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Preface 

 
The problem of metal corrosion and its prevention is a prime research 

area for investigation as economic losses due to corrosion represent a 

large portion of the total costs for industries every year worldwide. Iron 

and its alloys have attracted much attention due to high mechanical 

strength, recyclability, malleability, easy availability, and low cost. Mild 

steel is one of the most widely used industrial materials, which has been 

used in a variety of industries, especially for structural applications. 

During its application, it may come in contact with aggressive acid 

solutions and corrodes heavily. Proper corrosion control can not only 

help in avoiding huge economic losses but can also help to avoid many 

potential disasters that can cause serious issues to humans and the 

environment. The increased awareness of the toxicity and harmful 

effects of raw materials to human and the environment have demanded 

the development of cost-effective and benign remediations for corrosion 

prevention. Several naturally occurring, chemically stable, cost-

effective, and eco-friendly macromolecules like carbohydrate 

biopolymers and their derivatives have been developed as effective 

corrosion resistant coating and inhibitors for metals in various 

aggressive media. The work embodied in this thesis entitled “Protection 

of mild steel in aggressive media using carbohydrate polymers” 

comprises eight chapters. 

Chapter 1: Introduction and Literature Review  

This chapter encompasses the general introduction which deals with the 

economic aspects of corrosion, mechanism of corrosion, forms of 

corrosion, corrosion prevention using corrosion resistant coating and 
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inhibitors and corrosion prevention mechanism. The non-

electrochemical and electrochemical methods for monitoring the 

process of corrosion and the theories behind all these techniques have 

been included here. A detailed literature review of carbohydrate 

polymers like chitosan, guar gum, and pectin as corrosion resistant 

materials are included in this chapter. 

Chapter 2: Materials and Methods 

This chapter deals with the materials and methods used in this work. 

This chapter also includes the methods of development of coating on 

mild steel surface. The instrumental details of various characterization 

techniques used for the study are also described. The details of corrosion 

monitoring strategies that have been used for the corrosion protection of 

carbohydrate polymers studied here are also included in this chapter.  

Theoretical strategies and the correlation of experimental results with 

quantum chemical calculations using NBO analysis and Monte Carlo 

simulation studies are also described here. 

Chapter 3: Protection of Mild Steel in Aggressive Environments 

Using Stearic Acid Grafted Chitosan 

This chapter discusses the development of stearic acid grafted chitosan 

film as corrosion resistant coating for mild steel in 0.5M HCl and 3.5% 

NaCl. The successful grafting of stearic acid into chitosan film is 

experimentally confirmed using elemental analysis, water contact angle 

measurements, TGA, FTIR, NMR, and theoretically proven via DFT 

calculations. The critical micelle concentration measurement is carried 

out to prove the self-assembling ability of the grafted film. Weight loss 

measurements, electrochemical impedance spectroscopy (EIS), 
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potentiodynamic polarization (PDP) were carried out for monitoring the 

corrosion process of uncoated and coated mild steel. Surface 

morphological studies were carried out to ensure the effective formation 

of coating on mild steel using SEM and AFM.  

Chapter 4: Extended protection of mild steel in saline and acidic 

environment using stearic acid grafted chitosan preloaded with 

mesoporous hydrophobic silica 

This chapter describes the development of a corrosion resistant coating 

by loading mesoporous hydrophobic silica as nano filler into chitosan 

and further grafting with stearic acid. Mesoporous hydrophilic silica and 

mesoporous hydrophobic silica were characterized using BET analysis, 

FESEM, TEM, FTIR, TGA, and water contact measurements. Weight 

loss study, EIS, and PDP studies were used to monitor the corrosion 

protection performance of stearic acid grafted chitosan preloaded with 

mesoporous-hydrophobic silica. Corrosion studies after different 

immersion times in acidic and saline media were carried out. Scotch tape 

adhesion test was also performed to ensure the effective formation of 

coating on the mild steel surface. Surface morphological studies were 

carried to ensure the presence of coating after exposure to corrosive 

media. 

Chapter 5: Inhibition of Mild Steel Corrosion in Acidic 

Environment Using Guar Gum as Inhibitor  

The corrosion inhibition performance of guar gum is discussed in this 

chapter. The optimum concentration of guar gum is determined from the 

weight loss study. 200-800ppm of guar gum is introduced into the 

corrosive medium and the behaviour is studied by using EIS and PDP 
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methods at 303-318K. The stable interaction between guar gum and 

mild steel is verified using FTIR and XPS. The mode of adsorption of 

inhibitor molecules on mild steel surface was also elucidated by the 

determination of thermodynamic and kinetic parameters. The surface 

morphology of the corroded mild steel samples in the presence and 

absence of guar gum was evaluated using FESEM and AFM. The DFT 

study shows that guar gum can donate free electrons to the metal atom 

and hence act as a good inhibitor by forming an adsorptive layer by 

replacing the pre-adsorbed water molecules. The Fukui indices also 

specify the nucleophilic and electrophilic centres in guar gum. The 

adsorption of guar gum on Fe (1 1 0) plane has been carried out using 

Monte Carlo simulation studies. 

Chapter 6: Enhanced Protection of Mild Steel in HCl Using 

Synergistic Interaction of Guar Gum and Non-Ionic Surfactants 

This chapter deals with the synergistic effect of two non-ionic 

surfactants (Tween-80 and Triton-X) on the corrosion inhibition 

performance of guar gum for mild steel in 0.5M HCl at different 

temperatures. The corrosion inhibition of the synergistic pairs was 

carried out using weight loss study, EIS, and PDP measurements. The 

addition of surfactants synergistically increased the inhibition efficiency 

of guar gum; the effect of Tween-80 being more pronounced than 

Triton-X. The XPS, FESEM, and AFM images indicated the formation 

of thin inhibitor film on mild steel surface which is responsible for 

inhibiting metal dissolution. Quantum chemical calculations and Monte 

Carlo simulations were used to confirm the corrosion inhibition of 
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synergistic pairs. NBO analysis is used to confirm the higher inhibition 

efficiency of guar gum: Tween-80 over guar gum: Triton-X. 

Chapter 7: Protection of Mild Steel in HCl Using Pectin Isolated 

from Jack Fruit Waste  

In this chapter pectin isolated from the jack fruit peel waste was used as 

a green corrosion inhibitor for mild steel in 0.5M HCl. Corrosion 

inhibition performance of pectin was carried out using the weight loss 

method, EIS, and PDP measurements. The mechanism of inhibition was 

also investigated by calculating the thermodynamic and activation 

parameters. The adsorption of the inhibitor on mild steel surface obeyed 

Langmuir adsorption isotherm. The FESEM and AFM studies were used 

to judge the adsorptive nature of the pectin in the acid solution. The 

electronic and structural information of pectin was disclosed by DFT 

and Monte Carlo simulation studies. 

The thesis ends up with Summary and Future Outlook 

 



 

 

 

 

 

 



 

Introduction and 
Literature Review 

Chapter 1 
   

 

This chapter covers a brief 
introduction about the economic 
aspects of corrosion, various 
forms of corrosion, and 
corrosion control using coatings 
and inhibitors. The probable 
mechanisms of corrosion 
protection are also mentioned in 
this chapter. The experimental 
and theoretical aspects of 
various corrosion monitoring 
techniques are also briefly 
outlined in this chapter. A brief 
literature survey of green 
carbohydrate polymer as 
corrosion resistant material was 
also given in this chapter. 
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1.1. Motivation and Background  

Earth has a treasure of natural resources for metals. It is difficult to 

imagine today the world without metals as it became part and parcel of 

daily life. Owing to their excellent mechanical and physicochemical 

properties, humans have made-up goods from metals over a millennium. 

Metals are extracted from their ores by the application of energy. The 

metals in their metastable state revert back to its low energy state of 

chemically bound form. The usual way for these reversal is the process 

of corrosion[1, 2]. Corrosion is the word originated from its Latin 

counterpart corrodere, means, “to attack”, or “to chew away”. Corrosion 

is defined by Mars Fontana as the deterioration of metals or materials 

due to chemical or electrochemical interaction with their 

environment[3]. Humans have been trying to recognize and control 

corrosion since they have been using metals and alloys. The increased 

awareness of the toxicity and harmful effects of raw materials to human 

and environment have demanded the development of cost-effective and 

benign remediations for corrosion prevention. Corrosion makes severe 

economic consequences, social and health hazards. Thus, corrosion 

protection of commercial metals become a scientific task for research 

community, especially materials scientists and chemists, and an 

enduring battle for industries. It is estimated that corrosion destroys one-

quarter of the world’s annual steel production, which corresponds to 

about 150 million tons per year, or 5 tons per second. Of course, 

corrosion is not limited to steel but affects all materials including metals, 

polymers, and ceramics.  
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1.2. Corrosion and Global economy 

Corrosion prevention is concerned with the safety, conservation, and 

economy. Corrosion is a process which grab huge economic liability and 

physical threat. Just like any other natural calamity, corrosion also can 

cause disastrous damage to bridges, petroleum pipelines, automobiles, 

etc [4-6]. Billions of dollars are spent annually for the replacement of 

corroded materials, machinery, and several other objects. According to 

study by NACE (National Association of Corrosion Engineers), the 

global cost of corrosion is in the order of 1 to 5 % of the gross national 

product (GNP) for any country. According to the "International 

Measures of Prevention, Application and economics of Corrosion 

Technology (IMPACT) " estimates the global cost of corrosion in 2013 

as $2.5 trillion which is about 3.4% of the gross domestic product (GDP) 

[7]. The data provided by NACE for the global cost of corrosion is 

shown in Figure 1.1 

 

Figure 1.1. Global GDP by economic region 
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Loss of metal by corrosion causes waste of metal, energy, and human 

effort to fabricate the metal structure. Moreover, rebuilding the corroded 

structure needs a further investment of metal, energy, and human efforts. 

It is essential to implement and practice effective strategies to control 

corrosion and associated issues. 

Corrosion costs could be of direct or indirect losses. Direct losses are 

those associated with the maintenance, prevention, replacement of 

corroded structures and machinery, or their components. The total direct 

cost of corrosion is estimated at $276 billion; 3.1 % of the GDP.  Indirect 

losses are more difficult to evaluate precisely and cannot be replaced by 

money[8, 9]. For example 

 loss of valuable product: water, oil, or gas may be leak out through 

the corroded system, leakage of antifreeze liquid through a corroded 

radiator may cause a serious accident 

 The shutdown of equipment due to corrosion failure may cost a huge 

amount of money due to production loss 

 Loss of efficiency: decreased heat transfer rate in heat exchangers 

through corrosion products, or internal combustion of an automobile 

engine, clogging of the pipeline for water supply by the deposition of 

rust demanding increased pumping capacity.  

 Contamination of the product: The corroded product does not have 

enough mechanical strength. So, the possibility of contamination of   

the product with the substance is very high, demanding clean up, and 

this can be expensive 
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 Overdesign: In the expensive overdesigning of underground pipeline, 

reaction vessel, boiler, marine structure, etc suffers a huge amount of 

economic losses. 

To achieve corrosion control, it is necessary to understand the 

mechanism of corrosion, classification of corrosion, methods to prevent 

corrosion and corrosion monitoring techniques 

1.3. Mechanism of Corrosion 

The basic mechanism of corrosion is the movement of ions at the metal 

electrolyte interface. The most acceptable electrochemical theory of 

corrosion is given by Whitney [10-12]. During the aqueous corrosion 

process, anodic oxidation of the metal and cathodic reduction in the 

environment creates two interrelated half-cell reactions[13]. For any 

metal (M) the oxidation reaction at the anodic site is given by  

  𝑀 → 𝑀𝑛+ + 𝑛𝑒−                        (1.1) 

At the cathodic site, the produced electrons react with some reducible 

components of electrolyte through the following equations 

1. Hydrogen evolution 

In acid environment                               2𝐻+ + 2𝑒− → 𝐻2                       (1.2)                      

In an alkaline or neutral environment 

                                                        2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−    (1.3) 
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2. Oxygen reduction 

In acid environment                        𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂              (1.4)            

In alkaline and neutral solution 

                                                  2𝐻2𝑂 + 𝑂2 + 4𝑒− → 4𝑂𝐻−           (1.5) 

3. Metal deposition                        𝑀𝑛+ + 𝑛𝑒− → 𝑀                               (1.6) 

4. Metal ion reduction                 𝑀𝑛+ + 𝑒− →  𝑀(𝑛−1)+                   (1.7) 

According to Faraday’s law, the total flow of electrons from the anodic 

to the cathodic region during the corrosion process generates corrosion 

current (icorr) and is a measure of the corrosion rate of the metal. A 

pictorial representation of the mechanism of corrosion is given in Figure 

1.2 

 

Figure 1.2. A schematic of electrochemical mechanism of iron corrosion 
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1.4. Classification of corrosion 

Corrosion manifests in different forms. It is desirable to know the form 

of corrosion as it can help in the identification of the cause of corrosion 

and choosing the effective method of prevention. In most corrosion 

failure analysis, it is necessary to know the type of corrosion, which has 

been responsible for the failure. Corrosion can be classified in several 

ways like dry corrosion, wet corrosion, low temperature corrosion, high 

temperature corrosion etc. Based on the appearance of the corroded 

metals identified either through visual inspection or using modern 

spectroscopy there are eight forms of corrosion [14, 15] which are 

summarized in Figure 1.3 and 1.4 

 

Figure 1.3. Classification of corrosion 
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Figure 1.4. Pictorial representation of various types of corrosion 

1.5. Corrosion prevention 

Corrosion has been the subject of scientific study for more than 150 

years. Humans have been trying to understand, control, and prevent 

corrosion for as long as they have been using metal objects. Corrosion 

never stops but its severity can be controlled by various methods either 

by isolating the metal from the aggressive environment or elimination 

of any one of the components of electrochemical cells which accelerates 

the corrosion process. The general classification of various corrosion 

prevention methods is summarized in Figure 1.5 
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Figure 1.5 Corrosion prevention methods 

1.5.1. Corrosion Inhibitors 

Changing the environment by adding corrosion inhibitors (CI) is 

considered as an efficient corrosion management method [16-18]. A 

corrosion inhibitor is a chemical substance which when added in a small 

concentration to the corrosive environment results in a significant 

reduction in the corrosion rate either by reducing the rate of attack or by 

reducing the probability of its occurrence or by both[19]. An efficient 

inhibitor should be economical, environment friendly, and inhibit the 

corrosion process when present in a small concentration. Corrosion 

prevention using inhibitors has some noticeable advantages such as low 
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cost, simple control and operation, and non-requirement of special 

instruments[20]. Corrosion inhibition is achieved in two ways. In some 

cases, the inhibitor interacts with the metal surface and forms an 

inhibitive surface film at the metal/electrolyte interface. In other cases, 

the inhibitor can alter the corrosive environment into a less corrosive or 

noncorrosive environment, e.g. by chemically neutralizing dissolved 

acidic gases, chemically scavenging dissolved oxygen, etc. Thus, based 

on the mode of interaction a qualitative classification of CI is presented 

in Figure 1.6  [21, 22]. 

 

Figure 1.6. Classification of corrosion inhibitors 

Environmental conditioners or scavengers control the corrosion process 

by decreasing the corrosivity of the medium through scavenging the 
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aggressive substances. In near neutral and alkaline solutions, the 

cathodic oxygen reduction can be controlled by decreasing the oxygen 

content using scavengers [23]. In a boiler system, hydrazine is used as a 

scavenger to remove traces of oxygen [24]. Interphase inhibitors prevent 

the corrosion process by forming a film at metal/environment 

interphase. Substances having low vapour pressure with corrosion 

inhibiting capacity are used as vapour phase inhibitors (VPI) against 

atmospheric corrosion, especially in a closed environment. In boilers, 

VPIs prevent corrosion in condenser tubes by neutralising the acidic 

CO2. Volatile inhibitors of this type transported to the corrosion site and 

inhibit the corrosion process by maintaining the atmosphere alkaline 

[25]. 

LPIs are classified as cathodic, anodic, or mixed type inhibitors, based 

on whether they inhibit the anodic, cathodic, or both the electrochemical 

corrosion process. Anodic inhibitors develop a protective oxide film on 

the surface of the metal and causing a large anodic corrosion potential 

shift and thereby force the metal surface into the passivation region and 

hence commonly referred to as passivators. If the concentration of 

anodic inhibitors is not enough to block off all the anodic sites, the 

oxidising nature of the inhibitor encourages the anodic reaction and 

results in pitting corrosion. So, they are classified as ‘dangerous 

inhibitors’ and chromates, tungstate, molybdates, nitrates, etc are 

belonging to this category.  

Cathodic inhibitors inhibit the corrosion process by either decreasing the 

cathodic reduction rate or by selectively precipitating an insoluble 
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species onto the cathodic sites to limit the diffusion of reducing species 

to the metal surface. They are belonging to safe inhibitors because they 

do not cause localised corrosion. Zinc ions are used as a cathodic 

inhibitor by precipitating Zn(OH)2 at the cathodic site in the cathodic 

oxygen reduction process. 

Mixed (adsorption) inhibitors work by reducing the anodic and cathodic 

corrosion reactions. Many inhibitors work by adsorption on the metal 

surface. Adsorption depends on the surface charge of the metal atom, 

structure of the inhibitor, and type of the electrolyte. Adsorption 

inhibitors offer corrosion inhibition via physisorption, chemisorption, 

and film formation. Physisorption by the electrostatic interaction 

between the metal atom and the inhibitor is removed from the surface of 

the metal on increasing the temperature. Chemisorption due to charge 

sharing or charge transfer between the metal and inhibitor molecules is 

more effective and not completely reversible [26]. The adsorption can 

be represented as  

𝑜𝑟𝑔𝑠𝑜𝑙𝑛 + 𝑋𝐻2𝑂(𝑎𝑑𝑠) → 𝑜𝑟𝑔𝑎𝑑𝑠 + 𝑋𝐻2𝑂(𝑠𝑜𝑙𝑛)               (1.8) 

The extent of adsorption depends on the nature of the metal, the 

chemical structure of the inhibitor, the mode of adsorption, and the type 

of corrosive medium. The exact nature of adsorption can be verified 

from adsorption isotherms which describe the surface coverage (θ) by 

the inhibitor on the metal surface and the concentration of the inhibitor.  

Various adsorption isotherms which describe the surface coverage (θ) 

by the inhibitor and the concentration of the inhibitor (C) are used to 

know the exact nature of adsorption and are given below. 
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Table 1.1. Various adsorption isotherms 

Adsorption 

isotherms 

           Equation Verification plot 

Langmuir 𝐶

𝜃
=

1

𝑘
+ 𝐶 

𝐶

𝜃
 Vs C 

Temkin 𝑙𝑛𝑘𝐶 = 𝑎𝜃 θ Vs lnC 

Frumkin 𝜃

1 − 𝜃
𝑒−2𝑎𝜃 = 𝑘𝐶 Log C(

𝜃

1−𝜃
) Vs θ 

Flory 

Huggins 

isotherm 

𝑙𝑜𝑔
𝜃

𝐶
= 𝑙𝑜𝑔𝑘 + 𝑥𝑙𝑜𝑔(1 − 𝜃) 

log(θ/C) Vs log(1-θ) 

 

1.5.2. Synergism and corrosion inhibition 

Synergism is considered to be an adequate method for enhancing the 

corrosion inhibition performance of an inhibitor especially at elevated 

temperatures. It can be defined as the marked augmentation of the 

corrosion inhibition performance of one inhibitor by adding a small 

amount of another inhibitor, even though the second inhibitor is less 

effective when used separately. Co-adsorption of two or more molecules 

onto the metal surface provide better inhibition than either of the 

individual components. Speller et al reported that the corrosion 

inhibition performance by phosphate-chromate mixtures is found to be 

more effective than their individual performance. The method of using 

two or more inhibitors together via synergistic interaction, is an effective 

method of enhancing the corrosion inhibition. Here the quantity of the 

inhibitors can be considerably reduced without compromising efficiency 

of inhibition. 
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1.5.3. Corrosion resistant coatings 

Corrosion protection by coating has attracted much attention due to its 

high efficiency and durability in various aggressive environments [27, 

28]. The durability and performance of corrosion resistant coatings 

depend on many factors such as type of metallic substrate, pre-treatment 

of metal, curing, adhesion between the metal and the coating, the 

thickness of the coating, etc[29, 30]. An effective coating must have 

intrinsic durability, adhesion with the metal substrate, toughness to 

survive cracking and keep its appearance when subjected to stress, swell, 

or weathering[31]. An anti-corrosive system for a highly corrosive 

environment usually consists of a primer, one or several intermediate 

coats, and a topcoat[32]. The primer ensures good adhesion to the 

metallic substrate and protects the metal from corrosion. The function 

of the intermediate coat is to build up the thickness of the coating 

system, resist transport of aggressive ions from electrolyte to the metal 

substrate, and also ensure good adhesion between the primer and the 

topcoat. The topcoat is exposed to the environment and must offer the 

metallic surface with the required colour, gloss, and resistance to 

ultraviolet radiation[33, 34]. Coatings can be classified into noble 

coatings and sacrificial coatings. Noble coatings provide barrier 

protection. Whereas in addition to barrier protection sacrificial coatings 

also provide cathodic protection. Coatings can be further classified into 

metallic, inorganic, and organic coatings.  

 Metallic coating: metals or their alloys are applied to other metals via 

electroplating, hot dipping, thermal spraying, vapor deposition, etc 

can function as either noble coating or sacrificial coating. 
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 Inorganic coating: Non-metallic inorganic coating includes ceramic 

coating, cement, silicate, ceramics, conversion coating, and sol-gel 

coatings. The inorganic material in the sol- gel coating act as a good 

barrier against the diffusion of corrosive ions. Phosphate coating and 

chromate conversion coating are two usually used inorganic 

conversion coatings. Chromate conversion coatings (CCCs) are 

produced on the metal surface by chemical or electrochemical 

treatment of the metal or metallic coating in solutions containing 

Cr(VI) and other components. The porosity and stress-induced 

cracking developed in inorganic coatings limit their use as efficient 

coatings as the corrosive species diffuse through the coating to the 

underlying metal[35, 36] 

 Organic coating: Such as epoxy, plastics, enamel, oils, greases, and 

paints. In organic coatings, many different types of fillers and 

corrosive pigments are used, but the lack of thermal resistance, 

flexibility, and relatively less adhesion to metallic surfaces of organic 

coatings limit their long-term stability.  

 Organic-inorganic hybrids (OIHs): OIHs offer an effective coating 

on the metal substrate by linking both inorganic and organic phases 

covalently on the molecular scale. In OIHs the capacity of inorganic 

phase to bond covalently with the metal increases leading to highly 

adherent coatings, which impedes the diffusion of aggressive ions 

from the electrolyte. The inorganic compound offer scratch 

resistance, durability, and adhesion to the metallic substrate. The 

organic part improves the flexibility and functional compatibility 
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with the polymer system [37, 38]. OIHs coating developed via the 

sol-gel process is considered as an effective alternative to CCCs for 

the metallic substrate. 

1.5.3.1. Mechanism of protection 

Corrosion control using the application of coatings is demonstrated by 

three mechanisms. Barrier protection, sacrificial protection (galvanic 

effect), and passivation of the substrate surface (inhibitive effect).  

 Barrier protection is attained by preventing the contact between the 

metallic surface and the corrosive medium and impeding the 

movement of aggressive ions. The barrier coating may be used as 

primer, intermediate, or topcoat. The thickness of the coating system 

and nature of the binder system affects the degree of protection 

offered by the barrier coating. According to NACE, a barrier coating 

should exhibit chemical resistance, vibration resistance, and strong 

adhesion. The corrosion current density between the anode and 

cathode is decreased due to very high electrical resistance at the metal 

coating interface developed as the barrier coating is non-permeable 

[39]. At very high temperatures, thermal barrier coating protects the 

metal substrate from moisture and prevents the corrosion process. 

The inhibitive barrier coating is made up of pigments actively prevent 

chemical reactions by interfering with the electrolytes at the metal 

electrolyte interface. 

 Sacrificial coating means protecting metal or material by coating with 

more electrochemically active metal or alloy. For protecting steel 
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from corrosion, metallic zinc powder has been extensively used for 

several decades. In that case, the direction of the galvanic current 

through the electrolyte is from coating to the base metal, and hence 

the base metal is cathodically protected. Sacrificial coatings are 

effective only when the coating is in direct contact with the metal 

substrate, and hence they are only applied as primers[40]. 

 Inhibitive coatings are mainly applied in the primer portion of the 

coating and contain pigments that resist the chemical reactions by 

interfering with the electrolyte and protect the metal from corrosion. 

Passivation of the metal substrate and formation of a protective layer 

with insoluble metallic complexes impedes the diffusion of 

aggressive ions and is believed to be the mechanism of the coating.  

The commonly used inhibitive inorganic pigments are chromate, 

phosphate, molybdate, nitrate, etc.  These pigments are partially 

dissolved by the permeated moisture through the coating and react 

with the metal substrate and form a reaction product that passivates 

the metal surface. An effective coating should have barrier property 

against corrosive ions and at the same time release an adequate 

amount of inhibitor on demand. However, the use of hazardous 

compounds like chromate-based chemical conversion coatings 

(CCCs), hazardous air pollutants, and volatile organic compounds 

(VOCs) has been restricted due to environmental and health issues.  

1.6. Corrosion monitoring techniques 

The corrosion of a metal or material is quantitatively expressed in terms 

of corrosion rate (CR). It can be expressed in different ways such as mils 
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per year (mpy), mg/dm2/day (mdd), and g/inch2/hour, etc. Corrosion rate 

can be determined by the non- electrochemical (weight loss) and 

electrochemical methods[41]. 

1.6.1. Weight loss studies in corrosion analysis 

It is the simplest and most reliable method of all corrosion monitoring 

techniques. The weight loss of a metal due to corrosion is measured by 

exposing the specimen with a known area to the corrosive media for a 

particular period of time and from the difference in weight before and 

after the exposure, CR and percentage inhibition efficiencies (IE) are 

calculated using the following equations 

𝐶𝑅 𝑖𝑛 𝑚𝑔𝑐𝑚−2ℎ−1 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑖𝑛 𝑚𝑔

𝐴𝑟𝑒𝑎 𝑖𝑛 𝑐𝑚2 × 𝑡𝑖𝑚𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠
                    (1.9) 

𝐶𝑅 𝑖𝑛 𝑚𝑝𝑦 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑖𝑛 𝑚𝑔 × 534

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛 𝑔/𝑐𝑚3 × 𝐴𝑟𝑒𝑎 𝑖𝑛 𝑐𝑚2 × 𝑡𝑖𝑚𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠
                 (1.10) 

Industries make their material selection for construction purposes based 

on their CR values in mpy. If CR is <5mpy indicates satisfactory service, 

5 – 50 mpy have moderate corrosion inhibition and > 50 mpy are 

considered as not suitable for service[42]. 

