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CHAPTER – I 

INTRODUCTION 

I.1 Definition of corrosion 

‘Corrosion’ may be defined as the deterioration of a materials (metal or alloy) 

due to a chemical or electrochemical reaction with its environment1,2.  Most of the metals 

in nature exist in the combined state as minerals in the form of compounds with different 

anions such as oxides, sulphides, halides etc. In this state they are thermodynamically 

more stable than the pure form of the metal. The pure metals are extracted from their 

respective ores through a process called extractive metallurgy3. As the pure metal is 

thermodynamically unstable, it reverts back to the relatively more stable state. Hence, the 

process of corrosion of metals can be considered as the reverse process of extractive 

metallurgy4. Figure I.1 explains the reason behind the spontaneity of the corrosion 

process of metals. 

 

Figure I.1: schematic representation of extractive metallurgy and corrosion process. 

I.2 Economic consequences of corrosion 

Research in the field of corrosion control mostly revolves around control of 

corrosion cost (economic factors). The cost of corrosion globally is estimated to be US$ 

2505 billion per year, which is equivalent roughly to 3.4% of the global GDP 

(2013)5.The cost of corrosion in united states of America, which has an advanced 

industrial and service economy is US$ 451 billion per year, which is equivalent to 2.7 % 

of the Nation’s GDP6. A country like India, which has a significant agricultural economy 

has the corrosion cost of US$ 70.3 billion, which is equivalent to 4.2 % of the Nation’s 

GDP6. Countries like Kuwait, which have a significant oil industry economy, have 
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different corrosion cost profile. It has been reported in many studies, that the cost of 

corrosion is in the order of 1 to 5 % of the Gross National Product (GNP) for any 

country.7 

It is apparent from the available literature that the economic consequences due to 

corrosion and estimated savings in various fields can be acquired by the use of corrosion 

resistant materials (judicious selection of material) along with the corrosion control 

measures8. By implementing the available corrosion control measures, it is estimated that 

the cost of corrosion to the extent of 15- 35% could be saved, precisely between US$ 375 

to $875 billion on a global basis annually5. 

Corrosion of materials holds a significant threat to the safety of human life, 

which has far greater significance than the economic consequences.  Most often tragic 

news hits the headlines of print and electronic media caused by the sudden failure of 

equipment due to corrosion resulting in the loss of life and property.  A few of such 

tragic calamities are worth mentioning. The ‘Bhopal gas tragedy’ in India due to the 

leakage of methyl isocyanate (MIC) from a pesticide plant storage tank, claimed 

thousands of lives and even many more became permanently blind 9.  It could have been 

due to corrosion and, if such is the case, it may well be stated as the biggest fatal 

accident due to corrosion ever recorded in the history. 

A major tragedy occurred at HPCL refinery in Vishakhapatnam, India in 1997 

due to corrosion of pipelines10. It has resulted in 50 fatalities. Failure in periodic 

monitoring of the pipelines and poor maintenance was the prime cause for the calamity. 

In April 22, 1992, in Guadalajara city, situated in Jalisco state, Mexico a series of 

gasoline explosions took place in a sewer system. This tragedy has claimed 206 fatalities 

and estimated financial damage of around 76 million euros8,11. 

Explosion in a GAIL-operated gas pipeline passing through Nagaram village in 

East Godavari district of Andhra Pradesh on June 27, 2014 is also an example of poor 

corrosion management. 

Conservation of limited and finite resources like metals is also another important 

concern. Wastage of materials also includes the corresponding losses of energy and 

water reserves associated with the production and fabrication of metal structures. 

I.3 Methods of corrosion control 

Several techniques have been employed to manage, slowdown, or even stop the 

corrosion of metals. Corrosion prevention can take a number of forms depending on the 
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circumstances of the metal being corroded. Corrosion prevention techniques can be 

generally classified into three groups:  

A) Alteration of metal: 

i) Selection of metal and surface condition plays an important role in 

prevention the corrosion. Based on the environmental conditions, the type 

of metal being used can also lead to significant reduction in corrosion. 

Appropriate alloys can be used for specific environments in order to 

reduce the corrosion.  

ii) Surface modification is an another way of corrosion control in which, the 

surface of the material is modified either by coatings (organic, metallic) 

or by surface alloying (phosphating, chromising) to protect against 

corrosion. 

B) Alteration of the environment: 

i) The basic cause of corrosion is the chemical or electrochemical 

interaction between metal and the environment. By altering or 

manipulation the environment through deaeration and dehumidification, 

the corrosion process can be hindered. 

ii) By adding the corrosion inhibitors to the environment, the problem of 

corrosion of metals can be tackled. 

C) Electrochemical protection:  

i) Cathodic protection: This method works by converting the active (anodic) 

sites into passive (cathodic) sites on metal surface through the application 

of an opposing current. Cathodic protection can also be done by 

introducing galvanic anodes (sacrificial anodes) into the electrolytic 

environment to corrode themselves in order to protect the cathode (metal) 

from corrosion. 

ii) Anodic protection: This method is generally employed when the cathodic 

protection and coating methods are not suitable. 

I.4 Corrosion control by inhibitors 

According to the American Society for Testing of Materials' corrosion glossary, a 

corrosion inhibitor is defined as a chemical substance or combination of substances that, 

when present in the proper concentration and forms in the environment, prevents or 

reduces corrosion 12. The definition of a corrosion inhibitor favored by National 
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Association of Corrosion Engineers (NACE)13 is that the corrosion inhibitor is ‘a 

substance which retards corrosion when added to an environment in small 

concentrations’.  

The corrosion Inhibitor adsorbs itself on the metal surface and forms a protective 

film, which enables the corrosion protection. The inhibitor can be employed in the form 

of solution or as a protective coating via dispersion technique. 

I.4.1 Classification of inhibitors 

While there are various inhibitor classifications listed in the literature, there is no 

completely satisfactory way to categorize. One of the common ways is to classify them 

according to their reaction at the metal surface14. 

i) Anodic inhibitors: compounds that reduce the metal dissolution (anodic reaction). 

ii) Cathodic inhibitors: compounds that reduce the rates of the cathodic reactions 

(the hydrogen evolution or oxygen reduction reactions). 

iii) Mixed inhibitors: compounds that retard both the anodic and cathodic corrosion 

processes simultaneously. 

This classification can also be explained on the basis of electrode polarization 

behaviour in the presence of an inhibitor. Polarization refers to the change of 

potential from a stabilized state. In the context of corrosion, it is the shift of the 

electrode potential away from the open circuit potential (free corroding potential). If 

the potential shifts in the ‘positive’ direction (above Ecorr), it is called ‘anodic 

polarization’. If the potential shifts in the ‘negative’ direction (below Ecorr), it is 

called ‘cathodic polarization’. A schematic representation of perturbation of a system 

from equilibrium in terms of potential is given in the figure I. 2,  
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Figure: I.2: Schematic diagram showing the anodic and cathodic polarisation 

curves. 

Those inhibitors which increase only the anodic polarization are said to be anodic 

inhibitors, whereas those inhibitors which increase only the cathodic polarization are 

considered as cathodic inhibitors. Some inhibitors increase both the anodic and 

cathodic polarization and such inhibitors are said to be mixed type inhibitors.  

When a metal is in equilibrium with the environment (electrolyte solution) the 

anodic currents(ia) and the cathodic currents(ic)which flow through the system are 

equal and opposite15and there will be no net current flow in the system. When this 

equilibrium is perturbed by means of an external potential, the metal will be 

polarized and a finite amount of net current flow can be observed in the system. 

When the perturbation induces the electron withdrawal from the metal, then the metal 

is said to be anodically polarized. In contrary when the perturbation pushes the 

electrons into the metal, then the metal is said to be cathodically polarized. 
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Figure I.3: Anodic and cathodic polarization curves when the inhibition is under anodic 

control, cathodic control and mixed control. 

Fig. I.3 is a schematic diagram showing the anodic and cathodic polarization 

curves when the inhibition is under anodic control, cathodic control and mixed control.  

When polarization occurs mostly at anodes, it is said that the corrosion reaction is 

anodically controlled.  An anodic inhibitor increases the anodic polarisation and moves 

the corrosion potential closer to the open circuit potential (OCP) of the cathode (EaD to 

EaF in the Figure I.3).  Anodic inhibition results in greater shift in the anodic Tafel slope 

(βa) relative to the cathodic Tafel slope (βc).  A cathodic inhibitor increases the cathodic 

polarisation, displacing the corrosion potential towards the OCP of the anode (EcD to 

EcG in the Figure I.3). Cathodic inhibition causes greater shift in βc than in βa.   

Mixed inhibitors retard both the anodic and cathodic reactions simultaneously.  

The corrosion potential is more or less unchanged, or changed to a lesser extent.  In this 

case, the change in corrosion potential is smaller and its direction is determined by the 

relative magnitudes of the anodic and cathodic polarisation effects. In figure I.3, the 

anodic polarisation curve is shown by EaP and the cathodic polarisation curve by EcP.  

Both βa and βc are either shifted equally or are unchanged in the case of mixed inhibitors. 

It can be found from this figure that in presence of a mixed inhibitor, the decrease in 

corrosion current density, i3 is higher than that in case of an anodic and cathodic 

inhibitors, indicated as i2 and i1 respectively. 
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There is another grouping which is broadly acknowledged based on the mechanism 

and the mode of protection. According to this classification there are four types of 

corrosion inhibitors namely Film forming inhibitors, adsorption inhibitors, chemical 

passivators and vapour phase inhibitors. 

