it was seen that the extract of studied plant showed a good inhibition efficiency 

of more than 90 % at different times of immersion of steel surface in corrosive media. 

Mixed type of inhibition was explained with the help of PDP. EIS claimed that the 

corrosion inhibition occurred due to increased system resistance towards corrosion and 

decrease in double layer capacitance value indicated the thick layer formation by 

inhibitor. The adsorption played a factor in corrosion control and which was supported 
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by Langmuir adsorption isotherm pattern. QCC were also performed to get the details 

of electronic structures of the main component from the plant which is phyllanthin [80]. 

Rose et al. 2016 studied of Tabernaemontan adivaricata for MS in 1M HCl solution. 

From the electrochemical studies, it was suggested that the studied plant showed an 

approximate 95% efficiency for corrosion inhibition at inhibitor concentration500 ppm. 

PDP showed that the inhibitors acted as mixed type of inhibitors. Also, the process of 

corrosion inhibition was adsorption which followed Langmuir adsorption isotherm 

pattern. A protective layer was formed due to adsorption of molecules from the 

inhibitors on the steel surface [81]. 

Anupama et al. 2017 studied the anticorrosive property of Plectranthus bamboinicus 

for MS in 1M HCl solution. From the electrochemical studies, it was seen that the 

extract of studied plant showed a good inhibition efficiency of more than 90 % at 

different inhibitor concentration as shown by gravimetric and electrochemical studies. 

Synergism and theoretical studies were also performed using Gaussian 03 and from the 

study the combination of the active constituents-thymol and cineole showed good 

inhibition properties [82]. 

Gum arabica extract was studied as anticorrosive agent for MS in 1M HCl acid solution 

by Azzaoui et al. 2017 investigated the corrosion resistance of for. AFM and XPS study 

were used to analyze surface changes on the mild steel surface due to the presence of 

inhibitor. From the electrochemical studies, it was seen that the studied plant showed 

an approximate 92% inhibition efficiency at 1.0 g/L concentration. The inhibitors acted 

as both anodic and cathodic type of inhibitor. From the surface studies it was concluded 

that the inhibitor a barrier on steel surface which helped in corrosion protection, when 

the XPS analysis was done it was analyzed from the studied parameters that there is 

less dissolution of iron from steel surface when it was treated with the inhibitor 

molecules as compared to the steel which was untreated, hence prevents metal from 

corrosion [83]. 

Allbakhshi et al. 2018 analyzed the corrosion resistance of Glycyrrhiza glaba for MS 

in 1M HCl solution, the corrosion current density decreased significantly as observed 

in the presence of inhibitor which results an increment in the corrosion inhibition 
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efficiency. Also, different modelling studies like molecular dynamics, quantum 

mechanics and Monte Carlo were done to find out the presence of inhibitors molecules 

from the plant. It was found that organic molecules like Glycyrrhizin, Glabridin, 18 β- 

Glycyrrhetinic acid, Licochalcone E, Liquritigenin and Licochalcone participated in 

adsorption process thus by blocking the initiation of corrosion process [84]. 

Corrosion resistance of Coconut for MS in 1M HCl solution was studied by Umoren et 

al. 2014 investigated. To check the corrosion resistance nature of Coconut, gravimetric 

analysis and hydrogen evolution were used with methanol and water extracts of the 

coconut coir. From the gravimetric analysis, it was suggested that the studied plant 

showed an approximate 80.0% inhibition efficiency at 500 g/L inhibitor concentration. 

PDP showed that the inhibitors acted as mixed type of inhibitors. The adsorption played 

a factor in corrosion control and it followed the Langmuir adsorption isotherm pattern 

[85]. 

Liao et al. 2017 investigated Longan as anticorrosive agent for MS in 1M HCl solution. 

Protective film formation is verified by SEM study on the MS surface. From the 

analysis, it was suggested that the studied plant showed an approximate 92.35 % 

inhibition efficiency at 600 mg/ L concentration of inhibitor. PDP showed that the 

inhibitors acted as mixed type of inhibitors. Also, the process of corrosion inhibition 

was adsorption which followed Langmuir adsorption isotherm pattern A protective 

barrier was formed due to adsorption of molecules from the inhibitors on the steel 

surface as depicted by SEM analysis [86]. 

Plantago extract was used to investigate its anticorrosive properties for MS in 1M HCl 

solution by Mobin and Rizvi 2017. Various methods like PDP, EIS and weight loss 

were used to analyze the anticorrosive nature of the Plantago extract. From the 

electrochemical studies, it was suggested that the studied plant showed an approximate 

93.54 % inhibition efficiency at 1000 ppm inhibitor concentration. PDP showed that 

the inhibitors acted as mixed type of inhibitors. Also, the process of corrosion inhibition 

was adsorption which followed Langmuir adsorption isotherm pattern A protective 

barrier was formed due to adsorption of molecules from the inhibitors on the steel 

surface as depicted by SEM and AFM studies [87]. 
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Pisum sativum was investigated as anticorrosive for MS in 1M HCl solution by 

Srivastava et al. 2018. From the electrochemical studies, it was suggested that the 

studied plant at an inhibitor concentration of 400 mg/L showed an approximate 

inhibition efficiency of 90%. Also, the process of corrosion prevention was adsorption 

which followed Langmuir adsorption isotherm pattern. SEM and AFM studies were 

done to identify the presence of protective barrier on the steel surface. The process of 

barrier formation was adsorption which happened as a result of bonding at the interface 

of inhibitor- steel surface, hence preventing it from the process of corrosion [88]. 

Hassannejad and Nouri 2018 investigated the anticorrosive nature of Sunflower for MS 

in 1M HCl solution. From the electrochemical studies, it was seen that the studied plant 

showed at 400 ppm inhibitor concentration an approximate 98% inhibition efficiency. 

PDP showed that mixed type of inhibition was shown by the studied plant and 

impedance studies revealed that the inhibition of corrosion occurred due to increase in 

the resistance of system against corrosion. Also the activation energy studies suggested 

that the physical adsorption takes place and the process was exothermic which meant 

that there is no increment in the inhibitory potential when temperature is increased [89]. 

Xanthan gum was studied by Biswas et al. 2014 in 1M HCl acid solution for corrosion 

resistance of MS. It was suggested that the studied plant showed an approximate more 

than 90% inhibition efficiency at an inhibitor concentration of 0.5 g/L. Mixed type of 

inhibition i.e. both anodic and cathodic type was shown by the inhibitor. Also, the 

process of corrosion inhibition was adsorption which followed Langmuir adsorption 

isotherm pattern. From the SEM studies it was concluded that the inhibitor formed a 

protective barrier on the steel, hence preventing it from the process of corrosion [90]. 

2.2 Waste materials from plants as inhibitors of corrosion in hydrochloric acid 
 

Green chemistry has sparked a lot of interest in the last decade by developing chemical 

processes and consumer products with the goal of avoiding toxins and reducing waste. 

Waste generation and the use of harmful and dangerous chemicals are causing 

increasing concern. Environmental problems and strategies have risen to the top of the 

global agenda [91]. Green chemistry has shown over time that how basic methodologies 

developed by scientific approach can help in safeguarding the health and well-being 
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and also the environment while still being beneficial with respect to economic value. 

Many industrial applications utilize sustainable raw materials and biomass as green 

chemistry and sustainability approach [92]. The metallic surface protection has become 

an important area wherein the green chemistry methods including the products derived 

from biomass are providing development in order to decrease environmental effects 

and wastes. The use of harmful to the environment organic materials has been a 

common cause of metal degradation processes [93]. To remove scales which are 

deposited on the surfaces of metallic structures in process industries, acidic and 

destructive solutions are commonly used at various levels of industrial operating 

procedures. When metal corrosion needs to be managed, stopped, to be delayed, the use 

of preventive measures as inhibitors is a considerable technique [94]. Some of the waste 

products of plants which were studied for their anticorrosive properties are given below: 

Odewunmi et al. 2015 investigated the anticorrosive properties of Water melon waste 

product for MS in 1M HCl solution. To check the corrosion resistance nature of Water 

melon, electrochemical tests, weight loss immersion tests were performed. Protective 

film formation is verified by SEM study on the MS surface. From the findings, it was 

suggested that the studied plant showed an approximate 86.08 % inhibition efficiency 

at 2 g/L inhibitor concentration. Also, the process of corrosion inhibition was 

adsorption which followed Langmuir adsorption isotherm pattern. From the SEM 

studies it was concluded that the inhibitor formed a protective barrier on the steel, hence 

preventing it from the process of corrosion [95]. 

Carbon steel was used by Ismail et al. 2011 to investigate the corrosion resistance of 

waste from fresh banana leaves in 1M HCl solution. Protective film formation is 

verified by SEM study on the carbon steel surface. From the electrochemical studies, it 

was suggested that the studied plant showed an approximate 69.60 % inhibition 

efficiency at 10 % v/v inhibitor concentration. Also, the process of corrosion inhibition 

was adsorption which followed Langmuir adsorption isotherm pattern. From the SEM 

studies it was concluded that the inhibitor formed a protective barrier on the steel, hence 

preventing it from the process of corrosion [96]. 
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Punica granatum Linne Husk was studied in 1M HCl solution by Chen et al. 2013 to 

investigate anticorrosive properties for mild steel in oil fields. To check the corrosion 

resistance nature of Punica granatum Linne Husk, gravimetric measurements, PDP and 

EIS were used. From the electrochemical studies, it was suggested that the studied plant 

at 1.0 g/L inhibitor concentration showed an approximate 95% inhibition efficiency. 

PDP showed that the inhibitors acted as mixed type of inhibitors. Also, the process of 

corrosion inhibition was adsorption and it was concluded that the inhibitor formed a 

protective barrier on the steel, hence preventing it from the process of corrosion [97]. 

The corrosion resistance of Musa paradisica (Banana) Peel for carbon steel was studied 

by Tiwari et al., 2018 investigated in 1M HCl solution. From the electrochemical 

studies, it was suggested that the studied plant showed an approximate inhibition 

efficiency of 80% at an inhibitor concentration 400 mg/L. To better understand the 

process of inhibition, quantum chemical calculations by DFT were done. PDP showed 

that the inhibitors acted as mixed type of inhibitors. From the SEM and AFM studies it 

was concluded that the inhibitor formed a protective barrier on the steel, hence 

preventing it from the process of corrosion [98] 

Argemone mexicana root was studied by Gopal et al. 2017 in 1M HCl solution at 

different temperatures for the corrosion resistance of carbon steel. Different methods 

like gravimetric analysis, tafel polarization and EIS studies, SEM, AFM were used to 

study the anticorrosive nature of Argemone mexicana root. Protective film formation is 

verified by SEM study on the carbon steel surface. From the gravimetric analysis, 

inhibition efficiency of 94 % at an inhibitor concentration of 400 mg/L was seen. PDP 

showed that mixed type of inhibition was shown by the studied plant. SEM and AFM 

studies were done to identify the formation of protective barrier on the steel surface. 

The process of barrier formation was adsorption which happened due to the bonding of 

inhibitor molecules with the surface of carbon steel, hence preventing it from the 

process of corrosion [99]. 

Krishnan and Shibli, 2018 investigated the corrosion resistance of Sesbania grandiflora 

Leaf for mild steel in 1M HCl solution. From the electrochemical studies, it was 

suggested that the studied plant showed an approximate 98.01 % inhibition efficiency 
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at 10,000 ppm inhibitor concentration. Tafel polarization showed that anodic type of 

inhibition was shown by the studied plant. The process of barrier formation was 

adsorption which was facilitated by the bonding of molecules from inhibitor to the 

surface of the mild steel, hence preventing it from the process of corrosion [100]. 

Carbon steel was used by Al- Senani, 2016 to investigate the corrosion resistance of 

Cucumis sativus (cucumber) Peel in 1M HCl solution. It was suggested from the 

studies, that the studied plant showed an approximate 79.7% inhibition efficiency at 1.0 

g/L inhibitor concentration. PDP showed that mixed type of inhibition was shown by 

the studied plant. The process of barrier formation was adsorption which prevented it 

from the process of corrosion. The thermodynamic parameters suggested that the 

process of adsorption was endothermic and spontaneous and the inhibitor followed 

physicochemical type of adsorption [101]. 

Rocha et al. 2014 investigated the corrosion resistance of mango peel for carbon steel 

in 1M HCl solution. From the electrochemical studies, it was suggested that the studied 

plant showed an approximate inhibition efficiency of 97% at an inhibitor concentration 

of 0.4 g/L. PDP showed that mixed type of inhibition was shown by the studied plant. 

SEM and AFM studies were done to identify the presence of protective barrier on the 

steel surface. The process of barrier formation was adsorption which happened due to 

the bonding between the inhibitor molecules and steel surface, hence preventing it from 

the process of corrosion [102]. 

Umoren et al. 2013 investigated the corrosion resistance of Date palm (Phoenix 

dactylifera) Seed for mild steel in 1M HCl solution. From the electrochemical studies, 

it was suggested that the studied plant showed an approximate 86.8 % inhibition 

efficiency at 2.5 g/L inhibitor concentration. PDP showed that mixed type of inhibition 

was shown by the studied plant. SEM and AFM studies were done to identify the 

presence of protective barrier on the steel surface. The process of barrier formation was 

adsorption which happened due to the bonding between the inhibitor molecules and 

steel surface, hence preventing it from the process of corrosion [103]. 

Ferreira et al. 2018 investigated the corrosion resistance of Brown onion Peel for carbon 

steel in 1M HCl solution. Protective film formation is verified by SEM study on the 
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carbon steel surface. It was suggested from the electrochemical studies, that the studied 

plant showed an approximate inhibition efficiency 94 % at an inhibitor concentration 

300 mg/L. PDP showed that mixed type of inhibition was shown by the studied plant. 

SEM and AFM studies were done to identify the presence of protective barrier on the 

steel surface. The process of barrier formation was adsorption which happened due to 

the bonding between the inhibitor molecules and steel surface, hence preventing it from 

the process of corrosion [104]. 