                         IE =
𝑊𝑜 − 𝑊

𝑊𝑜
 × 100                                                    (1.11) 

where Wo and W are the weight loss of metal in the absence and 

presence of inhibitor respectively. Even though it is a cheap and simple 

method in corrosion analysis, it requires long term exposure to corrosive 

medium to get reliable result. 



Introduction and Review  

 
18 

1.6.2. Electrochemical methods for corrosion analysis 

Electrochemical methods are the most widely used methods for 

corrosion monitoring owing to their correct theoretical understanding 

and rapidity. The kinetics and mechanism of the corrosion processes can 

be deduced using this technique.    

1.6.2.1. Polarization studies 

During the electrochemical corrosion process, the anode and cathode 

shifted from their equilibrium potential at the surface of the metal. This 

deviation from the equilibrium potential is called polarization. The 

deviation from the equilibrium causes an electrical potential difference 

between the unpolarized (equilibrium) and polarized electrode potential 

is referred to as over voltage ƞ[14].  

ƞ = E − 𝐸0                                                    (1.12) 

where E and E0 are electrode potential with and without current flow. E0 

is also called corrosion potential or open circuit potential or rest 

potential. 

The polarization can occur by a slow electrode reaction (activation 

polarization), concentration gradient adjacent to the electrode surface 

(concentration polarization), or by an ohmic potential drop in solution 

or metal-reaction product film on the metal surface (resistance 

polarization or ohmic polarization)[15]. The common procedure in all 

electrochemical techniques involves polarization of the working 

electrode by altering the potential of the electrode and measuring the 

resultant current response which has a time or potential domain.  
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1.6.2.2. Potentiodynamic polarization (PDP) studies 

In this method potential of an electrode is varied at a particular range by 

applying a current through the electrolyte. It involves first sweeping the 

potential in a positive direction until a predominant value of current or 

potential is attained and the scan is reversed to negative value until the 

original potential value is attained.  The potential attained when a metal 

is in contact with a corrosive medium and is not associated with any 

instrumentation is called corrosion potential (Ecorr). At Ecorr, both anodic 

and cathodic current densities are equal in magnitude, and hence no net 

current to be measured. If the metal is polarized more positive than Ecorr, 

the anodic current becomes predominant and if it is polarised in the 

negative direction the cathodic current becomes predominant. 

1.6.2.3. Tafel Extrapolation 

It is an effective electrochemical method to measure the instantaneous 

corrosion rate and was developed by Wagner and Traud to confirm 

mixed potential theory [43]. Figure 1.7 represents a schematic 

representation of the polarization curve by the Tafel extrapolation 

method. Corrosion rate can be determined by the extrapolation of the 

Tafel region to the corrosion potential. Using the Stern-Geary equation, 

the icorr can be determined from the slope (ΔE/Δi) of potential Vs log 

icorr or icorr curve [44] 

𝑖𝑐𝑜𝑟𝑟  =
𝛽𝑎𝛽𝑐

2.303(𝛽𝑎 + 𝛽𝑐)

𝛥𝐸

𝛥𝑖
                                                (1.13) 

where βa and βc are anodic and cathodic Tafel constants. The corrosion 

rate in mpy is related to icorr by the equation 
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𝐶𝑅 =  
0.13𝑖𝑐𝑜𝑟𝑟(𝐸𝑊)

𝑑
                                                          (1.14) 

where icorr is the corrosion current density in µA/cm2, (EW) is the 

equivalent weight of the electroactive element, and ‘d’ the density of 

corroding species. 

The anodic and cathodic Tafel plots are defined by the Tafel equation, 

             ƞ = 𝛽(𝑙𝑜𝑔𝑖 − 𝑙𝑜𝑔𝑖𝑐𝑜𝑟𝑟)                                                         (1.15) 

where ƞ is overvoltage, i is the current density at over volage in µA/cm2, 

and β Tafel constant. A plot of ƞ Vs logi is a straight line with slope β. 

When ƞ=0, Ecorr, log(i/icorr) =0 or i = icorr. Tafel constant β is designated 

as anodic and cathodic Tafel slopes (βa and βc). 

 
Figure 1.7. Schematic representation of polarization curve showing 

Tafel extrapolation 
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1.6.2.4. Electrochemical Impedance Spectroscopy (EIS) 

EIS is a non-destructive and powerful technique for monitoring metal 

corrosion [45]. For the system with high electrolyte resistance, the 

impedance technique has been proven to be an effective method for 

corrosion analysis than PDP and it provides kinetic and mechanistic 

information of the electrochemical system. Like resistance in Ohm’s 

law, impedance is a measure of the ability of a circuit to resist the flow 

of electrical current, but impedance is frequency-dependent, the AC 

current and voltage signals through a resistor are out of phase with each 

other, and doesn’t follow Ohm’s law at all current and voltage level. The 

electrochemical impedance method consists of measuring the response 

of a working electrode to a sinusoidal potential modulation at different 

frequencies and the mathematical approach of electrochemical 

impedance data is based on Ohm’s law. The impedance measurements 

are achieved under sinusoidal potential modulation with a small  

amplitude (5-10 mV) to overcome the non-linearity of current and 

voltage [46]. The sinusoidal perturbation of potential (E(ωt)) generates 

a sinusoidal current (I(ωt)) of the same frequency (ω) superimposed onto 

the steady-state current and cause a phase shift (Φ) between applied 

potential and current response. The applied sinusoidal potential 

perturbation E(ωt) as a function of time and frequency can be expressed 

as  

  𝐸(𝜔𝑡) = 𝐸0 sin(𝜔𝑡)                             (1.16) 

where E0 is the amplitude of the signal and ω is the radial frequency in 

rad/s. ω is related to angular frequency by ω=2ᴨf, where f is the signal 
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frequency (Hz). The linear or pseudo linear current response I(ωt) for 

the potential perturbation E(ωt) with a phase shift (Φ) is given by 

                        𝐼(𝜔𝑡) = 𝐼0 sin(𝜔𝑡 + 𝛷)                                 (1.17) 

The mathematical expression of impedance can be expressed based on 

Ohm’s law by[47] 

𝑍(𝜔) =
𝐸(𝜔𝑡)

𝐼(𝜔𝑡)
 =

𝐸0 sin(𝜔𝑡)         

𝐼0 sin(𝜔𝑡 + 𝛷)
 = 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝛷)
 

= 𝑍′(𝜔) + 𝑍′′(𝜔)                                                       (1.18)  

where 𝑍′(𝜔)  and 𝑍′′(𝜔)  are the real and imaginary parts of the 

impedance vector. Using the theory of complex functions the modulus 

of impedance and phase shift (Φ) can be represented as 

                                  |𝑍(𝜔)| = √𝑍′(𝜔)2 + 𝑍′′(𝜔)2           (1.19)  

                                𝛷 = tan−1 ⌊
𝑍′(𝜔)

𝑍′′(𝜔)
⌋                             (1.20) 

The impedance data can plot in different formats 

A) The Nyquist plots 

Also known as Cole-Cole plot or a complex impedance plain diagram. 

In this plot, the imaginary part of the impedance vector is plotted against 

the real impedance component (𝑍′′ Vs 𝑍′) at each excitation frequency. 

The advantages of the Nyquist plot are the ohmic resistance can be easily 

determined by extrapolating down to the x-axis at high frequency region 

and it emphasizes the circuit parameters that are in series. The 
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disadvantages of Nyquist plots are frequency does not appear evidently 

and even if the ohmic resistance and charge transfer resistance can be 

easily get from the plot, the capacitance of the working electrode can be 

calculated only after knowing the frequency information. A typical 

Nyquist plot is depicted in Figure 1.8A. 

 

Figure 1.8 A) EIS and B) Bode plot 

B) Bode plot 

Bode plot is another format for evaluating the impedance data and plot 

log |Z| and Φ against log ω (Figure 1.8B). In the Bode plot since 

frequency comes as one of the axes, it is easy to determine the 

dependence of impedance on frequency. So, it is an alternative to the 

Nyquist plot. Also, the longer measurement time to determine the charge 

transfer resistance at low frequency region can be avoided by 

extrapolating the data from higher frequencies. Since impedance is 

resistive in nature at highest and lowest frequencies, the Bode plot will 

be flat with phase angle 0o and at intermediate frequencies, the phase 

angle is approximately 90o [48]. 
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The physicochemical process taking place at the metal electrolyte 

interface can be revealed with the help of electrochemical equivalent 

circuits. The data from the Nyquist plots built upon equivalent circuits 

with electrochemical parameters connected in a particular sequence. 

They comprise a similar process such as the formation of ohmic 

resistance, charge transfer resistance of electrochemical reaction, the 

formation of electrical double layer, adsorbed layers formed on the 

metal surface by a protective coating, organic or polymeric films, etc. In 

equivalent circuits, the reactions occurring simultaneously are 

modelling by components or circuits connected in parallel, while 

consequently occurring reactions are modelling by components or 

circuits connected in series. A simple system for charge transfer 

controlled with one time constant could be represented by Randel’s 

circuit shown in Figure 1.9. The elements in Randel’s circuit comprised 

of solution resistance between the working electrode and the reference 

electrode (Rs), charge transfer resistance at metal/electrolyte interface 

(Rct), and double-layer capacitance arising from the charge 

accumulation at the metal/electrolyte interface (Cdl).   

 

 

 

 

 

Figure 1.9. Randel’s circuit 
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1.7. A brief survey of carbohydrate polymer as corrosion resistant 

material 

The increased awareness of the toxicity and harmful effects of raw 

materials to the human and environment has demanded the development 

of cost-effective and benign raw material for corrosion formulations 

(inhibitor and coating). Several naturally occurring, chemically stable, 

cost-effective, and eco-friendly macromolecules like carbohydrate 

polymers and their derivatives are being used for several applications 

like catalysis, drug delivery, adsorption, anti-microbial activity, 

corrosion inhibitors, corrosion resistant coating, etc.   In corrosion 

formulations, carbohydrate polymers protect the metal from the 

corrosion process owing to their large molecular weight, availability of 

lone pair and bond pair electrons to metal chelation, adhesion among the 

metal substrate, and coating. Chitosan, a natural linear polysaccharide 

derived from chitin by the alkaline deacetylation can be used as an eco-

friendly candidate for corrosion formulations because of its non-toxic 

nature, film-forming capability, and chelation with metal ion [49]. Guar 

Gum, a galactomannan polysaccharide can be employed in corrosion 

formulations owing to its biodegradability, non-toxic nature, low cost, 

and presence of a considerable number of hydroxyl groups [50]. Pectin, 

a heteropolysaccharide originates from plants has attracted a suitable 

candidate in corrosion formulations because of its biodegradability, non-

toxicity, and suitable molecular structure with carboxylic and 

carboxymethyl functional group [51].  Because of these properties in 

recent years, carbohydrate polymers like chitosan, guar gum, and pectin 

have gained considerable attention as corrosion protectives for metals 
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and alloys in different aggressive media. A review of the same is 

presented below in the context of the present study. 

1.7.1. Chitosan based corrosion monitoring studies  

In the 21st century, researchers working in corrosion monitoring are 

aimed to develop eco-friendly corrosion inhibitors and corrosion 

resistant coatings for metals and alloys in various corrosive media. 

Chitosan and its derivates have got significant attention in corrosion 

research because of its versatile properties. Owing to its 

biodegradability, biocompatibility, availability, and high solubility in 

polar media, chitosan and its derivatives can be considered as one of the 

green and environmentally viable and liable alternative materials as 

corrosion inhibitors [51]. Previously, several authors reported the 

corrosion prevention capability of chitosan as inhibitors and corrosion 

resistant coatings. 

A. Chitosan as an inhibitor 

Chemical adsorption of chitosan on mild steel  surface in 0.5M HCl was 

considered as the cause of corrosion inhibition and confirmed using 

weight loss, electroanalytical, and surface studies [51]. Using EIS, PDP, 

EFM (electrochemical frequency modulation), surface studies, and 

quantum chemical calculations, El Haddad reported copper corrosion 

inhibition in 0.5M HCl [52]. According to Ubong et.al chitosan from 

shrimp shells acted as a mixed type inhibitor for mild steel (MS) in 0.5M 

H2SO4 and tested using electrochemical and surface analytical 

techniques [53]. Corrosion of mild steel in 3.65% NaCl medium was 
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inhibited using water soluble chitosan [54]. Copper corrosion inhibition 

in 3.5% NaCl using chitosan was also reported by Oukhrib et. al. DFT 

and MD simulation were employed to justify the experimental 

observations [55]. Recently Harmami et. al studied chitosan from 

shrimp and mussel shells used as corrosion inhibitor for tin plate in 2.0% 

NaCl by weight loss and PDP studies [56].  

The functionalisation of both amino and hydroxyl groups on the 

chitosan skeleton with polar functional groups could improve the 

adsorption of chitosan on the metal surface. Various chitosan derivatives 

were synthesised and used as corrosion resistant coatings and inhibitors. 

Salicylaldehyde chitosan Schiff’s base was synthesised and its corrosion 

inhibition for MS [57], Q2345 steel [58] in 1.0 M HCl, and J55 steel in 

CO2 saturated 3.5% NaCl at 65oC for oil-gas industries[59] were 

reported. Water soluble carboxymethyl chitosan could inhibit the carbon 

steel (CS) corrosion in 3.5% NaCl [60]. The carbon steel corrosion in 

2.0M HCl was inhibited by interacting the pendant group in the water 

soluble sulfonated chitosan with the carbon surface [61]. Rbaa et. al 

reported 5-chloromethyl-8-hydroxyquinoline derivative of C and D-

glucose grafted chitosan as corrosion inhibitor for MS in acidic medium. 

DFT calculation and molecular dynamic simulation studies were carried 

out to corroborate the experimental result [62, 63]. Thiocarbohydrazide-

cross linked chitosan offered corrosion protection for stainless steel (SS) 

in 3.5% NaCl and was monitored using EIS, PDP, and cyclic 

voltammetry by Khadija et. al [64]. Corrosion inhibition of 

polyaniline/chitosan composite for MS in acidic medium was tested by 

electrochemical, morphological, and quantum chemical calculations 
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[65]. In a CO2 saturated chloride solution, N-propyl chitosan 

oligosaccharide quaternary ammonium salt and N-benzyl chitosan 

oligosaccharide quaternary ammonium salt could inhibit the corrosion 

of P110 steel [66]. Water-soluble poly (N-vinyl imidazole) grafted 

carboxymethyl chitosan composite has been synthesized by Ubong et.al 

and deployed as corrosion inhibitor for APIX70 steel in 1M HCl [67]. 

Ubong et. al grafted chitosan with glucosyloxyethyl acrylate via 

Michael addition reaction and applied as corrosion inhibitor for pipeline 

steel in 1 M HCl [68]. 

B. Chitosan based coatings 

Chitosan is a promising candidate for corrosion resistant coating owing 

to its properties like film-forming nature, good adhesion to the metallic 

substrate, and easiness of chemical functionalization. The information 

on the chitosan-based corrosion resistant coating for different metals are 

given in Table. 1.2 

Table 1.2. Chitosan-based corrosion resistant coating. (SBF, DMEM, 

SKP stand for simulated body fluid, Dulbecco’s modified Eagle’s 

medium, Scanning Kelvin probe). 

Coating Metal 
Corrosive 

 medium 

Corrosion 

monitoring 

techniques 

Refer

ence 

Chitosan 304SS SBF EIS, PDP, 

OCP 

[69] 

Chitosan AISI 316 

L 

SBF EIS, PDP [70] 

Chitosan/polyvinyl alcohol MS 0.1M HCl EIS, PDP [71] 

Chitosan/polyvinyl butyral CS 0.3M salt EIS, PDP [72] 

Chitosan/polypyrrole/carbon 

nanotube 

St-12 3.5% NaCl EIS, PDP, 

OCP 

[73] 
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Chitosan/polypyrrole/SiO2 MS 3.5% NaCl EIS, PDP, 

OCP 

[74] 

Chitosan/poly(aniline-

anisidine)/SiO2 

MS 3.5% NaCl EIS, PDP, 

Salt spray 

test 

[75] 

Chitosan/hexagonal boron 

nitride/TiO2 

316L DMEM PDP [76] 

Chitosan/epoxy silane Zn 1.0 M KCl EIS, PDP, 

LPR, SKP 

[77] 

Chitosan/bioactive glass 316L Artificial saliva PDP [78] 

Chitosan/Au/Ni 316L 2MH2SO4+2M 

H3PO4 

EIS, PDP, 

OCP 

[79] 

Oleic acid modified 

Chitosan/Graphene oxide 

CS 3.5% NaCl EIS, PDP [80] 

Chitosan/ZnO MS 0.1M HCl EIS, PDP, 

LPR 

[81] 

Chitosan/ZnO CS 3.5% NaCl PDP [82] 

Chitosan/TiO2 MS 0.1M HCl EIS, PDP [83] 

Chitosan/(SiO2-CaO-MgO) Ti-6Al-

4V alloy 

SBF EIS, PDP [84] 

Chitosan/ Nd2Ti2O7 CS 3.5% NaCl EIS, PDP, 

OCP, LPR 

[85] 

Chitosan/indigo carmine Zn Na2SO4/[Fe(CN

)4]2-+[Fe(CN)6]3- 

EIS, PDP [86] 

Chitosan-poly(ethylene-alt-

maleic anhydride)/ 2-

mercaptobenzothiazole and 

chitosan-poly(maleic 

anhydride-alt-1-

octadecene)/2-

mercaptobenzothiazole 

AA2024 50 mM NaCl EIS [87] 

Chitosan cross linked with 

genipin 

Mgalloy 

AZ31 

SBF EIS, PDP [88] 

Carboxymethyl chitosan-

graphene oxide/water born 

epoxy 

Steel 3.5% NaCl EIS [89] 

 

1.7.2. Natural gum as a corrosion inhibitor 

Gums gained from plants are solids comprising of polysaccharides 

which are either water soluble or forming a gel by absorbing water. The 
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natural gum obtained from different plants has been reported as good 

corrosion inhibitors for different metals.  According to Eddy et. al, non-

toxic, eco-friendly, flexible functional group with oxygen and nitrogen 

atom and large molecular weight of natural gum causes metal-gum 

complex formation and blanket the metal surface from the diffusion of 

aggressive ions [90].  Gum Arabic is used as a green corrosion inhibitor 

for aluminium and MS in acidic and alkaline medium [91-93]. Exudate 

gums are generally viscous and sticky when wet and harden when they 

dry. So they are used as binders and adhesive in oil gas industry [94]. 

Exudate gum extracted from  Fenugreek Gum, a galactomannan 

polysaccharide from the endosperm of the seeds of fenugreek, used as 

corrosion inhibitor for MS in acidic medium and the interaction with the 

steel surface in 1.0 M HCl were confirmed using chemical, 

electrochemical and surface studies combined with DFT, MD, RDF 

(radial distribution function) and MSD (mean square displacement) 

studies [95]. Exudate gum extracted from acacia tree, Daniella olliverri, 

Ferula assafoetida, Dorema ammoniacum, Ficus benjamina and Ficus 

glumosa were reported as corrosion inhibitors for different metal atoms 

[90, 96-98].  Guar gum (GG) or guaran, from guar been seed endosperm, 

is another class of natural gum as corrosion resistant material. The 

corrosion inhibition property of GG for CS in 1M H2SO4 using weight 

loss and PDP technique was first identified by Abdella et. al and the 

adsorption of GG on the steel surface followed Langmuir adsorption 

isotherm[99]. Messali et. al also reported CS corrosion inhibition in 

phosphoric acid medium using electrochemical, surface studies, and 

basic theoretical calculations [100].  Aluminium corrosion in 1.0 M HCl 
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was also inhibited by GG. The inhibition efficiency was calculated using 

gravimetric and electrochemical methods and adsorption follows 

Temkin adsorption pattern [101]. The effect of percentage grafting on 

the corrosion inhibition efficiency of polyacrylamide grafted GG 

towards mild steel corrosion in 1M HCl was studied by Roy et. al. The 

maximum inhibition efficiency obtained at 86% grafting and thereafter 

it gets decreased [102]. 

1.7.3. Pectin as a corrosion inhibitor 

Many fruits like citrus fruits, apple, grapes, banana, apricot, cherries, 

and jackfruit are very good sources of pectin. Commercially it is used as 

a gelling agent and stabilizer in food industry. The properties of pectin 

like non-toxicity, low production cost, biodegradability, and 

polyfunctionality made it as a promising corrosion inhibitor for various 

metals. Umoren et. al reported corrosion inhibition for X60 steel in 0.5M 

HCl using commercial pectin from apple and tested using 

electrochemical, morphological, and quantum chemical calculations 

[103]. The addition of CeO2 nanoparticle could increase the inhibition 

efficiency of apple pectin by synergistic effect at a higher concentration 

of CeO2 and longer immersion time in the acidic medium [104]. Pectin 

extracted from citrus peel could inhibit mild steel and aluminium 

corrosion in an acidic environment by chemically adsorbing on the metal 

surface [105, 106]. Pectin extracted from tomato waste was used as an 

efficient inhibitor for tin corrosion in sodium chloride/acetic acid 

medium and in a mixture of 2% NaCl, 1% acetic acid, and 0.5% citric 

acid corrosive media[107, 108]. The corrosion inhibition of pectin 
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extracted from Opuntia Ficus Indica cladode on MS in HCl using weight 

loss and the electrochemical method was studied by Saidi et. al [109].  

Pectin grafted poly-acrylic acid and pectin grafted poly-acrylamide was 

synthesised and their corrosion inhibition for MS in 3.5% NaCl were 

studied using electrochemical techniques [110]. Xuemei et. al extracted 

pectin with different molecular weight from sunflower head by enzyme 

assisted extraction and offered corrosion inhibition for MS in 1.0M HCl 

at its optimum concentration 2.0 g/L. In addition to electrochemical 

studies, theoretical studies using DFT and MD simulation also revealed 

the mechanism of corrosion inhibition [111]. 

1.8. Present investigation 

Corrosion is a destructive phenomenon predominant in industries, costs 

heavily on governments and individuals. Every year almost all country 

in the world faces a large amount of economic loss due to corrosion. 

Owing to global interest in human and environmental safety, the use of 

toxic chemicals as corrosion formulation is gradually substituted by 

greener substances. Generally, green or eco-friendly corrosion 

formulations are those chemicals without direct or indirect negative 

impacts on health and the environment. The recommended corrosion 

resistant coating is expected to be green with a very low volatile organic 

compound (VOC). While choosing an inhibitor for corrosion inhibition, 

in addition to its availability and inhibition efficiency environmental 

liability is a major consideration. However, most of the compounds used 

as corrosion formulation are toxic and hazardous to human and 

environment and needs to be replaced with eco-friendly and non-toxic 



Introduction and Review  

 
33 

chemicals. From the literature, it is known that carbohydrate polymers 

and their derivatives have been extensively used as corrosion 

formulations owing to its properties like non-toxic nature, 

biodegradability, cost-effectiveness, large molecular weight, 

availability of lone pair electrons to metal complex formation, etc. 

Hence the present study focused on the development of eco-friendly 

substitute for corrosion control using carbohydrate polymers like 

chitosan, guar gum, and pectin. 

Mild steel is extensively used as construction and engineering material 

in a variety of chemical and petrochemical industries owing to its 

excellent mechanical properties, cost-effectiveness, and easy 

fabrication. During applications, it is very much exposed to aggressive 

acid solutions and corrodes heavily. Therefore, more attention was made 

to corrosion prevention of mild steel in the present study.  
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This chapter describes the details of 
materials used in this study and 
the structure of the carbohydrate 
polymer used for corrosion studies. 
The synthetic routes for the 
development of various corrosion 
resistant coating and inhibitors 
used in this study are also given in 
this session. Various 
characterization methods and 
corrosion monitoring techniques 
used in the whole work are also 
mentioned in this chapter. The 
details of the theoretical 
calculations including NBO 
analysis and Monte Carlo 
simulation performed in this study 
are also discussed in this section. 
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2.1. Carbohydrate polymers and other chemical used for this study 

Chitosan oligosaccharide with a molecular weight of 5kDa and guar 

gum were commercially obtained and used as received. Pectin is isolated 

from jackfruit peel waste by acid extraction. The other chemicals and 

reagents, used throughout the study were all A.R. grade. The name, 

chemical formula, and suppliers of the chemicals are listed in Table 2.1 

Table 2.1. List of chemicals and carbohydrate polymers used in the 

study. 

S. 

No 

Name Chemical 

 formula 

Make 

1 Hydrochloric acid HCl Merck 

2 Sodium chloride NaCl Himedia 

3 Acetone C3H6O Merck 

4 Ethanol C2H5OH Merck 

5 Oxalic acid C2H2 O4 Merck 

6 Chitosan oligosaccharide - Sigma 

Aldrich 

7 Guar Gum - Himedia 

8 Jackfruit peel waste - - 

9 Stearic acid C18H36O2 Sigma 

Aldrich 

10 1-ethyl-3-(3-

dimethylaminopropyl) 

carbodiimide-HCl (EDC-HCl) 

C8H17N3.HCl Spectroc

hem 

11 Tetra ethyl orthosilicate SiC8H 20O 4 Sigma 

Aldrich 

12 Hexa methyl disilazane C6H 19NSi 2 Avra 

15 Triton X 100  C14H22O(C2H4O)n 

(n = 9-10) 

Alfa 

Aesar 

16 Tween-80 C 64 H 124 O 26 Merck 
 

The chemical structure of the carbohydrate polymers used in the 

investigations are shown in Figure 2.1 
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Figure 2.1. Molecular structure of carbohydrate polymers used in this 

study 

2.2. Metal 

The corrosion inhibition behaviour of the studied carbohydrates was 

performed using mild steel (MS) with the chemical composition, as 

analysed using EDX spectral method, (in atom %): C ≈ 0.2%; Mn≈1%; 

P 0.03%; S ≈ 0.02%; Fe ≈ 98.75%. The metal coupons used for weight 

loss methods were cut into 2 × 1.8 cm2 in area. For electrochemical 

studies, MS coupons with an exposed area of 1cm2 were used in each 

measurement. 

2.2.1. Pre-treatment of metal coupons 

Before each test, various grades of emery papers were used for the 

surface cleaning and finishing of metal coupons. After surface finishing, 



Materials and methods  

 
45 

the MS coupons were cleaned with ethanol, acetone, and subsequently 

with distilled water and dried at room temperature before each 

measurement as proposed by ASTM standard G-1-72.  