I.5 Synergistic effect of corrosion inhibitors 

The phenomenon of synergism is defined as an effect in which the combined 

inhibitive effect of the compounds is higher than the sum of the individual inhibitive 

effect of each of the compounds16. This effect mainly occurs either by the interaction 

between the components of the inhibitor formulation or by interaction between the 

inhibitor and one of the species present in the aqueous medium. In one case of 

synergism, corrosion inhibition of the mixture of substances is much higher than the 

inhibition effect of the individual compounds. There is another case of synergism in 

which, the substances when added individually, accelerate corrosion, but in combination 

inhibit corrosion. For instance, some phosphonates and Zn2+ ions accelerate corrosion of 

mild steel when they are added individually. But, the mixture of those phosphonates and 

Zn2+ ions inhibits the corrosion of carbon steel17. When the inhibition effect of the 

mixture of compounds is less than that of the sum of the individual compounds, it is 

known as antagonistic effect. Very few reports are there in the literature on antagonistic 

effect18,19. 

There are many reports in literature that addition of both cationic (metal ions) and 

anionic (halides) species to inhibitors can synergistically improve the inhibition 

efficiency of the inhibitor. Particularly transition metal cations can synergistically 

improve the inhibition efficiency of organic inhibitors. For instance, S. Rajendran et al.20 

studied the synergistic effect between sodium salt of phenyl phosphonic acid (PPA) and 

a transition metal ion, Zn2+in inhibiting the corrosion of mild steel in a neutral aqueous 

environment. They have achieved a 95 % of inhibition efficiency when Zn2+ ions are 

used as synergist. 

The synergistic inhibition effect of rare earth cerium(IV) ions (transition metal 

ion)and 3,4-dihydroxybenzaldehye (DHBA) has been studied by Xianghong Li et al.21on 

corrosion of cold rolled steel in H2SO4 corrosive environment. They have reported that, 

the synergistic formulation has obtained an inhibition efficiency of 93 % in H2SO4, 

which is significantly much higher than the sum of the inhibition efficiencies obtained 

when they were used separately. 
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Da-Quan Zhang et al.22 reported the synergistic inhibition effect of Zn2+ ions and 

methionine (MTI) on the corrosion of copper in 0.5 M HCl solution. They concluded that 

the addition of Zn2+ enhances the protection efficiency significantly and an inhibition 

efficiency of 92 % was observed in presence of Zn2+ ions. 

H. Amar et al.23 have studied the effect by Zn2+ on piperidin-1-yl-phosphonic 

acid (PPA) in controlling the corrosion of Armco iron in 3% chloride environment. They 

have concluded that the combination between PPA and Zn2+exhibits excellent synergism 

in controlling the corrosion. An inhibition efficiency of 90.2 % was observed in presence 

of Zn2+ ions. They have interpreted that the film formed on the surface consisting of 

Fe2+-PPA complex and Zn(OH)2 is the main reason for inhibition. 

The synergistic relationship between zinc ions and bis(phosphonomethyl) glycine 

(BPMG) in controlling the corrosion of mild steel in 200 ppm NaCl environment has 

been studied by B. V. Appa Rao24 et al. They have reported that excellent synergism 

exists between Zn2+ ions and BPMG in controlling the corrosion of mild steel; formation 

of a protective film on the metal surface is the main reason for the inhibition. The 

Potentiodynamic polarization studies revealed that the binary formulation acts as mixed-

type inhibitor. The effect of tungstate on the inhibitive action of BPMG and Zn2+ ions in 

controlling the corrosion of mild steel in low chloride environment has also been 

reported by the same authors B. V. Appa Rao25et.al. They have concluded that the 

ternary inhibitor system works very effectively in neutral, slightly acidic and also slightly 

alkaline medium. The polarization studies revealed that the formulation works as a 

mixed type inhibitor. The authors interpreted that there is formation of a protective film 

on the metal surface, which consists of a polynuclear complex [Fe(III), Zn(II)–BPMG], 

WO3, Zn(OH)2 and iron oxide.  

S. Rajendran et al.26 studied the effect of a synergistic inhibitor formulation 

containing 1-hydroxyethane-1, 1-diphosphonic acid (HEDP) and Zn2+ ions on the 

corrosion of mild steel in cooling water system. They have inferred that there exists a 

synergistic relationship between HEDP and Zn2+ ions. The formulation acts as a mixed 

type inhibitor.  

 Apart from cations, anions have also received considerable attention as primary 

synergists. Synergistic effect of halide ions like Cl-, Br-, I-, along with different types of 

inhibitors such as dyes, surfactants, natural products, polymers and drugs has been 

widely studied27.  
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The action of halide ions on the corrosion inhibiting action of organic dyes has 

been studied widely. Salah Merah et al.28 studied the synergistic effect of anionic 

synergist, I- ions on the inhibitive action of methyl red (MR) in combating the corrosion 

of mild steel in 0.5 M H2SO4 environment. They concluded that addition of I- ions 

synergistically enhanced the inhibition efficiency of methyl red. This is due to the 

adsorption of methyl red on the mild steel surface which has been stabilized when I- ions 

are added to the environment. Similarly, Emeka Oguzie et al. 29 reported that a 

synergistic relationship exists between anionic additive (I-) and methyl green (MG) on 

the inhibition of mild steel corrosion in 0.5 M H2SO4 environment. 

E.E. Oguzie30 reported the influence of halide ions (Cl-, Br-, I-) on congo red dye 

(CR) in combating the corrosion of mild steel in sulfuric acid solution. They observed 

that synergistic relationship between the halide ions and CR at 60 °C, whereas at 30°C 

the formulation worked antagonistically in inhibiting the corrosion of mild steel. They 

have also reported that in the absence of halide ions the corrosion inhibition mechanism 

by CR works by physisorption, while in the presence of halide ions it follows the 

chemisorption mechanism. 

The effect of halide ions on the corrosion inhibiting action of surfactants has also 

been studied. Surfactants have better metal corrosion inhibitory effect. But they are toxic, 

and carcinogenic. Moreover, surfactants are very expensive when compared to other 

organic inhibitors. Hence, in the presence of halide ions, the amount of surfactant needed 

for inhibition could be reduced. Mohammed et al.31 have reported that addition of halide 

ions as synergists will be a useful way to minimize the shortcomes of surfactants as 

corrosion inhibitors. They have reported that the inhibitive effect of nonionic surfactant 

namely nonylphenoxy poly (ethyleneoxy) ethanol (NPPE) on the corrosion of carbon 

steel in oilfield formation water has increased synergistically when halides ions are 

added. 

Xueming Li et al.32 reported that a synergistic relationship exists between cetyl 

trimethyl ammonium bromide (CTAB) and Cl- ions in combating the corrosion of steel in 

1M H3PO4 environment. They have emphasized that the halide ions act as adsorption 

mediator for bonding metal surface and CTAB, and the inhibitor formulation acts as a 

mixed type.  

Songqing Hu et al.33 have studied the effect of 2-oleyl-1-oleylamidoethyl 

imidazoline ammonium methylsulfate (ODD) and halide ions on corrosion inhibition of 

mild steel in HCl environment. They have observed synergistic effect between ODD and 
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halide ions. From the molecular dynamic simulations they have emphasized that the 

synergistic effect of halide ions with ODD was increased in the order Cl- < Br- < I-. 

The effect of halide ions on the corrosion inhibiting action of Drugs like β-lactam 

antibiotics, histamines, barbiturates also was studied by several researchers. For instance, 

Nnabuk O. Eddy et al.34 studied the inhibition effect of Cloxacillin (CLX) on the 

corrosion of mild steel in 1.0 M H2SO4 and the effect of halide ions on the inhibition 

efficiency. They have found that Cloxacillin (CLX) acts as a good inhibitor for mild steel 

corrosion and in combination with halides (KCl, KBr and KI). The inhibitive capability 

of CLX has enhanced to a greater extent indicating synergistic relationship. Geethanjali 

et al.35 reported the studies on the inhibition effect of amodiaquine (anti- malarial and 

anti-inflammatory drug) on the mild steel corrosion in 0.5 M H2SO4 solution. They have 

reported that amodiaquine (AMQ) acquired low inhibition efficiencies when used alone 

as inhibitor the inhibitive effect has increased hugely when certain cation and anion 

species (Mg2+, Na+, Cl-, Br-, and I-) were added to AMQ. All the tested cations and 

anions exhibited excellent synergism with AMQ. Among all the primary synergists used 

I- ions exhibited greater synergism. 

There are reports in the literature on the effect of anions on the corrosion 

inhibition effect of some naturally occurring and synthetic polymers. For instance, S. A. 

Umoren et al.36 reported that the inhibition effect of carboxyl methyl cellulose (CMC) on 

the corrosion of mild steel in 2M H2SO4
 environment has different influence with 

different halide ions (Cl-, Br-, I-). With the addition of Cl-ions, the inhibition efficiency of 

CMC has decreased when compared to CMC alone (Antagonistic effect), whereas 

carboxyl methyl cellulose (CMC) has synergistic relationship with I- ions in controlling 

the corrosion of mild steel in H2SO4. 