2.3 Plant waste biomass like Straw and husk as environmental pollutants 
 

Agricultural straw residues from crops like rice, barley, and wheat are often burned by 

farmers. After harvest, wheat, rice, maize, and cotton burning is a common occurrence. 

Countries which depend largely on agricultural products, faces such environmental 

pollution due to seasonal burning of agricultural waste [105]. Straw is a by-product of 

agriculture, consisting of the dry stalks of cereal plants that have been stripped of their 

grain and chaff. Scientific community has explored various harmful effects of polluti0n 

caused by burning of straw. [106]. Particulate matter is one of the pollutants released by 

straw burning along with carbon dioxide (CO2), some volatile organic compounds 

(VOCs), and other substances considered as poisonous. When straw is burned, it produces 

a PM levels are high, with submicron and fine particles predominating [107]. Straw 

burning produces very little SO2 and NOx, two general pollutants from alternative energy 

sources. Agricultural/waste burning is the regulated burning of vegetative waste from 

agricultural operations [108]. Land burning of vast areas of crop residue after harvest, 

pasture restoration fires, and open waste burning are all examples of this. Similarly, 

converting the land to cropland or pastureland is the most viable and cost-effective 

alternative [109]. 

Burning agricultural waste, such as stalks, grasses, leaves, and husks, is still the 

simplest and least costly way to reduce or eliminate the amount of flammable 

materials produced during agrarian activity in many countries. Biomass burning is a 

major cause of emissions in the atmosphere on both a regional and global scale [110]. 

The combustion of biomass releases a variety of gases and aerosols into the 

atmosphere, which have an effect on regional air pollutants, global atmospheric 
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chemistry, visibility, biogeochemical cycles, the earth's radiative budget, and 

environmental degradation [111]. 

Biomass burning also produces smoke, which is a popular and noticeable substance. 

Smoke is also made up of gaseous and aerosol contaminants like brown carbon and 

mineral dust, both of which have been linked to poor air quality and global warming 

[112]. 

2.4 Plant based corrosion inhibition used at high concentration 
 

Some plant waste materials which have been used as green corrosion inhibitors in past 

show good inhibition efficiency at higher concentrations. This research work aims at 

evaluating the corrosion inhibition efficiency of some selected plants at lower 

concentrations. Some of the plant based waste materials which showed good inhibition 

efficiency at higher concentrations are given in Table 2.1 

2.5 S.S. - 410 in petroleum industry 

The refining of petroleum and its products has become a sophisticated process in the 

past years. The petrochemical industry has become very complex and the advances in 

engineering technologies have made the improvement in plant operations and 

successful increase in product yield [126]. Main emphasis is laid on the materials 

which can withstand the harsh environments of the petrochemical processes. Such 

materials include steels which are resistant to corrosion, metal alloys complexes etc. 

which provide high strength, load taking, good fabrication properties and low 

maintenance cost [127]. Stainless steels are corrosion-resistant ferrous metals due to 

the presence of protective thin film on their surface formed due to the mixtures of 

chromium and iron molecules. The film's passive nature protects the steel from 

corrosion while also allowing it to self-heal. Chromium is added to the microstructure 

of steel to enhance its corrosion resistance [128]. The American Iron and Steel 

Institute has recognized 57 distinct steel compositions as standard and 18 of these 57 

have been characterized to be used in petroleum processes. The 400 series of stainless 

steels come under Martensitic group. These steels are magnetic and heat treatment can 

harden them. They are resistant to corrosion in some mild corrosive environments 

[129]. 
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Table 2.1: Plant based corrosion inhibition used at high concentration 

 
 

Plant name 
Concentration 

(g/L) 

Corrosive 

media 

Inhibition 

efficiency 

(%) 

 
Reference 

Marrubium vulgare L. 8.0 1 M HCl 86.51 113 

Tender arecanut 4.5 0.5 M HCl 95.50 114 

Polyaspartic acid 10 5 M H2SO4 80.33 115 

Pectin 8 2 M HCl 94.40 116 

Matricaria recutita 7.2 1 M HCl 93.28 117 

Opuntia ficus indica 5.0 1 M HCl 91.76 118 

Malus domestica 5.0 0.5 M HCl 87.9 119 

Ocimum basilicum L. 5.7 0.5 M HCl 90.10 120 

Citrus sinensis 4.0 5 M HCl 93.38 121 

Barley agriculture waste 5.0 1 M HCl 97.10 122 

Phyllanthus muellerianus 6.67 3.5% NaCl 97.58 123 

Verbena 6.0 1 M HCl 81.10 124 

Thymus vulgaris 10.0 5 M H2SO4 88.60 125 

Xylopia aethiopica 10.0 5 M H2SO4 47.80 125 

Zingiber officinale 10.0 5 M H2SO4 79.60 125 

 
 

SS- 410 type contains 12% of chromium in its composition which makes it corrosion 

resistant up to some extent and most widely used S.S.-410 in petroleum used. Corrosion 

is a major issue in the petrochemical industry, which is intensified by its difficult 
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manufacturing processes [130]. Most parts/components are destroyed by corrosion, 

which happens due to the deterioration of the metallic materials and their properties, at 

any point of the manufacturing process. In the petrochemical industry, the main type of 

corrosion found is generally pitting corrosion which leads to the loss of characteristics 

of stainless steels [131]. The corrosive environment which is present in petrochemical 

and refining industries arises due to the presence of chlorides- generally from the salts 

of magnesium and calcium which originates from crude oil, cooling water, catalysts 

etc. and from hydrogen chloride- which forms due to the hydrolysis of calcium and 

magnesium chloride salts and occurs in overhead vapour streams from the refining 

processes and upon condensation, highly aggressive and harsh hydrochloric acid is 

formed [132-133]. From a corrosive aspect, HCl is the most difficult acid to handle. It 

necessitates extreme caution when used and when selecting products to contain the acid 

[134-135]. Most common metals and alloys are extremely corrosive to it. The 

condensing water which is used in the industrial applications readily absorb 

hydrochloric acid from the condensing systems in the crude unit overhead [136]. In the 

ambient fractionating column above, hydrogen chloride condenses and forms extremely 

corrosive hydrochloric acid in the heat exchanger [137]. Many other acids can also lead 

to corrosion apart from hydrochloric acid if present in higher amounts in the process 

area due to the breakdown of the protect barrier of iron hydroxide or iron sulphide 

[138]. 

3.1 Purpose of present research work 

The presented research work in this thesis explore so me novel, better, environmental 

friendly, green inhibitors for corrosion to protect the S.-410 from corrosion due to acidic 

media since, natural organic molecule inhibits corrosion in a variety of ways. This thesis 

is concentrated with the extraction of selected plants and methods for analyzing their 

prospects in corrosion inhibition of stainless steel. The corrosion inhibition studies of 

these plant extract on S.S.-410 in 15 % HCl have not been yet reported elsewhere. 

Gravimetric and electrochemical methods are used to calculate the inhibition efficiency 

studies of selected plants extract towards S.S.-410 in 15% hydrochloric acid. For 

supplementing the outcomes other techniques like surface adsorption, morphological 

characterization and theoretical studies were also performed. 
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3.2 Scope and intents of the present research work 

In this research work some plants extract have been used as eco-friendly, sustainable, 

non-hazardous, economical natural corrosion inhibitors and investigated by different 

techniques like; Electrochemical methods EIS and PDP followed by weight loss 

investigates. Surface characterization methods atomic force microscopy (AFM) 

supported by scanning electron microscopy (SEM). Other supplementary techniques 

such as; computational studies (quantum chemical calculations), ultraviolet visible 

spectroscopic techniques have been carried out for prepared corrosion inhibitors. 

Electrochemical methods are prevailing and multipurpose analytical techniques that 

provide high sensitivity, accuracy, and precision. Green and natural corrosion 

inhibitors are eco-friendly, effective, sustainable and non-hazardous for the nature as 

well as the human beings. There inhibitors contain electronegative hetero atoms like 

N, O, and unsaturation bonds. In this present research work, a new class of natural 

corrosion inhibitors has been analyzed. These inhibitors are eco-friendly, non- 

hazardous, non-toxic, economical, sustainable, and natural corrosion inhibitors to 

restrain corrosion for SS in acidic corrosive media. The greatest advantage of natural 

inhibitors is that they can be easily and conveniently extracted from the plants with 

very low/cheap production coast. Because of the existence of various functional 

groups containing electronegative atoms in the plant inhibitor extract, these inhibitors 

have been documented as effective inhibitors against corrosion of stainless steel by 

aggressive media. The formation of bonds between molecules present in the inhibitors 

with the exposed ions on the surface of the metal and make complexes which covers 

the surface of the steel substrate thus forming a protective barrier and helps in resisting 

corrosion by blocking acid attack. The present research work is a compilation of study 

of selected plants extract as natural corrosion inhibitor for S.S.-410 in the corrosive 

media. 
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3   Objectives of the study 

 The proposed research work aims at filling the research gap in unexplored area of 

plant waste material as efficient corrosion inhibitors by using weight loss 

measurements, EIS and Tafel studies. 

 To analyze the extract of plant’s waste for their higher corrosion inhibition 

efficiency at lower concentration. 

 To study the mechanism of adsorption of inhibitors on steel surface by using UV, 

IR, SEM, AFM and Quantum chemistry method. 

 To conduct comparative study between selected corrosion inhibitors with existing 

materials. 

 To resolve the environmental pollution by selecting plant waste materials like 

husk and straw to be used as effective corrosion inhibitors. 
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CHAPTER 03: MATERIAL AND METHODS 

Analysis was performed to contemplate the corrosion inhibitive capacities of selected 

plants towards corrosion of S.S.-410 in 15 % HCl solution at various inhibitor 

concentration at 298K. The gravimetric estimations, PDP and EIS procedures were 

utilized to explain the corrosion inhibition of the selected inhibitors. Scanning Electron 

Microscopy and Atomic Force Microscopy were used for Surface morphology of S.S.- 

410 was examined using Scanning Electron Microscopy (SEM) and Atomic Force 

Microscopy (AFM). Spectroscopic techniques such as Fourier- Transform Infrared (FT- 

IR) spectroscopy and Ultraviolet-Visible (UV- Vis) spectroscopy were used to explore 

the mechanism of adsorption of plant inhibitors. Density Functional Theory (DFT) was 

utilized for theoretical calculations. The exploratory techniques utilized for the above 

investigations of corrosion inhibitors are given in this section. 

3.1 Chemicals and Reagents 

All solvents used were of analytical grades and provided by Sigma-Aldrich. For 

extraction to be performed under dry conditions, solvents were dried by the usual 

reported laboratory procedures. For weight loss studies, the volume of 15 % HCl was 

kept 500 mL and for electrochemical estimations 250 mL of 15 % HCl was utilized. 

3.2 Selected plants for the investigation 

The present investigation aims to explore the corrosion inhibition abilities of some plant 

extracts on S.S.- 410 in 15 % HCl. On the basis of literature survey, some plants were 

selected for the present study and the selected plants includes Oryza sativa, Populus 

tremula, Triticum aestivum, Brassica nigra, Saccharum officinarum, Beta vulgaris and 

Phyllanthus emblica. 

3.3 Preparation of plant extract 

All the plants were collected from agricultural field and local market Phagwara, Punjab. 

The plant samples were verified by Botanical Survey of India (BSI), Dehradun. The 

powdered sample, 100 g was extracted with 450 mL of solvent at 75 ºC for 72 h. The 

solvent used for extraction of Oryza sativa is methanol [139], Populus tremula is 

methanol [140], Triticum aestivum is ethanol [141], Brassica nigra is ethanol [142], 

Saccharum officinarum is methanol [143], Beta vulgaris is methanol [144] and 
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Phyllanthus emblica is [145]. The filtered liquid was evaporated with the help of rota- 

evaporator and allowed to dry completely in a vacuum desiccator. 

3.4 Elemental analysis of S.S.- 410 

S.S.- 410 is used to make a broad assortment of equipment and metallic structures 

involved in petroleum industry. The S.S.- 410 sheet was purchased from Nihal Chand 

Harbans Lal, Steel traders, Saharanpur, Utter Pradesh. The elemental analysis of S.S.- 

410 sample was done from Central Institute of Hand Tool (CIHT), Jalandhar. The 

composition of the S.S.- 410 was observed as (weight %) C 0.134 %; P 0.028 %; Cr 

11.147 %; Mn 0.822 %; Si 0.662%; S 0.005 % and Fe balance. 

3.5 Preparation of working electrodes 

The S.S.- 410 sheets were manually cut into 5.0 cm × 5.0 cm × 0.03 cm coupons. Silicon 

carbide papers (100-2000 grade) were utilized to scrape and polish all exposed surface 

of S.S.- 410 coupons for weight loss process. For electrochemical study, S.S.-410 of 3 

mm diameter was used for making the working electrodes. Figure 3.1 shows S.S.- 410 

used for weight loss and electrochemical experiment 
 

 
Figure 3.1: S.S.- 410 used in (a) weight loss, and (b) Electrochemical studies. 

 
3.6 FT-IR spectroscopy 

In the study FT-IR analysis was performed to identify the functional group present in 

the extract, utilizing Shimadzu FTIR 8400S. The FTIR spectra was recorded in the 

wavelength range of 450-4000 cm-1. Figure 3.2 shows the FT-IR spectrometer used 

for the study. 
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Figure 3.2: FTIR spectrometer used for the study. 

 
3.7 UV-visible spectroscopy 

UV-visible spectroscopic analysis was conducted using Shimadzu UV-1800 UV- 

visible absorption spectrophotometer. The UV-visible spectra of selected plant extracts 

in 15 % HCl was recorded before and after the corrosion tests for 24 h at 298 K. Figure 

3.3 shows the UV-visible spectrophotometer used for the analysis. 
 