2.3. Medium 

Corrosion studies were performed in the acidic and saline medium. The 

acidic corrosive medium, 0.5M HCl was prepared by diluting reagent 

grade 37% HCl with distilled water. The saline medium 3.5% NaCl was 

prepared from the analytical grade NaCl. All the studies were conducted 

in an aerated medium at atmospheric pressure and room temperature. 

The corrosion inhibition studies were carried out by dissolving various 

concentrations of inhibitor in aerated, unstirred, uninhibited and 

inhibited acid solution at different temperatures.  

2.4. Synthesis and functionalization 

Owing to the excellent mechanical strength and low cost, MS has been 

extensively used in industries, and constructions. However, as the 

passive oxide layer is highly porous in the case of MS the electrolyte 

penetrates through the metal surface and further corrosion occurs 

beneath the passive oxide layer. So, the MS can be protected by 

stabilizing the passive oxide layer. Corrosion prevention of MS using 

three carbohydrate polymers were investigated in the acidic and saline 

medium. Chitosan-based coating is a promising candidate for metal 

protection in different aggressive media. So, we have functionalised 

chitosan with stearic acid to improve its barrier property. The influence 

of different loadings of hydrophobic mesoporous silica nanoparticles on 
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the anticorrosion performance of chitosan polymer matrix and stearic 

acid grafted chitosan film were investigated. Two natural carbohydrate 

polymer, guar gum and pectin (isolated from jackfruit peel waste) used 

as inhibitors for MS corrosion. 

2.4.1. Functionalization of chitosan with stearic acid  

Stearic acid grafted chitosan (CS-g-SA) film was synthesized via a 

coupling reaction of the amino group of chitosan (CS) with the carboxyl 

group of stearic acid (SA) in the presence of a water-soluble 

carbodiimide coupling reagent EDC.HCl (1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide). Chitosan oligosaccharide (1.5g) 

was dissolved in 50 mL of distilled water and heated to 60°C.  

EDC.HCl-1.4 g and SA-0.4 g with a molar ratio of 5:1 was dissolved in 

a solution of 35 mL acetone and 15 mL ethanol. After stirring for 30 

minutes at 400 rpm (maintained at 60°C), the solution was added to the 

CS solution and stirred for 24 hours. For the formation of self-assembled 

monolayer and for removing isourea as a by-product, the sample was 

purified by using MWCO: 7kDa dialysis membrane against distilled 

water for 48 hours, and the reaction content lyophilized. The unreacted 

SA in the lyophilized product was further removed by washing with 

ethanol [1-3]. EDC catalyst reacts with the acid group of SA to form an 

active ester intermediate. Subsequently, this intermediate reacts with the 

amino group of CS forming an amide bond. The mechanism of the 

reaction is illustrated in scheme. 2.1. The CS and CS-g-SA films were 

made by drying 10 ml of the solution at 70oC and neutralized using 

NaOH [4]. Corrosion protection by CS-g-SA in the saline medium was 



Materials and methods  

 
47 

carried out by dispersing in epoxy resin by ultrasonication before 

coating. Epoxy resin (Bisphenol A) and polyamide hardener in the ratio 

2:1 was used to prepare epoxy coatings. 

 

 

Scheme 2.1. Mechanism of formation stearic acid grafted chitosan film 

and its Schematic representation  
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2.4.2. Synthesis of Chitosan/SiH film grafted with SA (CSiHS) 

SiO2 particle was synthesized using tetra ethyl orthosilicate, acetic acid, 

and water in the molar ratio 1:6.93:4.11 and aged for 6 hours, and the 

resulting sol was centrifuged and washed with alcohol and the 

precipitate was dried at 60oC and calcined at 600oC [5]. The hydrophilic 

Si rendered more hydrophobic using a commonly used silylating agent 

hexa methyl disilazane (HMDS). 1 gram of SiO2 was dispersed in water. 

Hexa methyl disilazane (HMDS) in ethanol at a 1:8 wt/wt ratio was 

added into the silica sol and the mixture was transferred into an 

autoclave and kept at 180oC for 24 hours. The obtained gel was washed 

with ethyl alcohol to remove excess HMDS. Finally, the product (SiH) 

was washed several times and dried at 110oC for 4 hours[6, 7]. To the 

chitosan solution, different weight percentages (1.0, 3.0, and 5.0 wt %) 

of SiH were added and stirred for 2 hours. SA and EDC. HCl (1:5 

mol/mol) in ethanol- acetone mixture was added into the CSiH solution 

and stirred for 24 hours. The resulting solution is dialyzed to remove the 

bye product and lyophilized for 12 hours[8]. Corrosion protection in the 

saline medium was carried out by dispersing in bisphenol A based epoxy 

resin. 

2.4.3. Corrosion inhibition by natural carbohydrate polymers 

2.4.3.1. Guar Gum as a corrosion inhibitor 

GG with a concentration of 200-800ppm and 5ppm of surfactants 

(Tween-80, Triton-X) were prepared using double distilled water.
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2.4.3.2. Extraction of Pectin from jackfruit peel waste 

Jack fruit peel waste with conical carpel apices was manually peeled off 

and washed thoroughly to remove any adhesive waste on the surface. 

Then the peels were finely chopped, washed, blanched at 80ºC for 15 

min, and dried in a hot air oven at 60°C until it reaches the stable weight. 

The dried peels were pulverized using a grinder and passed through a 

40-mesh sieve and powdered samples were kept in polyethylene bags 

and stored at room temperature. According to Sundarraj et al among the 

different mineral acid extraction, oxalic acid was the best acid for the 

extraction of pectin from jack fruit peel waste with high yield[9]. 

Briefly, 25g of the ground jackfruit peel powder was added into a beaker 

containing 250 mL of distilled water and acidified with 0.05N oxalic 

acid. Then the mixture was stirred in a water bath for 60 minutes at 90oC. 

The oxalic acid extract was filtered through a muslin cloth. The filtrate 

was cooled to room temperature. Then 95% of ethanol was added to the 

cold solution and allowed to precipitate pectin. The precipitate was 

collected and dried at 50oC for 24 hours. The pectin yield was calculated 

using the following equation[10] 

                         𝑦𝑖𝑒𝑙𝑑 (%) = 100 × ⌊𝑃
𝐵𝑖⁄ ⌋                              (2.1) 

where P is the weight of extracted pectin in gram and Bi is the initial 

amount of jackfruit peel powder (25g). 250-1000ppm of the extracted 

pectin was introduced to the corrosive medium. 
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2.5. Development of Chitosan-based coating on MS 

CS-based systems were deposited on the MS surface using SPEKTON 

dip coater at a constant speed of 60mm per minute. Cleaned and dried 

MS coupons were immersed into the solution for 20 seconds and 

withdrawn from it at a constant movement rate of 60mm/min. After 

triplicate dip coating the substrates were dried at room temperature for 

24 hours in the fume hood before corrosion study. 

2.6. Characterization techniques 

The corrosion formulations were characterized using various 

techniques. The elemental analysis was carried out using CHNSO 

analyser and Energy dispersive X-ray analysis (EDX) technique. The 

hydrophobicity was measured with a Digi drop goniometer. A JASCO 

FT/IR-4600 was used for IR spectroscopy. NMR spectra was taken with 

Bruker 400 Avance III 400 MHz NMR. Fluorescence measurements 

were done using a Cary Eclipse Fluorescence Spectrophotometer. 

Thermogravimetric analysis was performed with Perkin Elmer STA 

8000 Thermal Analyzer under the nitrogen atmosphere. The pore 

characteristics of silica particles were done using Belsorp Max surface 

area analyser. XPS was carried out using PHI 5000 Versa Probe II, 

ULVAC-PHI Inc. A CARL ZEISS Field Emission Scanning Electron 

Microscope associated with Energy dispersive X-ray analysis system 

was used for FESEM and EDX. AFM topography of inhibitors were 

carried out using NTEGRA PRIMA Atomic Force Microscope with 

silicone intrude cantilever. Carl Zeiss Stemi 508 was used to monitor 

stereomicroscopic images of coating. HRTEM micrograph of silica was 
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done with Jeol/JEM 2100. Electrochemical corrosion monitoring was 

done using Gill AC electrochemical work station (ACM instrument, 

model No: 1475). Quantum chemical studies were performed via 

DFT/B3LYP/6-311G (d, p) method using Gaussian 09 package. 

BIOVIA material studio programme was used for molecular simulation 

studies. 

2.6.1. Elemental analysis 

Carbon, hydrogen, and oxygen percentage in chitosan and stearic acid 

grafted chitosan were determined using a CHNSO analyser (Thermo 

Scientific FLASH 2000 HT Elemental Analyser). The basic principle of 

quantitative CHNSO analysis is the combustion of organic and 

inorganic solids and liquids into their oxide and separated into their 

various components and percentage of elements were analysed with a 

suitable detector [11] 

2.6.2. Contact angle Measurements 

Water contact angle measurements were used to assign the wettability 

of the solid surface based on the degree of wetting where solid and liquid 

interface encounters on a solid surface. Water contact angles were 

assessed with a Digi drop goniometer equipped with a special optical 

system and a CCD camera at room temperature. The goniometer 

measured the contact angle by taking water in a micro syringe and a drop 

of liquid (5 μl) was placed on the coated substrate placed on a quartz 

plate and after the stabilization of the contact between the water droplet 
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and coated substrate, the measurements were done and performed five 

times for each sample. 

2.6.3. Fourier Transform Infra-Red Spectroscopy (FTIR) 

The IR spectra of corrosion resistant formulations (inhibitor and 

coating) were carried out by the KBr pellet method on JASCO FT/IR-

4600 instrument in the absorption range of 4000-400cm-1. The variation 

in the various stretching frequency of studied inhibitor before and after 

corrosion study can be effectively used to predict metal-inhibitor 

complex formation as well as to confirm the chemical functionalisation 

of the chitosan-based coating. The FTIR spectra of inhibitor after 

corrosion was taken by immersing the metal sample in 0.5M HCl 

solution containing an optimum concentration of inhibitor. After 24 

hours of immersion, the metal coupons were removed, rinsed with 

water, and dried at room temperature. The adsorbed inhibitor on the 

metal surface was scraped out and pelletized with KBr and subjected to 

FTIR spectroscopy. 

2.6.4. Nuclear Magnetic Resonance Spectroscopy (1HNMR and 13C 

NMR) 

NMR spectra were taken to confirm the grafting of chitosan with stearic 

acid. The 1HNMR and 13C NMR spectra of chitosan (in D2O) and stearic 

acid grafted chitosan (in DMSO-D6) were taken using a Bruker 400 

Avance III 400 MHz NMR instrument. TMS (tetramethylsilane) was 

used as the internal reference. 
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2.6.5. Fluorescence measurements 

The fluorescence measurements were carried out to determine critical 

micelle concentration (CMC) of stearic acid grafted chitosan (CS-g-SA) 

using pyrene as a fluorescent probe. A solution of CS-g-SA with 

concentration 2×10-3 to 1.0 mg/ml and 6×10-7M of pyrene was prepared 

and the fluorescence spectrum was taken by using a Cary Eclipse 

Fluorescence Spectrophotometer. The excitation wavelength (λex) was 

334nm and the slit opening was set at 5nm (excitation) and 5 nm 

(emission). Then the fluorescence intensity ratio of the first (372nm) and 

the third (392nm) highest energy bands were determined from the 

pyrene emission spectra [12-14]. 

2.6.6. Thermogravimetric Analysis 

TGA has been used to estimate the thermal behaviour of materials and 

to demonstrate the mechanism by which a material loses its weight as a 

result of controlled heating. The quantitative variation of weight loss is 

examined with respect to time or temperature in a thermal or scanning 

mode. Thermal analysis (TGA and DTG) of the compound were 

conducted with Perkin Elmer STA 8000 Thermal Analyzer under the 

nitrogen atmosphere from 30-600oC at a heating rate of 10oC/min.  

2.6.7. X-ray photoelectron spectroscopy (XPS) 

XPS can provide insight in to the electronic state of the elements within 

a material, elemental composition, and chemical bonds in a molecule. 

The MS sample was immersed in 0.5M HCl solution containing an 

optimum concentration of inhibitor for 24 hours, rinsed with water, and 
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dried at room temperature. The surface chemistry of the studied 

inhibitors on MS surface was analysed using X-ray photoelectron 

spectroscopy (XPS, PHI 5000 Versa Probe II, ULVAC-PHI Inc., USA) 

equipped with micro focused (200 μm, 15 KV) monochromatic Al-Kα 

X-Ray source (hν = 1486.6 eV). Both survey spectra and narrow scan 

(high-resolution spectra) were recorded. Survey scans were recorded 

with an X-ray source power of 50W and pass energy of 187.85 eV. 

High-resolution spectra of the major elements were recorded at 46.95 

eV pass energy. 

2.6.8. Nitrogen Adsorption/Desorption 

The pore characteristics of the SiO2 and surface modified SiO2 particles 

were monitored by determining the nitrogen sorption behaviour using a 

surface area and pore size analyser (Belsorp Max surface area analyzer). 

The Si particles were first degassed for 6 hours at 100oC. The BET and 

Barrett–Joyner–Halenda procedures were used to characterize the pore 

of Si particles from the adsorption branches of the isotherms. 

2.6.9. FESEM and EDX 

Field emission Scanning Electron Microscopy (FESEM) is an analytical 

technique used to examine the surface of objects by scanning with a 

high-energy beam of electrons in a raster scan pattern. When an electron 

beam is irradiated on the sample surface, the electrons interact with 

atoms of the sample and produces various signals that comprise the 

information about the surface topography and sample surface 

compositions. The variation in the surface morphology of coated and 
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inhibited MS samples after different immersion time in the corrosive 

media was carried out by A CARL ZEISS Field Emission Scanning 

Electron Microscope associated with Energy dispersive X-ray analysis 

(EDX) system. The surface morphology of coated and inhibited MS 

samples was obtained using SE2 detector at an electron accelerating 

voltage of 20 kV at different magnifications. EDX analysis was 

performed using Nano XFlash Detector, Bruker. 

2.6.10. Atomic force microscopy 

Atomic force microscopy (AFM) is a high-resolution scanning probe 

microscope used for micro and nanostructured surface studies. AFM of 

the uninhibited and inhibited MS samples was taken after 24 hours of 

immersion in 0.5M HCl and then cleaned with distilled water, dried at 

room temperature, and then used for AFM topography using NTEGRA 

PRIMA Atomic Force Microscope with silicone intrude cantilever in 

semi-contact mode to evaluate the surface roughness. AFM topography 

of Chitosan-based coating on MS sample was analysed using Bruker 

multimode nanoscope version 8 with high-speed Scan Asyst Mode and 

Tapping Mode.  

2.6.11. Transmission Electron Microscopy (TEM) 

HRTEM (High resolution transmission electron microscopy) 

micrograph was employed to characterize the size, porous structure, 

pore diameter, and morphology of mesoporous SiO2 and 

hydrophobically modified mesoporous SiO2 with HRTEM: Jeol/JEM 
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2100. The TEM micrographs of the samples were attained with an 

accelerating voltage of 200 kV. 

2.7. Corrosion monitoring strategies 

The corrosion protection performance of the studied carbohydrate 

polymer-based coatings and inhibitors was monitored via non-

electrochemical (weight loss) and electrochemical (electrochemical 

impedance spectroscopy, EIS and potentiodynamic polarization) 

methods 

2.7.1. Non-Electrochemical (Weight loss) method 

The MS coupons with an area of 2 × 1.8 cm2 were cleaned according to 

ASTM standard G-1-72 and dipped in the corrosive medium with and 

without inhibitor or coating for specific immersion time at room 

temperature. The coupons were released, rinsed with water, and acetone 

and dried in an air oven.  From the initial and after test weights of the 

metal specimen weight loss was determined. From the weight loss, the 

corrosion rate and percentage inhibition efficiency were calculated. The 

surface coverage (θ) was calculated to realize the adsorption of inhibitor 

on MS surface by replacing the pre-adsorbed water molecule using the 

following equation 

𝜃 =
𝐼𝐸

100
                                                                     (2.2) 

2.7.2. Electroanalytical techniques 

Electrochemical impedance spectroscopy (EIS) and potentiodynamic 

polarization (PDP) measurements were carried out using a three-
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electrode setup in one compartment cell and Gill AC electrochemical 

work station (ACM instrument, model No: 1475) (Figure 2.2).  

 

Figure 2.2. Electrochemical workstation with dip coater 

The working electrode was a MS specimen with 1cm2 exposed area, a 

saturated calomel electrode as the reference electrode with a Luggin 

capillary to minimize the IR drop at the working electrode, and a 

platinum counter electrode. The MS working electrode was vertically 

immersed in the corrosive medium in the absence and presence of 

inhibitor or coating for 1 hour and OCP (open circuit potential) was 

evaluated from the time vs potential curve. When potential became 

nearly constant (<5mV) to time, electrochemical measurements were 

carried out. Each electrochemical experiment was repeated at least thrice 

to check the reproducibility of results. 

2.7.2.1. Electrochemical impedance spectroscopy (EIS) 

Impedance analysis was performed with a minimum amplitude of 10 

mV at a frequency domain from 0.1 Hz to 10 kHz. The data from the 
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EIS plot were fitted with a suitable equivalent circuit via Z simp win 

software. Charge transfer resistance (Rct) obtained from the EIS plot was 

used to calculate the inhibition efficiency (IE) using the following 

equation 

        𝐼𝐸 =
𝑅𝑐𝑡

∗ − 𝑅𝑐𝑡

𝑅𝑐𝑡
∗                                             (2.3)    

where 𝑅𝑐𝑡
∗  and 𝑅𝑐𝑡 are charge transfer resistance of acid solution without 

and with inhibitor 

2.7.2.2. Potentiodynamic polarization studies (PDP) 

The PDP curves were recorded by polarizing the electrode cathodically 

by −250mV and +250 mV anodically concerning the OCP at a scan rate 

of 60 mV/minute. The PDP parameters, such as Icorr (corrosion current 

density), Ecorr (corrosion potential), Rp (polarization resistance), CR 

(corrosion rate), and βa and βc (anodic and cathodic Tafel constants) 

were determined from the Tafel extrapolation method of anodic and 

cathodic Tafel plots of PDP curve. Corrosion current density (Icorr) from 

the intercept of extrapolated anodic and cathodic Tafel lines at the 

corrosion potential (Ecorr) were used to estimate the IE by using the 

following expression. 

𝐼𝐸 =
𝐼𝑐𝑜𝑟𝑟

∗ − 𝐼𝑐𝑜𝑟𝑟

𝐼𝑐𝑜𝑟𝑟
∗

                                              (2.4) 

where 𝐼𝑐𝑜𝑟𝑟
∗  and 𝐼𝑐𝑜𝑟𝑟  are corrosion current density of MS samples 

without and with inhibitor. 
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2.7.3. Scotch tape Adhesion test 

According to ASTM D-3359 test method B-cross cut tape test, the 

adhesion strength of CS-based coating on MS was investigated using 

Scotch tape (fabricated by 3M). The coated surface was cut by a razor 

blade at a distance of 1 mm each other to make the grid lines. After 

making all cross cuts on the coated MS surface, the Scotch tape was 

firmly applied on the grid area of coated surface followed by peeling it 

off [15]. Three samples were examined for each test and the adhesion 

test results were evaluated. The adhesion strength of the coatings on the 

metal surface can be evaluated by counting the number of squares peeled 

off compare to the total number of squares. Carl Zeiss Stemi 508 was 

used to monitor stereomicroscopic images of the grid area of the coated 

samples. After the test, the coated samples were classified on a 0B to 5B 

scale, 5B corresponding to perfect adhesion of coating and 0B 

corresponding to flaking of the coating. 

2.8. Quantum chemical studies 

2.8.1. Density Functional Theory Method 

The theoretical calculations were achieved employing Gaussian 09 

package. The geometry optimization and single point energy 

calculations of the studied inhibitors in the gas and water phase were 

performed by DFT/B3LYP/6-311G (d, p) method. EHOMO (energy of 

highest occupied molecular orbital), ELUMO (energy of lowest 

unoccupied molecular orbital), ΔE (energy gap between the LUMO and 

HOMO), µ (dipole moment) and the global descriptive parameters ƞ 
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(hardness), χ (electronegativity), and S (softness) are calculated by 

Koopmann’s theorem by applying the following equations[16] 

𝐼𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝐼𝑃) = −𝐸𝐻𝑂𝑀𝑂                         (2.5) 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑎𝑓𝑓𝑖𝑛𝑖𝑡𝑦 (𝐸𝐴) = −𝐸𝐿𝑈𝑀𝑂                                        (2.6) 

       𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 (ƞ) =   
𝐼𝑃 − 𝐸𝐴

2
                               (2.7) 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑖𝑡𝑦 (𝜒) =  
𝐼𝑃 + 𝐸𝐴

2
           (2.8) 

By Pearson’s method, the tendency of an inhibitor for transferring 

electron density to the specimen can be evaluated by obtaining the 

number of the transferred electron using the equation given below[17]. 

                    𝛥𝑁 =
𝛷−𝜒𝑖𝑛ℎ

2(ƞ𝐹𝑒+ƞ𝑖𝑛ℎ)
                                                        (2.9) 

where Φ is the work function, 𝜒𝑖𝑛ℎ is the electronegativity of inhibitor, 

ƞ𝐹𝑒 , and ƞ𝑖𝑛ℎ are the absolute hardness of Fe metal and the inhibitor. 

Since the IP and EA of bulk metal atoms are the same, the theoretical 

value of ƞ𝐹𝑒  is frequently used as zero and the value of Φ is 4.82[18, 

19].  

2.8.1.1. NBO analysis 

The natural bonding orbital (NBO) analysis in the gas and water phase 

was accomplished using NBO 3.1 as enabled in the Gaussian 09 at the 

DFT/B3LYP/6-311G(d,p)  level to acquire intra and intermolecular 

interaction between guar gum and surfactants [20, 21]. To study the 
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better inhibition of guar gum-tween 80 synergistic pair over guar gum-

triton-X pair the inter and intramolecular interaction between GG and 

surfactants was carried out via NBO analysis using the second-order 

interaction energy(E2). The second-order Fock- matrix was 

implemented to assess the donor-acceptor interactions on the NBO 

basis. E2 describes the intensity of each electron donor between the 

Lewis donor (i) and non-Lewis acceptor NBO (j). E2 associated with 

i→j delocalization can be determined as[20, 22, 23] 

𝐸(2) = 𝑞𝑖

𝐹(𝑖,𝑗)
2

Ɛ𝑗 − Ɛ𝑖
                                        (2.10) 

where qi is the donor orbital occupancy, Ɛi and Ɛj are diagonal elements 

and F(i,j) is the off-diagonal NBO Fock matrix element. 

Inhibitor molecule adsorbs on the MS surface by donating an electron 

to the metal and back donation of electron to the inhibitor. To interpret 

both electrophilic and nucleophilic reactive centres on the inhibitor, we 

have used condensed Fukui function via finite difference approximation 

from natural population analysis and Mullikan population analysis using 

Dmol3 calculation via Material studio. The Fukui functions were 

determined as follows [24-27] 

                 𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁)                       (2.11) 

                              𝑓𝑘
− = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1)                        (2.12) 

where qk(N), qk(N-1), and qk(N+1) are the atomic charges of the system 

with N, N-1 and N+1 electron.  
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2.8.2. Monte Carlo simulation studies 

The adsorption model for inhibitors on the (1 1 0) plane of Fe was 

generated using the BIOVIA material studio programme. The crystal 

structure of Fe was constructed by using the builder module of the 

Material studio. The Fe crystals were cleaved along (110) plane. The Fe 

surface was then enlarged to 10 × 10 supercells (in guar gum) and 15 × 

15 supercells (in guar gum-surfactant synergistic pair) designed for 

providing maximum surface interaction of inhibitor and water with Fe 

surface. A vacuum slab with 10Ao thickness was built. The Fe (1 1 0) 

surface was relaxed by minimizing energy using the COMPASS 

(Condensed phase Optimized Molecular Potentials for Atomistic 

Simulation Studies) Force field[28]. A single molecule of an optimized 

inhibitor was introduced onto the Fe (110) surface in the gas phase and 

inhibitor along with 200 water molecules were introduced via the 

adsorption locator module.  
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This chapter illustrates the 
corrosion resistance property of 
chitosan film which is modified by 
grafting with stearic acid via a 
water-soluble coupling agent, 
EDC. HCl. The interaction 
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3.1. Introduction 

The development of corrosion-resistant coating is an effective way to 

protect mild steel from corrosion. The primary purpose of organic 

coating in corrosion protection is to isolate the material from the 

corrosive agents such as water, oxygen, and other aggressive ions. 

Chitosan (CS) based green coatings are promising candidates for the 

replacement of eco-harmful hexavalent chromate conversion coating 

because of its low cost, non-toxic nature, superior film forming 

capability, and complexation with the metal ions. To improve the 

adhesiveness of CS on the metal surface, it is necessary to functionalize 

the CS skeleton through the hydroxyl and amino groups. Here a novel 

corrosion resistant film made of stearic acid grafted chitosan (CS-g-SA) 

was used to protect the MS in acidic (0.5M HCl) and saline (3.5% NaCl) 

medium. The synthesis as well as various characterization methods of 

CS-g-SA film are given in chapter 2 (sec. 2.4.1 and 2.6). The 

development of CS-g-SA coating on the MS surface is described in sec. 

2.5. For corrosion studies in HCl medium, the different CS-based 

systems were applied to MS. To enhance the adhesion and durability of 

the coating on MS in saline environment, CS-g-SA dispersed in 

Bisphenol A based epoxy resin was used. Epoxy resin (Bisphenol A) 

and polyamide hardener in the ratio 2:1 was used to prepare epoxy 

coatings.  
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3.2. Result and Discussion 

3.2.1. Elemental analysis 

The elemental composition of CS gets increased upon grafting with SA. 

CHN percentage is presented in the Table 3.1 indicated successful 

grafting of SA into the CS film.  

Table 3.1. CHNS analyses on CS and CS-g-SA as weight % 

Sample name C H N 

CS 30.433 5.3373 1.1316 

CS-g-SA 45.895 7.6588 1.1501 

 

3.2.2. Hydrophobic nature of the CS-based coatings 

The hydrophobicity of the coatings was characterized by water contact 

angle measurements which are shown in Figure 3.1. The water contact 

angle of 89o got for CS film designates hydrophilic nature arising due to 

the free –OH and –NH2 functional groups  [1-3]. Hence it needs to 

impart hydrophobicity for protective applications. Upon grafting the CS 

matrix with SA water contact angle increased to 118o, which indicates 

that the hydrophilic CS film is modified to hydrophobic CS-g-SA film. 