Arukalam I. O. et al.37 studied the influence of I- ions on the inhibition effect of 

ethyl hydroxyethyl cellulose on the corrosion of mild steel in 1M H2SO4 environment. 

They have reported that the inhibition efficiency of ethyl hydroxyethyl cellulose has 

increased to a greater extent in presence of I- ions due to synergistic effect. 

I.6 Corrosion of mild steel and copper 

Mild steel is used in the fabrication of recirculating cooling water systems, heat 

exchangers and various other materials in the industry. In cooling water systems 

corrosion of mild steel is a major problem. Copper is generally utilized as a material for 

tubing and pipelines in industry for storage and distribution of hot and cold water 38,39. 
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Copper is less corrosive when compared to mild steel. But, it tends to corrode in certain 

environments. The main problem associated with the use of these metals or alloys in the 

above mentioned utilities is their susceptibility to corrosion in aqueous chloride 

environment40. There are two most important consequences of corrosion in cooling water 

systems. Failure of equipment is the first consequence, which leads to the increase in the 

maintenance cost due to replacement of corroded equipment. The second consequence is 

the loss of heat transfer capability of heat exchanger tube due to accumulation of 

corrosion products. 

 

Figure I.4: Corroded pipelines in cooling water system (source: internet). 

Figure I.4 shows the corroded mild steel pipeline in cooling water system and a 

cut view of a corroded copper pipeline. This problem of corrosion can be tackled and 

minimized by the addition of a variety of organic and inorganic compounds as corrosion 

inhibitors to the environment. Though, most of the conventional corrosion inhibitors may 

be satisfactory with respect to corrosion mitigation, they are known to be 

environmentally hazardous. In recent years, considerable efforts have been made to 

develop environmentally friendly corrosion inhibitors.  
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I.7 Review of literature on Environment-friendly corrosion inhibitors 

In recent years, the growing interest and attention towards the protection of the 

environment have made the focus of the researchers in corrosion towards the 

development of environmentally friendly corrosion inhibitors. A thorough literature 

survey has been made in this regard. 

In pursuit of developing eco-friendly corrosion inhibitors scientists have worked 

extensively on phosphonate based inhibitors for mild steel41. They have worked on 

various drugs as eco-friendly corrosion inhibitors42. They have also studied on a variety 

of surfactants and ionic liquids which are eco-friendly in nature. But, corrosion inhibition 

by natural products and biopolymers as eco-friendly corrosion inhibitors is the most 

recent and most important area of research because of abundant and cheap renewable 

resources.  

I.7.1. Natural products as environment- friendly corrosion inhibitors 

Plant extracts, amino acids, vitamins etc. have been extensively studied for 

their use as environment- friendly corrosion inhibitors for various metals in different 

corrosive environments. Some examples are given below 

Plant extracts are the main focus of researchers for use in corrosion protection of 

metals in different environments. For instance, Avci, G. et al. 43 studied the aqueous 

extract of ‘Acacia cyanophylla’ leaves as environment-friendly inhibitor for mild steel 1 

M H2SO4 solution. They have inferred that the extract has high inhibition effect towards 

mild steel corrosion and obtained an inhibition efficiency of 93 %. The inhibition 

efficiency decreased with the increase in temperature.  

M. Behpour et al.44 studied the extract of Punica granatum (PG) containing 

ellagic acid (EA) and tannic acid (TA), as eco-friendly corrosion inhibitor for mild steel 

in 2 M HCl and 1 M H2SO4 environments. They concluded that the Punica granatum 

(PG) peel extract and ellagic acid (EA) work well in controlling the corrosion of mild 

steel in both the test environments. But, the efficiency is to some extent better in HCl 

environment than in H2SO4.   

Omar Benali et al.45 studied the effect of extract of Anacyclus pyrethrum as 

corrosion inhibitor for corrosion of mild steel in sulfuric acid environment. The extract 

acts as an anodic inhibitor by retarding the anodic corrosion reaction. Adsorption of the 

Anacyclus pyrethrum on mild steel surface follows Langmuir adsorption isotherm 

model. 
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Janaina Cardozo da Rocha et al.46 studied the inhibition effect of the aqueous 

extracts of fruit peels towards the corrosion of mild steel in 1M HCl solution. They have 

studied the aqueous extracts of mango, orange, passion fruit and cashew peels in 

different concentrations and concluded that the extracts act as good corrosion inhibitors 

for mild steel. The inhibition efficiency increased with increase in concentration and 

decreased with an increase in temperature. 

 Krishnegowda, P. M. et al.47 reported that the ethanol extract of Acalypha torta 

leaves (EAL) works as excellent inhibitor towards the corrosion of mild steel in 1 M HCl 

environment. They have also interpreted that the EAL acts as a mixed type inhibitor and 

the adsorption of the extract on mild steel follows Langmuir adsorption isotherm. 

Another plant extract, namely Cannabis plant extract has been studied for the 

inhibition effect of copper corrosion in 0.5 M H2SO4 corrosive environment by Abd-El-

Nabey BA et al.48. From the results they have reported that the Cannabis plant extract 

solution works as an efficient inhibitor for the corrosion of copper in sulfuric acid 

environment. The extract works as a cathodic type inhibitor. The adsorption of Cannabis 

plant extract on mild steel follows Langmiur, Flory-Huggins isotherms and kinetic-

thermodynamic model. 

S.A. Umoren et al.49 studied the corrosion inhibition of aluminium using coconut 

coir dust extract (CCDE) in 1 M HCl solution.  From the results they found that the 

CCDE inhibits efficiently the corrosion of aluminium in acidic chloride environment. 

The inhibition is achieved by the adsorption of the extract on aluminium. The adsorption 

process follows Langmuir adsorption isotherm model. 

Argemone mexicana plant extract has been tested as an inhibitor for the corrosion 

of mild steel in acidic environment by Gopalji et al. 50.  From the results of weight loss 

and electrochemical studies they have found that the extract has the potential to inhibit 

the corrosion of mild steel.  The inhibition occurs through adsorption mechanism and the 

adsorption follows Langmuir adsorption isotherm model. 

Amino acids and their derivates are some of the most studied natural isolated 

compounds as environment-friendly corrosion inhibitors. Some examples are mentioned 

here under. Oezcan M et al.51 studied the effect of cysteine, an amino acid on the 

corrosion of mild steel in acidic chloride solution.  From the results they have concluded 

that cystine acts as an effective inhibitor for corrosion of mild steel in 0.5 M H2SO4. The 

inhibition efficiency increases with the increase in concentration of cystine. Adsorption 
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phenomenon is the cause of corrosion inhibition and the adsorption of cystine on mild 

steel surface follows Langmuir adsorption isotherm model.  

Morad M. S.52 studied four sulfur containing amino acids as inhibitors for the 

corrosion of mild steel in 40% H3PO4 solution with and without Cl-, F-, Fe3+ ions. The 

four amino acids are cysteine (RSH), methionine (CH3SR), cystine (RSSR) and N-

acetylcysteine (ACC). They found that in presence of S-containing amino acids the 

corrosion of mild steel was hindered significantly and the amino acids behaved as anodic 

type corrosion inhibitors. The presence of Cl-, F-, Fe3+ ions in the corrosive environment 

increased the corrosion. The inhibition is an outcome of the adsorption phenomenon of 

amino acids on the mild steel surface. The adsorption mechanism for cysteine (RSH) and 

N-acetylcysteine (ACC) follows Temkin’s isotherm model, whereas the adsorption 

mechanism for methionine (CH3SR), cystine (RSSR) follows Frumkin and Langmuir 

isotherm models.  

Another green corrosion inhibitor based on L-Tryptophan has been developed by 

Jia-Jun Fu et al.53 They have studied the effect of L-Tryptophan on the corrosion of mild 

steel in 1M HCl solution. It was inferred that L-Tryptophan afforded very good 

inhibition of corrosion of mild steel in acidic chloride environment. The maximum 

inhibition efficiency was found to be 90 % at the concentration of 1 x 10-2 mol L-1. 

Polarization measurements inferred that this amino acid acts as cathodic inhibitor. The 

inhibition mechanism involves chemisorption as well as physisorption of the molecules 

on the metal surface. 

Mohammed A. Amin et al.54 also developed some environment friendly corrosion 

inhibitors using amino acids. They have investigated the inhibitive effect of alanine 

(Ala), cysteine (Cys) and S-methyl cysteine (S-MCys) on the corrosion of iron in 1M 

HCl solution. From the results they have concluded that the inhibition performance of 

the three selected amino acids is quite satisfactory. From the polarization studies they 

have inferred that alanine (Ala) acts as cathodic type inhibitor, whereas cysteine (Cys) 

and S-methyl cysteine (S-MCys) act as mixed type inhibitors. Although all the tested 

amino acids work well, the highest inhibitive performance was observed for S-containing 

amino acids ((Cys and S-MCys) with 90 % inhibition efficiency. 

G. Moretti et al.55 developed an eco-friendly corrosion inhibitor for copper in 0.5 

M sulfuric acid solution using an amino acid called tryptophan. They have found that it 

was effective at a concentration of 10-2 M for copper corrosion inhibition in sulfuric acid 
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environment in a temperature range of 20–50 °C. The adsorption of tryptophan followed 

Bockris–Swinkels’ isotherm model. 

Zhang DQ et al.56 studied the inhibition action of amino acids namely, DL-

alanine and DL-cysteine on the corrosion of copper in aerated 0.5 M HCl environment. 