Figure 3.3: Image showing UV-visible spectrophotometer 

 
3.8 Weight-loss experiments 

S.S.-410 abraded with different grades of silicon carbide papers were weighted and 

immersed in 500 mL of 15 % HCl without and with various concentrations of inhibitors 

for 24 h [146-149]. After 24h of immersion, the S.S.-410 were rinsed with acetone, 

dried under nitrogen flow afterward weighted using Shimadzu BL-220H/D455006313 

electronic balance. The corrosion rate (CR) was calculated by following equations [150-

151]: 
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𝐶R = 
K ×W 

A ×t × p 
(3.1) 

Where, W represents the weight loss of the S.S.-410 (g), CR represents the corrosion 

rate (mmy-1), t is immersion time (h), K is corrosion constant equals to 8.76 × 104, ρ 

represents the density in g cm-3 which is 7.86 g cm-3 for the S.S.-410 according to 

ASTM G 31-72, and A represents the surface area (cm2) of the stainless steel. The 

corrosion inhibition efficiency (IE %) of plant extracts were calculated with the help 

of following formula [152] 

𝐼𝐸 = 
0 i 

R R X 100 (3.2) 
R 

Where, 𝐶0 and 𝐶i are the corrosion rate of S.S.- 410 in the absence and presence 
R R 

inhibitor respectively  
Ɵ = 

I.E 

100 

 
 

(3.3) 

Where, Ɵ is the surface coverage, from weight loss estimations an increment in 

inhibition efficiency happens on expanding the inhibitor concentration. This increase 

in inhibition efficiency is due the development of a defensive layer that decreases the 

corrosion procedure. Keeping in mind the end goal to examine the impact of inhibitors 

on the inhibition efficiencies, weight loss estimations were completed at a temperature 

of 298 K in the absence and presence of various concentrations of inhibitor. 

3.9 Langmuir adsorption isotherm 

With the help of adsorption isotherm, essential information regarding interaction 

between corrosion inhibitor and steel surface have been explained [153]. It also 

explain the relationship between adsorbed species coverage and their concentration 

changes [154-155]. The Langmuir adsorption isotherm can be describe in the 

following equation- 

C 
= 

1 + 𝐶 (3.4) 
Ɵ Kads 

Where, C represents the inhibitor concentration and 𝐾𝑎𝑑𝑠 is the adsorption constant. 

If the correlation coefficient of straight line obtained by plotting C/Ɵ against C comes 

near unity, then it is considered that the inhibitors obey the Langmuir adsorption 

isotherm. A typical graph of C/Ɵ vs. C for Langmuir adsorption isotherm graph is 

presented in Figure 3.4. 
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Figure 3.4: Langmuir plot of Oryza sativa 

 
3.10 Electrochemical techniques 

Electrochemical techniques are related to the interrelation of electrical and the 

chemical effects. A square formed S.S.-410 rod was joined to the copper cable on one 

side and sealed with epoxy gum to give a two-dimensional surface (1 cm2) exposed 

to the electrolyte. A three-electrode electrochemical system was utilized in all 

electrochemical experiments. Figure 3.5 shows a three-electrode cell assembly and 

electrochemical instrument used in this study. Platinum electrode was used as a 

counter electrode. The working electrode was prepared from S.S.- 410 rod as already 

discussed. The reference electrode was a saturated calomel electrode (SCE), which 

was fixed into bent luggin capillary tube and filled with the test solution to avoid any 

contamination of solution by Cl- ions [156-157]. All potentials in this work refer to 

the SCE. The surface groundwork of the working electrode was conducted by 

mechanically abrading the specimen with different grads of emery papers (100 to 

2000). Luggin kept at a fixed distance of about 1-2 mm between the tip of the capillary 

and the surface of the working electrode was retained throughout the electrochemical 

experiments to avoid and ohmic loss. The experiments were carried out in aerated non-

stirred 15 % HCl without and with the various inhibitor concentrations of all the 
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selected inhibitors at 298 K. Every scan was conducted in aerated immobile solution 

at 298 K, was maintained using water thermostat [158-159]. An electrochemical 

workstation system Metrohm: Multi-channel Autolab was used to measure the 

potential and current of oxidation and reduction reactions. 

 
 

Figure 3.5: Images of (a) Three electrode cell assembly, and (b) Electrochemical 

workstation 

3.10.1 Potentiodynamic polarization studies 

It is a technique for electrochemical analysis of the kinetics and mechanism of the 

reactions occurring on the electrodes. It is based on the control of the current flowing 

through the system. The technique is based on the polarization of the working electrode 

around OCP. First step is to immersing the working electrode in the test solution for 

reaching the steady state potential. The scan rate of 1 mV/s with the potential range pf 

-250 mV to +250 mV were used. Figure 3.6 shows an example of PDP curve used to 

determine the type of inhibition which is followed by the prepared inhibitors. [160- 

162].The point of intersection of cathodic and anodic slopes yields the corrosion 

potential (𝐸𝑐𝑜𝑟𝑟). It has been reported that if the displacement in corrosion potential 

values of inhibitor is >85 mV with respect to   (corrosion potential) of blank, the 

inhibitor can be regarded as anodic or/and cathodic kind and if the offset is <85 mV, 

the inhibitor can be considered mixed [163-167]. 
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Figure 3.6: An example of an experimental PDP curve 
 
 

The value of corrosion inhibition efficiency was calculated with the help of following 

equation [168]. 
0 i 

𝐼. 𝐸. =  corr corr × 100 (3.5) 
corr 

 

Where 𝐼0 and 𝐼i were used for corrosion current density of 15% HCl solution 
corr corr 

and plant extract inhibitor solution. 
 
 

3.10.2 Electrochemical impedance spectroscopic study 

EIS is a predominant technique that is used to analyze corrosion mechanism and also 

several elementary parameters related to electrochemical reactions. In this method, 

impedance and the phase angle of electrochemical system was investigated along with 

the variations in the frequency [169-170]. A small 5 mV amplitude AC signal is applied 

to the sample at OCP. In the Bode’s plot the impedance is generally measured as a 

function of frequency in the range 100 kHz to 0.01 Hz. Figure 3.7 shows a typical 

Nyquist, Tafel, and Bode’s plots for 15% HCl solution [171]. Charge transfer resistance 

(𝑅𝑐𝑡) are related to the maximum of the semi-circular Nyquist plot where 𝑅𝑐𝑡 and 𝑅0 

represent charge transfer resistance in the presence and absence of inhibitor, 

respectively [172-173]. Corrosion inhibition efficiency was calculated with the help of 
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given equation [174].  
 

𝐼. 𝐸. = 

 
 

 
o 
ct × 100 (3.6) 

Rct 

Where, 𝑅ct and 𝑅o designates charge transfer resistance of different plant extract 

concentrations and 15% HCl solution, respectively 

 

3.11 Comparative studies with some existing synthetic paints 

In our investigation, we have checked and analyze the comparative studies between 

some existing synthetic paints and selected natural extracts. Here, we took two synthetic 

paint samples (Paint sample 1 and Paint sample 2) and the plants extract. Both the paint 

samples come in two separate containers (Paint powder and solvent). We took the equal 

concentration for all the samples, which is 4 g/L. The equal concentration of different 

samples was coated on the S.S.- 410 surfaces. Pre-coated metal surfaces were been used 

in the study. To check the inhibition efficiency by using weight loss measurements were 

carried out in 15 % HCl solution at 298 K for 24 h. The main goal of this investigation 

is to replace existing synthetic paints by natural inhibitors, and the use of the natural 

waste material as a green corrosion inhibitor makes it more novel and effective. 

 

3.12 Surface investigations 

The surface morphology of the steel surface has been explained by the various 

researchers to get the idea of surface got absorb in the presence of inhibitors [175- 

181]. The S.S.- 410 coupons of size 1.0 cm × 1.0 cm × 0.03 cm were polished with 

different grades of emery papers (100-2000) and then rinsed with acetone followed by 

distilled water. After immersion in 15 % HCl solution in the absence and presence of 

inhibitors (optimum conc.) for 24 h at 298 K, the specimens were cleaned through 

distilled water, then dried and afterward the SEM and AFM images have been recorded 

utilizing LEO435BP and NT-MDT- INTEGRA software, respectively. Figure 3.8 

shows the SEM and AFM instruments used for the study. 

Rct– R 
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Figure 3.7: Images showing (a) SEM, and (b) AFM. 
 
 

3.13 Quantum chemical calculations 

Computational chemistry is a useful tool for theoretical study of adsorption [182-185]. 

Density functional theory (DFT) method is a useful method to conduct the quantum 

chemical calculations. Key parameters were obtained from the optimized structures. 

According to Frontier sub-atomic orbital (FMO) hypothesis of compound reactivity, the 

establishment of a transition stateis because of collaboration among LUMO and HOMO 

of responding classes. The energy gap (ΔE) amongst LUMO and HOMO, stronger will 

be the interaction between two responding molecules [186-190]. The key parameters 

obtained by the quantum chemical studies, for example, EHOMO, ELUMO and ΔE (energy 

gap) have been figured utilizing following comparisons [191-192]: 

∆𝐸 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀O (3.7) 
 

As EHOMO is frequently connected with electron donating capacity of the compound, 

high values of EHOMO are probably going to demonstrate an inclination of compound to 

give electrons to fitting acceptor compounds with low energy and empty molecular 

orbital. Similarly, the low values of energy gap ΔE will render great inhibition 

efficiencies since the energy to remove an electron from last occupied orbital will be 

minimized. It has been described that good inhibitors indicate higher value of EHOMO 

and lower value of ELUMO and ΔE [193-195]. 
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CHAPTER 04: RESULTS AND DISCUSSIONS 
 

4.1 Oryza sativa 
 

O. sativa is a grass diverse genus and belongs to Poaceae family [196]. O. sativa is 

commonly known as Chawal in India. The O. sativa residues contain various types of 

phytochemicals as shown in Figure 4.1.1 [197]. After harvesting seeds, most of the 

vegetative residues are unutilized and pile up as waste. Most of the residues are burned 

in India due to lack of strategies to utilize it completely and thus accounts for 

environmental pollution. This study aims at analyzing the anticorrosive behaviour of 

O. sativa waste. 
 

 
Figure 4.1.1: Image of O. sativa plant and molecular structure of phytochemicals 

present in O. sativa extract (OSE). 

 
4.1.1 FTIR analysis of O. sativa 

 
FTIR spectrum was used to identify the possible phytochemicals present in O. sativa 

extract and is shown in Fig. 4.1.2. The peaks were seen at 3561, 3334, 2940, 1663, 

1429, 1346, 1237, 987, 909, 680, and 549 cm-1. The peak observed at 3561 and 3334 

cm-1 are due to stretching of OH group from alcohol and phenol (hydrogen bonded), 

the characteristic peak observed at 2940 cm-1 is attributed to stretching of C-H of 

alkanes, the peak observed at 1663, 1429 and 1346 are assigned to the stretching of 
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C=O of carbonyl group. The peaks observed at 1237 cm-1 is assigned to the C-O 

bonding (alcohols, esters, carboxylic acids). The peak observed at 987, 909, 680, and 

549 cm-1 are attributed to the presence of bending of C-H group of alkanes. These 

phytochemicals present in the peel extract of O. sativa extract contains heteroatoms 

which are adsorbed on the S.S.-410 surface and forms bonds with the Fe2+ ions present 

on the steel surface and act as potent corrosion inhibitors [199-201]. 
 

 
Figure 4.1.2: FTIR spectra of O. sativa extract (OSE). 

 
4.1.2 UV visible spectroscopic study 

The UV- visible spectra of O. sativa extract dissolved in 15% HCl before and after 

immersion of SS-410 specimen is shown in Fig. 4.1.3. The presence of adsorption peaks 

at 214 and 360 nm were due to π - π* and n - π* transition. The solution in which SS- 

410 samples were not immersed show higher peak absorbance with respect to the 

solution in which steel samples were immersed and further there was shift in the value 

of adsorption maxima in latter samples. The phytochemicals from the plant extract leads 

to the shift in absorption wavelength and lower adsorption peak intensity of S.S.-410 

sample exposed acidic solution indicating the adsorption on the surface of S.S.-410 and 

the formation of bonds between the Fe2+ particles of steel and plant extract molecules. 

So, when S.S.-410 specimen is immersed in the 15% HCl solution containing plant 

extract, the molecules get absorb on the surface of S.S.-410 and make complexes with 
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the surface atoms of substrate surface thus slow down the corrosion process and act as 

good corrosion inhibitors [202-204]. 

 
 

 
Figure 4.1.3: UV-visible spectra of O. sativa extract (OSE). 

 
 

4.1.3 Weight loss and Electrochemical Study 

The corrosion inhibition efficiency of O. sativa extract for S.S.-410 in 15% HCl 

solution were obtained with the help of weight loss, and electrochemical measurements 

at various concentrations (1-4 g/L) at 298K. All the key parameters have been 

mentioned in table 4.1.1. As the concentration of O. Sativa extract increases, there is 

also subsequent decrease in corrosion rate in weight loss measurement, thus leading to 

increase in corrosion inhibition efficiency. Corrosion rate is decreases due to adsorption 

of O. sativa extract phytochemicals on the surface of S.S.-410. 

Maximum 91.92 % corrosion inhibition efficiency was obtained using 4 g/L O. sativa 

extract. The linear correlation coefficients 0.9933 was near to 1, which confirms the 

adsorption of O. sativa extract obeys Langmuir adsorption isotherm (Figure 4.1.4) 

[205]. 
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Figure 4.1.4: Langmuir adsorption isotherm for O. sativa extract with the help of weight 

loss measurement. 

As the concentration of O. sativa extract increases in the corrosive media, the value of 

corrosion current density decreases, that designate the increase in corrosion inhibition 

efficiency. The shift of 85 mV value in corrosion potential (Ecorr) from blank to 

optimum concentration shows that inhibitor behaves as mixed (anodic or cathodic 

inhibition) type [206-207]. So, extract has mixed type of inhibition behavior. From the 

potentiodynamic polarization, it was recorded that at concentration of 4 g/L O. sativa 

extract in 15% HCl solution, a maximum of 76.64 % corrosion inhibition efficiency 

was attained (Figure 4.1.5(a)) [208]. 