The higher values of contact angles are attributed to the surface 

modification by the large alkyl chain of SA which imparts high 

hydrophobicity [4] 
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Figure 3.1. Water contact angle of CS and CS-g-SA 

3.2.3. FTIR-ATR analysis  

Figure 3.2 represents the ATR spectra of CS and CS-g-SA films. The 

spectra of CS shows an intense and broad band between 3500 and 3150 

cm−1, correlated with the axial stretching vibrations of the O-H and N-

H bonds, a band at 2924cm−1, corresponding to the symmetric or 

asymmetric C-H (of the pyranose ring) stretching vibration and bands 

located at 1646, 1548 and 1423 cm−1 are assigned to amide I, amide II, 

and amide Ш vibrations respectively. A band obtained at 1057cm-1 is 

corresponding to the C-O stretching vibration. The peaks at 1147, 1062, 

and 1023 cm-1 correspond to the stretching vibration of C-O-C linkage 

in the glucosamine rings[5, 6]. The binding between SA carboxylic 

group and the CS amino group accounts for the spectral changes 

observed in the CS-g-SA ATR spectrum. The increase of the C-H 

absorption at 2924 cm-1 showed the presence of SA. CS-g-SA film 

showed absorption at 1639 cm-1 that ascribed to the carbonyl region 
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which related to the amide bond formation via chemical binding of SA 

and CS. 

 

Figure 3.2. FTIR-ATR spectra of CS and CS-g-SA film 

3.2.4. NMR analysis 

The chemical structure of CS and CS-g-SA was confirmed by 1H NMR 

spectra (Figure 3.3). In the NMR spectra of CS, the peak at 1.32ppm 

was attributed to the methyl proton of the N-alkylated glucosamine 

residue. Multiplet between 3-4 ppm is attributed to the methine proton 

of glucosamine and N-acetylated glucosamine. In CS-g-SA NMR 

spectra, the peaks for CH3 and CH2 protons of SA appeared in the 

spectrum. The peak at 0.85 and 1.09ppm was attributed to the terminal 

methyl and methylene proton of the stearate group of CS-g-SA. The 

peak at 2.18 ppm is attributed to the methylene proton of SA linked with 

the carbonyl group. The peak at 6.04 ppm was attributed to the amide 

proton of CS-g-SA. This indicated that SA was successfully grafted to 

the CS film via amide bond formation[7-9]. The formation of CS-g-SA 
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was again confirmed by 13C NMR spectrum (Figure 3.4). The peak at 

174 ppm was attributed to the carbonyl carbon of the stearate group of 

CS-g-SA, while no such peaks were observed in 13C NMR spectrum of 

CS confirmed effective grafting. These results demonstrated that the SA 

was successfully grafted onto the CS film. 

Figure 3.3. NMR spectra of CS and CS-g-SA. 
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Figure 3.4. 13C NMR of CS and CS-g-SA 

3.2.5. Critical micelle concentration measurement 

Pyrene has been used as a fluorescent probe for heterogeneous systems 

like polymers, micelles, biological membranes, etc owing to the long-

life time of pyrene monomer and its ability to form excimer. The 

fluorescence emission spectrum of pyrene is characterized by five major 
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vibronic bands. Band III is highly sensitive to the polarity of the probe’s 

environment. It shows increased fluorescence emission intensity in 

comparison to that of band I in hydrophobic environments. In contrast, 

the intensity of band I will be higher than that of band III in polar 

environments and then the ratio of I1/I3 is calculated. Generally, the 

critical micelle concentration (CMC) value of polymeric micelles is low 

compared to low molecular weight surfactant micelle. The grafted CS-

g-SA was self-assembled to form micelles in aqueous solution. The 

CMC value of the grafted CS polymer was determined from the changes 

in the fluorescence intensity ratio of I1/I3. The plot of the fluorescence 

intensity ratio of I1/I3 versus the logarithm concentration of CS-g-SA 

was displayed in Figure 3.5. The interception of the two straight lines 

was regarded as the CMC value of the grafted polymer and that was 

determined 66 μg/mL, which showed the self-assembling ability of CS-

g-SA micelles [8].  

 

Figure 3.5. Variations in fluorescence intensity ratio of I1/I3 with                                                                      

logarithm concentration of CS-g-SA. 
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3.2.6. Thermogravimetric analysis (TGA) 

The thermal stability of CS and CS-g-SA films was studied by 

thermogravimetric analysis (Figure 3.6). The total degradation of CS 

and CS-g-SA was observed in two stage decomposition from 30-600oC. 

Both CS and CS-g-SA exhibited first thermal degradation below 80oC 

with a weight loss of 9% for CS and 5% for CS-g-SA. Since CS-g-SA 

is hydrophobic in nature, the bounded water molecules by amino and 

hydroxyl groups are less. So, a relatively low weight loss was observed 

in the TGA of grafted film. The second degradation from 160-360oC 

with 68% for CS and 72% for CS-g-SA refers to a complex process 

including depolymerisation and dehydration from saccharide ring. The 

relatively higher weight loss for the grafted polymer is attributed to the 

overlapping of the decomposition process of the stearate group with the 

decomposition of N-acetylated unit [1, 10, 11]. 

 

Figure 3.6. TGA and DTG of CS and CS-g-SA film 

3.2.7. Computational study 

The EDC catalyst activates the carboxylic groups of SA to react with a 

nucleophile. Chitosan is a polynucleophilic polymer, both amino and 
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hydroxyl groups of CS can act as nucleophilic groups[12]. However, 

since –NH2 groups are stronger nucleophiles than –OH groups, without 

blocking amino group ester bond formation is almost impossible. 

Theoretically, we have proved that the amide bond formation is 

preferred rather than an ester bond. Here the geometries of CS monomer 

molecule and SA are first optimized and the optimized geometry and 

total energy of the two possible structures (CS-NH-SA and CS-O-SA) 

were calculated using DFT [13-15]. The higher negative value of energy 

for CS-NH-SA denotes thermodynamically favourable complex. The 

optimized geometry of monomer, HOMO, and LUMO of CS-g-SA 

monomer and dimer are exhibited in Figure 3.7.  

Figure 3.7. A) Optimised geometry of CS-NH-SA (CS-g-SA) and CS-

O-SA B) & C) HOMO and LUMO of CS-g-SA monomer and dimer. 

 



Chapter 3  

 
76 

EHOMO, ELUMO, ΔE (energy gap between the LUMO and HOMO), µ 

(dipole moment) and the global descriptive parameters like ƞ (hardness), 

χ (electronegativity), and S (softness) calculated by Koopmann’s 

theorem [16] are tabulated in Table. 3.2. The lower ΔE value and higher 

dipole moment of CS-g-SA compared to CS indicates that the grafted 

film is adsorbed more firmly on the mild steel surface [17]. 

Table 3.2. Quantum chemical parameters of CS and CS-g-SA 

Properties CS  CS-g-SA 

 monomer) 

CS-g-SA 

(dimer) 

EHOMO (eV) -6.8733 -6.5868 -6.4611 

ELUMO (eV) -0.1858 0.0321 0.3273 

ΔE (eV) 6.6875 6.6189 6.7884 

Dipole moment, µ (Debye) 0.8820 5.2895 4.1762 

Ionization potential, IP (eV) 6.8733 6.5868 6.4611 

Electron affinity, EA (eV) 0.1858 -0.0321 -0.3273 

Electronegativity, χ (eV) 3.5296 3.2773 3.0669 

Hardness, ƞ (eV) 3.3437 3.3094 3.3942 

Softness, S (eV-1) 0.1495 0.1511 0.1473 

 

3.2.8. Corrosion protection studies of coatings 

The corrosion protection of developed CS-based coatings was evaluated 

by weight loss method and electrochemical (EIS and PDP) techniques.  

3.2.8.1.  Weight loss measurements 

The MS corrosion of CS-g-SA coated and bare samples in 0.5M HCl 

and 3.5% NaCl was subjected to non-electrochemical technique. During 

metal immersion in acid solution, anodic metal dissolution and cathodic 



Chapter 3  

 
77 

hydrogen evolution lead to weight loss. The corrosion rate (CR in mg 

cm-2 day-1) and corrosion protection efficiency (ɳ) was calculated as 

follows[18] 

𝐶𝑅 =
𝑊

𝐴 × 𝑡
                                             (3.1)  

ɳ =
𝑊𝑜 − 𝑊𝑐

𝑊𝑜
                                         (3.2) 

where W denotes the weight loss accompanied, Wo and Wc are the 

weight loss of the bare and coated MS sample. A is the area of dipped 

metal coupon and ‘t’ is the time in days. It was found that the weight 

loss and corrosion rate of the CS-g-SA coated steel samples are very low 

compared to bare MS with duration as shown in Figure 3.8 and Table 

3.3.  

Table 3.3. Weight loss data for bare and CS-g-SA coated MS in 0.5M 

HCl and 3.5% NaCl at room temperature. 

No. 

of 

days 

         

Electrolyte 
Weight loss (g) 

Corrosion rate 

(mg cm-2 day-1) Protection 

efficiency 

(ɳ) 
Bare      

MS 

CS-g-SA 

coated 

MS 

Bare 

MS 

CS-g-SA 

coated 

MS 

5 0.5M HCl 1.153 1.2×10-1 64.05 6.550 89.78 

10 0.5M HCl 1.173 1.4×10-1 32.58 3.975 87.80 

15 0.5M HCl 1.323 1.7×10-1 24.50 3.218 86.87 

20 0.5M HCl 1.339 2.2×10-1 18.59 3.106 83.29 

5 3.5%NaCl 2.6×10-2 1.2×10-3 1.466 6.6×10-2 96.45 

10 3.5%NaCl 6.2×10-2 3.2×10-3 1.708 8.8×10-2 94.79 

15 3.5%NaCl 2.1×10-1 1.6×10-2 3.885 2.8×10-1 92.56 

20 3.5%NaCl 5.9×10-1 6.6×10-2 8.191 9.2×10-1 88.77 
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Figure 3.8. Variation of weight loss with the number of days for bare 

and CS-g-SA coated MS in A) 0.5M HCl and B) 3.5% NaCl at room 

temperature. 

3.2.8.2. EIS measurements 

EIS is a non-destructive technique in which response of the working 

electrode with bare and coated MS in 0.5M HCl and 3.5 % NaCl to an 

AC excitation with a wide range of frequencies from 0.1 Hz to 10,000 

Hz with small AC amplitude was noticed. In modelling an 

electrochemical system, a potential is applied across the circuit, and the 

resulting current response to the frequency signal was generated.  Figure 

3.9A & B depicts the Nyquist plots obtained for bare and coated MS 

samples in the acidic and saline medium. Suitable equivalent circuits 

(Figure 3.10A & B) via Z simp win software were used to model the 

response of the working electrode to the AC sine wave and different 

parameters related to impedance analysis are summarised in Table 3.4. 

The components present in these circuits for viz, Rs is the 

uncompensated electrolyte resistance, Rct is the charge transfer 
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resistance at MS/electrolyte interface and Qdl is the double layer 

capacitance arising from the charge accumulation at the MS/electrolyte 

interface. In coated samples, two sub-interfaces are present namely, 

electrolyte/coating and MS/electrolyte interfaces. Therefore, the 

equivalent circuit used to fit the Nyquist plot for coated systems consists 

of two time constants. Rc is the coating resistance at electrolyte/coating 

interface and Qc is the coating capacitance at electrolyte/coating 

interface, which is related to the water uptake capacity of the coating 

[19-23]. Coating resistance Rc and charge transfer resistance Rct can 

evidently replicate the change of protective action of coated MS. 

Compared to bare MS, corrosion protection efficiency of CS-film coated 

MS in the acidic and saline medium offered good protection efficiency. 

The enhanced hydrophobicity of CS-g-SA coated substrates in 0.5M 

HCl amplified the impedance at low frequency.  Compared to CS coated 

MS, CS-g-SA/epoxy coated MS in the saline medium exhibited good 

corrosion protection which almost covered the steel surface and hinders 

the diffusion of the chloride ions and water molecules from the 

electrolyte. The Rc increased significantly for CS-g-SA/epoxy coated 

MS indicates the superior barrier property in NaCl solution. For CS 

coated MS the relatively high Qc value is due to the presence of free –

OH and –NH2 group which absorbs water from the aggressive media. 

Whereas in hydrophobic CS-g-SA coated MS the diffusion of 

electrolyte is reduced by the long alkyl chain present on the SA. This 

could be the reason for the low Qc and high Rc value obtained for the 

grafted film on MS. For MS with CS-g-SA/epoxy coating, the 

impedance at low frequency enhanced due to the improved 

hydrophobicity of the modified film. The Qdl value of the hydrophobic 

CS-g-SA coated MS sample is lower than that of the bare which 
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indicates the grafted CS coating impedes movement of corrosive ions 

from the electrolyte. The lower Qdl value of CS-g-SA/epoxy coated MS 

compared to bare epoxy coated MS is due to the better adhesion 

properties of epoxy resin to the MS substrate and hydrophobic nature of 

CS-g-SA. Rct values are used for calculating corrosion  

protection efficiency (ɳ) by using the following equation. 

ɳ =
𝑅𝑐𝑡

∗ − 𝑅𝑐𝑡

𝑅𝑐𝑡
∗                                                         (3.3)        

where 𝑅𝑐𝑡
∗  and 𝑅𝑐𝑡  is the charge transfer resistance of the coated and 

bare MS sample. A higher Rct value for the grafted film indicated that 

the CS-g-SA film suppressed the capability of the electrolyte to carry 

ions to the corrosive site.  

Figure 3.9.  EIS plot of bare and coated MS in A) 0.5M HCl and B) 3.5% 

NaCl at room temperature  

 

data
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Table 3.4. Impedance parameters in 0.5M HCl and 3.5% NaCl for bare and coated MS. 

Sample 

name 
Electrolyte 

Rs 

(Ωcm2) 
Qc (F.cm2) n1 

Rc 

(Ωcm2) 
Qdl (F.cm2) n2 

Rct 

(Ωc

m2) 

Protection 

Efficiency(ɳ) 

Fitted 

circuit 
χ2 value 

MS 0.5M HCl 7.21 - - - 4.87×10-4 0.80 10.34 - A 1×10-3 

CS 0.5M HCl 4.93 3.39×10-3 0.82 13.53 4.44×10-4 0.80 29.48 64.92 B 4×10-3 

CS-g-SA 0.5M HCl 3.030 9.50×10-4 0.81 58.12 1.184×10-5 0.81 121.9 91.52 B 9×10-3 

MS 3.5% NaCl 11.92 - - - 2.78×10-5 0.80 185.1 - A 2.4×10-2 

CS 3.5% NaCl 12.30 8.09×10-3 0.71 58.47 1.012×10-5 0.90 328.7 43.68 B 3.7×10-2 

CS-g-SA 3.5% NaCl 14.55 2.56×10-3 0.78 102.4 1.001×10-6 0.79 749.7 75.31 B 8.4×0-2 

Epoxy 

resin 
3.5% NaCl 22.68 6.6×10-3 0.58 197.2 1.072×10-6 0.80 407.8 54.61 B 6.3×10-2 

CS-g-

SA/epoxy 
3.5% NaCl 37.44 1.22×10-4 0.67 1175 6.934×10-7 0.80 3422 94.59 B 9.4×0-2 
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Figure 3.10. The equivalent circuits used to fit EIS data 

The enhanced charge transfer resistance for the CS-g-SA coating on MS 

in the acidic and saline medium is further investigated from the Bode 

plot (Figure 3.11). The phase angle is a sensitive parameter for 

indicating the presence of additional time constant in the impedance 

spectra. Compared to bare MS, two phase maxima could be seen for the 

CS-g-SA coated MS at relatively low and high frequencies. The high 

frequency time constant is related to the hydrophobic nature of stearic 

acid and the barrier properties of chitosan. From the Bode impedance 

plot of bare and CS coated MS the lower impedance at lower and higher 

frequencies arises due to the presence of pores on the MS surface. So 

the diffusion of chloride ions through the pores and pinholes occurs and 

hence the corrosion damage at MS/electrolyte interfaces. However, for 

CS-g-SA/epoxy coated MS the high bode impedance exhibited at higher 

frequencies arises due to better adhesion and barrier properties of the 

modified film. 



Chapter 3  

 
83 

 

Figure 3.11. Bode phase angle plot for bare and coated MS in A) 0.5M 

HCl and B) 3.5% NaCl at room temperature 

3.2.8.3. Potentiodynamic polarization plot  

To evaluate the kinetics of anodic and cathodic reaction the 

potentiodynamic polarization studies were carried out on the coated and 

bare MS samples and the results are shown in Figure 3.12 and the 

electrochemical parameters such as Icorr(corrosion current density), Ecorr( 

corrosion potential), βa and βc(anodic and cathodic Tafel slop) derived 

from the PDP plot of bare and coated MS samples are tabulated in Table 

3.5. The corrosion potential (Ecorr) of the bare MS in the saline medium 

was measured -699.76mV. Ecorr value of CS-g-SA/epoxy coated MS is 

shifted to the more positive values (-304.95mV) compared to bare MS. 

This significant shift in the corrosion potential of coated samples could 

be attributed to an improvement in the protective nature of CS-g-SA 

films on MS. The PDP plot in the acidic and saline medium indicates 

that the hydrophobic CS-g-SA film has the lowest Icorr and corrosion 
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rate. The Icorr value was used to evaluate the corrosion protection 

efficiency (ɳ) as follows[24] 

ɳ =
𝐼𝑐𝑜𝑟𝑟

∗ − 𝐼𝑐𝑜𝑟𝑟

𝐼𝑐𝑜𝑟𝑟
∗

                                                    (3.4) 

where 𝐼𝑐𝑜𝑟𝑟
∗  and 𝐼𝑐𝑜𝑟𝑟  represent the corrosion current densities of bare 

and coated MS. As compared to bare MS, Icorr value of CS-g-SA coated 

MS decreased by one order of magnitude.  

 

Figure 3.12. PDP plot of bare and coated MS in A)0.5M HCl and 

B)3.5% NaCl at room temperature. 

The Rp ( polarization resistance) were calculated from the Tafel 

extrapolation method by applying the  Stern-Geary equation[25]  

 𝑅𝑝 =
𝛽𝑎𝛽𝑐    

2.303(𝛽𝑎 + 𝛽𝑐)𝐼𝑐𝑜𝑟𝑟
                                    (3.5)  

The lower Rp values for bare MS in 0.5M HCl and 3.5% NaCl were 

obtained due to the diffusion of electrolyte into the active site which 
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follows corrosion to MS. The lower Rp (59.85 Ω cm2 in 0.5M HCl and 

1.7 KΩ cm2 in 3.5% NaCl) value for pure CS based coatings attributed 

due to the porous nature of CS which permits the corrosives to penetrate 

easily to the MS surface. The grafted CS film has increased Rp value, 

415.8 Ω cm2 in the acidic medium and 15 KΩ cm2 in the saline medium 

indicated better surface protection. 

Figure 3.13 displays the PDP plot of CS-g-SA coated MS after different 

immersion time in the acidic and saline medium. With an increase in 

immersion time, the Ecorr value of coated MS in the saline medium is 

negatively shifted and an increase in Icorr value is observed due to the 

diffusion of electrolyte to the metal and its Icorr value (6µA/cm2 in 3.5% 

NaCl and 234.3 µA/cm2 in 0.5M HCl) is still lower than that of bare MS 

(31.66µA/cm2 in 3.5% NaCl and 1290 µA/cm2 in 0.5M HCl) after 20 

days of immersion (Table 3.6). 

 

Figure 3.13. PDP plot of CS-g-SA coated MS after different immersion 

time in A)0.5M HCl and B) 3.5% NaCl at room temperature. 
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The porosity of the different coating on MS was also determined from 

the PDP measurements by the following relationship 

             𝑃 =
𝑅𝑝

∗

𝑅𝑝
× 10−(∆𝐸𝑐𝑜𝑟𝑟 𝛽𝑎)                                                ⁄                      (3.6) 

where p is the total porosity of coating, Rp*
 and Rp are the polarization 

resistance of the bare and coated MS, ΔEcorr is the corrosion potential 

difference between bare and coated MS and βa is the anodic Tafel slope 

[26, 27]. The porosity of CS-g-SA was found to be 0.008% when the 

grafted film is blended with epoxy resin and the percentage porosity 

decreased to 4.74×10-5 % imparting high polarization resistance and 

protection ability. With an increase in dipping time, due to the increase 

in percentage porosity the electrolyte diffused into the MS substrate 

through the pin holes on the coating. 
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Table 3.5. PDP parameters in 0.5M HCl and 3.5% NaCl for bare and coated MS at room temperature 

Sample 

name 

Electrolyte -Ecorr 

(mV) 

Icorr 

(mA/cm2) 

βa (mV/dec) -βc 

(mV/dec) 

Rp (kΩ 

cm2) 

 

Corrosion 

rate(mpy) 

Porosity 

(%) 

Protection 

Efficiency(ɳ) 

MS 0.5M HCl 462.5 1.290 151.1 165.4 0.0265 25.95 - - 

CS 0.5M HCl 469.8 0.4588 136.1 118.1 0.0598 13.73 39.23 64.43 

CS-g-SA 0.5M HCl 478.3 0.0744 144.9 140.1 0.4158 5.110 4.96 94.23 

MS 3.5% NaCl 699.7 0.0316 78.22 221.3 0.7940 2.718 - - 

CS 3.5% NaCl 697.7 0.0118 70.00 138.7 1.712 1.370 43.73 62.65 

CS-g-SA 3.5% NaCl 354.7 0.0062 102.4 144.9 4.204 0.1651 8.24×10-3 80.37 

Epoxy resin 3.5% NaCl 626.0 0.0080 104.2 201.4 3.728 0.5529 4.17 74.68 

CS-g-

SA/epoxy 

3.5% NaCl 304.9 0.0013 202.5 66.18 15.00 

 

0.0131 4.74×10-5 95.88 



Chapter 3  

 
88 

Table. 3.6. PDP parameters of CS-g-SA and CS-g-SA/epoxy coated MS in the acidic and saline medium with 

different immersion time 

Immersion 

time 

Electrolyte -Ecorr 

(mV) 

Icorr 

(mA/cm2) 

βa 

(mV/dec) 

-βc    

(mV/dec) 

Rp (kΩ 

cm2) 

Corrosion 

rate(mpy) 

Porosity (%) 

1 hour 0.5M HCl 478.3 0.0744 144.9 140.1 0.4158 5.110 4.96 

1 day 0.5M HCl 488.4 0.0911 105.1 108.3 0.2542 7.892 5.91 

5 day 0.5M HCl 477.4 0.1764 116.2 183.1 0.1749 9.755 11.27 

20 day 0.5M HCl 446.7 0.2343 114.8 123.8 0.1103 13.63 32.98 

1 hour 3.5% NaCl 304.9 0.0013 202.5 66.18 15.00 0.0131 4.74×10-5 

1 day 3.5% NaCl 337.1 0.0016 123.9 70.90 12.19 0.0138 7.71×10-3 

5 day 3.5% NaCl 369.3 0.0018 154.3 62.15 10.69 0.0216 5.36×10-2 

20 day 3.5% NaCl 639.8 0.0060 82.73 145.2 3.814 0.0705 3.93 
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3.2.9. Surface morphology. 

FESEM images of bare and coated MS are given in Figure 3.14. Surface 

of bare MS sample gets highly deteriorated with deep pits and cracks 

under exposure to the saline and acidic medium for 20 days. CS made a 

uniform surface layer and SA grafting offered an efficient surface 

network. The lateral interaction between alkyl groups on SA changes 

the uniform surface morphology to a network structure which may be 

due to surface roughness correlated with hydrophobicity[19, 24]. This 

indicates that upon grafting with SA, the compactness of CS polymer 

and durability performance of CS-g-SA coating are enhanced[28]. After 

20 days of immersion in 0.5M HCl, the network like morphology of CS-

g-SA coating sustained with minor network breakages suffered from the 

decrease in lateral interaction between the alkyl chains but devoid of 

deep pits and cracks. The CS-g-SA/epoxy coated MS exhibited a 

uniform protective surface layer, which remains almost as such after 20 

days of immersion in 3.5% NaCl. 

The stereomicroscopic images (Figure 3.15) also support the effective 

formation of a protective coating on the MS substrate. Uniform coating 

devoid of material damage can be observed in the optical images of CS-

g-SA and CS-g-SA/epoxy coated MS after 20 days of exposure to 0.5M 

HCl and 3.5%NaCl. For the bare steel samples after 20 days of 

immersion, the corrosion destruction is clear.  
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Figure 3.14. FESEM images of A) bare MS, B) and C) MS after 20 days 

of immersion in 0.5M HCl and 3.5% NaCl, D) CS coated MS, E) CS-g-

SA coated MS, F) CS-g-SA coated MS after 20 days of immersion in 

0.5M HCl, G) CS-g-SA/epoxy coated MS, and H) CS-g-SA coated MS 

after 20 days of immersion in 3.5% NaCl. 
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Figure 3.15. Optical images of A) MS, B) and C) MS after 20 days of 

immersion in 3.5 % NaCl and 0.5M HCl, D) CS-g-SA coated MS, E) 

CS-g-SA/epoxy coated MS, and F) Cs-g-SA/epoxy coated MS after 20 

days of immersion in 3.5% NaCl. 