They have employed the gravimetric and electrochemical techniques to study the nature 

of the corrosion inhibition. From the results they have inferred that among the tested 

inhibitors, DL-cysteine works more efficiently in controlling the corrosion. They have 

also reported that the inhibition efficiencies of DL-alanine and DL-cysteine are higher 

than that of benzotriazole.  

Barouni, K. et al.57 developed five inhibitors based on amino acids for copper 

corrosion in nitric acid solution. The amino acids are, Arginine (Arg), Cysteine (Cys), 

Glycine (Gly), Lysine (Lys) and Valine (Val). They have reported that among all the 

amino acids studied, cysteine is the most effective one in controlling the corrosion. The 

order of inhibition efficiency is given as Valine<Glycine<Arginine<Lysine<Cysteine. 

Vitamins like vitamin B1, vitamin C, vitamin B12, vitamin B6, were also tested as eco-

friendly corrosion inhibitors. For instance, Fuchs-Godec R et al. developed a green 

corrosion inhibitor using vitamin C (ascorbic acid) for corrosion of stainless-steel in 

aqueous HCl solution (0.01M - 5M HCl). They have inferred that considerable inhibitive 

efficiency was observed for vitamin C in the concentration range of 10-2 and 10-3mol L-1 

stainless-steel in 0.1 M HCl. Vitamin C was also tested as corrosion inhibitor for steel in 

saturated Ca(OH)2 solution containing Cl- ions by L. Valek et al.58 They have reported 

that it inhibited pitting corrosion of steel.  

S. Malhotra et al.59 studied the inhibitive effect of vitamins B1, B6 and C for the 

corrosion of nickel in 1 M HNO3 corrosive environment. They have reported that all the 

tested vitamins are excellent corrosion inhibitors for Ni in HNO3
 solution.  

I.7.2. Naturally occurring polymers as eco-friendly corrosion inhibitors 

Application of natural polymers as environment-friendly corrosion inhibitors 

constitutes an attractive and significant approach to the development of green corrosion 

inhibitors. Researchers have given a lot of importance in exploring this area and a 

significant number of articles have been published in the literature on natural gums (guar 

gum, gum acacia and natural polymers namely, cellulose, starch, chitosan, pectin, 

alginate, etc. as inhibitors. 
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Mohammad M. Fares et al.60 developed an eco-friendly corrosion inhibitor based 

on a biopolymer namely, pectin. They have studied the inhibitive effect of pectin on the 

corrosion of aluminium in acidic chloride medium (2M HCl). They reported that pectin 

successfully inhibited the corrosion of Al in HCl environment. The inhibition efficiency 

has reached to 91 % at a pectin concentration of 8.0 g L-1 at a temperature of 10 °C and 

decreased to 31 % at a temperature of 40 °C. The adsorption phenomenon of pectin on 

Al surface follows Langmuir isotherm model.  

M.M. Solomon et al.61 studied the inhibitive effect of carboxymethyl cellulose 

(CMC), a chemically modified biopolymer towards the corrosion of mild steel in H2SO4 

solution. They reported that CMC is found to be a good inhibitor and the inhibition 

efficiency increases with an increase in concentration of CMC. With the increase in 

temperature the inhibition efficiency is decreased. Adsorption of CMC on mild steel 

surface is the main reason for the inhibition. The adsorption of CMC on mild steel 

surface follows Langmuir and Dubinin–Radushkevich isotherm models. S. A. Umoren et 

al.36 studied the effect of halide ions on the inhibition effect of CMC in controlling the 

corrosion of mild steel in sulfuric acid solution. 

Arukalam IO et al.62 studied the inhibitive effect of a modified biopolymer 

namely, hydroxyethylcellulose (HEC) on the corrosion of mild steel and aluminium in 

0.5 M HCl solution. From the results they concluded that HEC is found to be excellent 

corrosion inhibitor. However, HEC works more efficiently in controlling the corrosion of 

mild steel than aluminium.  

 Cassava starch derivatives namely activated cassava starch (AS) and 

carboxymethylated cassava starch (CMS) were tested as eco-friendly corrosion inhibitors 

for the corrosion of carbon steel in 200 ppm NaCl solution by Nathalie Ochoa et al63. 

They concluded that the cassava starch derivatives, AS and CMS work as efficient 

inhibitors for the corrosion of carbon steel in 200 ppm NaCl. The inhibition efficiency of 

these modified starches was found to increase with increase in concentration. The 

inhibition takes place by virtue of the formation of a protective film on the carbon steel 

surface. 

 Natural gums are another class of naturally occurring polymers, which are studied 

extensively as corrosion inhibitors for metals. Gum Acacia is the most studied gum as 

the corrosion inhibitor for various metals and alloys. S.A. Umoren et al. studied the 

inhibitive action of gum arabic (GA) on the corrosion of aluminium in alkaline (NaOH) 

solution. They have concluded that the GA exhibits considerable inhibitive effect on the 



Chapter I 

17 

 

corrosion of aluminium in alkaline NaOH environment by affording 75 % inhibition 

efficiency. The GA molecules get adsorbed on the metal surface and block the contact of 

the metal with the corrosive environment. They have also explained that the type of 

adsorption is mainly chemisorption. The adsorption of GA follows Langmuir and 

Freundlich adsorption isotherm models. 

Hamza Bentrah et al.64 studied gum arabic (GA) as an inhibitor for API 5L X42 

pipeline steel in 1M HCl corrosive environment. They have reported that GA is a very 

good corrosion inhibitor in acidic chloride environment for the alloy studied and a 

maximum inhibition efficiency of 92 % was obtained when 2000 ppm of GA was used. 

They have found that the adsorption behavior of GA on API 5L X42 pipeline steel 

follows Langmuir adsorption isotherm model. Based on the standard free energy of 

adsorption (ΔG°) value they have confirmed the adsorption of GA is physical adsorption. 

Potentiodynamic polarization studies showed that GA works as a mixed type inhibitor.  

M. Abdallah65 has studied guar gum (GG) as corrosion inhibitor for mild steel in 

1M H2SO4 solution. He reported that guar gum works efficiently in controlling the 

corrosion of mild steel in sulfuric acid medium. The inhibition action is a consequence of 

the adsorption of GG on mild steel surface and the adsorption process follows Langmuir 

adsorption isotherm model. Pialee Roy et al.66 have studied the inhibition effect of 

polyacrylamide grafted Guar gum (GG-g-PAM) on the corrosion of mild steel in 1 M 

HCl solution. They have studied this effect with various grafting percentages of 

polyacrylamide (PAM) in guar gum. They have found that PAM grafting on GG 

increased the inhibition efficiency of mild steel corrosion. The GG-g-PAM works as a 

mixed type inhibitor and it imparts highest inhibition efficiency for 86 % grafting. They 

have also concluded that adsorption is the main cause of the inhibition and the adsorption 

fits best with Langmuir adsorption isotherm model. 

S. A. Umoren et al.67 studied the inhibition effect of raphia hookeri gum (RH) on 

the corrosion of mild steel in 0.1 M H2SO4 solution. They have concluded that RH 

exudate gum acts as a good inhibitor for mild steel in acidic environment by achieving an 

inhibitions efficiency of 71 %. The inhibition efficiency is directly proportional to the 

concentration of the RH gum. Langmuir adsorption isotherm model fits well for the 

adsorption of RH gum on mild steel. 

 Chitosan and modified chitosans have been studied as corrosion inhibitors for 

various metals and alloys. For instance, A. Jmiai et al.68 studied the inhibition effect of 

the biopolymer namely chitosan on the corrosion of copper in acidic medium. They have 
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concluded that chitosan has a good inhibitory effect on copper corrosion in 1 M HCl 

solution, with a maximum inhibition efficiency of 87 %. The adsorption of chitosan on 

copper follows Langmuir adsorption isotherm model. They have also found that the 

adsorption process on copper took place through nitrogen and oxygen atoms present in 

chitosan. Mahmoud N. El-Haddad 69 has also studied the effect of chitosan in controlling 

copper corrosion in 0.5 M HCl solution. Umoren S. A. et al.70 studied the inhibitive 

effect of chitosan on the corrosion of mild steel in 0.1 M HCl solution.  

Fekry A.M. et al.71 studied a modified chitosan namely, acetyl thiourea chitosan 

(ATUCS) for the corrosion inhibition of mild steel in 0.5 M H2SO4 environment. They 

have reported that ATUCS is an excellent inhibitor for mild steel in sulfuric acid solution 

and obtained an inhibition efficiency of 94.5 % at 0.76 mM concentration. The inhibition 

efficiency increases with an increase in concentration of ATUCS. 

Amino thiourea-modified chitosan was synthesized and its inhibition effect on 

the corrosion of 304 stainless steel in 2% acetic acid solution was studied by Manlin Li 

et al.72 From the results they have concluded that the synthesized chitosan derivative 

performs very well in controlling the corrosion of 304 stainless steel in 2 % acetic acid 

environment with a maximum inhibition efficiency of 92 %.  

Sha Cheng et al.73 reported that carboxymenthylchitosan (CM-chitosan) can be a 

potenialt inhibitor for the corrosion of mild steel in 1 M HCl solution and an inhibition 

efficiency of 93 % was obtained when 200 ppm of CM-chitosan was used as inhibitor. 