A maximum 73.00 % corrosion inhibition efficiency was as shown in electrochemical 

impedance plot (Figure 4.1.5(b)). A layer formation was proven from the Rct value that 

increases with increases the O. sativa extract concentration [209]. The Bode plot has 

been shown in (Figure 4.1.5(c)) the O. sativa get adsorbed on the surface of S.S.-410 

by involving π electrons of its aromatic ring or the hetero atoms from the plant extract 

with the free electrons of vacant d-orbital of iron from steel. This process leads to 

efficient anti-corrosive property of O. sativa. The Bode plot support iron O. sativa get 

adsorbed on the surface of SS-410. This process leads to efficient anticorrosive property 

of O. sativa [210-211]. 

The presence of inhibitors shows the process of charge transfer resistance which started 

on the interface between electrode and electrolyte as clear from phase angles graph is 
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shown in Figure (4.1.5(d)). The increment in the values of phase angle with the presence 

of increasing concentration of O. sativa leading to a decrease in the capacitance at the 

surface of steel, making the steel surface less prone to dissolution in the presence of 

corrosive media [212]. 

 
 

Figure 4.1.5: (a) Potentiodynamic polarization plot (b) EIS plot (c) Bode plot (d) phase 

angle plot for different concentration of O. sativa extract (OSE). 
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Table 4.1.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of O. sativa extract (OSE). 

 
 

Weight 

loss 
PDP EIS 

 
C 

(g/L) 

 
CR 

(mmy-1) 

 
I.E. 

(%) 

Ecorr 

(mV 

vs. 

SCE) 

 
Icorr 

(A cm-2) 

 
I.E. 

(%) 

 
Rct 

(Ω cm2) 

 
I.E. 

(%) 

15% HCl 39.01  -474.1 0.000054003  180.21  

15% HCl 

+ 1 g/L 

OSE 

 
13.181 

 
66.21 

 
-352.0 

 
0.000035064 

 
35.07 

 
258.73 

 
30.34 

15% HCl 

+ 2 g/L 

OSE 

 
9.630 

 
75.31 

 
-352.6 

 
0.000032634 

 
39.57 

 
285.78 

 
36.94 

15% HCl 

+ 3 g/L 

OSE 

 
6.120 

 
84.31 

 
-350.0 

 
0.000019284 

 
64.29 

 
439.48 

 
58.99 

15% HCl 

+ 4 g/L 

OSE 

 
3.152 

 
91.92 

 
-358.4 

 
0.000012615 

 
76.64 

 
667.57 

 
73.00 

 

4.1.4 SEM and AFM analysis 
 

The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and 

S.S.-410 immersed in 15% HCl solution in the presence of O. sativa extract are shown 

in Figure 4.1.6. SEM of S.S.-410 coupons after 24 h immersion in 15 % HCl solution at 

298 K shows a severely harmed surface. From AFM studies, the average surface 

roughness for abraded S.S.- 410 is 26.83 nm and for S.S.- 410 immersed in 15 % HCl, 
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AFM micrographs of the average surface roughness is 939.14 nm. The surface of steel 

sample which is immersed in acid solution with the presence of O. sativa extract show 

very less roughness as comparative smooth surface with respect to S.S.-410 immersed 

in only 15% HCl solution. The surface of S.S.-410 sample exposed to acid solution in 

the presence of O. sativa extract show average surface roughness value of 311.67 nm 

through AFM, which is very less as compared to roughness value of steel immersed in 

only 15% HCl solution. This change in surface morphology is attributed to the 

adsorption of some molecules from the O. sativa extract on the steel surface which act 

as corrosion inhibitor by forming a protective layer on the steel surface and thus prevents 

corrosion. The mentioned SEM and AFM micrograph have been compared with SEM 

and AFM micrograph of S.S.-410 immersed in 15% HCl solution [213-217]. 

 

 
Fig. 4.1.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.-410 

immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% 

HCl solution with O. sativa extract (d) SEM micrographs of S.S.-410 (e) SEM 

micrographs of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.- 

410 immersed in 15% HCl solution with O. sativa extract. 
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4.1.5 Quantum Chemical Calculations 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in O. sativa is shown in Fig. 4.1.7. EHOMO and 

ELUMO and (ΔE) are the key parameters of theoretical study and have been shown in 

table 4.1.2 [218-222]. The order which is followed by the energy gap of molecular 

orbital is: 9,12,15-octadecatrienoic acid-2,3-dihydroxypropyl ester < Tetradecanoic 

acid < 28 Homotyphasterol. Hence, the inhibition effect follows the order 9,12,15- 

octadecatrienoic acid-2,3-dihydroxypropyl ester > Tetradecanoic acid > 28 

Homotyphasterol. So, 9,12,15-octadecatrienoic acid-2,3-dihydroxypropyl ester, was 

assumed to be the most essential phytochemical in the corrosion inhibition behaviour 

of the O. sativa. 

 
Figure 4.1.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

O. sativa extract. 
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Table 4.1.2: Calculated quantum chemical parameters of phytochemicals of O. sativa 

extract 

 
S. No Phytochemicals EHOMO (eV) ELUMO (eV) ΔE (eV) 

1 Tetradecanoic acid 18.960 20.629 1.669 

 
 

2 

9,12,15- 

octadecatrienoic acid- 

2,3-dihydroxypropyl 

ester 

 
 

1.226 

 

 
2.719 

 
 

1.493 

3 28 Homotyphasterol -6.487 -1.234 5.253 

 
 
 
 

4.2 Populus tremula 
 

P. tremula is a genetically diverse genus with 25–30 species of deciduous flowering 

plants in the family Salicaceae [223]. P. tremula is commonly known as Poplar in India. 

The P. tremula residues contain various types of phytochemicals namely, lignins, 

flavonoids, anthocyanins, salicylate-like phenolic glycosides (PGs), and tannins [224]. 

Leave of P. tremula plant in spring seasons destroy the surrounding herbs. The main 

aim of this study is to investigate the use of P. tremula leaves as corrosion inhibitor. 

Leave of P. tremula plant in spring seasons destroy the surrounding herbs. Main focus 

is on exploring the adsorptive and anticorrosion properties of PTLE. The main 

phytochemicals as mentioned in figure 4.2.1 [225]. 
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Figure 4.2.1: P. tremula plant and molecular structure of phytochemicals present in P. 

tremula extract. 

 
4.2.1 FTIR analysis of P. tremula 

 
FTIR spectrum was used to identify the possible phytochemicals present in P. tremula 

extract and is shown in Fig. 4.2.2. The peaks were seen at 3361, 3332, 3000, 2120, 

1641, 1457, 1243, 1075, and 608 cm-1. The peak observed at 3361 and 3332 cm-1 are 

due to stretching of OH group from alcohol and phenol (hydrogen bonded), the 

characteristic peak observed at 3000 cm-1 are attributed to stretching of C-H of alkanes, 

the peak observed at 1641 and 1457 are assigned to the stretching of C=O of carbonyl 

group. The peaks observed at 1243 and 1075 cm-1 are assigned to the C-O bonding 

(Alcohols, Esters, carboxylic acids). The peak observed at 608 cm-1 is attributed to the 

presence of bending of C-H group of alkanes. These phytochemicals present in the peel 

extract of P. tremula extract contains heteroatoms which are adsorbed on the steel 

surface and forms bonds with the Fe2+ ions present on the steel surface and act as potent 

corrosion inhibitors [226-228]. 
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Figure 4.2.2: FT-IR spectra of P. tremula extract. 

 
4.2.2 UV visible spectroscopic study 

The UV- visible spectra of P. tremula extract dissolved in 15% HCl before and after 

immersion of SS-410 specimen is shown in Fig. 4.2.3. The presence of adsorption peaks 

at 215 and 284 nm were due to π - π* and n - π* transition. The solution in which SS- 

410 samples were not immersed show higher peak absorbance with respect to the 

solution in which steel samples were immersed and further there was shift in the value 

of adsorption maxima in latter samples. The phytochemicals from the plant extract leads 

to the shift in absorption wavelength and lower adsorption peak intensity of steel sample 

exposed acidic solution indicating the adsorption on the surface of S.S.-410 and the 

formation of bonds between the Fe2+ particles of steel and plant extract molecules. So, 

when S.S.-410 specimen is immersed in the 15% HCl solution containing plant extract, 

the molecules get absorb on the surface of S.S.-410 and make complexes with the 

surface atoms of substrate surface thus slow down the corrosion process and act as good 

corrosion inhibitors [202-204]. 



46  

 
 
 

 
 

Figure 4.2.3 UV-visible spectra of P. tremula extract (PTE). 
 
 

4.2.3 Weight loss and Electrochemical Study 

The corrosion inhibition efficiency of P. tremula extract extract for S.S.-410 in 15% 

HCl solution were obtained by using weight loss, and electrochemical measurements 

(Tafel and EIS) at various concentrations (1-4 g/L) at 298K. All the key parameters 

have been mentioned in table 4.2.1. As the concentration of P. tremula extract extract 

increases, the value of corrosion rate decreases in weight loss measurement, thus 

leading to increase in corrosion inhibition efficiency. The decrease in value of corrosion 

rate is due to adsorption of P. tremula extract phytochemicals on the surface of SS-410. 

Maximum 92.64 % corrosion inhibition efficiency was obtained using 4 g/L P. tremula 

extract extract. The linear correlation coefficients 0.994 was near to 1, which confirms 

the adsorption of P. tremula extract extract obeys Langmuir adsorption isotherm 

(Figure 4.2.4) [205]. 

As the concentration of P. tremula extract extract increases in the corrosive media, the 

value of corrosion current density decreases, that designate the increase in corrosion 

inhibition efficiency. The shift of 85 mV value in corrosion potential (Ecorr) from blank 

to optimum concentration shows that inhibitor behaves as mixed (anodic or cathodic 

inhibition) type [206-207]. So, P. tremula extract extract has mixed type of inhibition 
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behavior. From the potentiodynamic polarization, 82.06 % corrosion inhibition 

efficiency was recorded at concentration of 4 g/L P. tremula extract in 15% HCl 

solution (Figure 4.2.5(a)) [208]. 

 
 

Figure 4.2.4: Langmuir adsorption isotherm for P. tremula extract with the help of 

weight loss measurement. 

 
A maximum 92.80 % corrosion inhibition efficiency was as shown in electrochemical 

impedance plot (Figure 4.2.5(b)). A layer formation was proven from the Rct value that 

increases with increases the P. tremula extract concentration [209]. The Bode plot has 

been shown in (Figure 4.2.5(c)) The P. tremula get adsorbed on the surface of SS-410 

by involving π electrons of its aromatic ring or the hetero atoms from the plant extract 

with the free electrons of vacant d-orbital of iron from steel. This process leads to 

efficient anti-corrosive property of P. tremula. The Bode plot support iron P. tremula 

get adsorbed on the surface of SS-410. This process leads to efficient anticorrosive 

property of P. tremula [210-211]. The presence of inhibitors shows the process of 

charge transfer resistance which started on the interface between electrode and 

electrolyte as clear from phase angles graph is shown in Figure (4.2.5(d)). The 

inhibition was due to the adsorption of phytochemicals on the surface of steel and a 

protective film is formed. The increment in the values of phase angle with the presence 

of increasing concentration of P. tremula can be attributed to a decrease in the 
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capacitance at the surface of steel which makes the steel surface less prone to 

dissolution in the presence of corrosive media [212]. 

 
 

 
 

Figure 4.2.5: (a) Potentiodynamic polarization plot (b) Electrochemical impedance plot 

(c) Bode plot (d) Phase angle plot for different concentration of P. tremula extract 

(PTE). 
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Table 4.2.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of P. tremula extract (PTE). 

 
 

Weight 

loss 
PDP EIS 

 
C 

(g/L) 

 
CR 

(mmy-1) 

 
I.E. 

(%) 

Ecorr 

(mV 

vs. 

SCE) 

 
Icorr 

(A cm-2) 

 
I.E. 

(%) 

 
Rct 

(Ω cm2) 

 
I.E. 

(%) 

15% HCl 39.01  -474.1 0.000054003  180.21  

15% HCl + 

1 g/L PTE 
25.30 35.12 -351.9 0.000024489 54.65 665.11 72.90 

15% HCl + 

2 g/L PTE 
15.05 61.41 -354.4 0.000021558 60.07 935.34 80.73 

15% HCl + 

3 g/L PTE 
7.45 80.88 -352.0 0.000013497 75.00 1328.38 86.40 

15% HCl + 

4 g/L PTE 
2.87 92.64 347.4 0.000009662 82.06 2494.67 92.80 

 

4.2.4 SEM and AFM analysis 
 

The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and 

S.S.-410 immersed in 15% HCl solution in the presence of P. tremula extract are shown 

in Figure 4.2.6. SEM of S.S.-410 coupons after 24 h immersion in 15 % HCl solution at 

298 K shows a severely harmed surface. From AFM studies, the average surface 

roughness for abraded S.S.- 410 is 26.83 nm and for S.S.- 410 immersed in 15 % HCl, 

AFM micrographs of the average surface roughness is 939.14 nm. The surface of steel 

sample which is immersed in acid solution with the presence of P. tremula extract show 

very less roughness as comparative smooth surface with respect to S.S.-410 immersed 
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in only 15% HCl solution. The surface of S.S.-410 sample exposed to acid solution in 

the presence of P. tremula extract show average surface roughness value of 315.28 nm 

through AFM, which is very less as compared to roughness value of steel immersed in 

only 15% HCl solution. This change in surface morphology is attributed to the 

adsorption of some molecules from the P. tremula extract on the steel surface which act 

as corrosion inhibitor by forming a protective layer on the steel surface and thus prevents 

corrosion. The mentioned SEM and AFM micrograph have been compared with SEM 

and AFM micrograph of S.S.-410 immersed in 15% HCl solution [213-217]. 
 

 
Fig. 4.2.6 Fig. 4.1.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.- 

410 immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% 

HCl solution with P. tremula extract (d) SEM micrographs of S.S.-410 (e) SEM 

micrographs of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.- 

410 immersed in 15% HCl solution with P. tremula extract. 