Figure 3.16 illustrated the 2D and 3D AFM images of CS and CS-g-SA 

coated MS. The topography of CS-g-SA coated MS had changed 

compared to CS, which was consistent with the FESEM images. Even 

though CS can form uniform film coating on MS, various pores are 

observed in the 2D images. Such a porous film coating was not present 

in the CS-g-SA coated MS. From the topography observation, the 

average surface roughness of CS-g-SA coated MS get increased 

compared to CS coated MS. This is correlated with the enhanced 

hydrophobicity of the grafted film[29].  
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Figure 3.16. 2D and 3D AFM images of CS and CS-g-SA coated MS 

3.3. Conclusions 

Stearic acid grafted chitosan film has been successfully synthesized by 

an EDC mediated coupling reaction. FTIR, NMR, TGA, and elemental 

analysis confirmed the effective grafting of SA onto CS. The interaction 

between chitosan and stearic acid was experimentally evident and 

theoretically proven. Grafted chitosan film contains chemical 

constituents capable of forming passivation layers that prevent the 

passage of corrosive ions across the metal-solution interface. The 

corrosion protection efficiency of the bare chitosan system was limited 

due to the porous nature and wettability whereas CS-g-SA offers 

enhanced protection efficiency in 0.5M HCl and 3.5% NaCl. This 
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enhanced protection efficiency of the grafted system is attributed to the 

improved hydrophobic nature and barrier property. From weight loss 

data, the corrosion rate of CS-g-SA coated steel samples is very low 

compared to bare mild steel. EIS and PDP studies revealed that CS-g-

SA film offered remarkable corrosion protection for MS in the acidic 

and saline medium over unmodified CS film. Surface morphological 

studies also revealed an effective formation of the coating on MS after 

exposure to the acidic and saline medium. 
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Extended protection of mild 
steel in saline and acidic 
environment using stearic 
acid grafted chitosan 
preloaded with mesoporous 
hydrophobic silica 

Chapter 4 

   

 

This chapter encompasses the 
development and corrosion 
protection performance of stearic 
acid grafted chitosan preloaded 
with mesoporous-hydrophobic 
silica. Corrosion protection 
studies was evaluated by non-
electrochemical and electro-
chemical techniques. Corrosion 
studies after different immersion 
times in acidic and saline media 
were carried out. Scotch tape 
adhesion test was also performed 
to ensure the effective formation 
of coating on the mild steel 
surface. Morphological studies 
were carried to ensure the 
presence of coating after 
exposure to corrosive media. 
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4.1. Introduction 

The incorporation of metal oxide nanoparticles can enhance the 

durability of the polymer coatings and provide extra protection by 

forming a dense barrier against the diffusion of aggressive ions [1-3]. 

Ruhi et al incorporated chitosan-polypyrrol-SiO2 composite into the 

epoxy coating and coated on MS and the composite offered a protection 

efficiency of about 97% after 60 days of immersion[4]. Fayyad et al used 

graphene oxide as nanofiller into the Chitosan oleate matrix and offered 

effective protection of carbon steel in 3.5 % NaCl solution [5]. Because 

of the surface hydroxyl groups of SiO2 in the form of isolated, geminal, 

and vicinal silanol it is unfit as a filler in the chitosan matrix. Therefore, 

to enhance the compatibility between the chitosan matrix and silica 

material, the hydrophilic surface of silica needs to be modified to 

hydrophobic[6-8]. Herein we silylated SiO2 surface via HMDS, as it can 

scavenge the –OH group by inert methyl siloxy group[9, 10]. This work 

focusses on the influence of different loadings of hydrophobic silica 

nanoparticles in to chitosan polymer matrix and SA grafted chitosan for 

extended corrosion protection of mild steel in acidic and saline 

environment. 

4.2. Result and Discussion 

4.2.1. Surface characterization of Si and SiH 

The N2 adsorption−desorption isotherms for Si and SiH are displayed in 

Figure 4.1. The N2 adsorption/desorption isotherms correspond to 

isotherms of type IV and exhibit clear hysteresis loops in the high 

relative pressure region, suggesting the mesoporous structure of Si and 

SiH[6, 11]. The Si has a total surface area of 601.37 m2g-1, a total pore 

volume of 0.4363 cm3g-1, and a mean pore diameter of 2.9023nm 

indicating its mesoporous nature. Iin SiH as the surface silanol group is 
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replaced by methyl siloxy group, the defect sites in the pore wall of as 

synthesized Si may be occupied by methyl siloxy group and decreased 

the adsorption site for nitrogen molecule providing a decrease in the 

surface area into 358.55 m2g-1, total pore volume to 0.2029 cm3g-1, and 

mean pore diameter into 2.2634nm[12-15]. 

 

Figure 4.1. N2 adsorption-desorption isotherm of A) Si, and B) SiH 

The TEM micrograph also showed that the surface textures of Si and 

SiH particles have a porous structure (Figure 4.2). The pore size 

determined using Imagej software was almost consistent with the BET 

analysis. FESEM (Figure 4.3) images assembled with EDX were taken 

to study the morphology and composition of silica particles. The SEM 

micrograph of silica exhibited a relatively uniform particle. The 

hydrogen bond formation via surface -OH group in silica particle has 

probably made some aggregates as observed [16]. From EDS elemental 

analysis, it was observed that only Si and O were identified in the EDS 

profile of Si. The results indicate silica particle was free from foreign 

impurities. in surface-modified silica, in addition to Si and O, C was 

existing. The presence of carbon indicated that the silica surface is 
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effectively modified with HMDS. Water contact angle (WCA) 

measurements of silica particles revealed that the hydrophilic Si has 

been modified into hydrophobic SiH particle (Figure 4.4) [7, 17] 

 
Figure 4.2. TEM micrographs of A) Si and B) SiH 

 
Figure 4.3. A) and B) FESEM image of Si and SiH, C) and D) EDX 

spectrum of Si and SiH. 
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Figure 4.4. Water contact angle of SiH 

4.2.2. FTIR spectrum 

Figure 4.5 displays the FTIR spectra of Si and SiH powder, CS and 

CSiHS film. The silica particle shows a band at 3468 cm-1 which 

represents the stretching of the free O-H group. The band at 1080 cm-1 

and 801 cm-1 corresponds to the asymmetric and symmetric stretching 

vibrations of Si-O-Si. The Si-O stretching in silanol groups shows a 

band at 948cm-1. The band at 1646 cm-1 corresponds to the stretching of 

water molecules surrounding the silica particle. In surface-modified 

silica nanoparticles, as the –OH group is replaced with CH3, the intensity 

of O-H stretching frequency is reduced compared to as-synthesized Si. 

The band at 2979 cm-1 and 2899 cm- 1 in surface-modified silica 

indicated the stretching of the CH3 group and which confirmed that the 

superficial –OH group is replaced with methyl siloxy group.[16, 18, 19]. 

All the characteristic peaks of chitosan were observed in the FTIR 

spectra of CS [20]. After filler (SiH) loading into CS matrix and further 

grafting with SA, the intensity of C-H stretching frequency gets 

increased. A distinct band at 1639 cm-1 which is attributed to the 

carbonyl region correlated to the chemical binding of filler loaded CS 

matrix and SA. The increase of the C-H absorption at 2924 cm-1 
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indicates the existence of SA and the grafting of SA on CS film resulting 

good dispersion of surface-modified silica into the matrix [9] 

 

Figure 4.5. FTIR spectra of Si, SiH, CS, and CSiHS 

4.2.3. Thermogravimetric analysis 

TGA has been used to estimate the thermal behaviour of materials and 

to demonstrate the mechanism by which a material loses its weight as a 

result of controlled heating[21]. The thermograms (Figure 4.6) were 

recorded from 30-600oC with a heating rate of 10oC/minute. According 

to the TGA of as-synthesized silica (Si), there is a steady decline in the 

mass of silica within the temperature range of 55°C and 120°C. The 
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initial water loss is smaller in surface-modified silica compared to as-

synthesized silica, which is due to the replacement of the superficial -

OH group by hydrophobic methyl siloxy group (CH3)3Si-O-)[22]. 

Hence the superficial adsorbed water molecules are less. In the 

thermogram of CS and CSiHS, a two-stage decomposition could be 

observed. In CS the second stage weight loss was attributed to the 

thermal and oxidative decomposition of polysaccharide backbone. In 

CSiHS the second weight loss starts at 165oC, which refers to a complex 

process including decomposition of the stearate group of the grafted 

chitosan polymer, dehydration from saccharide ring, decomposition of 

the acetylated and deacetylated units of the chitosan matrix, etc[23-25]. 

 

Figure 4.6. TGA of Si, SiH, C, and CSiHS 
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4.2.4.  Corrosion protection studies  

4.2.4.1. Weight loss measurements 

The MS coupons of bare and CSiHS coated MS were immersed in 0.5M 

HCl and 3.5% NaCl solution maintained at room temperature for 20 

days without stirring. After testing, the corrosion products were 

discarded from the sample surface, dried in the air, and weighed every 

5 days. The weight loss and corrosion rate of the CSiHS coated MS 

coupons calculated using equation 3.1 and 3.2 are very low related to 

the bare samples as exhibited in Figure 4.7 and Table 4.1. After 20 days 

of immersion, the protection efficiency is 90.89% in 0.5M HCl and 

93.77% in 3.5% NaCl for the CSiHS coated MS coupons.   

Figure 4.7. Variation of corrosion rate with the number of days for bare 

and CSiHS coated MS in A) 0.5M HCl and B) 3.5% NaCl at room 

temperature  
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Table 4.1. Weight loss data for bare and CSiHS coated MS in 0.5M HCl 

and 3.5% NaCl at room temperature 

No. 

of 

days 

   

Electrolyte 
Weight loss (g) 

Corrosion rate 

(mg cm-2 day-1) Protection 

efficiency 

(ɳ) 
Bare  

MS 

CSiHS 

coated 

MS 

Bare  

MS 

CSiHS 

coated 

MS 

5 0.5M HCl 1.153 5.2×10-2 64.05 2.873 95.52 

10 0.5M HCl 1.173 5.5×10-2 32.58 1.538 95.27 

15 0.5M HCl 1.323 9.0×10-2 24.50 1.674 93.17 

20 0.5M HCl 1.339 1.2×10-1 18.59 1.696 90.89 

5 3.5% NaCl 2.6×10-2 4.5×10-5 1.466 2.5×10-3 99.82 

10 3.5% NaCl 6.2×10-2 1.3×10-3 1.708 3.6×10-2 97.90 

15 3.5% NaCl 2.1×10-1 8.2×10-3 3.885 0.1518 96.09 

20 3.5% NaCl 5.9×10-1 3.7×10-2 8.191 0.5097 93.77 
 

4.2.4.2. EIS measurements 

EIS is a safe technique, which gives information about the mechanism 

of corrosion inhibition performance. Impedance measurements were 

carried out by immersing the bare and coated steel specimens in 0.5M 

HCl and 3.5% NaCl solution at OCP conditions for 1 hour at room 

temperature. EIS (Figure 4.8) plots were drawn for bare and coated MS 

in the acidic and saline media. The EIS data could be described with 

suitable electrochemical equivalent circuits. Rs(QdlRct) circuit was used 

to fit EIS data of bare MS, whereas Rs(Qc(Rc(QdlRct))) circuit gave the 

best fit for CS, CSi, CSiH, and CSiHS coated MS. The single semicircle 

in the EIS profile for bare MS surface in acidic medium indicates the 

occurrence of a single charge-transfer reaction in the high-frequency 

region.  However, EIS profile of CSiHS coated MS is slightly different 
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with two capacitive loops. The increase in arc length of the Nyquist 

diagram of CSi, CSiH indicates a protective layer is formed which 

enhances the charge transfer resistance. Greater Rct value of MS coated 

with CSiH (3.0 wt%) compared to CSiH (1.0 wt%) could be attributed 

to the better filler and CS matrix interaction which prevent the diffusion 

of aggressive ions from the electrolyte. When 5.0 wt% was loaded into 

CS matrix Rct value gets decreased, which is ascribed by the filler-filler 

interaction rather than filler matrix interaction. Therefore, CS with 3.0 

wt% SiH could be the optimum loading of modified silica to get the 

desired corrosion protection efficiency.  

The data presented in Table 4.2 reveals that the Rc and Rct values of 

coating increase significantly for CSiHS coated MS, which can be 

explained by good dispersibility of hydrophobic SiH in CS matrix and 

the large alkyl group of SA in coating impedes the diffusion of 

aggressive ions onto MS surface. Qdl and Qc values of CSiHS coating is 

significantly lower compared to CS, CSi, and CSiH coating on MS, 

which ensured that the CSiHS coating on MS could prevent the 

corrosion process. Using Rct values, protection efficiency was calculated 

using equation 3.3. The CSiHS coating on MS offered an ɳ of 97.36% 

in acidic medium and 96.70% in saline medium. The result indicates that 

a protective layer is formed at the interface of the electrolyte solution 

and working electrode which resist the diffusion of corrosive ions onto 

the MS surface.  
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Figure 4.8. EIS plot of bare and coated MS in A) 0.5M HCl and B) 3.5% 

NaCl 

The two-phase maxima at relatively high and low frequencies could be 

seen in the Bode phase angle plot (Figure 4.9) of CSiHS coating on MS. 

Due to the coating capacitance and charge transfer process, the Bode 

plots exhibits high and low-frequency regions in the graph[26]. Figure 

4.10 displays the EIS plot of CSiHS coated MS after different immersion 

time in acidic and saline media. With extending immersion time, Rc and 

Rct values of CSiHS coating decreases (Table 4.3), which is ascribed to 

electrolyte diffusion into the coating and corrosive ions reach metal 

coating interface; consequently, the electrochemical corrosion process 

takes place at metal coating interface, leading to coating delamination 

after 20 days of immersion. With prolonged immersion in electrolyte the 

Qdl and Qc values increase due to coating delamination[27].  
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Table 4.2. Impedance parameters for bare and coated MS in the acidic and saline media 

Sample 

name 
Electrolyte 

Rs 

(Ωcm2) 
Qc (F.cm2) n1 

Rc 

(Ωcm2) 
Qdl (F.cm2) n2 

Rct 

(Ωcm2) 

Protection 

Efficiency(ɳ) 

MS 0.5M HCl 7.21 - - - 4.876×10-4 0.80 10.34 - 

CS 0.5M HCl 4.93 3.391×10-3 0.82 13.53 4.443×10-4 0.80 29.48 64.92 

CSi 0.5M HCl 1.74 1.788×10-3 0.82 5.275 1.173×10-4 0.87 80.42 87.14 

CSiH 0.5M HCl 4.95 9.951×10-4 0.80 8.792 1.149×10-5 0.82 143.7 92.80 

CS-g-SA 0.5M HCl 3.03 9.501×10-4 0.81 58.12 1.18×10-5 0.80 121.9 91.43 

CSiHS 0.5M HCl 5.93 8.859×10-5 0.85 132.1 1.368×10-6 0.85 392.0 97.36 

MS 3.5%NaCl 11.9 - - - 2.788×10-5 0.80 185.1 - 

CS 3.5%NaCl 12.3 8.092×10-3 0.71 58.47 1.012×10-5 0.90 328.7 43.68 

CSi 3.5%NaCl 6.89 4.19×10-3 0.81 64.19 4.379×10-6 0.79 400.7 53.83 

CSiH 3.5%NaCl 5.9 1.178×10-3 0.82 220 1.023×10-6 0.84 859 78.45 

CS-g-SA 3.5%NaCl 11.4 1.222×10-4 0.67 1175 6.934×10-7 0.80 3422 94.59 

CSiHS 3.5%NaCl 10.4 5.433×10-5 0.78 1715 1.235×10-7 0.81 5619 96.70 



Chapter 4  

 
108 

 

Figure 4.9. Bode phase angle plot of bare and coated MS in A) 0.5M 

HCl and B) 3.5%NaCl  

 

Figure 4.10. EIS plot of CSiHS coated MS after different immersion 

time in A) 0.5M HCl and B) 3.5% NaCl
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Table 4.3. Impedance parameters of CSiHS coated MS in the acidic and saline media after different immersion time 

Immersion 

time 

Electrolyte Rs 

(Ωcm2) 

Qc (F.cm2) n1 Rc 

(Ωcm2) 

Qdl (F.cm2) n2 Rct 

(Ωcm2) 

I hour 0.5M HCl 5.93 8.859×10-5 0.85 132.1 1.368×10-6 0.85 392.0 

5 day 0.5M HCl 2.44 1.973×10-4 0.80 100.3 1.773×10-6 0.81 247.5 

10 day 0.5M HCl 4.34 5.533×10-4 0.80 59.4 1.183×10-5 0.75 177.0 

15 day 0.5M HCl 3.62 9.993×10-4 0.80 40.02 9.621×10-5 0.85 132.1 

20 day 0.5M HCl 1.59 1.852×10-3 0.73 25.14 1.083×10-4 0.69 110.6 

I hour 3.5% NaCl 10.44 5.43×10-5 0.78 1715 1.235×10-7 0.81 5619 

5 day 3.5% NaCl 12.21 9.94×10-5 0.75 1467 9.835×10-6 0.67 4467 

10 day 3.5% NaCl 13.54 1.698×10-4 0.79 1118 6.942×10-6 0.78 3894 

15 day 3.5% NaCl 16.76 9.636×10-4 0.71 678 2.983×10-6 0.69 1537 

20 day 3.5% NaCl 12.32 1.101×10-3 0.79 420 1.003×10-6 0.75 1089 
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4.2.4.3. PDP measurements 

The PDP measurements for bare MS and coated MS as working 

electrodes in 0.5M HCl, and 3.5 wt % NaCl solutions are shown in 

Figure 4.11. The PDP parameters, such as Icorr(corrosion current 

density), Ecorr(corrosion potential), Rp(polarization resistance), 

corrosion rate,  and βa and βc (anodic and cathodic Tafel constants) in 

different corrosion conditions were determined from the Tafel 

extrapolation method of anodic and cathodic Tafel plot and are 

presented in Table 4.4. Interestingly, the Icorr for CS, CSi, CSiH, CS-g-

SA, and CSiHS coatings are observed to be significantly low as 

compared to bare MS. When 3.0 wt % SiH is loaded into the chitosan 

matrix the Icorr value is decreased to 0.1309 mA/cm2 in acidic medium 

and 1.03×10-2 mA/cm2 in a saline environment. This effect may be 

attributed to the hydrophobic silica that could cover the pores of bare 

chitosan which restricts the penetration of aggressive ions to the MS 

substrate. When CSiH is grafted with SA, further reduction in Icorr value 

(0.0201 mA/cm2 in 0.5M HCl and 2.4×10-4in 3.5% NaCl) has been 

attained owing to the large alkyl group of SA which impedes the 

diffusion of electrolyte onto MS surface. The highest percentage 

protection efficiency is measured for CSiHS coating exhibiting its 

superior corrosion resistance property, which can isolate the MS from 

different corrosive ions. For bare CS coated MS, a lower polarization 

resistance value of (59.85 Ω cm2) was obtained due to its porous nature 

in the absence of any filler. When 3.0 wt % SiH is doped into CS film, 

Rp value improved to 274 Ωcm2 in acidic medium and 3.71×103 Ωcm2 in 

saline medium, which is attributed to the hydrophobic filler interaction 
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with CS matrix and prevent the diffusion of corrosive ions. Further 

grafting CSiH with SA, Rp value increased remarkably to 1853.2 Ω cm2 

and 1.09×105 Ω cm2, consequently, enhanced corrosion inhibition 

efficiencies 98.44% in 0.5M HCl and 99.24 % in 3.5% NaCl were 

obtained. PDP with different immersion time in the acidic and saline 

environment has been exhibited in Figure 4.12 and different PDP 

parameters are tabulated in Table 4.5. The Icorr and CR of CSiHS coated 

MS in corrosive media for different immersion periods are found to be 

lower than that of the bare MS, CS, and CSi. Moreover, the ɳ of the 

system remains inviolate. To ensure good barrier property, the porosity 

of the various coatings on MS was also determined from the PDP data. 

The porosity of bare CS was found to be 39.23% in HCl and 43.73% in 

NaCl, when 3.0 wt % SiH is doped into chitosan matrix the percentage 

porosity decreased to 13.38% and 5.00%, which is attributed to 

hydrophobic silica material fill the porous site on the CS film, and 

further grafting with SA porosity percentage decreased to 1.13% in 

acidic medium and 2.73×10-8 % in the saline medium, imparting high 

polarization resistance and protection ability.  The very low percentage 

porosity of CSiHS in the saline medium is attributed to the diffusion of 

chloride ions through the pinholes on the chitosan coating is again 

suppressed by the bisphenol-based epoxy resin. After different 

immersion periods, due to the increase in percentage porosity and the 

electrolyte get diffused to the MS substrate through the pinholes of the 

coating.  
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Figure 4.11. PDP plot of bare and coated MS in A)0.5M HCl and 

B)3.5% NaCl 

 

Figure 4.12. PDP plot of CSiHS coated MS after different immersion 

time in A) 0.5M HCl and B) 3.5% NaCl 
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Table 4.4. PDP parameters for bare and coated MS in the acidic and saline media 

Sample 

name 
Electrolyte 

-Ecorr 

(mV) 

Icorr 

(mA/cm2) 

βa 

(mV/dec) 

-βc 

(mV/dec) 

Rp (kΩ 

cm2) 

Corrosion 

rate(mpy) 

Porosity 

(%) 

Protection 

Efficiency(ɳ) 

MS 0.5M HCl 462.5 1.290 151.1 165.4 0.0265 25.95 - - 

CS 0.5M HCl 469.8 0.4588 136.1 118.1 0.0598 13.73 39.23 64.43 

CSi 0.5M HCl 454.3 0.3509 116.5 179.53 0.0874 12.75 35.68 72.80 

CSiH 0.5M HCl 443.8 0.1309 131.9 221.0 0.2742 4.637 13.38 89.85 

CS-g-SA 0.5M HCl 478.3 0.0744 144.9 140.1 0.4158 4.11 4.96 94.20 

CSiHS 0.5M HCl 479.0 0.0201 163.4 180.6 1.853 2.213 1.13 98.44 

MS 3.5% NaCl 699.7 0.0316 78.22 221.3 0.7940 2.718 - - 

CS 3.5% NaCl 697.7 0.0118 70.00 138.7 1.712 1.370 43.73 62.65 

CSi 3.5% NaCl 641.2 0.0110 90.6 123.5 2.062 1.003 8.708 65.18 

CSiH 3.5% NaCl 449.3 0.0103 108.2 135.4 2.535 0.8768 5.006 67.40 

CS-g-SA 3.5% NaCl 304.9 0.0013 202.5 66.18 15.00 0.0131 4.74×10-5 95.88 

CSiHS 3.5% NaCl 173.9 0.00024 97.80 44.84 55.63 0.0033 2.73×10-8 99.24 
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Table 4.5. PDP parameters of CSiHS coated MS in the acidic and saline media after different immersion time 

 

Immersion 

time 

Electrolyte -Ecorr 

(mV) 

Icorr 

(mA/cm2) 

βa 

(mV/dec) 

-βc 

(mV/dec) 

Rp (kΩ 

cm2) 

CR 

(mpy) 

Porosity 

(%) 

1 hour 0.5M HCl 479.0 0.0201 163.4 180.6 1.853 2.213 1.13 

5 day 0.5M HCl 450.9 0.0680 82.24 93.82 0.2798 7.659 13.13 

10 day 0.5M HCl 450.42 0.0912 90.94 142.7 0.2644 9.927 13.64 

15 day 0.5M HCl 458.59 0.1544 101.22 117.6 0.1529 11.41 18.97 

20 day 0.5M HCl 465.45 0.2588 113.3 244.69 0.1299 13.02 19.26 

1 hour 3.5% NaCl 173.9 0.00024 97.80 44.84 55.63 0.0033 2.73×10-8 

5 day 3.5% NaCl 202.0 0.00045 96.85 83.16 43.17 0.0089 1.33×10-5 

10 day 3.5% NaCl 307.9 0.0012 192.4 78.18 20.11 0.0131 3.63×10-2 

15 day 3.5% NaCl 320.3 0.0065 182.73 145.2 3.520 0.0705 1.89×10-1 

20 day 3.5% NaCl 338.1 0.0109 199.1 102.6 2.697 0.1204 4.49×10-1 
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4.2.5. Surface morphology 

To validate the role of hydrophobic silica and SA in enhancing the 

barrier property of CS film, morphological characterization was done 

using FESEM (Figure 4.13) and AFM (Figure 4.14). The dispersion of 

surface-modified silica into CS polymer and further grafting with SA 

makes the morphology into a close-packed honeycomb network 

structure. For bare MS after 20 days of exposure in 0.5M HCl and 3.5 

% NaCl, severe cracks and pits could be observed. But CSiHS coated 

MS, after 20 days of exposure in 0.5M HCl, the network like 

morphology of coating sustained with some network breakages. 

However, since these network breakages are only present in the outer 

layer, and the dense inner layer has prevented the diffusion of 

electrolytes to the MS surface which is responsible for the corrosion 

protection efficiency of the coating after 20 days of immersion. i.e., the 

CSiHS coating on the MS surface does not drop adhesion with the MS 

and shows minimum metal deterioration. The CSiHS/epoxy coated MS 

showed a uniform protective surface layer, which remains almost as 

such in saline medium after 20 days of immersion. CSiHS can interact 

with epoxy to form a highly adherent, dense, and non-porous chitosan 

film on the MS surface. No detachment of the coating from the MS 

substrate after 20 days of immersion in acidic and saline medium 

indicating strong adhesion of CSiHS coating on MS substrate. The EDX 

profile was acquired on a single spot of the different materials. EDS 

spectra of CSiHS coated MS before and after corrosion studies 

confirmed good dispersion of surface-modified silica particles within 

the chitosan matrix. From EDS analysis also, it could be observed that 

the existence of silica (37.76%) in the chitosan matrix after being 

subjected to an acidic environment, which accounts for the high 
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corrosion protection efficiency of the coating. The presence of Si in the 

EDS of CSiHS coated MS after 20 days of exposure to the corrosive 

environment, indicate the hydrophobic silica material could prevent the 

diffusion of corrosive ions. The average surface roughness from AFM 

images of CSiHS coated MS gets increased compared to CS coated MS. 

This is correlated with the hydrophobicity of filler SiH in the CS 

matrix[28]. The average roughness of CS coated MS is found to be 7 nm 

and 35 nm for CSiHS coated MS surface. The increased roughness could 

be beneficial for the hindrance of the mass passage through the CSiHS 

film. 

 

Figure 4.13. FESEM images of CSiHS coated MS before and after 20 

days of immersion in 0.5M HCl (A and B) and 3.5% NaCl (C and D) 
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Figure 4.14. AFM topography of A) CS, B) CSiHS coated MS. 

4.2.6. Scotch tape Adhesion test 

Adhesion of CS-based film on the MS substrate was assessed by Scotch 

tape adhesion test. The adhesion strength of CSiHS on MS was found to 

be much higher than CS as shown by the smaller chip off areas in the 

stereomicroscopic images (Figure 4.15). This indicated that CSiHS has 

good adhesion strength on the MS surface. The results confirmed that 

the adhesion strength of CSiHS belongs to the 5B class, CS-g-SA 

belongs to the 4BClass, and that of CS is 2B. 

Figure 4.15. Stereomicroscopic image of A) CS, B) CS-g-SA, and C) 

CSiHS after Scotch tape adhesion test 
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4.3. Conclusions 

Hydrophobic surface modified silica particle with contact angle 139o 

could be synthesised using commonly used silylating agent HMDS. 