They have also reported that the adsorption of CM-chitosan on mild steel is the reason 

for inhibition and the adsorption phenomenon follows Langmuir adsorption isotherm 

model. The same group have also studied the effect of Cu2+ ions as an additive on CM-

chitosan74. They have found that the addition of Cu2+ ions increases the inhibition 

efficiency.  
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CHAPTER – II 

NEED, OBJECTIVES AND SCOPE OF THE PRESENT STUDY 

II.1: Need of the present study 

Mild steel is used in the fabrication of recirculating cooling water systems, heat 

exchangers and various other materials in the industry. Whereas, copper is generally utilized 

as a material for tubing and pipelines in the industry for storage and distribution of hot and 

cold water. The main problem associated with the use of these metals is corrosion in a variety 

of aqueous environments. The problem of corrosion can be controlled by the addition of a 

variety of organic and inorganic compounds as corrosion inhibitors to the environment. 

However, most of the traditionally employed corrosion inhibitors are known to be toxic and 

lethal to the environment. There is a need to minimize the use of these toxic chemicals and 

make an effort to conserve our environment from the present vulnerable condition. Therefore, 

attention was drawn to the development of novel corrosion inhibitors based on ecological 

approaches.  

In recent years, considerable efforts have been made to study the corrosion inhibition 

efficiency of some natural products1. Application of natural polymers as environment-

friendly corrosion inhibitors constitutes an attractive and significant approach to the 

development of green corrosion inhibitors. A significant number of reports have been 

published in the literature on natural gums (guar gum, gum acacia, etc.,), natural polymers 

(cellulose, starch, chitosan, pectin, alginate, etc.,) as inhibitors2–5. Biological polymers such 

as chitin, chitosan and polysaccharides constitute an important class of environmentally 

friendly corrosion inhibitors on which a few studies were reported in the literature. For 

instance, carboxymethyl and hydroxyethyl cellulose, chitosan and substituted/modified 

chitosans for corrosion protection applications4,  carboxymethyl chitosan and its synergism 

with Cu2+ ions for mild steel in acidic chloride environment2,3, polyacrylamide grafted with 

okra mucilage, a natural grade polysaccharide6 have been reported in the literature. Until now 

there are no studies reported in the literature on using chemically modified chitin, as a 

corrosion inhibitor. 

In this background, chitin, a natural polymer has been selected in the present study for 

the following reasons. Chitin is the second most abundant polysaccharide next to cellulose on 

the earth. Chitin and chitosan are non-toxic and are inert in the gastrointestinal tract of 

mammals. These are also biodegradable. Chitin is the main component in the shells of 
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crustaceans such as shrimps, crab, and lobster, and is also found in the exoskeleton of 

mollusks, insects and the cell walls of some fungi7. Every year, around 6 to 8 million tons of 

waste from crab, shrimp and lobster shells are produced globally8. These waste shells are 

often just dumped, and cause a lot of environmental problems. There is a large scope of 

research in using this abundant and cheap renewable resource by developing new application 

methods. But, the problem associated with the use of these biological polymers is their 

insoluble nature in most of the aqueous solvents due to the presence of intra and inter 

molecular hydrogen bonding between adjacent biopolymer chains9. This problem can be 

overcome by chemical modification of these biopolymers. Another natural polymer selected 

in the present study is xanthan gum. Xanthan gum is a naturally occurring high molecular 

weight polysaccharide produced by microorganisms such as xanthomonas campestris10.   

The chemical modification on these polymers is only used to increase its solubility. 

The basic skeleton (cellulosic backbone) of these polymers is unaffected after the chemical 

modification and hence the retention of properties after modification besides acquiring some 

additional properties like increased solubility. The non-toxicity and biocompatibility of 

phosphorylated chitin are already reported in the literature11–13. Phosphorylated chitin is also 

used in biomedical applications. Moreover, it is known that phosphates are non-toxic. The 

non-toxic nature of phosphorylated cellulosic compounds is reported in the literature by Illy 

et al.14 and suflet et al.15.  

The xanthan gum is chemically modified to phosphorylated xanthan gum in order to 

increase its ability to form complexes with metal ions, by using a method reported in the 

literature16. Phosphorylated xanthan gum which is also a cellulosic compound comes under 

this category. In another system we have used chitosan and ascorbic acid, both of which are 

non-toxic and biodegradable.  

As far as xanthates are concerned, it is known that sodium ethyl xanthate and sodium 

isopropyl xanthate are toxic. But, in the present study, the derivative of environmentally 

friendly chitin, namely chitin xanthate is used. Xanthate introduction on the cellulosic 

backbone of chitin is only for the increase in solubility. The toxicity of chitin xanthate is 

expected to be relatively very less due to less degree of substitution of xanthate group on the 

chitin backbone. It may also be noted that chitin xanthate is also used in biomedical 

applications. Appropriate references17,18 are added. 
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II.2: Objectives of the present study: 

1. To develop corrosion inhibitors based on naturally occurring polymers, which are 

non-toxic, biodegradable and biocompatible.  

2. To investigate the nature of the corrosion inhibition process (anodic, cathodic or 

mixed type) in the presence of the inhibitors. 

3. To investigate the composition of the surface film formed on the metal surface in the 

corrosion environment in the presence of the inhibitors. 

4. To discuss the mechanistic aspects of the corrosion inhibition process by the chosen 

inhibitors. 

II.3: Scope of the present study: 

Mild steel and copper have been used in the present study as materials for which we have 

developed new inhibitor formulations. These inhibitor formulations have been tested for their 

corrosion inhibition efficiencies at a temperature of 30±0.1°C. The corrosive environments in 

which these inhibitor formulationsare tested are 200 ppm NaCl for four inhibitor formulations 

and 1M HCl solution for one inhibitor formulation. 

The inhibitor systems developed by the investigator are listed below. 

1) Phosphorylated chitin alone and phosphorylated chitin in combination with Zn2+ as 

corrosion inhibitor for mild steel in water containing 200 ppm sodium chloride. 

2) Phosphorylated chitin as a corrosion inhibitor for copper in water containing 200 ppm 

sodium chloride. 

3) Chitosan- ascorbic acid- Cu2+system as a corrosion inhibitor for mild steel in one molar 

hydrochloric acid. 

4) Chitin xanthate (CX) as a corrosion inhibitor for copper in water with 200 ppm sodium 

chloride. 

5) Phosphorylated xanthan gum (PXG) as a corrosion inhibitor for mild steel in water with 

200 ppm sodium chloride. 
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CHAPTER III 

MATERIALS AND METHODS 

III.1: Preparation of mild steel and copper specimens 

The Chemical composition of mild steel specimens used in the present study is 

0.1 to 0.2 % carbon, 0.02 to 0.03 % sulphur, 0.04 to 0.05 % phosphorus, 0.4 to 0.5 % 

manganese and the rest iron. Whereas, copper samples were taken from a copper sheet of 

99.9 % purity. The mild steel specimens of the dimensions, 3.5 cm x 1.5 cm x 0.2 cm 

and copper specimens of the dimensions, 4 cm x 1 cm x 0.2 cm were used in the weight-

loss studies and electrochemical investigations. In all the investigations, before each 

experiment, the samples were polished with a series of emery polishing papers in a 

systematic manner (grade 1/0, grade 2/0, grade 3/0 and grade 4/0 respectively). 

Furthermore, a mirror like finish was obtained by polishing on a rotating disk with 

alumina slurry. Then, the samples were washed with double distilled water, rinsed with 

acetone and dried with hot air. The mild steel and copper specimens of the dimensions, 1 

cm x 1 cm x 1 mm, were used in the surface examination studies by scanning electron 

microscopy equipped with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray 

photoelectron spectroscopy (XPS) and X-ray diffractometry. 

III.2 Chemicals used in the present study 

All the other chemicals used in the present study were of the analytical reagent grade. 

S. No. Chemical Formula Grade Company 

1 Sodium  chloride NaCl AnalaR S.D.fine-Chem. Ltd., 

Mumbai, India 

2 L-Ascorbic acid C6H8O6 AnalaR S.D.fine-Chem. Ltd., 

Mumbai, India 

3 Zinc sulphate 

heptahydrate 

ZnSO4.7H2O AnalaR S.D.fine-Chem. Ltd., 

Mumbai, India 

4 Sodium hydroxide NaOH AnalaR S.D.fine-Chem. Ltd., 

Mumbai, India 

5. Chitin - AnalaR Sigma Aldrich 

6. Chitosan - AnalaR Sigma Aldrich 

7. Hydrochloric acid  HCl AnalaR Thermo Fischer 

Scientific Pvt. Ltd, India 

8. Xanthan gum - AnalaR Himedia laboratories 

Pvt. Ltd., India 
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III.3: Synthesis of the inhibitor molecules used in the present study: 

The inhibitor molecules used in the present study were synthesized by using the 

methods reported in the literature. The corrosion inhibition ability of these molecules has 

been evaluated using various methods.  

III.3.1: Preparation of phosphorylated chitin (PCT):  

Chitin has been chemically modified to phosphorylated chitin using phosphorous 

pentoxide (P2O5) – methane sulphonic acid method, reported in the literature 1–4. The 

reaction product is found to have a high degree of substitution of phosphonate group and 

is soluble in water. The structure of PCT is shown in figure III.1. 