4.2.5 Quantum Chemical Calculations 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in P. tremula were shown in Fig. 4.2.7. EHOMO 

and ELUMO and (ΔE) are the key parameters of theoretical study, as mentioned in table 
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4.1.2 [218-222]. The energy gap of molecular orbital follows the order: Salicin < 

Tremuloidin < Salicortin. Hence, the inhibition effect follows the order Salicin > 

Tremuloidin > Salicortin So, Salicin can be assumed to be the most essential 

phytochemical in the corrosion inhibition behaviour of the P. tremula. 

 
 

Figure 4.2.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

P. tremula extract. 
 

Table 4.2.2: Calculated quantum chemical parameters of phytochemicals of P. tremula 

extract 

 
S.No Phytochemicals EHOMO (eV) ELUMO (eV) ΔE(eV) 

1 Salicortin -10.56 -3.98 6.85 

2 Salicin -4.56 -1.65 2.89 

3 Tremuloidin -4.91 -0.23 4.68 
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4.3 Triticum aestivum 
 

T. aestivum is a genus of grass family belonging to the botanical tribe Triticeae in the 

grass family of Gramineae (Poaceae) [229]. T. aestivum is commonly known as wheat 

or bread wheat which is the common form of cultivated wheat species. It constitute 

95% of the total wheat production globally [230]. After harvesting seeds most of the 

vegetative residues are unutilized and pile up as waste. Most of the residues are burned 

in India due to lack of strategies to utilize it completely and thus accounts for 

environmental pollution. The T. aestivum residues majorly contain various types of 

phytochemicals namely alkaloids, flavonoids, saponins, terpenoids, steroids, 

glycosides and tannins as mentioned in Figure 4.3.1 [231-232]. 

 

 
 

Figure 4.3.1: T. aestivum plant and molecular structure of phytochemicals present in 

Triticum aestivum extract. 
 
 

4.3.1 FTIR analysis of T. aestivum 
 

FTIR spectrum was used to identify the possible phytochemicals present in T. aestivum 

extract and is shown in Fig. 4.3.2. The peaks were seen at 3311.88, 2943.47, 2830.63, 

2359.98, 1663.65, 1448.58, 1209.40, 1019.41, 850.63, and 612.41 cm-1. The peak 

observed at 3311.88 cm-1 is due to stretching of OH group from alcohol and phenol 

(hydrogen bonded), the characteristic peak observed at 2943.47, 2830.63 and 2359.98 
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cm-1 are attributed to stretching of C-H of alkanes, the peak observed at 1663.65 and 

1448.58 cm-1 are assigned to the stretching of C=O of carbonyl group. The peaks 

observed at 1209.40 and 1019.41 cm-1 are assigned to the C-O bonding (alcohols, esters, 

carboxylic acids). The peak observed at 850.63, and 612.41 cm-1 are attributed to the 

presence of bending of C-H group of alkanes. These phytochemicals present in the peel 

extract of T. aestivum extract contains heteroatoms which are adsorbed on the steel 

surface and forms bonds with the Fe2+ ions present on the steel surface and act as potent 

corrosion inhibitors [233-236]. 
 

 
Figure 4.3.2: FT-IR spectra of T. aestivum extract. 

 
 

4.3.2 UV visible spectroscopic study 

The UV- visible spectra of T. aestivum extract dissolved in 15% HCl before and after 

immersion of SS-410 specimen is shown in Fig. 4.3.3. The presence of adsorption peaks 

at 273 nm were due to n - π* transition. The solution in which SS-410 samples were 

not immersed show higher peak absorbance with respect to the solution in which steel 

samples were immersed and further there was shift in the value of adsorption maxima 

in latter samples. The phytochemicals from the plant extract leads to the shift in 
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absorption wavelength and lower adsorption peak intensity of steel sample exposed 

acidic solution indicating the adsorption on the surface of S.S.-410 and the formation 

of bonds between the Fe2+ particles of steel and plant extract molecules. So, when S.S.- 

410 specimen is immersed in the 15% HCl solution containing plant extract, the 

molecules get absorb on the surface of S.S.-410 and make complexes with the surface 

atoms of substrate surface thus slow down the corrosion process and act as good 

corrosion inhibitors [202-204]. 

Figure 4.3.3: UV-visible spectra of. T. aestivum extract (TAE). 
 
 

4.3.3 Weight loss and Electrochemical Study 

The corrosion inhibition efficiency of T. aestivum extract extract for S.S.-410 in 15% 

HCl solution were obtained by using weight loss, and electrochemical measurements 

(Tafel and EIS) at various concentrations (1-4 g/L) at 298K. All the key parameters 

have been mentioned in table 4.3.1. As the concentration of T. aestivum extract extract 

increases, the value of corrosion rate decreases in weight loss measurement, thus 

leading to increase in corrosion inhibition efficiency. The decrease in value of corrosion 

rate is due to adsorption of T. aestivum extract phytochemicals on the surface of SS- 

410. Maximum 89.28 % corrosion inhibition efficiency was obtained using 4 g/L T. 

aestivum extract extract. The linear correlation coefficients 0.993 was near to 1, which 

confirms the adsorption of T. aestivum extract extract obeys Langmuir adsorption 

isotherm (Figure 4.3.4) [205]. 
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Figure 4.3.4: Langmuir adsorption isotherm for T. aestivum extract with the help of 

weight loss measurement. 

 
As the concentration of T. aestivum extract extract increases in the corrosive media, the 

value of corrosion current density decreases, that designate the increase in corrosion 

inhibition efficiency. So, T. aestivum extract extract has mixed type of inhibition 

behavior. From the potentiodynamic polarization, 92.69 % corrosion inhibition 

efficiency was recorded at concentration of 4 g/L T. aestivum extract in 15% HCl 

solution (Figure 4.3.5(a)) [208]. 

A maximum 92.43 % corrosion inhibition efficiency was as shown in electrochemical 

impedance plot (Figure 4.3.5(b)). A layer formation was proven from the Rct value that 

increases with increases the T. aestivum extract concentration [209]. 

The Bode plot has been shown in (Figure 4.3.5(c)) the T. aestivum get adsorbed on the 

surface of SS-410 by involving π electrons of its aromatic ring or the hetero atoms from 

the plant extract with the free electrons of vacant d-orbital of iron from steel. This 

process leads to efficient anti-corrosive property of T. aestivum. The Bode plot support 

iron T. aestivum get adsorbed on the surface of SS-410. This process leads to efficient 

anticorrosive property of T. aestivum [210-211]. 

The presence of inhibitors shows the process of charge transfer resistance which started 
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on the interface between electrode and electrolyte as clear from phase angles graph is 

shown in Figure (4.3.5(d)). The inhibition was due to the adsorption of phytochemicals 

on the surface of steel and a protective film is formed. The increment in the values of 

phase angle with the presence of increasing concentration of T. aestivum can be 

attributed to a decrease in the capacitance at the surface of steel which makes the steel 

surface less prone to dissolution in the presence of corrosive media [212]. 

 
 

 
 

Figure 4.3.5: (a) Potentiodynamic polarization plot (b) Electrochemical impedance plot 

(c) Bode plot (d) Phase angle plot for different concentration of T. aestivum extract 

(TAE). 
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Table 4.3.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of T. aestivum extract (TAE). 

 
Weight 

loss 
PDP EIS 

 
C 

(g/L) 

 
CR 

(mmy-1) 

 
I.E. 

(%) 

Ecorr 

(mV 

vs. 

SCE) 

 
Icorr 

(A cm-2) 

 
I.E. 

(%) 

 
Rct 

(Ω cm2) 

 
I.E. 

(%) 

15% HCl 39.01  -474.1 0.000054003  180.21  

15% HCl + 

1 g/L TAE 
24.56 37.03 -447.6 0.000033810 37.39 260.47 50.85 

15% HCl + 

2 g/L TAE 
14.16 63.69 -458.5 0.000018919 64.96 366.66 60.41 

15% HCl + 

3 g/L TAE 
7.38 81.08 -463.5 0.000006608 87.76 455.20 76.24 

15% HCl + 

4 g/L TAE 
3.14 91.95 -443.2 0.000003942 92.69 757.87 30.81 

 
4.3.4 SEM and AFM analysis 

 
The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and S.S.-

410 immersed in 15% HCl solution in the presence of T. aestivum extract are shown in 

Figure 4.3.6. SEM of S.S.- 410 coupons after 24 h immersion in 15 % HCl solution at 298 

K shows a severely harmed surface. From AFM studies, the average surface roughness for 

abraded S.S.- 410 is 26.83 nm and for S.S.- 410 immersed in 15 % HCl, AFM micrographs 

of the average surface roughness is 939.14 nm. The surface of steel sample which is 

immersed in acid solution with the presence of T. aestivum extract show very less 

roughness as comparative smooth surface with respect to S.S.-410 immersed in only 15% 

HCl solution. The surface of S.S.-410 sample exposed to acid solution in the presence of 
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T. aestivum extract show average surface roughness value of 332.41 nm through AFM, 

which is very less as compared to roughness value of steel immersed in only 15% HCl 

solution. This change in surface morphology is attributed to the adsorption of some 

molecules from the T. aestivum extract on the steel surface which act as corrosion inhibitor 

by forming a protective layer on the steel surface and thus prevents corrosion. The 

mentioned SEM and AFM micrograph have been compared with SEM and AFM 

micrograph of S.S.-410 immersed in 15% HCl solution [213-217]. 

 

 
Fig. 4.3.6 (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.-410 

immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% 

HCl solution with T. aestivum extract (d) SEM micrographs of S.S.-410 (e) SEM 

micrographs of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.- 

410 immersed in 15% HCl solution with T. aestivum extract. 

4.3.5 Quantum Chemical Calculations 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in T. aestivum were shown in Fig. 4.3.7. EHOMO 

and ELUMO and (ΔE) are the key parameters of theoretical study, have been mentioned 

in table 4.3.2 [218-222]. The energy gap of molecular orbital follows the order: (+)- 

Lariciresinol < Anhydro-ecoisolariciresinol < Hinokinin < 5-stigmasta-dien-3β-ol < (– 

)-Matairesinol.    Hence, the inhibition effect follows the order: (+)-Lariciresinol > 
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Anhydro-ecoisolariciresinol > Hinokinin > 5-stigmasta-dien-3β-ol >(–)-Matairesinol. 

So, (+)-Lariciresinol can be assumed to be the most essential phytochemical in the 

corrosion inhibition behaviour of the T. aestivum. 
 

 
Figure 4.3.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

T. aestivum extract. 
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Table 4.3.2: Calculated quantum chemical parameters of phytochemicals of T. aestivum 

extract 

 
S.No Phytochemicals EHOMO (eV) ELUMO (eV) ΔE (eV) 

1 Anhydro-secoisolariciresinol -10.09 -0.88 9.21 

2 (+)-Lariciresinol -0.69 -0.46 0.57 

3 (–)-Matairesinol -11.00 -0.88 11.27 

4 Hinokinin -10.74 -0.89 9.85 

5 5-stigmasta-dien-3β-ol -10.87 -1.74 9.13 

 
 

4.4 Brassica nigra 
 

B. nigra, is a genus of plant belongs to Brassicaceae family. B. nigra, is commonly 

known as sarso in India. It’s black and brown seed is used as spice [237-238]. The B. 

nigra residues contain various types of phytochemicals as mentioned in figure 4.4.1 

[239]. After harvesting seeds most of the vegetative residues are unutilized and pile up 

as waste. Most of the residues are burned in India due to lack of strategies to utilize it 

completely and thus accounts for environmental pollution. The main aim of this study 

is to investigate the use of B. nigra waste as corrosion inhibitor. Main focus is on 

exploring the adsorptive and anticorrosion properties of B. nigra. 
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Figure 4.4.1: B. nigra plant and molecular structure of phytochemicals present in B. 

nigra extract. 

 
4.4.1 FTIR analysis of B. nigra 

 
FTIR spectrum was used to identify the possible phytochemicals present in B. nigra 

extract and is shown in Fig. 4.4.2. The peaks were seen at 3439.19, 3186.50, 2885.60, 

2729.36, 2343.58, 1631.83, 1367.57, 1039.81, 981.79, and 513.12 cm-1. The peak 

observed at 3439.19 and 3186.50 cm-1 are due to stretching of OH group from alcohol 

and phenol (hydrogen bonded), the characteristic peak observed at 2885.60, 2729.36 

and 2343.58 cm-1 are attributed to stretching of C-H of alkanes, the peak observed at 

2152.40 is corresponds to NCS group, the peak observed at 1631.83 and 1367.57 cm-1 

are assigned to the stretching of C=O of carbonyl group. The peaks observed at 1039.81 

cm-1 is assigned to the C-O bonding (alcohols, esters, carboxylic acids). The peak 

observed at 981.79, and 513.12 cm-1 are attributed to the presence of bending of C-H 

group of alkanes. These phytochemicals present in the peel extract of B. nigra extract 

contains heteroatoms which are adsorbed on the steel surface and forms bonds with the 

Fe2+ ions present on the steel surface and act as potent corrosion inhibitors [240-243]. 
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Figure 4.4.2: FT-IR spectra of B. nigra extract. 
 
 

4.4.2 UV visible spectroscopic study 

The UV- visible spectra of B. nigra extract dissolved in 15% HCl before and after 

immersion of SS-410 specimen is shown in Fig. 4.4.3. The presence of adsorption peaks 

at 215.43 and 280.89 nm representing π - π* and n - π* transition. The solution in which 

SS-410 samples were not immersed show higher peak absorbance with respect to the 

solution in which steel samples were immersed and further there was shift in the value 

of adsorption maxima in latter samples. The phytochemicals from the plant extract leads 

to the shift in absorption wavelength and lower adsorption peak intensity of steel sample 

exposed acidic solution indicating the adsorption on the surface of S.S.-410 and the 

formation of bonds between the Fe2+ particles of steel and plant extract molecules. So, 

when S.S.-410 specimen is immersed in the 15% HCl solution containing plant extract, 

the molecules get absorb on the surface of S.S.-410 and make complexes with the 

surface atoms of substrate surface thus slow down the corrosion process and act as good 

corrosion inhibitors [202-204]. 
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Figure 4.4.3: UV-visible spectra of B. nigra extract (BNE). 
 