BET and TEM analysis revealed that both Si and SiH exhibited 

mesoporous structure. A new chitosan-based corrosion resistant coating 

was developed with the addition of 3.0 weight percentage of SiH as nano 

filler and further grafting with stearic acid. Non-electrochemical and 

electrochemical corrosion studies showed that CSiHS film offered 

remarkable corrosion protection for mild steel in 0.5M HCl and 3.5% 

NaCl. Surface morphological studies also revealed an effective 

formation of the coating on MS after exposure to the acidic and saline 

medium. 
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This chapter describes the corrosion 
inhibition performance of guar gum 
for mild steel in 0.5M HCl. Non 
electrochemical and electrochemical 
corrosion monitoring studies were 
carried out. The influence of 
immersion time, inhibitor 
concentration, and temperature on 
inhibition was carried out. 
Adsorption and kinetic studies were 
also conducted. Morphological 
studies were carried out using 
FESEM and AFM. DFT and MC 
simulation studies were performed 
to assess the inhibition behaviour 
theoretically and to account the 
mode of interaction between guar 
gum and the metal. 
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5.1. Introduction 

In recent times, a large number of carbohydrate biopolymers and their 

derivatives have been successfully developed as effective corrosion 

inhibitors for metals in different aggressive media [1]. Owing to non-

toxic nature, biodegradability, low cost, and the presence of a 

considerable number of flexible hydroxyl groups in the polymeric 

structure of Guar Gum (GG) is considered as an effective green 

corrosion inhibitor for different metals in aggressive environments. 

Corrosion inhibition of GG for carbon steel in sulphuric acid has been 

studied by Abdallah [2] whereas Messali et al found it in phosphoric 

acid media for carbon steel[3]. Herein, the corrosion inhibition of GG 

was studied for MS corrosion in 0.5M HCl solution via experimental 

and theoretical evaluations. 

5.2. Result and Discussion 

5.2.1. Weight loss measurement 

The corrosion inhibition of MS in 0.5M HCl in the absence and presence 

of varying concentrations of GG ranging from 50ppm-1000ppm was 

studied using the weight loss method. The corrosion data obtained after 

24 and 48 hours of immersion have been listed in Table 5.1. The 

percentage inhibition efficiency (IE) increased with an increase of GG 

concentration which is attributed to the inhibitor action by forming an 

adsorbed protective layer on the MS surface. Because of the extended 

life of the adsorbed inhibitor on MS, the corrosion rate decreases with 

time. The variation of CR and θ (surface coverage) with inhibitor 
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concentrations are shown in Figure 5.1. The maximum IE of 97.30% 

and 89.09% were observed with 800 ppm of GG after 24 and 48 hours 

of immersion. At this concentration, the inhibitor adsorbs by flat 

orientation on the surface of MS is expected such that the IE and surface 

coverage obtained maximum. Beyond this optimum concentration 

(800ppm), IE and θ were found to be decreased, due to the electrostatic 

repulsion between the molecules and the tendency to desorb from the 

metal surface.  

 

Figure 5.1. Weight loss data of MS in 0.5M HCl without and with 

inhibitor 
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Table 5.1. Weight loss data of MS in 0.5M HCl without and with GG after 24 and 48 hours of immersion 

Concentration of 

GG 

Weight loss (mg) CR (mg cm-2 hr-1) IE (%) (θ) 

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 

Blank 533.4 624.5 6.1736 3.6140 - - - - 

50 178.2 265.5 2.0.625 1.536 66.59 57.48 0.6659 0.5748 

100 81.10 98.93 0.9386 0.5723 84.79 84.16 0.8479 0.8416 

200 71.50 95.31 0.8275 0.5515 86.59 84.73 0.8659 0.8473 

300 62.42 91.14 0.7222 0.5271 88.30 85.41 0.8830 0.8541 

400 54.54 83.24 0.6250 0.4814 89.80 86.67 0.8980 0.8667 

500 35.27 81.24 0.4074 0.4699 93.40 86.99 0.9340 0.8699 

600 21.22 79.85 0.2453 0.4618 96.02 87.22 0.9602 0.8722 

700 19.35 71.93 0.2233 0.4160 96.38 88.48 0.9638 0.8848 

800 14.46 68.41 0.1666 0.3940 97.30 89.09 0.9730 0.8909 

900 33.63 81.26 0.3888 0.4699 93.70 86.99 0.9370 0.8699 

1000 57.40 103.9 0.6643 0.6012 89.23 83.36 0.8923 0.8336 
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5.2.2. Potentiodynamic polarization study 

PDP study was conducted to evaluate the kinetics of the corrosion 

process after executing OCP test. These polarization plots are exhibited 

in Figure 5.2. Corrosion current density from the intercept of 

extrapolated anodic and cathodic Tafel lines at the corrosion potential 

were used to estimate the IE using equation 2.4. The values Ecorr, Icorr, 

βa, βc, and IE obtained from PDP plot are tabulated in Table 5.2. The CR 

and Icorr decline with an increase in the concentration of GG, indicating 

that the polymeric molecule is strongly adsorbed on the surface of MS 

which prevents the diffusion of corrosive ions from the aggressive media 

and retards the corrosion process on the MS surface. The Icorr values for 

the optimum concentration of GG were less at all studied temperatures. 

An inhibitor is listed as cathodic or anodic type based on the corrosion 

potential difference is above and below 85 mV with respect to corrosion 

potential of blank and if the shift is within ± 85 mV, the inhibitor is 

treated as mixed type. Here in GG can be considered as mixed type 

inhibitor. Upon increasing GG concentration, the value of polarization 

resistance (Rp) increases. A high value of Rp (371.02 Ω cm2) was 

recorded for 800 ppm of GG indicates that the GG passivates the active 

site on MS surface. At elevated temperatures, lower Rp values are 

obtained due to the diffusion of electrolyte into the active site which 

follows corrosion to MS. 
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Figure 5.2. PDP plot of MS in 0.5M HCl with different concentration of 

GG from 303-318K 
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Table 5. 2. PDP parameters of MS in 0.5M HCl without and with GG at various temperatures 

Temperature Concentration 

 of GG (ppm) 

Icorr 

(mA/cm2) 

-Ecorr 

(mV/SCE) 

βa 

(mV/dec) 

-βc 

(mV/dec) 

Rp 

(Ω cm2) 

CR 

(mpy) 

IE (%) 

    

 

 

 303K    

Blank 1.2973 460.56 120.75 223.01 26.21 24.37  

200 0.3172 471.66 109.51 147.75 86.09 14.59 75.54 

400 0.2274 460.80 102.19 157.61 118.29 13.09 82.47 

600 0.1745 466.88 103.05 149.33 151.72 6.175 86.54 

800 0.1186 377.99 200.72 204.68 371.02 2.073 90.85 

 

 

308K 

Blank 1.3627 460.25 125.67 157.19 22.25 26.04  

200 0.3594 471.60 114.97 182.62 85.24 16.38 73.26 

400 0.3024 465.97 94.35 129.43 97.75 15.62 74.87 

600 0.2879 466.98 122.53 196.84 113.90 12.61 78.87 

800 0.1653 470.84 92.81 157.77 153.50 2.848 89.30 

 

 

313K 

 

 

Blank 1.4328 471.15 151.62 207.28 26.53 28.06  

200 0.4740 468.58 117.14 184.25 65.60 20.57 66.91 

400 0.3839 470.23 111.54 156.41 73.64 17.71 73.20 

600 0.3281 503.58 105.16 196.01 90.57 13.45 77.06 

800 0.2046 394.27 90.64 252.51 141.55 9.383 85.72 

   

 

 318K 

Blank 1.5543 467.56 185.41 213.98 27.75 32.19  

200 0.6695 459.54 154.99 152.96 49.93 26.87 59.52 

400 0.6025 472.04 170.44 185.96 64.09 23.38 63.57 

600 0.4858 462.66 141.27 177.87 76.89 14.05 70.63 

800 0.3421 459.17 140.02 194.34 103.30 9.785 79.32 
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5.2.3. EIS measurements  

The Nyquist and Bode plot of MS samples without and with GG at 

various temperatures are displayed in Figure 5.3 and 5.4. The IE 

increases with an increase in GG concentration and decreases with 

temperature. Also, the optimum concentration of the inhibitor at various 

temperatures was found to be 800 ppm. The single depressed semi-

circular nature of Nyquist plots and single time constant in Bode plot 

designate the charge transfer mechanism at the metal electrolyte 

interface. The charge transfer process creates a double layer with a 

parallel combination of charge transfer resistance (Rct) and double layer 

capacitance (Cdl).  The presence of inhibitor molecules interrupts the 

charge transfer process by adsorption on the MS surface. Beyond 800 

ppm of GG concentration, causes desorption of GG and consequently, 

the charge transfer process will cause a decrease of Rct, and IE. EIS data 

were interpreted using Z simp win software. The imperfectness of the 

capacitive loop in the Nyquist plot is often observed at a solid electrode 

interface due to the surface heterogeneity and roughness of the sample 

surface. In such cases, the best fit could be attained by replacing 

capacitance with constant phase element (CPE) in the equivalent circuit  

[4, 5]. The CPE has the impedance function of the given form[6, 7] 

𝑍𝐶𝑃𝐸 =
1

𝑄(𝑗𝜔)𝑛  
                                                     (5.1) 

where Q and n are the magnitudes of CPE and the phase shift, j2= -1 is 

the imaginary unit, and ω is the angular frequency. The value of n is 

associated with surface heterogeneity. The Cdl values can be estimated 
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using CPE parameters (Q and n) and the Rct values using the following 

relation[8] 

                                      𝐶𝑑𝑙 = √𝑄 × 𝑅𝑐𝑡
1−𝑛𝑛

                                               (5.2)   

The lower values of Cdl at the metal solution interface of the inhibited 

solution compared to the uninhibited solution arises due to decreased 

dielectric constant and hence better adsorption of GG on the MS surface. 

Rct values are used to calculate the IE using equation 2.3. The different 

data got from the Nyquist plot are tabulated in Table 5.3 

Figure 5.3. Nyquist plot of MS in 0.5M HCl with different 

concentrations of GG from 303-318K and the equivalent circuit used to 

fit.  
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Figure 5.4. Bode impedance plot of MS without and with different 

concentrations of GG in 0.5M HCl from 303-318K. 
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Table 5.3. Parameters obtained from Nyquist plot of MS in 0.5M HCl without and with GG at various temperature 

Temperature Concentration 

 of GG (ppm) 

Rs 

(Ωcm2) 

Rct (Ωcm2) n Qdl×10-4 

Sn Ω-1 cm-2 

Cdl (µF cm-

2) 

CR 

(mpy) 

IE (%) 

    

 

 

  303K    

Blank 7.01 22.84 0.80 10.59 417.6 13.24  

200 2.12 79.15 0.80 6.80 327.5 5.820 71.14 

400 2.57 120.1 0.78 3.91 165.0 3.017 80.98 

600 4.04 129.5 0.74 3.13 101.4 1.835 82.36 

800 6.85 314.7 0.80 0.79 31.36 1.186 92.74 

 

 

 308K 

Blank 5.67 20.50 0.80 14.31 592.2 14.79  

200 1.16 68.65 0.80 8.28 404.2 6.404 70.13 

400 2.02 76.03 0.80 8.02 398.5 3.977 73.03 

600 2.59 105.7 0.79 7.03 352.2 2.060 80.60 

800 2.63 255 0.80 2.90 151.22 1.186 91.96 

 

 

  313K 

 

 

Blank  18.91 0.80 15.4 636.1 15.99  

200 3.44 59.41 0.78 8.65 374.4 7.089 68.1 

400 5.04 66.91 0.79 8.18 360.4 4.519 71.28 

600 7.32 87.16 0.79 4.32 180.6 2.969 78.30 

800 6.42 140.7 0.78 2.90 117.6 2.149 86.56 

   

 

   318K 

Blank  15.92 0.8 16.25 651.5 18.99  

200 7.34 27.71 0.80 9.70 392.7 8.91 42.54 

400 7.35 44.05 0.78 9.40 382.8 6.864 63.85 

600 3.03 65.47 0.77 4.30 148.0 4.018 75.68 

800 6.64 91.84 0.77 3.37 119.3 3.292 82.66 
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5.2.3.1. Adsorption Isotherm 

To elucidate the nature of adsorption of GG and to determine the free 

energy involved in the process, a possible correlation between the 

concentration of GG and degree of surface coverage has been considered 

by using different adsorption isotherms[9]. Here the process of 

adsorption follows Langmuir isotherm and the fitted model is given in 

Figure 5.5. 

 

Figure 5.5. Langmuir adsorption isotherm for MS at different 

temperature in 0.5M HCl 

Adsorption equilibrium constant (Kads) was determined from the 

intercept of the straight lines on the Cinh/θ axis. The regression 

coefficient (R2) values were most close to one at all studied 

temperatures. The high value of Kads (10.33) at 303K indicates effective 

adsorption of GG on the MS surface and gets decreased when 
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temperature raised (3.33 at 318K). Kads values are used for calculating 

the free energy of adsorption  ΔGads
0  using the following equation  [7] 

                   ∆𝐺𝑎𝑑𝑠
0 = −𝑅𝑇𝑙𝑛(𝐾𝑎𝑑𝑠 × 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡 )                           (5.3)  

where 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡 is the concentration of the solvent. The negative value of 

ΔG0 specifies spontaneous adsorption of GG on the MS surface. In 

general, the value of ∆𝐺𝑎𝑑𝑠
0  around -20 kJ/mol or more positive are 

considered as physisorption, and around -40 kJ/mol or more negative 

are considered as chemisorption[10]. The ΔG0 values given in Table 5.4 

perceptibly support physisorption between GG and metal surface. 

Table 5.4. Adsorption parameters from Langmuir adsorption isotherm 

for the adsorption of GG on MS at various temperature 

 

5.2.3.2. Effect of temperature and activation parameters 

GG probably gets adsorbed on the MS surface by the interaction 

between lone pair of electrons on oxygen atom and d orbital of the metal 

atom.  At higher temperatures, some complex effects may occur on the 

MS surface because of etching, decomposition, and desorption of 

inhibitor molecules from the metal surface which cause diffusion of 

aggressive ions from the electrolyte to the metal side and increases the 

Temperature Kads -ΔG0 

303K 10.33 23.28 

308 K 8.94 23.29 

313 K 8.10 23.41 

318 K 3.33 21.44 
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CR and decreases the IE [11]. Here, the EIS measurements were 

employed to study the temperature effect in the range of 303-318K. The 

CR of MS is very low in acid media with inhibitor at all studied 

temperatures.  The temperature effect on corrosion inhibition property 

of GG on MS can be further evaluated by calculating activation 

parameters of corrosion process using Arrhenius type relation and 

Transition state equation[11, 12] 

𝑙𝑜𝑔(𝐶𝑅) =
−𝐸𝑎

2.303𝑅𝑇
+ 𝑙𝑜𝑔𝐴                              (5.4) 

𝐶𝑅 =
𝑅𝑇

𝑁ℎ
exp (

∆𝑆

𝑅
) 𝑒𝑥𝑝 (

−∆𝐻

𝑅𝑇
)                        (5.5) 

where Ea is the activation energy of metal dissolution process, R is the 

universal gas constant, T is the absolute temperature, A is Arrhenius pre-

exponential constant, N is the Avogadro's number, h is the Planck’s 

constant, and ΔS and ΔH are the change in activation entropy and 

enthalpy of the corrosion process, respectively.  

The activation energy of metal dissolution without and with different 

concentrations of GG was derived from the slop of –Ea/2.303R (Figure 

5.6A). The activation parameters obtained from Arrhenius and transition 

state plots are presented in Table 5.5. The higher Ea observed for 

optimum inhibitor concentration reveals good surface coverage via 

strong adsorption of polymeric GG molecules and increases the energy 

barrier for the metal dissolution process[13, 14]. The plot of ln (CR/T) 

versus 1/T is exhibited in Figure 5.6B. From the slop and intercept of 

the plot, ΔH and ΔS values were calculated. The positive value of 
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enthalpy indicates the endothermic nature of metal dissolution[15] and 

the higher value(55.11kJ/mol) in the presence of an optimum 

concentration of GG reveals the retardation of the corrosion process. 

The higher positive value of ΔS suggests that in the rate determining 

step, the activated complex undergoes dissociation and disordering 

during its conversion from the reactants to activated complex[16]. 

Table 5.5. Activation parameters of MS without and with GG in 0.5M 

HCl 

Concentration of 

inhibitor 

Ea ΔH ΔS 

Blank 18.28 15.71 -52.67 

200 21.73 19.08 -48.52 

400 41.17 38.23 9.303 

600  42.95 40.39 11.86 

800 61.99 55.11 56.12 
 

 

Figure 5.6. A)  Arrhenius and B) Transition state plots of MS in 0.5M 

HCl with various concentrations of GG 
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5.2.4. FTIR spectroscopy  

FTIR spectra of GG and GG scratched from the surface of MS after 6 

hours of immersion were carried out (Figure 5.7). GG shows a broad 

band at 3424cm-1 attributed to the O-H stretching vibrations. The peak 

at 2917cm-1 is associated with C-H stretching vibrations. The O-H 

bending mode observed at 1654cm-1. The spectra of GG scratched from 

the surface show a decrease in intensity of O-H stretching and bending 

frequency due to the association with the MS surface. The intensity of 

C-O(H) stretching vibration at 1163cm-1 gets decreased upon complex 

formation with metal[17-19]. 

 

Figure 5.7. FTIR spectra of GG and GG on MS after 6 hours immersion 

in 0.5M HCl 
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5.2.5.XPS 

XPS can measure the electronic state of the elements within a material, 

elemental composition, and chemical bond in a molecule. The survey 

spectrum from MS dipped in 0.5M HCl with 800 ppm of GG (Figure 

5.8) encounters iron, oxygen, and carbon as the major component. To 

investigate the chemical environments of carbon in the GG on the MS 

surface, the high resolution XPS spectrum for C 1s core energy level 

spectrum was recorded. The spectra were corrected with C 1s at 284.8 

eV. The C 1s signal can be deconvoluted into three different 

contributions. The peak at a binding energy of 284.63 eV was ascribed 

to C-C or C-H[20, 21]. The small peak at 286.20 eV was ascribed to 

alcohol and ether (C-O-X) group. 288.30 eV binding energy attributed 

to the presence of the O-C-O bond of GG. The O 1s spectra for MS in 

0.5M HCl with 800 ppm of GG was deconvoluted into three 

components. The photoelectron peak at 528.68 eV was ascribed to the 

metal oxygen bond. The peak at 531.05 and 532.16 eV was attributed to 

the C-O bond in C-O-C and O-C-O [22-24]. Thus, GG gets strongly 

adsorbed on the MS surface preferably by the coordination through an 

oxygen atom, which ensured a strong coverage of the metal surface by 

GG and thus protecting MS surface from acid attack. Therefore, by 

assimilating the results of the adsorption isotherm and XPS analysis, we 

can further conclude that physisorption and chemisorption coexist. 
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Figure 5.8. The XPS (A) survey scan spectrum and deconvoluted 

profiles of (B) C1s, (C) O 1s for GG treated MS after 24 hours of 

immersion in 0.5M HCl 

5.2.6. FESEM and AFM 

The morphological changes of the sample after 24 h and 48 h exposure 

in 0.5M HCl in the absence and presence of optimum GG concentration 

was monitored via FESEM micrographs (Figure 5.9). Cracks and pits 

were observed on the surface of MS without inhibitor due to severe 

corrosion whereas in the presence of GG, MS surface is protected and 

devoid of much damages.  The network morphology of polymeric guar 

gum remains as such even after 48 hours of immersion. In order to 
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measure surface roughness of the sample without and with GG in 0.5M 

HCl, AFM micrographs were recorded after 24 hours of immersion.  

 

Figure 5.9. FESEM images of (A) MS (B) MS after 24 hours immersion 

in 0.5M HCl (C) and (D) MS in 0.5M HCl with 800ppm of GG after 24 

and 48 hours of immersion 

Figure 5.10 reveals the surface roughness of MS after 24 hours 

immersion in acid solution as 237.84 nm without GG and 29.36 nm with 

800 ppm of GG. The lowering in surface roughness in the presence of 

the GG indicates the formation of protective film on the MS surface by 

replacing the pre-adsorbed water molecules. 
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Figure 5.10. AFM images of (A) MS, (B) and (C) MS after 24 hours of 

immersion without and with 800ppm of GG 

5.2.7. DFT calculations 

The optimized geometry of GG with FMOs are exhibited in Figure 5.11. 

Table 5.6 contains the list of selected theoretical parameters of GG from 

DFT studies. The higher EHOMO in the gas and water phase reveals the 

good electron donation tendency from the GG molecule to the d orbital 

of the Fe surface, while the lower ELUMO suggests the better 

susceptibility to accept electrons by back donation. The energy gap (ΔE) 

between LUMO and HOMO gives an idea about the stability of the GG-

metal complex. Lower ΔE value indicates that the GG can easily donate 

its electrons to the d orbital of metal, such that the inhibitor is adsorbed 
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firmly on the surface of MS[25]. The inhibitor molecule transfers its 

electron to the metal if it’s number of transferred electron, ΔN>0 and 

vice versa[26]. In our study ΔN value of 0.2630 is obtained (calculated 

using equation 2.9) in the gas phase and 0.2557 in the water phase 

suggests the donation of the electron from free hydroxyl, ether group in 

GG molecule to the d orbital of metal. The µ of GG (4.5209 Debye) is 

higher as compared to µ of water (1.85 Debye) which reveals that the 

GG molecule has a strong tendency to adsorb on the surface of the metal 

by replacing pre-adsorbed water molecules. 

Molecular electrostatic potential (MEP) map was used as a visual tool 

to understand the electron density at different regions and to determine 

the more reactive centres in the inhibitor molecule. In MEP map (Figure 

5.11B)  the red color indicates the most negative electrostatic potential 

region and the blue color for the most positive electrostatic potential 

region and the region of the zero electrostatic potential indicated by 

green color [27]. 

Table 5.6. Quantum chemical parameters of GG in gas and water phase 

Inhibitor 
EHOMO 

(eV) 

ELUMO 

(eV) 

ΔE    

(eV) 

χ    

(eV) 

ƞ    

(eV) 
ΔN 

GG (gas 

phase) 
-6.604 0.9252 7.529 2.839 3.765 0.2630 

GG (water 

phase) 
-6.782 1.2501 8.032 2.766 4.016 0.2557 
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Figure 5.11. A) Optimized geometry, B) MEP map, C) and (D) FMO of 

GG 

5.2.8. Fukui indices 

Fukui calculations are useful to evaluate the reactive centres in a 

molecule towards electrophilic and nucleophilic attack. Electron density 

of the Fukui indices 𝑓𝑘
+  and 𝑓𝑘

−  at 0.025 isosurfaces obtained from 

Mulliken population analysis along with Fukui values are shown in 

Table 5.7. We have also used a more precise wave function based natural 

population analysis by NBO to evaluate the Fukui indices of each atom 

on GG. The highest value of 𝑓𝑘
+   for oxygen indicates the high 

nucleophilicity of the atom and can accept an electron from the MS 

surface[28] and are located on O (41), O (36), and O (53) from NBO 

analysis and Mulliken population analysis. The highest value of 𝑓𝑘
− 

disclose the tendency of oxygen atom in GG to donate electrons to the 



Chapter 5 

 
144 

MS surface. Parameters of local reactivity descriptors encounter O (16), 

C (48), and C (5) are the more reactive site for electrophilic attack. 

Table 5.7.  The Fukui indices of GG calculated by NBO and DMol3 
 

 Fukui 

In atom 

 

NBO Analysis Mulliken    

population analysis 

    f+    f-    f+    f- 

 

 

C (1) -0.0181 0.0014 -0.002 -0.027 

C (2) -0.0247 0.0211 -0.001 -0.015 

C (3) -0.012 -0.0058 -0.01 -0.002 

C (4) -0.008 0.0052 0.003 -0.022 

C (5) -0.1798 0.1853 -0.005 0.117 

O (11) 0.3074 -0.4119 0.007 0.003 

O (12) 0.3907 -0.4617 -0.002 0.014 

O (14) 0.3977 -0.4465 0.011 0.052 

O (16) -0.4028 0.4087 0.015 0.074 

C (18) 0.0853 -0.0912 -0.008 0.004 

O (21) 0.3145 -0.3417 0.011 0.021 

C (22) -0.0107 0.0075 0.001 -0.003 

C (23) -0.0213 0.0218 -0.003 -0.001 

C (24) -0.0176 0.0235 -0.014 0.001 

C (25) 0.0099 0.0007 -0.008 -0.013 

C (26) -0.1483 0.1622 0.008 0.007 

O (32) 0.3989 -0.4132 0.01 -0.013 

O (34) 0.3935 -0.4326 0.024 0.011 

O (36) 0.4143 -0.447 0.03 0.006 

C (38) 0.1021 -0.0875 -0.017 -0.001 

O (41) 0.4298 -0.4266 0.084 0.012 

O (43) 0.3298 -0.3156 -0.07 0.004 

O (44) 0.3048 -0.3572 -0.012 0.002 

C (45) -0.0138 0.0088 -0.006 -0.001 

C (46) -0.0111 0.016 -0.046 -0.006 

C (47) -0.013 0.0122 -0.008 -0.004 

C (48) -0.1853 0.1926 0.003 0.011 

O (53) 0.4095 -0.4493 0.022 0.004 

O (55) 0.3899 -0.448 0.004 0.014 

O (57) 0.396 -0.3999 0.004 0.011 

O (59) 0.3171 -0.3553 0.014 0.01 

C (60) 0.0607 -0.0604 -0.004 0.001 

O (63) 0.3859 -0.4212 0.008 0.006 

C (65) -0.025 0.0099 -0.001 -0.018 
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5.2.9. Monte Carlo Simulation 

MC simulation is another efficient tool for the theoretical explanation of 

the adsorption tendency of the inhibitor molecule on a metallic surface. 

In the water phase, one monomer unit of GG accompanied with 200 

water molecules was subjected to simulation on Fe(1 1 0) plane. The 

final adsorption configurations of GG in the gas and water phase over 

the metal surface is displayed in Figure 5.12. After 500,000 steps, the 

GG molecule moves in a parallel manner on the metal surface.  

 

Figure 5.12. Side and top view of GG adsorption on Fe (110) surface 

(A-B) in gas and (C-D) in aqueous phase 
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The adsorption energy of GG in both phases denoted that GG gets 

adsorbed more firmly in the water phase. The high negative adsorption 

energy of GG (-288.66 kJ/mol) compared to water molecule (-33.90 

kJ/mol) in the water phase indicates the stronger adsorption capacity of 

GG by substituting the water molecules from the MS surface leading to 

the formation of a stable protective layer (Table 5.8) [27] 

Table 5.8. Energy parameters obtained from MC simulations for the 

adsorption of GG on Fe (110) surface in gas and water phase (in kJ/mol) 

Phase 
Total 

Energy 

(kJ/mol) 

Adsorption 

Energy 

(kJ/mol) 

Rigid 

adsorption 

energy 

(kJ/mol) 

Deformatio

nEnergy 

(kJ/mol) 

Guar 

Gum: 

dEad/d

Ni 

(kJ/mol) 

Water:  

dEad/d

Ni 

(kJ/mol) 

Water -2.72×103 -6.73×103 -2.99×103 -3.73×103 -282.66 -33.90 

Gas -115.56 -438.3 -217.3 -220.9 -438.2 - 

 

5.3. Conclusions  

The abundance of hydroxyl group in the GG molecule and large chain 

molecular structure makes an effective corrosion inhibitor in 0.5M HCl 

and the IE was influenced by temperature and concentration of inhibitor. 