 

Figure III.1: Phosphorylated chitin 

III.3.2 Preparation of Chitin Xanthate (CX): 

Chitin has been chemically modified to chitin xanthate using the method reported in the 

literature5,6. The modified derivative is prepared using carbon disulphide in alkaline 

conditions. The synthetic procedure is illustrated in the figure III.2. 

Figure III.2: Scheme for preparation of chitin xanthate 

III.3.3: Synthesis of Chitosan ascorbate ketimine 

Chitosan ascorbate ketimine has been synthesized according to the procedure 

reported in the literature7,8. Upon addition of ascorbic acid to chitosan present in the 

solution phase, it will dissolve to form chitosan ascorbate. This solution was kept as such 
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for 6 h in order to obtain chitosan ascorbate ketimine and the resulting solution was 

precipitated in acetone.  

 

Figure III.3: Chitosan ascorbate ketimine 

III.3.4: Synthesis of phosphorylated xanthan gum (PXG): 

The phosphorylated Xanthan gum has been synthesized using the method available 

in the literature9,10. The phosphate groups were added on the backbone of xanthan gum 

using sodium phosphate method.  

 

Figure III.4 Scheme for the preparation of phosphorylated xanthan gum. 

III.4: Preparation of the stock solutions 

III.4.1 Preparation of stock solution of sodium chloride: 

Exactly 1.0000 g of sodium chloride was dissolved in double distilled water and made up 

to one liter mark in a standard measuring flask with double distilled water.  This solution 

consists of 1000 ppm of sodium chloride. A fivefold dilution of this stock solution yields 

exactly 200 ppm of sodium chloride. 
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 III.4.2 Preparation of Stock solution of PCT: 

1000 ppm of phosphorylated chitin (PCT) stock solution was prepared by 

dissolving exactly 1.000 g of PCT in 1000 mL of double distilled water. The pH of this 

solution was adjusted to 7 by adding appropriate amount of NaOH solution. A fivefold 

dilution of this stock solution of PCT yields exactly 200 ppm PCT. 

Appropriate volumes of PCT and NaCl solutions were taken from the respective 

stock solutions and mixed in order to achieve various concentrations of PCT inhibitor in 

the presence of 200 ppm NaCl environment. 

III.4.3: Stock solution of zinc sulphate: 

1000 ppm of a solution of zinc ions solution was prepared by dissolving 4.4000 g 

of ZnSO4. 7H2O in double distilled water and then making up the solution to 1000 mL in 

a standard flask. A hundred fold dilution of this stock solution yields exactly 10 ppm of 

zinc ions. 

III.4.4: Preparation of Stock solution of CX: 

100 ppm of chitin xanthate (CX) stock solution was prepared by dissolving 

exactly 0.1000 g of CX in 1000 mL of double distilled water. The pH of this solution 

was adjusted to 7 by adding appropriate amount of NaOH solution. A fivefold dilution of 

this stock solution of CX yields exactly 20 ppm of CX. 

Appropriate volumes of CX and NaCl were taken from the respective stock 

solutions and mixed in order to achieve various concentrations of CX inhibitor in the 

presence of 200 ppm NaCl environment.  

III.4.5 Preparation of chitosan ascorbate ketimine inhibitor solutions: 

Various mole ratios of chitosan and ascorbic acid have been used in the 

preparation of Chitosan ascorbate ketimine solution. 

III.4.6 Preparation of Stock solution of PXG: 

1000 ppm of phosphorylated xanthan gum (PXG) stock solution was prepared by 

dissolving exactly 1.000 g of PXG in 1000 mL of double distilled water. A fivefold 

dilution of this stock solution of PCT yields exactly 200 ppm PCT. 
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III.4.7: Preparation of corrosive environments and different concentrations of 

inhibitor: 

Before finalizing the range of concentrations of PCT, chitosan, ascorbic acid, 

copper, zinc ions, several trial experiments were carried out in different concentration 

ranges. Based on the results, the range of concentrations has been chosen as there is 

effect of inhibitor concentration on corrosion inhibition. While studying with mixtures of 

inhibitors, concentration of one synergist is fixed and concentration of the other species 

are varied. In this way best combinations, which acquired highest inhibition efficiencies 

could be arrived at. 

III.4.7.1: corrosive environment: 200 ppm NaCl- mild steel, Inhibitor: PCT+Zn2+. 

S.No Final concentration of 

inhibitor solution (100 mL) 

with 200 ppm of NaCl  

Volume 

of 1000 

ppm 

NaCl 

Volume 

of 1000 

ppm Zn2+ 

ions  

Volume 

of 1000 

ppm PCT 

Vol. of 

distilled 

water 

1 0 ppm PCT 20 mL 0 mL 0 mL 80 mL 

2 50 ppm PCT  20 mL 0 mL 5 mL 75 mL 

3 100 ppm PCT 20 mL 0 mL 10 mL 70 mL 

4 150 ppm PCT 20 mL 0 mL 15 mL 65 mL 

5 200 ppm PCT 20 mL 0 mL 20 mL 60 mL 

6 50 ppm PCT+ 100 ppm Zn2+ 20 mL 10 mL 5 mL 65 mL 

7 100 ppm PCT+ 100 ppm Zn2+ 20 mL 10 mL 10 mL 60 mL 

8 150 ppm PCT+ 100 ppm Zn2+ 20 mL 10 mL 15 mL 55 mL 

9 200 ppm PCT+ 100 ppm Zn2+ 20 mL 10 mL 20 mL 50 mL 

III.4.7.2: corrosive environment: 200 ppm NaCl-copper, Inhibitor: PCT 

S.No. Final concentration of 

inhibitor solution (100 mL) 

with 200 ppm of NaCl. 

Volume of 

1000 ppm 

NaCl 

Volume of 

1000 ppm 

PCT 

Volume of 

distilled water 

1 0 ppm PCT 20 mL 0 mL 80 mL 

2 50 ppm PCT 20 mL 5 mL 75 mL 

3 100 ppm PCT 20 mL 10 mL 70 mL 

4 150 ppm PCT 20 mL 15 mL 65 mL 

5 200 ppm PCT 20 mL 20 mL 60 mL 
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III.4.7.3: corrosive environment: 200 ppm NaCl- copper, Inhibitor: CX 

S.No. Final concentration of 

inhibitor solution (100 mL) 

with 200 ppm of NaCl 

Volume of 

1000 ppm 

NaCl 

Volume of 

1000 ppm CX 

Volume of 

distilled water 

1 0 ppm CX 20 mL 0 mL 80 mL 

2 10 ppm CX 20 mL 1 mL 79 mL 

3 20 ppm CX 20 mL 2mL 78 mL 

4 30 ppm CX 20 mL 3 mL 77 mL 

5 40 ppm CX 20 mL 4 mL 76 mL 

III.4.7.4: corrosive environment: 200 ppm NaCl- mild steel, Inhibitor: PXG. 

S.No. Final concentration of 

inhibitor solution (100 mL) 

with 200 ppm of NaCl. 

Volume of 

1000 ppm 

NaCl 

Volume of 

1000 ppm 

PXG 

Volume of 

distilled water 

1 0 ppm PXG 20 mL 0 mL 80 mL 

2 50 ppm PXG 20 mL 5 mL 75 mL 

3 100 ppm PXG 20 mL 10 mL 70 mL 

4 150 ppm PXG 20 mL 15 mL 65 mL 

5 200 ppm PXG 20 mL 20 mL 60 mL 

III.5: Determination of corrosion rate by gravimetric method (weight-loss studies): 

The weight- loss studies were carried out using a Shimadzu AY 120 balance 

(readability 0.01 mg). In each experiment, the specimen (copper or mild steel) was 

weighed before and after immersion in the corrosive environment without and with 

different concentrations of the inhibitor formulations. The immersion period was 7 days 

for mild steel specimens and 10 days for copper specimens. After completion of the 

specified immersion time, the specimens were removed and cleaned according to the 

procedure given in ASTM- G1 specifications11,12. Then, the specimens were weighed 

again. Accuracy in weighing is 0.01 mg and accuracy in surface area measurement is 0.1 

cm2
, which are in accordance with the recommendations of ASTM G3113. Each specimen 

was weighed three times and the mean value was reported in order to minimize the 

uncertainty in weighing. The corrosion rates and inhibition efficiencies were calculated 

from the observed difference in weights. Every experiment was performed in duplicate 

and the mean value was taken as the final value. The standard error in determination of 

corrosion rate is found to be less than or equal to two percent, which is in compliance 

with the standard laboratory practice 14. 
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From the difference in the weights of the specimens, the corrosion rates were 

calculated using the following formula given in the equation (1). 

Corrosion rate (mdd) =
Weight loss in mg

Surface area of specimen (dm2)X Period of immersion in days 
… (1) 

When mdd refers to the corrosion rate in milligrams per square decimeter area per day. 

The mdd unit of corrosion rate has been converted into mmpy (millimeter per year) 

using the equation given in (2), 

Corrosion rate (mmpy) =  
Corrosion rate(mdd) X 0.0365

D
… … … … (2) 

Where ‘D’ refers to the density of the metal (mild steel or copper as the case may be). 

The corresponding inhibition efficiencies are obtained using the equation (3) 

Inhibition efficiency (%) =[(ø𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − ø𝑖)/ø𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ]𝑋100………….. (3) 

Here, ø𝒄𝒐𝒏𝒕𝒓𝒐𝒍 =corrosion rate in control without inhibitor, ø𝒊 = corrosion rate in the 

presence of inhibitor. 