 

4.4.3 Weight loss and Electrochemical Study 

The corrosion inhibition efficiency of B. nigra extract extract for S.S.-410 in 15% HCl 

solution were obtained by using weight loss, and electrochemical measurements (Tafel 

and EIS) at various concentrations (1-4 g/L) at 298K. All the key parameters have been 

mentioned in table 4.4.1. As the concentration of B. nigra extract extract increases, the 

value of corrosion rate decreases in weight loss measurement, thus leading to increase 

in corrosion inhibition efficiency. The decrease in value of corrosion rate is due to 

adsorption of B. nigra extract phytochemicals on the surface of SS-410. Maximum 

91.69 % corrosion inhibition efficiency was obtained using 4 g/L B. nigra extract. The 

linear correlation coefficients 0.9959 was near to 1, which confirms the adsorption of B. 

nigra extract obeys Langmuir adsorption isotherm (Figure 4.4.4) [205]. 
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Figure 4.5.4: Langmuir adsorption isotherm of B. nigra extract with the of weight loss 

measurements. 

 
So, B. nigra extract has mixed type of inhibition behavior. From the potentiodynamic 

polarization, 94.50 % corrosion inhibition efficiency was recorded at concentration of 4 

g/L B. nigra extract in 15% HCl solution (Figure 4.4.5(a)) [208]. 

A maximum 99.68 % corrosion inhibition efficiency was as shown in electrochemical 

impedance plot (Figure 4.4.5(b)). A layer formation was proven from the Rct value that 

increases with increases the B. nigra extract concentration [209]. The Bode plot has 

been shown in (Figure 4.4.5(c)) the B. nigra get adsorbed on the surface of SS-410 by 

involving π electrons of its aromatic ring or the hetero atoms from the plant extract with 

the free electrons of vacant d-orbital of iron from steel. This process leads to efficient 

anti-corrosive property of B. nigra. The Bode plot support iron B. nigra get adsorbed 

on the surface of SS-410. This process leads to efficient anticorrosive property of B. 

nigra [210-211]. The presence of inhibitors shows the process of charge transfer 

resistance which started on the interface between electrode and electrolyte as clear from 

phase angles graph is shown in Figure (4.4.5(d)). 

The inhibition was due to the adsorption of phytochemicals on the surface of steel and 

a protective film is formed. The increment in the values of phase angle with the presence 
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of increasing concentration of B. nigra can be attributed to a decrease in the capacitance 

at the surface of steel which makes the steel surface less prone to dissolution in the 

presence of corrosive media [212]. 

 
 

 
 

Figure 4.4.5: (a) Potentiodynamic polarization plot (b) Electrochemical impedance plot 

(c) Bode plot (d) phase angle plot for different concentration of B. nigra extract (BNE). 
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Table 4.4.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of B. nigra extract (BNE). 

Weight 

loss 
PDP EIS 

C 

(g/L) 

CR 

(mmy-1) 

I.E. 

(%) 

Ecorr 

(mV vs. 

SCE) 

Icorr 

(A cm-2) 

I.E. 

(%) 

Rct 

(Ω cm2) 

I.E. 

(%) 

15% HCl 39.01  -474.1 .000054003  180.21  

15% HCl + 

1 g/L BNE 

 
11.10 

 
71.54 

-342.25 .000024503 54.61 250.87 28.16 

15% HCl + 

2 g/L BNE 

 
7.89 

79.77 -255.43 .000021625 59.95 1200.39 84.97 

15% HCl + 

3 g/L BNE 

 
5.89 

 
84.90 

-354.46 .000011329 79.02 2499.47 92.79 

15% HCl + 

4 g/L BNE 

 
3.24 

 
91.69 

-338.59 .000002970 94.50 57301 99.68 

 
4.4.4 SEM and AFM analysis 

 
The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and 

S.S.-410 immersed in 15% HCl solution in the presence of B. nigra extract are shown in 

Figure 4.4.6. SEM of S.S.-410 coupons after 24 h immersion in 15 % HCl solution at 298 

K shows a severely harmed surface. From AFM studies, the average surface roughness 

for abraded S.S.- 410 is 26.83 nm and for S.S.- 410 immersed in 15 % HCl, AFM 

micrographs of the average surface roughness is 939.14 nm. The surface of steel sample 

which is immersed in acid solution with the presence of B. nigra extract show very less 

roughness as comparative smooth surface with respect to S.S.-410 immersed in only 15% 

HCl solution. The surface of S.S.-410 sample exposed to acid solution in the presence of 

B. nigra extract show average surface roughness value of 368.89 nm through AFM, which 

is very less as compared to roughness value of steel immersed in only 15% HCl solution. 
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This change in surface morphology is attributed to the adsorption of some molecules from 

the B. nigra extract on the steel surface which act as corrosion inhibitor by forming a 

protective layer on the steel surface and thus prevents corrosion. The mentioned SEM 

and AFM micrograph have been compared with SEM and AFM micrograph of S.S.-410 

immersed in 15% HCl solution [213-217]. 

 

 
Figure 4.4.6: (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.-410 

immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% 

HCl solution with B. nigra extract (d) SEM micrographs of S.S.-410 (e) SEM 

micrographs of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.- 

410 immersed in 15% HCl solution with B. nigra extract. 

 
4.4.5 Quantum Chemical Calculations: 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in B. nigra were shown in Fig. 4.4.7. EHOMO and 

ELUMO and (ΔE) are the key parameters of theoretical study, have been mentioned in 

table 4.4.2 [218-222]. The energy gap of molecular orbital follows the order: Phenyl 

Isothiocynate < p-hydroxybenzoic acid<Sulforaphane. Hence, the inhibition effect 

follows the order Phenyl Isothiocynate > p-hydroxybenzoic acid > Sulforaphane. So, 
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Phenyl Isothiocynate can be assumed to be the most essential phytochemical in the 

corrosion inhibition behaviour of the B. nigra. 

 

Figure 4.4.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

B. nigra extract. 
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Table 4.4.2: Calculated quantum chemical parameters of phytochemicals of B. nigra 

extract 

 
S.No Molecule EHOMO(eV) ELUMO (eV) ∆E (eV) 

1 Sulforaphane -6.64 4.42 11.06 

2 Phenyl Isothiocynate -10.50 -1.69 8.81 

3 p-hydroxybenzoic acid -12.66 -3.16 9.5 

 
4.5 Saccharum officinarum 

 
S. officinarum is a grass diverse genus with 25–30 species of deciduous flowering plants 

belongs to Poaceae family [244]. S. officinarum is commonly known as Ganna in India. 

The S. officinarum residues contain various types of phytochemicals as mentioned in 

figure 4.5.1 [245]. Most of the residues are burned in India due to lack of strategies to 

utilize it completely and thus accounts for environmental pollution [246]. The main aim 

of this study is to investigate the use of S. officinarum waste as corrosion inhibitor. 

Main focus is on exploring the adsorptive and anticorrosion properties of S. 

officinarum. 

 
 

Figure 4.5.1: (a) S. officinarum plant (b – f) molecular structure of phytochemicals 

present in S. officinarum extract. 
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4.5.1 FTIR analysis of S. officinarum 
 

FTIR spectrum was used to identify the possible phytochemicals present in S. 

officinarum extract and is shown in Fig. 4.5.2. The peaks were seen at 3485.48, 

3147.93, 2926.11, 2353.23, 1714.77, 1327, 1207.47, 1012.66 and 478.36 cm-1. The 

peak observed at 3485.48 and 3147.93 cm-1 are due to stretching of OH group from 

alcohol and phenol (hydrogen bonded), the characteristic peak observed at 2926.11 and 

2353.23 cm-1 are attributed to stretching of C-H of alkanes, the peak observed at 

1714.77 and 1327 cm-1 are assigned to the stretching of C=O of carbonyl group. The 

peaks observed at 1207.47 and 1012.66 cm-1 are assigned to the C-O bonding (alcohols, 

esters, carboxylic acids). The peak observed at 478.36 cm-1 is attributed to the presence 

of bending of C-H group of alkanes. These phytochemicals present in the peel extract 

of S. officinarum extract contains heteroatoms which are adsorbed on the steel surface 

and forms bonds with the Fe2+ ions present on the S.S.-410 surface and act as potent 

corrosion inhibitors [247-250]. 
 

Figure 4.5.2: FT-IR spectra of S. officinarum extract. 
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4.5.2 UV visible spectroscopic study 

The UV- visible spectra of S. officinarum extract dissolved in 15% HCl before and after 

immersion of SS-410 specimen is shown in Fig. 4.5.3. The presence of adsorption peaks 

at 215 and 289 nm representing nm representing π - π* and n - π* transition. The 

solution in which SS-410 samples were not immersed show higher peak absorbance 

with respect to the solution in which steel samples were immersed and further there was 

shift in the value of adsorption maxima in latter samples. The phytochemicals from the 

plant extract leads to the shift in absorption wavelength and lower adsorption peak 

intensity of steel sample exposed acidic solution indicating the adsorption on the 

surface of S.S.-410 and the formation of bonds between the Fe2+ particles of steel and 

plant extract molecules. So, when S.S.-410 specimen is immersed in the 15% HCl 

solution containing plant extract, the molecules get absorb on the surface of S.S.-410 

and make complexes with the surface atoms of substrate surface thus slow down the 

corrosion process and act as good corrosion inhibitors [202-204]. 

Figure 4.5.3: UV-visible spectra of S. officinarum extract (SOE). 
 
 
 

4.5.3 Weight loss and Electrochemical Study 

The corrosion inhibition efficiency of S. officinarum extract for S.S.-410 in 
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15% HCl solution were obtained by using weight loss, and electrochemical 

measurements (Tafel and EIS) at various concentrations (1-4 g/L) at 298K. All the key 

parameters have been mentioned in table 4.5.1. As the concentration of S. officinarum 

extract increases, the value of corrosion rate decreases in weight loss measurement, thus 

leading to increase in corrosion inhibition efficiency. The decrease in value of corrosion 

rate is due to adsorption of S. officinarum extract phytochemicals on the surface of SS-

410. Maximum 95.92 % corrosion inhibition efficiency was obtained using 4 g/L S. 

officinarum extract. The linear correlation coefficients 0.9903 was near to 1, which 

confirms the adsorption of S. officinarum extract obeys Langmuir adsorption isotherm 

(Figure 4.5.4) [205]. 

 
 

Figure 4.5.4: Langmuir adsorption isotherm of S. officinarum extract with the of weight 

loss measurements. 

 
The shift of 85 mV in corrosion potential (Ecorr) value from blank to optimum 

concentration shows that inhibitor behaves as mixed (anodic or cathodic inhibition) 

type [206-207]. So, S. officinarum extract has mixed type of inhibition behavior. From 

the potentiodynamic polarization, 90.21 % corrosion inhibition efficiency was recorded 

at concentration of 4 g/L S. officinarum extract in 15% HCl solution (Figure 
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4.5.5(a)) [208]. A maximum 91.23 % corrosion inhibition efficiency was as shown in 

electrochemical impedance plot (Figure 4.5.5(b)). A layer formation was proven from 

the Rct value that increases with increases the S. officinarum extract concentration 

[209]. 

The Bode plot has been shown in (Figure 4.5.5(c)) the S. officinarum get adsorbed on 

the surface of SS-410 by involving π electrons of its aromatic ring or the hetero atoms 

from the plant extract with the free electrons of vacant d-orbital of iron from steel. This 

process leads to efficient anti-corrosive property of S. officinarum. The Bode plot 

support iron S. officinarum get adsorbed on the surface of SS-410. This process leads 

to efficient anticorrosive property of S. officinarum [210-211]. 

The presence of inhibitors shows the process of charge transfer resistance which started 

on the interface between electrode and electrolyte as clear from phase angles graph is 

shown in Figure (4.5.5(d)). The inhibition was due to the adsorption of phytochemicals 

on the surface of steel and a protective film is formed. The increment in the values of 

phase angle with the presence of increasing concentration of S. officinarum can be 

attributed to a decrease in the capacitance at the surface of steel which makes the steel 

surface less prone to dissolution in the presence of corrosive media [212]. 
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Figure 4.5.5: (a) Potentiodynamic polarization plot (b) Electrochemical impedance plot 

(c) Bode plot (d) Phase angle plot for different concentration of S. officinarum extract 

(SOE). 
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Table 4.5.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of S. officinarum extract (SOE). 

 
 

Weight 

loss 
PDP EIS 

 
C 

(g/L) 

 
CR 

(mmy-1) 

 
I.E. 

(%) 

Ecorr 

(mV 

vs. 

SCE) 

 
Icorr 

(A cm-2) 

 
I.E. 

(%) 

 
Rct 

(Ω cm2) 

 
I.E. 

(%) 

15% HCl 39.01  -474.1 0.000054003  180.21  

15% HCl + 1 

g/L SOE 
26.784 31.34 -356.75 0.0000317052 41.29 319.96 43.67 

15% HCl + 2 

g/L SOE 
16.782 56.98 -355.37 0.0000241285 55.32 415.06 56.58 

15% HCl + 3 

g/L SOE 

 
9.233 

 
76.33 

 
-352.17 

 
0.0000100014 

 
81.48 

 
1115.89 

 
83.85 

15% HCl + 4 

g/L SOE 
1.591 95.92 -350.49 0.0000052869 90.21 2056.54 91.23 

 

4.5.4 SEM and AFM analysis 
 

The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and S.S.- 

410 immersed in 15% HCl solution in the presence of S. officinarum extract are shown in 

Figure 4.5.6. SEM of S.S.-410 coupons after 24 h immersion in 15 % HCl solution at 298 

K shows a severely harmed surface. From AFM studies, the average surface roughness for 

abraded S.S.- 410 is 26.83 nm and for S.S.- 410 immersed in 15 % HCl, AFM micrographs 

of the average surface roughness is 939.14 nm. The surface of steel sample which is 

immersed in acid solution with the presence of S. officinarum extract show very less 

roughness as comparative smooth surface with respect to S.S.-410 immersed in only 15% 

HCl solution. The surface of S.S.-410 sample exposed to acid solution in the presence of 
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S. officinarum extract show average surface roughness value of 212.26 nm through AFM, 

which is very less as compared to roughness value of steel immersed in only 15% HCl 

solution. This change in surface morphology is attributed to the adsorption of some 

molecules from the S. officinarum extract on the steel surface which act as corrosion 

inhibitor by forming a protective layer on the steel surface and thus prevents corrosion. The 

mentioned SEM and AFM micrograph have been compared with SEM and AFM 

micrograph of S.S.-410 immersed in 15% HCl solution [213-217]. 