Stable interaction between the MS and inhibitor are well supported by 

FTIR, SEM, AFM, and XPS studies. DFT studies provided a more 

detailed account of the mode of donor-acceptor synergy between the 

studied inhibitor and metal surface. MC simulation study revealed that 

GG adsorbed on the MS surface by their flat horizontal orientation and 

high negative value of interaction energy indicated that the inhibitor can 

act as a strong and stable adsorbate on the metal surface and hence offers 

good corrosion inhibition property. 
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inhibition of guar gum by 
synergistic interaction with 
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6.1. Introduction 

Synergism is considered as an effective method to improve the 

performance of solo inhibitors and the synergistic interaction can 

withstand at higher temperatures for substantial period of time [1].  The 

synergistic pair of a carbohydrate polymer with other inorganic or 

organic compounds offered enhanced performance for different metals 

in various aggressive media[2-4]. The use of surfactants can improve 

the corrosion inhibition of some synthetic and natural polymers[5, 6]. 

Mobin et al reported corrosion inhibition of MS via synergistic action of 

xanthan gum with cationic, anionic, and non-ionic surfactants in 1M 

HCl[2]. The addition of different surfactants to hydroxyethyl cellulose 

have significantly increased the inhibition efficiency of carbon steel in 

1M HCl solution[3]. Corrosion inhibition of MS in 0.1M H2SO4 using 

starch and surfactants has also been studied by Mobin et al[7]. Herein, 

the synergistic effects of two non-ionic surfactants (Tween-80 and 

Triton-X) on the corrosion inhibition performance of GG were studied 

for MS in 0.5M HCl solution adopting both experimental and theoretical 

methods. 

6.2. Result and Discussion 

6.2.1. Weight loss measurement 

The corrosion inhibition of MS in 0.5M HCl in the absence and presence 

of GG, Tween-80 (T-80), Triton-X (T-X), GG: Tween-80 (GT-80), and 

GG: Triton-X (GT-X) was investigated via weight loss measurement. 

The corrosion rate and percentage inhibition efficiency (IE) were 
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tabulated in Table 6.1. Corrosion rate decreases and IE enhances with 

the addition of GG and 5 ppm of surfactants. When concentration 

increases greater number of GG molecules are adsorbed on the MS 

surface by replacing the pre-adsorbed water molecules, that shield the 

MS surface from the corrosive ions. As the time of immersion extended, 

the desorption of the inhibitor molecule from the metal surface happens 

and is responsible for the decrease in IE. It is noticed that the GT-80 or 

GT-X increases the IE more than either GG or surfactants alone, 

indicating synergism between GG and surfactants. The synergistic 

interaction of GG and surfactants causes an increase in IE to 98.10% in 

the case of GT-80 and 97.95% with GT-X.  The synergistic coefficient 

(S) at different temperatures proposed by Murakawa et al [8] was 

calculated for describing the combined corrosion inhibition performance 

of GG with T-80 and T-X 

𝑆 =
1 − 𝐼𝐸𝐴+𝐵

1 − 𝐼𝐸′
𝐴+𝐵

                                                  (6.1) 

where 𝐼𝐸𝐴+𝐵 = (IEA+IEB), IEA is the IE of GG, IEB is the IE of surfactant 

and 𝐼𝐸′
𝐴+𝐵 is the measured IE for GG and surfactant together. If the 

values of S are greater than 1 which discloses the synergistic action. The 

synergism parameter in Table 6.1 indicated the strong synergistic 

interaction between GG and surfactants. The GT-80 is found to be more 

effective as an inhibitor owing to its large molecular size and electron-

donating substituents for MS than GT-X.
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Table 6.1. Weight loss data of MS in 0.5M HCl after 24 and 48 hours of immersion 

 

Inhibitor 

(ppm) 

Surfactant 

(ppm) 

  Weight loss (g) CR (mg cm-2 hr-1)      IE (%) Synergism 

parameter 

24 h 48 h 24 h 48 h 24 h           48 h 24 h 48 h 

 - 0.5334 0.6245 6.173 3.614 - - - - 

200 - 0.0715 0.0953 0.8275 0.5515 86.59 84.73 - - 

400 - 0.0540 0.0832 0.6250 0.4814 89.80 86.67 - - 

600 - 0.0212 0.0798 0.2453 0.4618 96.02 87.22 - - 

800 - 0.0144 0.0681 0.1666 0.3940 97.30 89.09 - - 

     - 5 T-80 0.1845 0.2548 2.135 1.474 65.41 59.19 - - 

200 5 T-80 0.0235 0.0341 0.2719 0.1973 95.59 94.53 1.596 1.528 

400 5 T-80 0.0154 0.0293 0.1782 0.1695 97.11 95.30 1.604 1.536 

600 5 T-80 0.0122 0.0228 0.1412 0.1319 97.71 96.34 1.659 1.525 

800 5 T-80 0.0101 0.0207 0.1168 0.1197 98.10 96.68 1.665 1.539 

     - 5 T-X 0.2166 0.2441 2.506 2.777 59.49 54.23 - - 

200 5 T-X 0.0317 0.0569 0.6585 0.3292 94.05 90.88 1.559 1.535 

400 5 T-X 0.0192 0.0331 0.2222 0.1915 96.40 94.69 1.554 1.493 

600 5 T-X5  0.0132 0.0305 0.1527 0.1765 97.52 95.11 1.601 1.494 

800 5 T-X 0.0109 0.0251 0.1261 0.1452 97.95 95.98 1.606 1.498 
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6.2.2. EIS measurements and corrosion control 

The kinetics of electrochemical processes occurring at the 

MS/electrolyte interface can be analysed with the EIS studies. The 

impedance values were measured at the OCP. Figure 6.1 shows the EIS 

plot of MS at the corrosion potentials after one-hour immersion in 0.5M 

HCl solution containing no inhibitor, T-80, T-X, GG, GT-80, and GT-

X at different temperatures (303K- 323K).  The Nyquist plots of MS in 

the absence and presence of inhibitor show single depressed capacitive 

semicircles and the EIS data were fitted by one -time constant electrical 

equivalent circuits indicate the charge transfer controlled mechanism of 

corrosion. Moreover, the semi-circular shapes of the Nyquist plots were 

secure when GG combined with T-80 and T-X implying that the 

mechanism of corrosion doesn’t altered but better surface coverage has 

been attained. The impedance data obtained from the Nyquist plot by 

fitting with an equivalent circuit using Z simp win and are given in Table 

6.2. Compared with the blank solution, the diameter of the Nyquist plot 

increases with the addition of T-X, T-80, and GG. However, the 

diameter of the Nyquist plot increases intensely in presence of 800ppm 

of GG and 5ppm of surfactants, showing a better inhibition achieved by 

the synergistic effect. Higher molecular size and high electron density 

on the adsorption centres are responsible for the enhanced corrosion 

inhibition efficiency of GT-80 at all studied temperatures. The decrease 

in values of double layer capacitance at MS/electrolyte interface of the 

inhibited solution can be ascribed to the decrease in dielectric constant 

and/or increase in the double layer thickness due to the better adsorption 

of GG and surfactants on the surface of MS. Rct values increase with 

increasing GG concentration [9]. The addition of neutral surfactants to 

the GG causes a further increase in Rct values. The observed increase in 
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Rct confirmed the inhibitory action of GG and surfactants through 

synergistic interaction. The addition of 5 ppm of T-X and T-80 to 

800ppm of GG at all studied temperatures causes a decrease in Cdl 

values. The decrease in values of Cdl in presence of T-X and T-80 

suggests blocking of the active surface of MS.  

 
Figure 6.1. Nyquist plot of MS in 0.5M HCl with Blank, T-X, T-80, GG, 

GT-X, and GT-80 from 303K to 323K
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Table 6.2. EIS parameters for corrosion of MS in 0.5M HCl from 303K to 323K 

Temperature Inhibitor Rs 

(Ω 

cm2) 

Rct 

(Ω 

cm2) 

n Qdl×10-4 

Sn Ω-1  

cm-2 

Cdl 

(µF  

cm-2) 

CR 

(mpy) 

IE (%) S 

 Blank 7.01 22.84 0.80 10.59 417.6 13.24   

    

 

303K   

T-80 3.18 60.03 0.75 3.7604 228.9 4.935 61.95  

T-X 6.75 41.64 0.80 4.481 271.4 6.460 45.14  

GG 6.85 314.7 0.80 0.79 31.35 1.186 92.74  

GT-80 9.72 798.3 0.87 0.1570 3.231 0.3787 97.13 1.598 

GT-X 8.31 508.2 0.80 0.1930 6.073 0.594 95.50 1.512 

 Blank 5.67 20.50 0.80 14.31 592.2 14.79   

 

 

 308K 

T-80 6.74 46.4 0.74 7.542 252.4 6.504 55.81  

T-X 3.82 30.30 0.80 4.021 293.2 7.778 32.34  

GG 2.63 255 0.80 2.90 151.22 1.186 91.96  

GT-80 8.75 372 0.83 0.3075 8.111 0.816 94.48 1.574 

GT-X 8.80 293.9 0.80 0.4535 15.40 1.029 93.02 1.502 

 Blank 5.02 18.91 0.80 15.4 636.1 15.99   

 

 

  313K 

T-80 2.37 40.42 0.70 3.333 272.55 7.480 53.21  

T-X 4.04 26.21 0.80 9.930 398.8 11.54 27.85  

GG 15.5 140.7 0.78 2.90 117.6 2.149 86.56  
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GT-80 9.65 255.1 0.82 0.5713 17.05 1.185 92.58 1.515 

GT-X 7.34 175.1 0.81 0.6012 17.92 1.727 89.20 1.468 

 Blank 4.40 15.92 0.80 16.25 651.5 18.99   

   

 

   318K 

T-80 7.05 28.49 0.81 8.946 328.1 10.13 44.12  

T-X 7.01 20.31 0.78 9.585 423.9 13.05 21.61  

GG 6.64 91.84 0.77 3.37 119.3 3.292 82.66  

GT-80 10.1 198.8 0.80 0.6200 20.65 1.521 91.99 1.382 

GT-X 10.2 118.3 0.64 0.6411 73.17 2.556 86.54 1.207 

 Blank 3.57 13.19 0.78 16.57 757.1 22.92   

 T-80 8.86 21.55 0.80 9.006 336.1 14.03 38.79  

  323K T-X 3.20 16.11 0.78 11.770 516.7 18.73 18.12  

 GG 7.81 62.81 0.79 5.663 269.8 4.814 79.00  

 GT-80 11.5 98.36 0.80 0.9891 31.06 3.093 86.69 1.362 

 GT-X 8.79 90.56 0.80 1.959 84.40 3.339 85.46 1.138 
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6.2.2.1. Effect of temperature on corrosion and activation parameters 

The performance of inhibitor and synergistic pairs were studied at 

elevated temperature up to 323K. The temperature rise may cause the 

decomposition of protective layer, surface etching and the desorption of 

inhibitor molecule thereby increasing corrosion rate[10]. The activation 

energy (Ea) obtained from the Arrhenius plot (Figure 6.2A) of 

synergistic pairs have much higher values than corresponding blank 

solutions owing to the better surface coverage which increase the energy 

barrier for corrosion events to take off and are given in Table 6.3. GT-

80 (67.91kJmol−1) holds the highest Ea value and better adsorption is 

achieved through the more electron rich centres.  

Table 6.3.  Activation parameters of MS in the absence and presence 

of inhibitors in 0.5M HCl 

Inhibitor Ea (kJmol−1) ΔH (kJmol−1) ΔS (kJmol−1) 

Blank 18.54 16.44 -50.08 

T-80 36.84 34.35 3.787 

T-X 34.98 32.83 -3.767 

GT-80 67.91 65.43 84.10 

GT-X 62.56 59.39 67.52 

 

The thermodynamic parameters like the entropy of adsorption (ΔS), 

enthalpy of adsorption (ΔH) for the corrosion process were obtained 

from the Transition state plot (Figure 6.2B).  Higher positive values for 

ΔH in presence of inhibitor/synergistic pair implies the endothermic 

nature of metal dissolution and hence difficult to trigger the process[11]. 

GT-80 have the highest ΔH value (65.43 kJ/mol) and is the most 

efficient synergistic pair. Also, the high positive values of ΔS indicate 
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that in the rate determining step, the activated complex undergoes 

dissociation and disordering during its conversion from the reactants to 

activated complex[12].  

 

Figure 6.2 A) Arrhenius and B) Transition state plots of MS in 0.5M 

HCl in the absence and presence of inhibitors 

6.2.3. Tafel polarization study (PDP) 

Corrosion inhibition of MS using the inhibitor and synergistic pairs was 

also investigated using the PDP study to complement and confirm the 

data obtained from weight loss and EIS study. Figure 6. 3 shows the 

PDP plot of MS at the corrosion potentials after one-hour immersion in 

0.5M HCl solution without inhibitor, with T-80, T-X, GG, GT-80, and 

GT-X at different temperatures (303K- 323K). The PDP parameters 

obtained in 303K-323K are shown in Table 6.4. The values of Icorr 

decreased continuously with increasing concentration of GG, and 

further decreased in the presence of surfactants. The maximum IE of 

90.85% was observed at GG concentration of 800 ppm indicating that a 
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higher coverage of GG on the MS surface. The addition of surfactants 

further improved the IE of GG. The combination of 5 ppm of T-X and 

T-80 to 800 ppm of GG enhanced the IE to 95.52 and 96.90% at 303K. 

This value is higher than GG, T-80, and T-X, alone indicating the 

synergism between GG and surfactants. At higher temperatures also the 

synergism was sustained with good inhibition efficiency for MS 

compared to GG and surfactants alone. To effectively evaluate 

synergistic inhibition, the synergism parameter (S) was calculated using 

equation 6.1 and the value obtained is greater than one (S >1) at all 

studied temperatures. The polarization resistance (Rp) values calculated 

using the Stearn-Geary equation gradually increase from blank to 

electrolyte having different inhibitor concentrations. The synergistic 

effect of surfactants is further evident from the fact that the addition of 

surfactants to GG enhances the value of Rp. The high Rp value of GG 

with surfactants indicated both GT-80 and GT-X in the acid solution got 

firmly adsorbed at the MS/electrolyte interface which inhibits 

polarization of the MS. The Rp value of GT-80 is more pronounced than 

GT-X which is ascribed due to the better interaction via hydrogen bond 

between GG and T-80. The results of PDP data are consistent with the 

result of EIS and weight loss data. 
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Figure 6.3. PDP plot of MS in 0.5M HCl with Blank, T-X, T-80, GG, 

GT-X, and GT-80 from 303K to 323K  
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Table 6.4. PDP parameters of MS in 0.5M HCl from 303K to 323K 

Temperature inhibitor Icorr 

(mA/ 

cm2) 

-Ecorr 

 (mV) 

βa 

(mV/ 

dec) 

-βc 

(mV/ 

dec) 

Rp 

(Ω cm2) 

CR 

(mpy) 

IE (%) S 

 Blank 1.297 460.6 120.7 223.0 26.21 24.37 -  

 

 

303K 

T-80 0.2906 413.2 115.3 165.4 101.5 12.61 77.59  

T-X 0.5207 434.2 138.5 201.1 68.41 12.69 60.91  

GG 0.1186 377.9 200.7 204.7 371.0 2.073 90.85  

GT-80 0.0401 506.4 117.9 275.5 894.1 1.527 96.90 1.745 

GT-X 0.0580 497.5 78.96 194.8 420.6 1.736 95.52 1.595 

 Blank 1.3627 460.2 125.6 157.2 22.25 26.04   

 

 

308K 

T-80 0.4095 462.2 92.83 167.3 63.30 14.67 69.94  

T-X 0.7886 469.5 114.1 205.3 40.38 16.93 42.12  

GG 0.1653 470.8 92.81 157.8 153.5 2.848 87.86  

GT-80 0.0768 452.1 107.0 190.2 387.2 3.025 94.36 1.679 

GT-X 0.1107 457.2 63.30 179.3 183.5 5.483 91.87 1.419 

 Blank 1.4328 471.1 121.0 182.3 22.04 28.06   

 

 

313K 

 

T-80 0.4935 433.7 118.3 181.1 62.95 18.78 65.55  

T-X 0.9015 462.2 145.3 190.9 39.27 22.37 37.08  

GG 0.2046 394.3 90.64 252.5 141.5 9.383 85.72  

GT-80 0.0930 457.9 137.3 191.1 373.1 5.583 93.50 1.624 
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 GT-X 0.1746 459.7 97.03 170.7 153.8 8.019 87.81 1.403 

 Blank 1.5543 447.6 140.4 182.0 22.14 32.19   

 

 

318K 

T-80 0.9065 422.5 152.3 202.9 41.66 22.80 41.67  

T-X 1.2698 440.4 134.5 240.3 29.55 28.67 18.30  

GG 0.3421 459.2 140.0 194.3 103.3 9.785 77.99  

GT-80 0.1553 504.5 129.2 191.2 215.5 6.034 90.01 1.333 

GT-X 0.2016 331.3 108.4 150.8 135.8 8.987 87.02 1.131 

 Blank 1.8923 475.8 125.6 214.4 18.17 36.70   

 T-80 1.1903 440.4 201.8 239.8 39.97 25.11 37.09  

 T-X 1.6254 426.5 169.2 238.5 26.44 32.00 14.10  

323K GG 0.4701 408.7 112.8 195.2 66.05 11.43 75.15  

 GT-80 0.2108 406.9 86.72 185.5 121.7 6.413 88.86 1.266 

 GT-X 0.4099 363.6 136.2 205.6 86.79 9.980 78.33 1.141 
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6.2.4. XPS and surface monitoring  

XPS spectra of MS dipped in 0.5M HCl containing the most efficient 

synergistic pair GT-80 was taken after 24-hour immersion. The coupons 

were taken out from the electrolyte and rinsed with distilled water to 

remove electrolyte adhering on the metal surface. Elemental profile on 

the metal surface is estimated using the wide-scan and the high- 

resolution XPS spectra. The C1s correction was set at 284.8 eV to 

calibrate the binding energies. The XPS spectra encounters (Figure 6.4) 

the peaks of C1s, O1s, and Fe2p. C1s and O1s are mainly attributed to 

the presence of inhibitors on the metal surface, and the signal of Fe2p 

arises due to the MS substrate and its corrosion product. The 

deconvolution of the high peak resolution of Fe 2p spectrum exhibits 

peak at 710.39eV, 712.50eV, 718.40eV, 723.70eV, and 725.92eV. The 

first peak at 710.39eV is attributed to ferric compounds such as Fe2O3. 

The peak at 712.50eV is due to FeOOH. The satellite peak of Fe2O3 

appeared at 718.40eV. Fe2p1/2 of FeO appeared at 723.70eV. Finally, 

the peak at 725.92eV is attributed to Fe2p1/2 due to Fe3O4 or FeOOH. 

The deconvoluted C 1s spectrum for MS in the presence of GT-80 

attribute three peaks indicating three chemical forms of C atom present 

on the MS surface as shown in Figure 6.4(C). The peak at a binding 

energy of 284.79eV was attributed to C-C or C-H bond in GT-80. The 

peak at 286.46 eV attributed due to alcohol and ether (C-O-X) in GT-

80. The peak at 288.53 eV ascribed to the presence of the carbonyl group 

probably due to the O-C=O group in tween-80. The O 1s spectra also 

deconvoluted into three components. The peak at 529.89 eV was 

attributed to a Fe-O bond. The peak at 531.35eV is attributed to the C-
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O bond in C-O-C. The peak at 532.49eV is due to the C-O bond in O-

C-O of GG or C=O bond in tween-80[13-17]. The results obtained by 

XPS analysis supporting the adsorption of inhibitor (GT-80) on the MS 

surface. 

Figure 6.4. The XPS (A) survey scan spectrum and deconvoluted 

profiles of (B) Fe 2p, (C) C 1s, and D) O 1s for GT-80 treated MS after 

24 hours of immersion in 0.5M HCl 

6.2.5. Computational quantum studies 

Quantum chemical calculations were used to analyse the inhibitor action 

of GG, T-80, T-X, GT-80, and GT-X. The optimised geometry along 

with FMOs of T-80 and T-X , GT-X and GT-80  are displayed in Figure 

6.5, 6.6, and 6.7. EHOMO, ELUMO, ΔE (energy gap between the LUMO 
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and HOMO), µ and the global descriptive parameters are tabulated in 

Table 6.5. The ΔE value gives information about the stability of the 

inhibitor-metal complex formation. As ΔE value decreases, the 

reactivity of the inhibitor molecule increases, which enhances the 

adsorption of the inhibitor molecule on the metal surface and 

consequently an increase in IE[18]. The inhibitor molecule transfers its 

electron to the metal if it’s ΔN>0 and vice versa[19]. Here, GG could 

donate electrons from ether, free hydroxyl group to the vacant orbital of 

metal with a ΔN value of 0.2630. In GT-80 and GT-X, the ΔN value 

became 0.4048 and 0.3556, which suggested better inhibition of GT-80 

over GT-X[20]. The higher ΔN value of GT-80 compared to GT-X is 

attributed to the presence of more electron donor substituent in GT-80. 

Table 6.5. Quantum chemical parameters of T-X, T-80, GT-X, and 

GT-X 

Inhibitor 
EHOMO 

(eV) 

ELUMO 

(eV) 

ΔE 

(eV) 
χ (eV) ƞ (eV) ΔN 

GG -6.6042 0.9252 7.5294 2.8395 3.7647 0.2630 

T-X -5.9582 0.3227 6.2809 2.8177 3.1405 0.3197 

T-80 -6.1117 0.6327 6.7444 2.7395 3.3722 0.3085 

GT-X -5.6589 0.1535 5.8124 2.7527 2.9061 0.3556 

GT-80 -5.3715 0.3935 5.7650 2.4801 2.8825 0.4048 
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Figure 6.5. Optimised geometry and FMOs of A) T-80 and B) T-X  

Figure 6.6. Optimized geometry with FMO of GT-X 
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Figure 6.7. Optimized geometry with FMO of GT-80 

6.2.6. NBO analysis-Probe of hydrogen bonding 

NBO analysis was conducted for GT-80 and GT-X using the 

DFT/B3LYP/6-31G(d,p) level.  The presence of intermolecular 
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hydrogen bonding between GG and surfactants is clear from the second 

order perturbation theory from NBO analysis. The hydrogen bond 

energies are manifested in the form of stabilization energy (E2). As the 

strength of hydrogen bonding increases, the stabilization energy (E2) 

also increases. More favourable stabilization energies are achieved in 

the NBO due to the strong inter and intramolecular hydrogen bond 

network for GT-80 and GT-X, and the details of intermolecular 

hydrogen bonding interactions are listed in Table 6.6. The 

intermolecular hydrogen bonding of GT-80 is established due to the 

delocalization of the lone pair LP(1) of O10 with an electron density 

(ED) value of 1.96109e and LP(2) of O10 with ED value of 1.84589e to 

the σ* bond of O114 - H115 with ED value of 1.99716e, thereby 

yielding stabilization energies of 6.87 and 7.58 kcal mol–1, respectively. 

Similarly, the transfer of LP(1) of O116 with ED  value of 1.96588e and 

LP(2) of O116 with ED value of 1.93278e to σ* of O6 - H67 with ED 

value of 1.99715e yields stabilization energies of 2.14 and 17.50 kcal 

mol–1, respectively. For GT-X, the network of intermolecular hydrogen 

bonding is obtained due to LP(1) of O14 with ED value of 1.90435e and 

LP(2) of O14 with ED value of 1.96788e transferring to the σ* bond of 

O109 - O110   with ED value of 1.98799e yield stabilization energies of 

5.68 and 13.56 kcal mol–1, respectively[21-24]. Thus, these NBO results 

reveal the presence of strong intermolecular hydrogen bonding in GT-

80 and GT-X. Moreover, in GT-80, due to the presence of two strong 

intermolecular hydrogen bonding more electron-donating substituents 

donate free electrons to the vacant metal orbital. 
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Table 6.6. NBO results for GT-80 and GT-X at the DFT/B3LYP/6-31G(d,p) level 

Compound Donor(i) Type ED Acceptor(j) Type ED E(2) kcal/mol    E(j)-E(i)  

a.u. 

F(i,j) 

a.u. 

 

 

Inter-HB in GT-80 

O 10 LP(1) 1.96109 O 114 - H 115 σ * 1.99716 6.87 1.18 0.080 

O 10 LP(2) 1.84589 O 114 - H 115 σ * 1.99716 7.58 0.77 0.070 

O 116 LP(1) 1.96588 O   6 - H  67 σ * 1.99715 2.14   0.98 0.041 

O 116 LP(2) 1.93278 O   6 - H  67 σ * 1.99715 17.50  0.92 0.114 

Inter-HB in GT-X O 14 LP(1) 1.90435 O 109 - O 110    σ * 1.98799 5.68  1.08 0.070 

O 14 LP(2) 1.96788 O 109 - O 110    σ * 1.98799 13.56 0.85 0.081 

 

ED is electron density, Inter means intermolecular hydrogen bonding, Intra means intramolecular hydrogen 

bonding, and HB means hydrogen bonding. E (2) is the energy of hyperconjugative interaction (stabilization 

energy in kcal/mol). E(j)-E(i) is the energy difference between the donor and acceptor i and j NBO orbitals. F(i; j) 

is the Fock matrix element between the i and j NBO orbitals 
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6.2.7. Monte Carlo Simulation (MC) 

To supplement the experimental result, MC simulation studies has been 

done to explore the inhibitor-metal interaction in the presence of 

aqueous electrolytic environment. The final snapshot of each inhibitor 

on Fe (110) plane from the last step of MC simulations is given in Figure 

6.8. In the final simulation snapshots, it is realized that all adsorbed 

inhibitors aligned almost completely parallel relative to the iron surface, 

providing good surface coverage which accounts for improved 

corrosion inhibition [25]. From the adsorption energy values, it is clear 

that both GT-80 and GT-X firmly adsorbed on the MS surface. 