III.6:  Electrochemical Studies 

Electrochemical Impedance studies (EIS) and potentiodynamic polarization 

studies were employed to investigate the corrosion inhibition efficiency of the inhibitor 

formulations. These studies were performed using a three-electrode cell assembly with 

the appropriate specimen (mild steel or copper) as the working electrode. The 

dimensions of the specimen were 3.5 cm x 1.5 cm x 0.2 cm for mild steel and 4 cm x 1 

cm x 0.2 cm for copper respectively. Only one cm2 surface area of the specimen has been 

exposed to the corrosive environment and the rest is coated with epoxy resin. An Ag| 

AgCl| 3M KCl electrode was used as a reference electrode and a platinum plate electrode 

was used as the counter electrode. All the studies were carried out using ZAHNER IM6e 

Electrochemical Workstation (Germany). All the investigations were performed at a 

temperature of 30 ± 0.1°C by taking 500 mL of 200 ppm NaCl solution as corrosion 

environment for four inhibitor formulations and 1 M HCl as corrosive environment for 

one inhibitor formulation. The pH of all the solutions in case of aq. NaCl corrosive 

environment was adjusted to 7.0 using 0.1 N NaOH solution. While performing the 

experiments the solutions were maintained in a stagnant condition (naturally aerated).  
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III.6.1: Electrochemical impedance studies (EIS) 

The electrochemical impedance studies were carried out at the open circuit 

potential (OCP) in the frequency range of 10 mHz to 60 kHz with an ac signal of 10 mV, 

peak to peak. In all the experiments the OCP was achieved after 1 h of sample immersion 

in the corrosive environment. Both the Nyquist and Bode plots were recorded in the 

present study for the analysis of the corrosion phenomenon. 

Impedance parameters such as solution resistance (Rs), charge transfer resistance 

(Rct), double layer capacitance (Cdl), CPE exponent (n) and Warburg impedance (W) etc, 

were obtained by fitting the experimental data with appropriate equivalent circuit 

models. The three different equivalent circuit models which were used in the present 

study are depicted in figures III.5 and III.6. 

From the charge transfer resistance values, the inhibition efficiency was 

calculated for each inhibitor concentration using the equation (4). 

𝑰. 𝑬. % =  
(𝑹𝒄𝒕)𝒊 −  (𝑹𝒄𝒕)𝒄𝒐𝒏𝒕𝒓𝒐𝒍

(𝑹𝒄𝒕)𝒊
𝑿 𝟏𝟎𝟎 … … … … … … … (4) 

(𝑅𝑐𝑡)𝑖= charge transfer resistance in the presence of inhibitor  

(𝑅𝑐𝑡)𝑐𝑜𝑛𝑡𝑟𝑜𝑙= charge transfer resistance without inhibitor 

 

Figure III.5: Equivalent circuit used in impedance measurements for mild steel 

specimen (in aq. NaCl) in control and in the presence of inhibitor formulation. 
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Figure III.6: Equivalent circuit used in impedance measurements of A) copper specimen 

with Warburg behaviour B) copper specimen in presence of inhibitor formulation and for 

mild steel specimen in 1M HCl. in control and in the presence of inhibitor formulation 

 

Where,   Rs       = Solution resistance  

  Rct = Charge transfer resistance 

Rfilm = Resistance of the film 

CPEfilm = Constant phase element of the film 

CPEdl = Constant phase element of the electrical double layer 

W = Warburg impedance 

The Nyquist plots obtained in the present study exhibited depressed semicircles 

rather than ideal semicircles.  This phenomenon is called dispersing effect15. When the  

depressed semicircle with centre below the real axis occurs in the EIS results, it is often 

ascribed to the roughness and non-homogeneous nature of the metal surface, which is 

also a characteristic for solid electrodes16. It is also attributed to the distribution of active 

sites, adsorption of inhibitor molecules and formation of porous layers 17. 

At high frequencies the Rs determines the impedance and at very low frequencies 

the cell impedance is equal to the sum of Rs and Rct.   
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III.6.2 Potentiodynamic polarization studies 

Potentiodynamic polarization experiments were performed on mild steel or copper 

specimen surface immersed in the corrosive environment without and with different 

concentrations of inhibitor formulation. The potential range was between -750 mV to 

+250 mV for mild steel and -700 mV to +700 mV for copper. The scan rate was 0.1 mV 

sec-1. 

Corrosion potential (Ecorr) and corrosion current density (jcorr) were determined from 

the polarization curves by the Tafel extrapolation method. 

From the corrosion current density values, the inhibition efficiency was calculated 

for each inhibitor concentration using the equation (5). 

𝑰. 𝑬. % =  
(𝑱𝒄𝒐𝒓𝒓)𝒄𝒐𝒏𝒕𝒓𝒐𝒍 − (𝑱𝒄𝒐𝒓𝒓)𝒊

(𝑱𝒄𝒐𝒓𝒓)𝒄𝒐𝒏𝒕𝒓𝒐𝒍
𝑿 𝟏𝟎𝟎) … … … … … … … . . (5) 

Where (Jcorr)control, (Jcorr)i represent the corrosion current density values without, and 

with inhibitor formulation, respectively. 

III.7 Surface morphological studies by Scanning Electron Microscopy (SEM): 

The surface morphology of the metal samples immersed in corrosive 

environment with and without inhibitor formulations was investigated by scanning 

electron microscopy (SEM).  Initially the specimens (copper or mild steel) were 

polished, degreased, dried and then immersed in the corrosive environment with inhibitor 

formulations.  After immersion for 7 days for mild steel and 10 days for copper specimen 

the specimens were removed from the solutions and gently washed with doubly distilled 

water and dried.  Then, the SEM images were recorded using a VEGA 3 TESCAN, USA 

model scanning electron microscope 

III.8: Analysis of the surface films using energy dispersive X-ray spectroscopy:  

The surface films formed after corrosion were characterized using an energy 

dispersive X-ray spectrometer (Oxford instruments make).  

III.9: surface characterization by X-ray photoelectron spectroscopic studies (XPS): 

The X-ray photoelectron spectroscopic studies were performed using X-ray 

photoelectron spectrometer model ESCA 2SR, Omicron Nano Technology, GmbH, 

Germany with a base vacuum of 1× 10−6 Pa. Al Kα radiation (1486.6 eV) was used for 

primary excitation. Survey scan spectra were recorded at pass energy of 187.9 eV and 

the individual high resolution spectra were taken at pass energy of 20.0 eV with an 
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energy step of 0.1 eV. The deconvolution spectra were recorded with a step of 0.1 eV for 

the elements of interest namely Fe 2p, Cu 2p, Zn 2p, O 1s, P 2p, N 1s, C 1s and S 2p. 

The XPS instrument was calibrated using Au foil for which the characteristic binding 

energy value of 4f electron is 84.1 eV. 

X-ray photoelectron spectroscopic studies were performed in the binding energy 

range of 0 eV to 1200 eV. The binding energy values of the peaks present in the 

spectrum of the samples under study were then compared with the literature values and 

analyzed. Based on the shift in the binding energy values of the basic elemental peaks, 

the surface analysis has been carried out. The chemical shift can be in the range of 0.1 to 

10 eV. The list of chemical shift values for various oxidation states for most of the 

elements is available in literature18. 

In the present study the films formed on the metal surface immersed in corrosive 

environment (mild steel- 7 days, copper- 10 days) in presence or absence of inhibitor 

formulations were characterized by XPS studies.  

III.10: Analysis of the surface films using powder X-ray diffractometry: 

The surface film formed on the metals after corrosion process in the absence as 

well as in the presence of inhibitor systems were characterized using X-ray diffraction 

studies. The XRD instrument, Bruker D8-advance, Germany was used to perform the 

XRD experiments. The X-ray source is Cu-Kά (λ = 1.5418 Aº (in 2θ)) radiation. The 

spectrum was recorded in the range of 10 to 80°. 
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Chapter IV 

This chapter has been divided into two sections. Section IV.1 deals with the 

experimental results and discussion of the corrosion protection of mild steel in neutral 

chloride environment using Phosphorylated Chitin (PCT) – Zn2+ system and section IV.2 

consists of the experimental results and discussion of the corrosion protection of copper 

in neural chloride environment using Phosphorylated Chitin (PCT). 

Section IV.1: Phosphorylated Chitin (PCT) – Zn2+ system to combat the corrosion 

of mild steel in neutral chloride environment. 

IV.1.1. Characterization of Phosphorylated Chitin (PCT): 

The synthesized phosphorylated derivative of chitin was characterized by Fourier 

Transform Infrared spectroscopy (FTIR). Figure IV.1.1 presents the FTIR spectra of pure 

chitin and phosphorylated chitin (PCT). In the spectrum of PCT, a broad peak at  

3428 cm-1 is because of P-OH groups 1–3. Due to phosphorylation, a shoulder peak 

appeared around 1220 cm-1and this peak is assigned to phosphate group (P=O 

asymmetric stretching)4. The Peak at 1050 cm-1 is because of C-O-P stretching in 

phosphate ester and the peak at 975 cm-1is due to P-OH stretching. A broad band 

between 900 cm-1 to 1100 cm-1 is also an indication of phosphorylation5. 