 

 
Figure 4.5.6: (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.-410 

immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% 

HCl solution with S. officinarum extract (d) SEM micrographs of S.S.-410 (e) SEM 

micrographs of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.- 

410 immersed in 15% HCl solution with S. officinarum extract. 

4.5.5 Quantum Chemical Calculations 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in S. officinarum were shown in Fig. 4.5.7. EHOMO 

and ELUMO and (ΔE) are the key parameters of theoretical study, have been mentioned 
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in table 4.5.2 [218-222]. The energy gap of molecular orbital follows the order: Luteolin 

< Chromogenic acid < p- hydroxybenzoic acid < Cinnamic Acid < Sawamilletin. 

Hence, the inhibition effect follows the order Luteolin > Chromogenic acid > p- 

hydroxybenzoic acid > Cinnamic Acid > Sawamilletin. So, Luteolin can be assumed to 

be the most essential phytochemical in the corrosion inhibition behaviour of the S. 

officinarum. 

 
 

Figure 4.5.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

S. officinarum extract. 



78  

 
 

Table 4.5.2: Calculated quantum chemical parameters of phytochemicals of S. 

officinarum extract. 

S.No Phytochemicals EHOMO (eV) ELUMO (eV) ΔE (eV) 

1 Chromogenic acid -10.97 -4.71 6.27 

2 Cinnamic Acid -12.56 -1.70 10.86 

3 Sawamilletin -1.66 21.85 23.51 

4 Luteolin -10.01 -4.04 5.97 

5 p- hydroxybenzoic acid -12.45 -3.65 8.8 

 
 

4.6 Beta vulgaris 
 

B. vulgaris is a root vegetable commonly known as red beet. B. vulgaris belongs to the 

family of Amaranthaceae [251] The B. vulgaris residues contain various types of 

phytochemicals as mentioned in figure 4.6.1[252].The main aim of this study is to 

investigate the use of B. vulgaris peal as corrosion inhibitor. Main focus is on exploring 

the adsorptive and anticorrosion properties of Beta vulgaris. 

 
 
 

Figure 4.6.1: (a) B. vulgaris plant (b – f) molecular structure of phytochemicals present 

in B. vulgaris 
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4.6.1 FTIR analysis of B. vulgaris 
 

FTIR spectrum was used to identify the possible phytochemicals present in B. vulgaris 

extract and is shown in Fig. 4.6.2. The peaks were seen at 3462.33, 3174.93, 2897.17, 

2715.86, 2366.73, 1645.33, 1259.55, 1103.31 and 945.15 cm-1. The peak observed at 

3462.33 and 3174.93 cm-1 are due to stretching of OH group from alcohol and phenol 

(hydrogen bonded), the characteristic peak observed at 2897.17, 2715.86 and 2366.73 

cm-1 are attributed to stretching of C-H of alkanes, the peak observed at 1645.33 cm-1 

is assigned to the stretching of C=O of carbonyl group. The peaks observed at 1259.55 

and 1103.31 cm-1 are assigned to the C-O bonding (alcohols, esters, carboxylic acids). 

The peak observed at 945.15 cm-1 is attributed to the presence of bending of C-H group 

of alkanes. These phytochemicals present in the peel extract of B. vulgaris extract 

contains heteroatoms which are adsorbed on the steel surface and forms bonds with the 

Fe2+ ions present on the steel surface and act as potent corrosion inhibitors [252-255]. 

 

 
Figure 4.6.2: FT-IR spectra of B. vulgaris extract. 
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4.6.2 UV visible spectroscopic study 

The UV- visible spectra of B. vulgaris extract dissolved in 15% HCl before and after 

immersion of S.S.-410 specimen is shown in Fig. 4.6.3. The presence of adsorption 

peaks at 276.5 nm representing n - π* transition. The solution in which S.S.-410 

samples were not immersed show higher peak absorbance with respect to the solution 

in which steel samples were immersed and further there was shift in the value of 

adsorption maxima in latter samples. The phytochemicals from the plant extract leads 

to the shift in absorption wavelength and lower adsorption peak intensity of steel sample 

exposed acidic solution indicating the adsorption on the surface of S.S.-410 and the 

formation of bonds between the Fe2+ particles of steel and plant extract molecules. So, 

when S.S.-410 specimen is immersed in the 15% HCl solution containing plant extract, 

the molecules get absorb on the surface of S.S.-410 and make complexes with the 

surface atoms of substrate surface thus slow down the corrosion process and act as good 

corrosion inhibitors [202-204]. 

 
Figure 4.6.3: UV-visible spectra of B. vulgaris extract (BVE). 

 
 

4.6.3 Weight loss and electrochemical Study 

The corrosion inhibition efficiency of B. vulgaris extract extract for S.S.-410 in 15% 

HCl solution were obtained by using weight loss, and electrochemical measurements 
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(Tafel and EIS) at various concentrations (1-4 g/L) at 298K. All the key parameters 

have been mentioned in table 4.6.1. As the concentration of B. vulgaris extract extract 

increases, the value of corrosion rate decreases in weight loss measurement, thus 

leading to increase in corrosion inhibition efficiency. The decrease in value of corrosion 

rate is due to adsorption of B. vulgaris extract phytochemicals on the surface of SS- 

410. Maximum 90.90 % corrosion inhibition efficiency was obtained using 4 g/L B. 

vulgaris extract. The linear correlation coefficients 0.9944 was near to 1, which 

confirms the adsorption of B. vulgaris extract obeys Langmuir adsorption isotherm 

(Figure 4.6.4) [205]. 

 

Figure 4.6.4: Langmuir adsorption isotherm of B. vulgaris extract with the of weight 

loss measurements. 

 
Therefore, B. vulgaris extract has mixed type of inhibition behavior. From the 

potentiodynamic polarization, 90.17 % corrosion inhibition efficiency was recorded at 

concentration of 4 g/L B. vulgaris extract in 15% HCl solution (Figure 4.6.5(a)) [208]. 

A maximum 85.77 % corrosion inhibition efficiency was as shown in electrochemical 

impedance plot (Figure 4.6.5(b)). A layer formation was proven from the Rct value that 

increases with increases the B. vulgaris extract concentration [209]. The Bode plot has 

been shown in (Figure 4.6.5(c)) the B. vulgaris get adsorbed on the surface of SS-410 

by involving π electrons of its aromatic ring or the hetero atoms from the plant extract 
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with the free electrons of vacant d-orbital of iron from steel. This process leads to 

efficient anti-corrosive property of B. vulgaris. The Bode plot support iron B. vulgaris 

get adsorbed on the surface of SS-10. This process leads to efficient anticorrosive 

property of B. vulgaris [210-211]. The presence of inhibitors shows the process of 

charge transfer resistance which started on the interface between electrode and 

electrolyte as clear from phase angles graph is shown in Figure (4.6.5(d)).The inhibition 

was due to the adsorption of phytochemicals on the surface of steel and a protective 

film is formed. The increment in the values of phase angle with the presence of 

increasing concentration of B. vulgaris can be attributed to a decrease in the capacitance 

at the surface of steel which makes the steel surface less prone to dissolution in the 

presence of corrosive media [212]. 

Figure 4.6.5: (a) Potentiodynamic polarization plot (b) Electrochemical impedance plot 

(c) Bode plot (d) Phase angle plot for different concentration of B. vulgaris extract 

(BVE). 
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Table 4.6.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of B. vulgaris extract (BVE). 

 
 

Weight 

loss 
PDP EIS 

C 

(g/L) 

CR 

(mmy-1) 

I.E. 

(%) 

Ecorr 

(mV vs. 

SCE) 

Icorr 

(A cm-2) 

I.E. 

(%) 

Rct 

(Ω cm2) 

I.E. 

(%) 

15% HCl 39.01  -474.1 0.000054003  180.21  

15% HCl + 

1 g/L BVE 
26.897 31.05 -368.04 0.0000338652 37.29 259.28 30.49 

15% HCl + 

2 g/L BVE 
16.910 56.65 -351.01 0.0000247387 54.19 566.19 50.29 

15% HCl + 

3 g/L BVE 
9.682 75.18 -327.91 0.0000108924 79.83 767.41 76.51 

15% HCl + 

4 g/L BVE 
3.549 90.90 -353.24 0.0000053084 90.17 1266.49 85.77 

 

4.6.4 SEM and AFM analysis 
 

The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and 

S.S.-410 immersed in 15% HCl solution in the presence of B. vulgaris extract are shown 

in Figure 4.6.6. SEM of S.S.- 410 coupons after 24 h immersion in 15 % HCl solution at 

298 K shows a severely harmed surface. From AFM studies, the average surface 

roughness for abraded S.S.- 410 is 26.83 nm and for S.S.- 410 immersed in 15 % HCl, 

AFM micrographs of the average surface roughness is 939.14 nm. The surface of steel 

sample which is immersed in acid solution with the presence of B. vulgaris extract show 

very less roughness as comparative smooth surface with respect to S.S.-410 immersed in 

only 15% HCl solution. The surface of S.S.-410 sample exposed to acid solution in the 

presence of B. vulgaris extract show average surface roughness value of 310.14 nm 
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through AFM, which is very less as compared to roughness value of steel immersed in 

only 15% HCl solution. This change in surface morphology is attributed to the adsorption 

of some molecules from the B. vulgaris extract on the steel surface which act as corrosion 

inhibitor by forming a protective layer on the steel surface and thus prevents corrosion. 

The mentioned SEM and AFM micrograph have been compared with SEM and AFM 

micrograph of S.S.-410 immersed in 15% HCl solution [218-222]. 
 

 
Figure 4.6.6: (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.-410 

immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% 

HCl solution with B. vulgaris extract (d) SEM micrographs of S.S.-410 (e) SEM 

micrographs of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.- 

410 immersed in 15% HCl solution with B. vulgaris extract. 

4.6.5. Quantum Chemical Calculations 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in B. vulgaris were shown in Fig. 4.6.7. EHOMO, 

ELUMO and ΔE are the key parameters of quantum chemical calculations have been 
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mentioned in table 4.6.2 [218-222]. The energy gap of molecular orbital follows the 

order: Vitexin < Betaxanthin < Betalamic acid < Vitexin-2-O-rhamnoside < Apigenin. 

Hence, the inhibition effect follows the order Vitexin > Betaxanthin > Betalamic acid 

>Vitexin-2-O-rhamnoside > pigenin. So, Vitexin can be assumed to be the most 

essential phytochemical in the corrosion inhibition behaviour of the Beta vulgaris. 
 

 
Figure 4.6.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

B. vulgaris extract. 
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Table 4.6.2: Calculated quantum chemical parameters of phytochemicals of B. 

vulgaris extract. 

 

 
S.No 

 
Phytochemicals 

EHOMO 

 
(eV) 

ELUMO 

 
(eV) 

ΔE 
 

(eV) 

1 Betaxanthin -2.55 -0.13 2.42 

2 Betalamic acid -5.53 -2.82 2.71 

3 Vitexin -1.05 0.56 1.61 

4 Vitexin-2-O-rhamnoside -9.60 -4.13 5.47 

5 Apigenin -10.15 -3.79 6.36 

 
 

4.7 Phyllanthus emblica 

P. emblica a genetically diverse genus with 25–30 species of deciduous flowering 

plants belongs to Salicaceae family [256]. P. emblica is commonly known as Ambla 

in India. The P. emblica residues contain various types of phytochemicals namely, 

lignins, flavonoids, anthocyanins, salicylate-like phenolic glycosides (PGs), and 

tannins [257-259]. Till now there is no report present in literature on corrosion 

inhibition application of P. emblica extract. The major phytochemicals present in P. 

emblica as mentioned in figure 4.7.1 
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Figure 4.7.1: (a) P. emblica plant (b – e) molecular structure of phytochemicals present 

in P. emblica extract. 

 
4.7.1 FTIR analysis of P. emblica 

 
FTIR spectrum was used to identify the possible phytochemicals present in P. emblica 

extract and is shown in Fig. 4.7.2. The peaks were seen at 3240.51, 2995.55, 2806.52, 

1637.61, 1400.36, 1022.30 and 771.55 cm-1. The peak observed at 3240.51 cm-1 is due 

to stretching of OH group from alcohol and phenol (hydrogen bonded), the 

characteristic peak observed at 2995.55 and 2806.52 cm-1 are attributed to stretching of 

C-H of alkanes. The peaks observed at 1022.30 cm-1 is assigned to the C-O bonding 

(alcohols, esters, carboxylic acids). The peak observed at 771.55 cm-1 is attributed to 

the presence of bending of C-H group of alkanes. These phytochemicals present in the 

peel extract of P. emblica extract contains heteroatoms which are adsorbed on the steel 

surface and forms bonds with the Fe2+ ions present on the steel surface and act as potent 

corrosion inhibitors [260-262]. 
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Figure 4.7.2: FT-IR spectra of P. embelica extract. 