Therefore, the synergistic effect of the inhibitors exhibits greater 

inhibition compared to GG, T-80, and T-X alone. The high adsorption 

energy of GT-80 (-7.046×103 kJ/mol) and better efficiency than GT-X 

(-6.947×103 kJ/mol) may be explained as due to the presence of greater 

number of functional groups. Further, the differential adsorption energy 

of GG in GT-80 (-221.97 kJ/mol) is more compared to GG in GT-X (-

213.37 kJ/mol), which indicated that GG adsorbs more firmly in 

combination with T-80 than T-X on the MS surface. 
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Figure 6.8. Side and top view of (A&B)GG, (C&D)T-80, (E&F)T-X, 

(G&H)GT-80, and (I&J)GT-X adsorption on Fe (110) surface 
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6.2.8. Microscopic studies and surface examination (FESEM and AFM)   

The changes in surface morphology of the MS sample after 24-hour 

exposure in 0.5M HCl in the absence and presence of inhibitor 

combinations were monitored via FESEM micrographs (Figure 6.9). In 

the absence of inhibitor, more noticeable defects such as cracks and pits 

were observed on the surface of MS due to severe corrosion whereas in 

the presence of inhibitor combination the MS surface is found to be more 

protected and devoid of much defects.  

Figure 6.9. FESEM images of A) and B) blank before and after 

immersion C) GT-80, and D) GT-X of MS in 0.5M HCl after 24-hour 

immersion 
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AFM micrographs were recorded to measure surface roughness of the 

sample in the absence and presence of inhibitors (GT-X and GT-80) in 

0.5M HCl after 24 hours of immersion. Figure 6.10 reveals the surface 

roughness of MS in the absence of inhibitor after 24 hours of immersion 

as 237.84 nm, 27.2nm with GT-80, and 28.9 nm with GT-X. The 

lowering of surface roughness in the presence of inhibitor combination 

indicates the formation of a protective layer on the MS surface by 

replacing the pre-adsorbed water molecules. 

 

Figure. 6.10. AFM images of A) and B) blank before and after 

immersion C) GT-80, and D) GT-X of MS in 0.5M HCl after 24-hour 

immersion 
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6.3. Conclusions 

The addition of two non-ionic surfactants Tween-80 and Triton-X 

synergistically increased the inhibition efficiency of Guar Gum; the 

effect of Tween-80 is more pronounced than Triton-X due to the 

presence of more electron donor substituents. Corrosion inhibition of 

Guar Gum and surfactants via synergistic interaction was confirmed by 

weight loss, EIS and PDP measurements. Quantum chemical 

calculations and Monte Carlo simulation also confirmed that the Guar 

Gum could cooperate with the two non-ionic surfactants and 

synergistically inhibit the corrosion of MS in 0.5M HCl. NBO analysis 

further confirmed the higher inhibition efficiency of GT-80 than GT-X. 
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7.1. Introduction 

Jack fruit (Artocarpus heterophyllus), known as the poor man’s fruit is 

one of the largest edible fruits grown worldwide. But a significant 

amount of jack fruit peel is discarded as waste, leading to environmental 

problem. Recovery of the useful compounds from agricultural waste and 

by-product is a novel research movement. Pectin is a valuable by-

product that can be isolated from jack fruit waste using different 

techniques[1]. The purpose of this study is to utilize jack fruit peel waste 

as a potential source for pectin production and as MS corrosion inhibitor 

that is beneficial to our environment and economy. It also concerning 

global environmental issues to encourage the use of renewable 

resources. The extraction of pectin from jackfruit peel waste is given in 

chapter 2 (sec. 2.4.6). 

7.2. Result and discussion 

7.2.1. Pectin yield 

Antony et al could isolate about 39.05% of pectin from jack fruit waste 

using 0.05N oxalic acid at 90oC for 60 minutes. But in this study, the 

yield of pectin isolated using the same condition as that of Antony et al 

was only 35.05% determined using equation 2.1. The low yield of pectin 

might be due to environmental growth conditions and the variety of jack 

fruit. 

7.2.2. FTIR 

The FTIR spectra of jack fruit pectin (JP) and JP scratched from the 

surface of MS after 24 hours of immersion are given in Figure 7.1. 
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Absorption about 3426cm-1 arises due to the O-H stretching frequency 

of polysaccharide. The peak at 1744cm-1 was ascribed to the carbonyl 

stretching frequency of the methyl ester group in pectin. The carbonyl 

stretching frequency of the carboxyl group in galacturonic acid appeared 

at 1639cm-1. The asymmetric and symmetric C-H stretching frequency 

of methyl esters of galacturonic acid appeared at 2924cm-1 and 2830cm-

1. The spectra of JP adsorbed on MS surface shows a decrease in 

intensity of O-H stretching and bending frequency due to the association 

of JP molecule with the MS surface[2-4]. The intensity of carbonyl 

stretching frequency of acid and ester group in JP at 1744cm-1 and 

1639cm-1 get decreased upon complex formation with the metal atom. 

 

Figure 7.1. FTIR spectra of JP and JP on MS after 24 hours immersion 

in 0.5M HCl 
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7.2.3. Weight loss measurement 

The CR and IE of MS obtained from weight loss study for the various 

concentration of JP are exhibited in Table 7.1. The data indicated that 

CR of MS decreased with an increase in the concentration of JP 

molecule. The inhibition of MS corrosion in the presence of JP is 

attributed to the adsorption of the inhibitor molecule on the surface of 

the metal atom by replacing pre-adsorbed water molecules, which 

isolates the MS from corrosive ions. JP could be adsorbed on the surface 

of MS by the interaction between lone pair of electrons on oxygen atoms 

and vacant orbital of the metal atom. At higher concentration, the 

inhibitor molecule could form a protective film of JP which inhibit the 

diffusion of electrolyte from aggressive media onto the metal surface. 

Maximum IE and hence maximum surface coverage were observed at 

1000ppm of pectin. 

Table 7.1. Weight loss data of MS in 0.5M HCl in the absence and 

presence of JP after 24 hours of immersion 

Concentration of 

Pectin (ppm) 

Weight 

loss (g) 

CR (mg cm-2 

hr-1) 

IE 

(%) 
(θ) 

Blank 0.4256 4.925 - - 

250 0.1256 1.453 70.49 0.7049 

500 0.0862 0.9976 79.74 0.7974 

750 0.0443 0.5127 89.59 0.8959 

1000 0.0343 0.3969 91.94 0.9194 
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7.2.4. EIS measurements 

The electrochemical corrosion study of MS in 0.5M HCl in the absence 

and presence of varying concentrations of JP from 303-323K was 

investigated using the EIS technique as shown in Figure 7.2. To 

establish which equivalent circuit best fits the experimentally obtained 

data, the EIS results were fitted with an appropriate equivalent circuit 

using Zsimp win software. The decrease in Cdl values of MS in the 

presence of JP compared to the uninhibited solution is due to decreased 

dielectric constant at the metal electrolyte interface and hence better 

adsorption of JP on the surface of MS. Effective corrosion resistance is 

associated with low Cdl value and high Rct values. The EIS data reported 

in the Table 7.2 showed that Rct value increases with increasing the 

concentration of JP, and Cdl values tend to decrease, which indicated that 

IE increases with an increase in JP concentration. At 1000ppm the JP 

molecule forms a protective film on MS surface and blocking the 

diffusion of aggressive ions from the electrolyte. Moreover, with an 

increase in temperature from 303K to 323K, the Cdl values increases, 

and Rct values decreases, and hence IE decreases, which is attributed to 

the desorption of JP molecule from the MS surface at higher 

temperatures. 1000ppm of pectin extracted from jack fruit peel could 

provide 87.53% efficiency at 303K in 0.5M HCl. 
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Figure 7.2. EIS plot of MS in 0.5M HCl in the absence and presence of 

different concentrations of JP from 303-323K 
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7.2.4.1. Adsorption isotherm 

The corrosion inhibition of metal atom depends on the tendency of an 

inhibitor molecule to adsorb on the MS surface by replacing pre-

adsorbed water molecules. JP donates its free electrons to the vacant d 

orbital of the metal atom and hence the formation of an adsorbed 

protective layer [5]. Data obtained from the EIS study were used 

graphically for fitting various isotherm including Frumkin, Temkin, and 

Langmuir. For JP the Langmuir adsorption isotherm gave the best fit 

(Figure 7.3). The degree of surface coverage (θ) increases with 

increasing the concentration of JP and decreases on raising the 

temperature from 303K to 323K. From the intercept of the Langmuir 

adsorption isotherm, Kads was calculated for the adsorption of JP on the 

MS surface. The value of Kads may be taken as a strength of the 

adsorption forces between the metal surface and the inhibitor molecule. 

The high value of Kads (6.05) at 303K shows effective adsorption of JP 

on the surface of MS and gets decreased when the temperature is raised 

(4.24 at 323K). The value of ΔG0 and Kads at studied temperatures are 

listed in Table 7.3. The negative value of ΔG0 ensures the spontaneous 

adsorption of JP on the MS surface. In general, the value of ∆𝐺𝑎𝑑𝑠
0  

around -20 kJ/mol or lower are considered as physisorption, and around 

-40 kJ/mol or more negative are considered as chemisorption[6]. So, it 

can be realized from the ΔG0 values that the JP adsorbed physically on 

the MS surface. 
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Table 7.2. Parameters obtained from EIS plot of MS in 0.5M HCl in the absence and presence of different 

concentration of JP from 303-323K 

Temperature Concentration 

 of JP (ppm) 

Rs 

(Ωcm2) 

Rct 

(Ωcm2) 

 

n Qdl×10-4 

Sn Ω-1 cm-2 

Cdl(µF cm-

2) 

CR 

(mpy) 

IE (%) 

    

 

 

  303K    

Blank 7.01 22.84 0.80 10.59 417.6 13.24  

250 6.24 62.51 0.80 6.257 278.2 4.837 63.46 

500 7.69 84.63 0.79 5.399 275.0 3.573 73.01 

750 7.65 159.7 0.77 3.961 271.9 1.893 85.69 

1000 7.8 183.3 0.77 3.631 253.1 1.649 87.53 

 

 

 313K 

Blank 5.02 18.91 0.80 15.4 636.1 15.99  

250 6.80 47.29 0.76 6.125 366.9 6.393 60.01 

500 7.74 56.20 0.77 5.665 313.4 5.578 66.35 

750 7.42 105.3 0.76 4.293 295.9 2.871 82.04 

1000 7.73 123.7 0.76 3.794 264.6 2.440 84.71 

 

 

  323K 

 

 

Blank 3.571 13.19 0.78 16.57 757.1 22.92  

250 7.84 29.98 0.76 9.530 568.3 10.08 56.00 

500 7.19 33.81 0.74 5.590 345.0 10.01 60.98 

750 6.78 49.43 0.77 6.125 337.4 6.117 73.31 

1000 7.34 67.94 0.75 4.511 304.1 4.450 80.58 



Chapter 7 

 
186 

Table 7.3. Adsorption parameters from Langmuir adsorption isotherm 

for the adsorption of JP on the MS at various temperature 

Temperature Kads -ΔG0 

303K 6.049 21.93 

313 K 6.246 22.74 

323 K 4.939 22.84 

 

 

Figure 7.3. Langmuir adsorption isotherm for MS at different 

temperature in 0.5M HCl 

7.2.4.2. Thermodynamic and activation parameters 

To evaluate the mechanism of the adsorption process of the studied 

inhibitor on the MS surface, thermodynamic parameters of adsorption 

were calculated using the CR from the EIS measurements at temperature 

ranging from 303-323K. The temperature rise may cause the 
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decomposition of the protective layer, surface etching, and the 

desorption of the inhibitor molecules from the MS surface, thereby 

increasing the corrosion rate[7]. The value of apparent activation energy 

(Ea) of the corrosion process obtained from the Arrhenius plot (Figure 

7.4) are given in the Table 7.4. The Ea value of the corrosion process of 

MS in the presence of JP is higher than the uninhibited acid solution. 

The higher Ea observed for 1000ppm of JP discloses good surface 

coverage via strong adsorption of JP molecules and increases the energy 

barrier for the corrosion process. 

To further elucidate the inhibitive mechanism, thermodynamic 

parameters like the entropy of adsorption (ΔS) and enthalpy of 

adsorption (ΔH) for the corrosion process were derived from the 

Transition state plot. Higher positive values for ΔH in presence of 

1000ppm of JP imply the endothermic nature of metal dissolution and 

difficulty in triggering the reaction [8]. Also, the high positive values of 

ΔS for 1000ppm of JP indicate that in the rate- determining step, the 

activated complex signifies dissociation and disordering has taken place 

from the reactants to the activated complex[9] 

Table 7.4. Activation parameters of MS in the absence and presence of 

JP in 0.5M HCl 

Concentration of 

pectin (ppm) 

Ea 

(kJmol−1) 
ΔH (kJmol−1) ΔS (kJmol−1) 

Blank 22.25 19.61 -39.97 

250 29.81 27.17 -23.41 

500 41.85 39.22 13.88 

750 47.54 44.95 27.23 

1000 48.60 48.56 35.17 
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Figure 7.4. A) Arrhenius and B) Transition state plots of MS in 0.5M 

HCl with various concentrations of JP 

7.2.5. Potentiodynamic polarization study 

            The corrosion performance of MS in the absence and presence of a 

varying concentration of JP from 303-323K was also investigated using 

the PDP technique and is given in Figure 7. 5. The various parameters 

deduced from the PDP analysis are given in Table 7. 5. The data reveals 

that the value of CR and Icorr decline with an increase in the 

concentration of JP, indicating that the JP molecule could inhibit 

corrosion by adsorbing firmly on the MS surface and blocking the 

diffusion of corrosive ions from the electrolyte. The Icorr value obtained 

for MS in the presence of JP (0.1329mA/cm2 at 1000ppm) is very lower 

compared to the blank solution(1.2973mA/cm2). With increasing the 

temperature from 303K to 323K, the Icorr and CR increases, which can 

be attributed to the desorption, dissociation, and rearrangement of the 

inhibitor on the surface of MS. It was also observed that the addition of 

the JP affects both the anodic metal dissolution and cathodic hydrogen 
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evolution, which implies that JP is a mixed type corrosion inhibitor for 

MS in 0.5M HCl. The magnitude of the shift in Ecorr values (<85mV) 

further corroborates the mixed type corrosion inhibition performance of 

JP.  

 

Figure 7.5. PDP plot of MS in 0.5M HCl in the absence and presence of 

different concentrations of JP from 303-323K 

The maximum inhibition efficiency of 89.75% was observed at the JP 

concentration of 1000ppm at 303K. Upon increasing JP concentration, 

the value of polarization resistance increases. A high value of Rp (285.8 

Ω cm2) was noted for 1000 ppm of JP indicates that the inhibitor 

passivates the active site on MS surface. At higher temperatures, lower 

Rp values are attained due to the diffusion of the corrosive medium into 

the active site which follows MS corrosion. 
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Table 7. 5. Parameters obtained from PDP plot of MS in 0.5M HCl in the absence and presence of different 

concentration of JP from 303-323K 

Temperature Concentration 

 of JP (ppm) 

Icorr 

(mA/cm2) 

-Ecorr 

 (mV) 

βa 

(mV/dec) 

-βc 

(mV/dec) 

Rp 

(Ω cm2) 

CR 

(mpy) 

IE (%) 

    

 

303K 

     

Blank 1.2973 460.56 120.7 223.0 26.21 24.37  

250 0.4082 440.42 132.3 215.8 87.26 9.703 68.53 

500 0.3590 430.95 157.4 226.1 112.3 8.313 72.32 

750 0.1450 467.6 107.5 132.0 177.4 5.029 88.82 

1000 0.1329 446.8 191.6 161.0 285.8 2.392 89.75 

 

 

313K 

Blank 1.4328 471.15 151.6 207.2 26.53 28.06  

250 0.5315 431.6 138.9 214.9 68.94 11.91 62.90 

500 0.4550 438.7 133.1 230.4 80.51 10.39 68.24 

750 0.3140 442.3 143.9 221.4 120.6 8.224 78.08 

1000 0.2160 466.2 116.7 177.2 141.4 6.549 84.92 

 

 

323K 

 

 

Blank 1.8923 475.8 125.6 214.4 18.17 36.70  

250 0.7571 445.8 193.2 254.2 62.95 15.16 59.99 

500 0.6330 438.4 172.5 200.1 63.54 11.84 66.54 

750 0.4812 472.9 158.1 184.6 76.84 10.82 74.57 

1000 0.4450 484.9 155.0 165.9 78.18 9.229 76.48 
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7.2.6. Computational study 

To explore the corrosion inhibition ability of JP and to correlate their 

molecular structure with efficiency, DFT calculations were done. The 

optimized geometry, FMOs, and electrostatic potential (ESP) map of the 

JP are presented in Figure 7.6. Some of the calculated quantum chemical 

indices of JP in both the gas and water phase are presented in Table 7.6. 

It is postulated that the inhibitor molecule donates their bonding and 

non-bonding electrons to the d orbital of Fe atom and simultaneously 

the back donation of electrons from the filled orbital of metal to the 

antibonding molecular orbital of the inhibitor molecule causes a 

synergistic electron transfer between the metal and the inhibitor 

molecule. Therefore, an inhibitor with a high value of EHOMO and low 

value of ELUMO favours strong adsorption leading to better inhibition 

efficiency. The energy gap (ΔE) is another reactivity parameter that 

gives an idea about the adsorption tendency and chemical reactivity of 

the inhibitor molecule[10, 11]. In this study, EHOMO, ELUMO, and ΔE 

values indicate that the JP molecule can act as a good corrosion inhibitor 

for MS in 0.5M HCl by adsorbing firmly on the surface of the metal. 

Moreover, the ΔN values of pectin 0.1212 in the gas phase and 0.1049 

in the water phase proposes the donation of the bonding and non-

bonding electrons to the d orbital of the metal atom. Concerning the 

dipole moment values, the µ of pectin (4.4902 Debye) is higher as 

compared to µ of water (1.85 Debye) which discloses that the JP could 

adsorb firmly on the surface of the MS by replacing pre-adsorbed water 

molecules. The electrostatic potential (ESP) map of JP in the gas phase 

was used as a visual tool to estimate the electron density at different 
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regions and to determine the more reactive centres in the JP molecule. 

In the ESP map (Figure 7.6B) the blue colour indicates the most positive 

(electrophilic) electrostatic potential region and red colour for the most 

negative (nucleophilic) electrostatic potential region and the zero 

electrostatic potential region indicated by green colour [12, 13]. 

Table 7.6. Quantum chemical parameters of JP in gas and water phase 

Inhibitor EHOMO 

(eV) 

ELUMO 

(eV) 

ΔE 

(eV) 

χ  

(eV) 

ƞ  

(eV) 

ΔN 

JP (gas phase) -7.430 -0.5388 6.891 3.984 3.446 0.1212 

JP (water phase) -7.601 -0.5611 7.040 4.081 3.520 0.1049 

 

Figure 7.6. A) Optimized geometry, B) ESP map, C) and (D) FMO of 

JP. 
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7.2.6.1. Fukui indices 

The Fukui functions provide information about the reactive centres in a 

molecule towards electrophilic and nucleophilic attack. The atomic site 

for electrophilic attack carrying a positive dual descriptor and 

nucleophilic attack is controlled by the negative dual descriptor[14, 15]. 

The values of the condensed Fukui functions for electrophilic and 

nucleophilic attack in the pectin molecule are given in the Table 7.7. 

From the analysis of the result, it is clear that O (39) will be the most 

reactive centre for the electrophilic attack while C (29) will be the most 

reactive site for the nucleophilic attack from NBO analysis.  

Table 7.7. The Fukui indices of JP 

Fukui 

In atom 

f+ f- Fukui 

In atom 

f+ f- 

C (1) 0.0381 0.000 C (23) 0.0131 -0.0065 

C (2) 0.0096 0.0046 C (24) 0.0506 -0.0124 
 

C (3) -0.0001 -0.0112 C (26) 0.0082 0.0043 

C (4) -0.0008 -0.0101 C (29) 0.1906 -0.011 

C (5) 0.1567 0.0088 C (32) 0.0241 -0.0125 

O (12) 0.0036 0.0036 O (33) 0.0207 0.029 

C (13) 0.0259 -0.0015 O (34) -0.002 0.0064 

O (14) 0.0236 0.0975 C (35) 0.0526 -0.0005 

O (15) 0.0146 0.0255 O (39) -0.0013 0.1246 

O (17) 0.0406 0.0296 O (40) 0.0285 0.0279 

O (19) 0.0084 0.0691 O (42) 0.0083 0.069 

O (21) -0.0094 0.0763 O (44) 0.0054 0.0798 

C (22) 0.0007 0.0021    
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7.2.7. Monte Carlo Simulation  

To explore the JP adsorption in gas and water phase on MS in the atomic 

scale, MC simulation has been carried out. The geometry optimized 

pectin molecule obtained from quantum mechanical calculation via 

Gaussian 09 was placed above the (110) plane of Fe. The final snapshot 

of the top and side view from the last step of MC simulation is given in 

Figure 7.7. The final visualized snapshots in the gas and water phase 

designated that the JP molecule could adsorb on the metal surface by 

aligning parallel to the Fe (1 1 0) surface and thereby establish a 

corrosion-protective film of JP. The adsorption energy values are 

tabulated in the Table 7.8 qualitatively state their adsorption capability 

and further corrosion inhibition performance in both phases. The high 

negative differential adsorption energy of JP (-143.4 kJ/mol) compared 

to water molecules (-33.25 kJ/mol) in the water phase indicates the 

strong adsorption capacity of pectin by replacing the water molecules 

from the MS surface leading to the formation of a stable corrosion-

protective layer[13]. 

Table 7.8. Energy parameters attained from Monte Carlo simulations 

for the adsorption of JP on Fe (110) surface in water and gas phase 

Phase Total 

Energy 

(kJ/mol) 

Adsorption 

Energy 

(kJ/mol) 

Rigid 

adsorption 

energy 

(kJ/mol) 

Deformatio

n 

Energy 

(kJ/mol) 

JP: 

dEad/ 

dNi 

(kJ/mol) 

Water:  

dEad/ 

dNi 

(kJ/mol) 

Water -2.62×103 -6.58×103 -2.84×103 -3.74×103 -143.3 -33.25 

Gas -89.53 -163.8 -160.4 -3.338 -163.7 - 
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Figure 7.7. Side and top view of JP adsorption on Fe (110) surface (A 

and B) in gas and (C and D) in water phase 

7.2.8. FESEM and AFM 

To provide visual evidence on the corrosion inhibition performance of 

the inhibitor JP on MS in 0.5M HCl, surface characterization was carried 

out using FESEM and AFM analysis. The morphological changes of the 

sample after 24 hours of immersion in 0.5M HCl in the absence and 

presence of 1000ppm of pectin was monitored via FESEM micrographs 

(Figure 7.8). As the figure shows, the MS in the absence of inhibitor is 

highly damaged with cracks and pits due to the direct attack of corrosive 

ions. While in the presence of inhibitor the flower-like morphology of 

polymeric pectin protects the MS from the diffusion of electrolyte.  
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Figure 7.8. FESEM images of MS A) in the absence and B) in the 

presence of 1000ppm of JP after 24 hours of immersion in 0.5M HCl 

To measure surface roughness of the MS sample after 24 hours of 

exposure to corrosive medium in the absence and presence of pectin, 

AFM micrographs were recorded (Figure 7.9). The surface roughness of 

MS after 24 hours immersion in acid solution was 237.84 nm in the 

absence of pectin and 25.36 nm with 1000 ppm of pectin. The lowering 

in surface roughness in the presence of the pectin designates the 

development of protective film on the MS surface by replacing the pre-

adsorbed water molecules. 
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Figure 7.9. AFM images of MS A) in the absence and B) in the presence 

of 1000ppm of JP after 24 hours of immersion in 0.5M HCl 

7.3. Conclusions 

Pectin isolated from the jack fruit peel waste acted as a green corrosion 

inhibitor of MS in 0.5M HCl and the IE was influenced by temperature 

and concentration of the inhibitor. JP adsorbed on the metal surface in 

accordance with Langmuir adsorption isotherm. Thermodynamic 

adsorption parameters established that the JP is adsorbed on MS by a 

spontaneous mixed chemisorption and physisorption process tending 

towards the physisorption process. The interaction between the MS 

surface and JP are well supported by FTIR, SEM, and AFM studies. 

Quantum chemical studies provided a more detailed interpretation of the 

mode of donor-acceptor interaction between JP and the metal surface. 

MC simulation study also confirmed that the JP adsorbed on the MS 

surface by their horizontal orientation and could inhibit the MS 

corrosion by replacing the pre-adsorbed water molecule. 
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Summary and Future Outlook 
 

The thesis evaluates the usage of some carbohydrate polymers 

like chitosan, guar gum, and pectin isolated from the jackfruit peel waste 

to control the mild steel corrosion in acidic and saline media. To enhance 

the protection efficiency of hydrophilic chitosan coating, stearic acid has 

been grafted into chitosan via a coupling reaction. The developed 

coating act as a protective shield for mild steel in 0.5M HCl and 3.5% 

NaCl. Further enhancement in corrosion protection has been observed 

when chitosan film is preloaded with mesoporous hydrophobic silica 

and grafting with stearic acid. Guar gum offered good corrosion 

inhibition for mild steel in 0.5M HCl. The inhibition efficiency is more 

enhanced when two non-ionic surfactants (Tween -80 and Triton-X) has 

been used as additive in very small amounts. The isolated pectin from 

jackfruit peel waste also offered good corrosion inhibition for mild steel. 

Corrosion monitoring techniques like weight loss method, 

potentiodynamic polarization (PDP), and electrochemical impedance 

spectroscopy (EIS) were employed to study the corrosion prevention 

behaviour of these carbohydrate polymers. Techniques like FTIR, XPS, 

FESEM, AFM, etc were used to ensure the presence of corrosion 

formulations on the metal surface. Theoretical quantum chemical 

calculations (DFT and Monte Carlo simulation) were also done to 

corroborate the experimental findings. 
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Scope for the future work 

The present work has led to the development of some new 

carbohydrate polymers/derivative as corrosion formulations for mild 

steel in 0.5M HCl and 3.5% NaCl. However, in order to make these 

carbohydrate polymers more versatile and robust the following is 

proposed for future consideration.  

 To evaluate the enhancement in corrosion inhibition of guar gum 

by the addition of ionic surfactants. 

 To develop some carbohydrate polymer nanocomposite as 

corrosion resistant coating 

 To evaluate the studied carbohydrate polymer-based corrosion 

formulations for other active metals/corrosive medium.  
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