 
4.7.2 UV visible spectroscopic study 

The UV- visible spectra of P. embelica extract dissolved in 15% HCl before and after 

immersion of S.S.-410 specimen is shown in Fig. 4.7.3. The presence of adsorption 

peaks at 212 and 285 nm representing π - π* and n - π* transition. The solution in which 

SS-410 samples were not immersed show higher peak absorbance with respect to the 

solution in which steel samples were immersed and further there was shift in the value 

of adsorption maxima in latter samples. The phytochemicals from the plant extract leads 

to the shift in absorption wavelength and lower adsorption peak intensity of steel sample 

exposed acidic solution indicating the adsorption on the surface of S.S.-410 and the 

formation of bonds between the Fe2+ particles of steel and plant extract molecules. So, 

when S.S.-410 specimen is immersed in the 15% HCl solution containing plant extract, 

the molecules get absorb on the surface of S.S.-410 and make complexes with the 

surface atoms of substrate surface thus slow down the corrosion process and act as good 

corrosion inhibitors [202-204]. 
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Figure 4.7.3: UV-visible spectra of P. embelica extract (PEE). 
 
 

4.7.3 Weight loss and electrochemical Study 

The corrosion inhibition efficiency of P. emblica extract for S.S.-410 in 15% HCl 

solution were obtained by using weight loss, and electrochemical measurements (Tafel 

and EIS) at various concentrations (1-4 g/L) at 298K. All the key parameters have been 

mentioned in table 4.7.1. As the concentration of P. emblica extract increases, the value 

of corrosion rate decreases in weight loss measurement, thus leading to increase in 

corrosion inhibition efficiency. The decrease in value of corrosion rate is due to 

adsorption of P. emblica extract phytochemicals on the surface of SS-410. Maximum 

89.28 % corrosion inhibition efficiency was obtained using 4 g/L P. emblica extract. 

The linear correlation coefficients 0.9938 was near to 1, which confirms the adsorption 

of P. emblica extract obeys Langmuir adsorption isotherm (Figure 4.6.4) [205]. 
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Figure 4.7.4: Langmuir adsorption isotherm of P. embelica extract with the of weight 

loss measurements. 

 
So, P. emblica is extract has mixed type of inhibition behavior. From the 

potentiodynamic polarization, 90.08 % corrosion inhibition efficiency was recorded at 

concentration of 4 g/L P. emblica extract in 15% HCl solution (Figure 4.7.5(a)) [208]. 

A maximum 89.28 % corrosion inhibition efficiency was as shown in electrochemical 

impedance plot (Figure 4.7.5(b)). A layer formation was proven from the Rct value that 

increases with increases the P. emblica extract concentration [209]. The Bode plot has 

been shown in (Figure 4.7.5(c)) the P. emblica get adsorbed on the surface of SS-410 

by involving π electrons of its aromatic ring or the hetero atoms from the plant extract 

with the free electrons of vacant d-orbital of iron from steel. This process leads to 

efficient anti-corrosive property of P. emblica. The Bode plot support iron P. emblica 

get adsorbed on the surface of SS-410. This process leads to efficient anticorrosive 

property of P. emblica [210-211]. 

The presence of inhibitors shows the process of charge transfer resistance which started 

on the interface between electrode and electrolyte as clear from phase angles graph is 

shown in Figure (4.7.5(d)). The inhibition was due to the adsorption of phytochemicals 

on the surface of steel and a protective film is formed. The increment in the values of 
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phase angle with the presence of increasing concentration of P. emblica can be 

attributed to a decrease in the capacitance at the surface of steel which makes the steel 

surface less prone to dissolution in the presence of corrosive media [212]. 

 
 

Figure 4.7.5: (a) Potentiodynamic polarization plot (b) Electrochemical impedance 

plot (c) Bode plot (d) Phase angle plot for different concentration of P. embelica extract 

(PEE). 
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Table 4.7.1: Corrosion parameters from weight loss, and electrochemical experiments 

for S.S.-410 in 15% HCl with different concentrations of P. embelica extract (PEE). 

 

Weight 

loss 

PDP EIS 

C 

(g/L) 

CR 

(mmy-1) 

I.E. 

(%) 

Ecorr 

(mV 

vs. 

SCE) 

Icorr 

(A cm-2) 

I.E. 

(%) 

Rct 

(Ω cm2) 

I.E. 

(%) 

15% HCl 39.01  -474.1 0.000054003  180.21  

15% HCl + 

1 g/L PEE 

14.9330 61.72 -342.55 0.000027734 48.64 418.79 57.04 

15% HCl + 

2 g/L PEE 

10.7433 72.46 -340.57 0.000021826 59.58 630.30 71.40 

15% HCl + 

3 g/L PEE 

7.1232 81.74 -349.58 0.000011324 79.03 1067.34 83.11 

15% HCl + 

4 g/L PEE 

4.1818 89.28 -354.44 0.000004956 90.08 2381.02 92.43 

 
 
 

4.7.4 SEM and AFM analysis 
 

The SEM and AFM micrographs of the S.S.-410, S.S.-410 immersed in 15% HCl and S.S.- 

410 immersed in 15% HCl solution in the presence of P. embelica extract are shown in 

Figure 4.6.6. SEM of S.S.- 410 coupons after 24 h immersion in 15 % HCl solution at 298 

K shows a severely harmed surface. From AFM studies, the average surface roughness for 

abraded S.S.- 410 is 26.83 nm and for S.S.- 410immersed in 15 % HCl, AFM micrographs 

of the average surface roughness is 939.14 nm. The surface of steel sample which is 

immersed in acid solution with the presence of P. embelica extract show very less 

roughness as comparative smooth surface with respect to S.S.-410 immersed in only 15% 

HCl solution. The surface of S.S.-410 sample exposed to acid solution in the presence of 
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P. embelica extract show average surface roughness value of 338.24 nm through AFM, 

which is very less as compared to roughness value of steel immersed in only 15% HCl 

solution. This change in surface morphology is attributed to the adsorption of some 

molecules from the P. embelica extract on the steel surface which act as corrosion inhibitor 

by forming a protective layer on the steel surface and thus prevents corrosion. The 

mentioned SEM and AFM micrograph have been compared with SEM and AFM 

micrograph of S.S.-410 immersed in 15% HCl solution [213-217]. 

 

Figure 4.7.6: (a) AFM micrographs of S.S.-410 (b) AFM micrographs of S.S.-410 

immersed in 15% HCl solution (c) AFM micrographs of S.S.-410 immersed in 15% HCl 

solution with P. embelica extract (d) SEM micrographs of S.S.-410 (e) SEM micrographs 

of S.S.-410 immersed in 15% HCl solution (f) SEM micrographs of S.S.-410 immersed in 

15% HCl solution with P. embelica extract. 

4.7.5 Quantum Chemical Calculations 
 

The frontier molecular orbital density distributions (LUMO and HOMO) with optimum 

structures of phytochemicals presents in P. embelica were shown in Fig. 4.7.7. EHOMO, 
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ELUMO and ΔE are the key parameters of quantum chemical calculations have been 

mentioned in table 4.7.2 [218-222]. The energy gap of molecular orbital follows the 

order: 3,4,8,9,10-pentahydroxy-dibenzo[b,d] pyran-6-one < Syringaldehyde < methyl 

caffeate < Penicillide. So, 3,4,8,9,10-pentahydroxy-dibenzo[b,d] pyran-6-one. Hence, 

the inhibition effect follows the order 3,4,8,9,10-pentahydroxy-dibenzo[b,d] pyran-6- 

one >Syringaldehyde >methyl caffeate>Penicillide. So, 3,4,8,9,10-pentahydroxy- 

dibenzo[b,d] pyran-6-one can be assumed to be the most essential phytochemical in the 

corrosion inhibition behaviour of the P. embelica. 
 

 
Figure 4.7.7: Optimized structures, HOMO and LUMO of phytochemicals present in 

P. embelica extract. 
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Table 4.7.2: Calculated quantum chemical parameters of phytochemicals of P. 

embelica extract. 

 

S. 

 
No 

 
Phytochemicals 

EHOMO 

 
(eV) 

ELUMO 

 
(eV) 

ΔE 

 
(eV) 

1 Penicillide -5.709 -1.008 4.701 

2 
3,4,8,9,10-pentahydroxy- 

dibenzo[b,d] pyran-6-one 
-5.57 -1.335 4.235 

3 Syringaldehyde -5.696 -1.239 4.457 

4 methyl caffeate -4.879 -0.217 4.662 

 
 

4.8 Comparative study 
 

Table 4.8.1 shows the comparative corrosion rate and inhibition efficiency of pre- 

coted SS without and with the existing synthetic paints and selected inhibitors. Paint 

coated SS of synthetic paint sample 1 and 2 along with the selected natural inhibitor 

have been used as a coating material. Here, inhibitor samples were coated on the SS 

surface and then weight loss experiments were carried out. 

As per the Table 4.8.1, it is very clear that there is a small difference in inhibition 

efficiency between the synthetic paint samples and selected natural extracts at the 

same concentration and environment. The advances to use the natural extract as a 

green inhibitor are; 1) Natural products are eco-friendly and non- hazardous to the 

environment as well as for the human being. 2) Convert waste products to a useful 

material with negligible production cost. 
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Table 4.8: Inhibition efficiency and corrosion rate of the paint-coated S.S.-410 

without and with selected inhibitors 

 
S. No. 

 
Sample 

CR 

(mmy-1) 

IE 

(%) 

1 15% HCl Solution 39.01 - 

 
2 

Synthetic paint 

sample 1 

 
1.62 

 
95.84 

 
3 

Synthetic paint 

sample 2 

 
1.68 

 
95.69 

4 Oryza Sativa 
3.15 91.92 

5 P. tremula 
2.87 92.64 

6 Triticum aestivum 
3.14 91.95 

7 B. nigra 3.24 91.69 

 
8 

Saccharum 

officinarum 

1.59 95.92 

9 Beta vulgaris 
3.54 90.90 

 
10 

Phyllanthus 

embelica 

4.18 89.28 
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CHAPTER 05: SUMMARY AND CONCLUSION 

 
5.1 Summary 

The present study aimed at investigation of corrosion restraint effectiveness of some 

inhibitors for S.S.-410 in HCl solution. The FTIR spectrum for the pure inhibitors 

indicates the presence of various functional groups. These groups contain various 

heteroatoms like oxygen, nitrogen, etc. along with conjugated systems. These can 

easily donate their non-bonding electrons to the metal and can create coordination 

bonds or electrostatic interaction is also possible. 

UV-visible spectroscopy indicates adsorption of active molecules of the plant 

extract on the S.S.-410 surface. The EIS techniques showed all the selected plant 

extracts have been found to act as excellent corrosion inhibitors for S.S.-410 in 

acidic media. 

Weight loss analysis studies revealed that there is an increase in inhibition efficiency 

by increasing inhibitor concentration. The increase in inhibition efficiency occurred 

as a result of the development of a defensive layer that decreases the corrosion 

procedure. The slope and correlation coefficient of straight line obtained by plotting 

C/Ɵ against C comes near unity, suggesting that the inhibitors obey the Langmuir 

adsorption isotherm and form a mono-layer on the S.S.-410 surface. 

The inhibition efficiency increases as the concentration of the inhibitor increases 

and corrosion potential values indicated the mixed type of inhibition. The Tafel slope 

values have been found to be irregular indicating the inhibitory effect ofall inhibitors 

is not only due to the adsorption alone but due to the mixed effect of blocking of 

active sites by the involvement of some other anions present in the solution. 

In EIS, there is a remarkable increase in the diameter of the semicircle in the 

presence of inhibitors in comparison to the only acid solution. The higher charge 

transfer resistance values in the presence of inhibitors in aggressive acidic solution 

indicated the formation of protective layer of inhibitor molecules on the S.S.-410 

surface. The inhibition efficiencies obtained from EIS are in agreement with those 

obtained from the PDP technique. 

In SEM studies, the corrosion is maximum in the acidic media (blank) and shows 
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badly damaged surface of the S.S.-410. Significant reduction in corrosion is 

observed in the presence of all the inhibitors and shows remarkably improved 

surface of the S.S.-410. 

AFM analysis revealed deterioration over the surface of S.S.-410 in acidic media 

leading to rough surface. The surface roughness parameters were found to be 

significantly lower in the presence of tested plant extract inhibitors, which confirmed 

that all the selected inhibitors as excellent corrosion inhibitors. 

Comparative studies have been carried out to between some existing synthetic paints 

and selected plants (Oryza sativa, Populus tremula, Triticum aestivum, Brassica 

nigra, Saccharum officinarum, Beta vulgaris and Phyllanthus emblica) extract. 

There was a small differences in the inhibition efficiency between the synthetic paint 

sample and selected plants extract. The advances to use the natural extract as a green 

inhibitor are: 1) Natural products are eco-friendly and non-hazardous to the 

environment as well as to the human being; 2) Using waste materials as a useful 

material with negligible production cost. 

 
5.2 Conclusion 

Corrosion is referred to as the deterioration of materials and its properties change by 

chemical process as well as by interaction with environmental conditions. Corrosion 

has a significant impact on infrastructure, utilities, transport and other critical sectors 

of the society. With the dynamic progress in the science and technology, researches 

developed better criteria of corrosion mitigation that behaves best as inhibitors, 

make corrosion resistant alloys so that materials can last for much longer time. The 

use of natural inhibitors in the deterrence of corrosion has proved to be an extremely 

effective, eco-friendly and economically viable option. Thus, the present work has 

been under taken to study the influence of selected plant extract for inhibiting the 

corrosion of S.S.-410 in HCl solution. 

The selected plant extracts have been characterized as corrosion resisting agents for 

S.S.-410 in 15% HCl at different concentration. The effectiveness of these 

compounds was investigated with the help of weight-loss, temperature and kinetic 

studies, potentiodynamic polarization and electrochemical impedance spectroscopic 
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techniques. The outcomes of above studies were supplemented by FTIR, UV-vis., 

SEM, AFM and DFT method 

5.3 Scope for future work 

The inhibitors studied here are good inhibitors for protection of the S.S.-410 in HCl 

solution. They may be tried for other metals in acid solutions. The inhibitors may be 

applied for corrosion inhibition of other metals in different corrosive media other than 

acids. 
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