The synthesized derivative of chitin was also characterized by 13C NMR 

spectroscopy. The 13C NMR spectrum of phosphorylated chitin is shown in figure 

IV.1.2. From the results we can infer that the 13C NMR spectrum of PCT exhibits 

characteristic chemical shift values for the non-equivalent carbons at appropriate 

positions with respect to tetramethylsilane (TMS). The carbon atoms attached to the 

functionalised amine and hydroxyl groups appeared in the spectrum. The 13C NMR 

signal at δ 53.87 ppm corresponds to the C2 carbon of pyranose ring (–CH-NH-).  The 

signal at δ 66.68 ppm corresponds to C3 carbon of pyranose ring (-CH-O-P). The signals 

at δ 38.35 ppm, δ 68.23 ppm and δ 69.04 ppm correspond to the C4, C5 and C6 carbons of 

pyranose ring respectively. 
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Figure IV.1.1: FTIR spectra of pure chitin and Phosphorylated Chitin (PCT). 

 

Figure IV.1.2: 13C- NMR spectrum of Phosphorylated Chitin (PCT). 
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Phosphorylated chitin 

Weight-loss studies, electrochemical impedance studies and potentiodynamic 

polarization studies were carried out to investigate the corrosion inhibition ability. SEM-

EDX and XPS studies were employed for analysis of the surface films.  

IV.1.2: Analysis of the results of weight-loss Studies: 

The corrosion inhibition efficiency of the chemically modified chitin (PCT) and 

the synergism of this modified polymer and Zn2+ have been investigated using the 

weight-loss studies at 30 °C after 7 days immersion period. The experimental data of the 

corrosion rates and the inhibition efficiencies are given in the table IV.1.1. The results 

showed that the corrosion rate decreased and the inhibition efficiency increased 

appreciably by the addition of phosphorylated chitin as inhibitor. It is very clear that the 

PCT inhibits corrosion of mild steel in neutral aqueous chloride environment at all the 

tested concentrations. The inhibition efficiency increased with increasing concentration 

of the modified polymer and the highest inhibition efficiency of 73% was obtained at 

150 ppm concentration of the polymer. When the concentration of PCT is further 

increased to 200 ppm, the weight-loss of mild steel is slightly increased and slight 

increase in corrosion rate is observed. This result could be the consequence of an 

increase in the number of molecules of phosphorylated chitin adsorbed on mild steel 

surface and 150 ppm PCT is the sufficient concentration to form a protective film. From 

the literature, it is known that Zn2+ alone accelerates the corrosion rate of mild steel in 

neutral chloride environment6,7. It is also known that Zn2+ functions as a synergists in 

combination with phosphates in protecting mild steel from corrosion in chloride 

environment. The inhibition efficiency of PCT at all concentrations increased 

considerably when Zn2+(100 ppm) was added as a synergist. The inhibition efficiency 

reached up to 93 % for 200 ppm PCT in presence of 100 ppm Zn2+. The synergistic 
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parameter (S) values for various PCT concentrations have been calculated using the 

equation (1) given below to confirm the existence of synergistic effect between PCT and 

Zn2+.  

The synergistic parameter (S) has been calculated using the equation (1) given below8, 

𝑺 =
𝟏 − Ø𝟏+𝟐

𝟏 − Ø′
𝟏+𝟐

… … … … … … . (1) 

Here Ø1+2 = Ø1 + Ø2- (Ø1.Ø2) 

Ø1= surface coverage by Zn2+ when used alone, Ø2= surface coverage by PCT when used 

alone, Øʹ1+2 = surface coverage by PCT in combination with Zn2+. 

Table.IV.1.1: Corrosion parameters for mild Steel in 200ppm NaCl (aq) in absence and 

presence of different concentrations of phosphorylated chitin obtained from the 

gravimetric method. 

S.No. 

Concentration(ppm) 
Weight -

loss(mg) 

Corrosion 

Rate(mdd) 

Corrosion 

Rate 

(mmpy) 

I.E.% 

P-Chitin Zn2+ 

1 0 0 12.14 17.47 0.08111 - 

2 50 0 8.94 11.92 0.05534 26 

3 100 0 5.83 7.78 0.03612 51 

4 150 0 3.22 4.29 0.01991 73 

5 200 0 4.75 6.34 0.02943 61 

6 0 100 14.15 20.36 0.09455 -16 

7 50 100 5.43 7.24 0.03361 55 

8 100 100 3.96 5.28 0.02451 67 

9 150 100 3.14 4.18 0.01940 74 

10 200 100 0.83 1.10 0.00513 93 

11 300 100 1.50 2.00 0.00928 88 

12 400 100 1.55 2.07 0.00961 87 

The ‘S’ values are listed in table IV.1.2. The S value is greater than one for all 
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PCT concentrations, which suggests that there is a synergistic effect between PCT and 

Zn2+. Similar results on synergistic effects of synthetic phosphonates and Zn2+ in 

controlling corrosion of carbon steel have been reported in the literature9,10.  

Table.IV.1.2: Synergistic parameters for different concentrations of phosphorylated 

chitin as inhibitor. 

S.No. 
Concentration (ppm) 

I.E.%  
Synergistic 

parameter (S) P-Chitin Zn2+ 

1 50 100 55 1.9 

2 100 100 67 1.7 

3 150 100 74 1.2 

4 200 100 93 7.3 

IV.1.3: Analysis of the results of Electrochemical Studies: 

Electrochemical Impedance Studies 

The electrochemical impedance studies were performed at the open circuit 

potential in the absence and presence of various concentrations of phosphorylated chitin 

(PCT) and PCT in combination with Zn2+ ions in neutral aqueous chloride environment. 

The studies were performed at various immersion times namely 1h, 6h, 12h and 24h. 

Figure IV.1.3 depicts the Nyquist plots for mild steel sample immersed in 200 ppm 

sodium chloride solution in the absence and in presence of various concentrations of 

PCT at 24 h immersion period. Similarly figure IV.1.4 presents the Nyquist plots for 

mild steel sample in the absence and in presence of various concentrations of PCT in 

combination with 100 ppm Zn2+ions. The corresponding Bode plots are depicted in 

figures IV.1.5 and IV.1.6 respectively. The experimental values were fitted with different 

equivalent circuits in order to obtain the corrosion parameters. The experimental data 

fitted well with the simple Randles equivalent circuit shown in the 

figure IV.1.7. The equivalent circuit consists of solution resistance (Rs), charge transfer 

resistance (Rct), and a constant phase element (CPE). Similar equivalent circuit was also 

reported by other researchers11–13 The calculated parameters from EIS data are presented 

in the table IV.1.3. 
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Figure IV.1.3: Nyquist plots of mild steel sample in 200 ppm NaCl (a) in the 

absence (b) in presence of 50 ppm PCT (c) 100 ppm PCT (d) 150 ppm PCT (e) 200 

ppm PCT (24 h immersion period). [Points- experimental data, solid line- fitted 

using the equivalent circuit mode]. 

 

Figure IV.1.4: Nyquist plots of mild steel sample in 200 ppm NaCl (a) in the 

absence (b) in presence of 50 ppm PCT along with 100 ppm Zn2+ (c) 100 ppm PCT 

along with 100 ppm Zn2+ (d) 150 ppm PCT along with 100 ppm Zn2+ (e) 200 ppm 

PCT along with 100 ppm Zn2+ (24 h immersion period). [Points- experimental data, 

Solid line- fitted using the equivalent circuit mode]. 
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In the case of control, a small depressed semicircle is observed in the Nyquist 

plots with an Rct value of 1.9 kΩ cm2. When PCT alone is used as an inhibitor, 

despite the fact that the semicircle is depressed the diameter of the semicircle is 

increased with an increase in concentration of the inhibitor. An Rct value of 10.7 kΩ 

cm2 is obtained for 200 ppm of PCT, which afforded an inhibition efficiency of  

83 %. When a small concentration of Zn2+ (100 ppm) is used as synergist in 

combination with 200 ppm PCT, the Rct is increased to 32.9 kΩ cm2, which accounts 

for an inhibition efficiency of 94 %.  These results indicate the significance of the 

synergism between zinc ions and P- chitin in enhancing inhibition efficiency. From 

the data given in the table it is established that Zn2+ ions function as synergist at all 

the concentrations of PCT in controlling the corrosion of mild steel.  

 

Figure IV.1.5: Bode plots of of mild steel sample in 200 ppm NaCl (a) in the 

absence (b) in presence of 50 ppm PCT (c) 100 ppm PCT (d) 150 ppm PCT (e) 200 

ppm PCT (24 h immersion period). [Points- experimental data, solid line- fitted 

using the equivalent circuit mode]. 
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Figure IV.1.6: Bode plots of mild steel sample in 200 ppm NaCl (a) in the absence 

(b) in presence of 50 ppm PCT along with 100 ppm Zn2+ (c) 100 ppm PCT along 

with 100 ppm Zn2+ (d) 150 ppm PCT along with 100 ppm Zn2+ (e) 200 ppm PCT 

along with 100 ppm Zn2+ (24 h immersion period). [Points- experimental data, Solid 

line- fitted using the equivalent circuit mode]. 

 

Figure IV.1.7: Equivalent circuit used (Simple Randles Circuit)  

Rs- Solution Resistance,   Rct - Charge transfer resistance, CPE - Constant phase element. 

In Bode plots it can be seen that the phase angle maximum is only 15° in the 

presence of control and is increased to a value of around 60° in the presence of binary 

inhibitor formulation, namely 200 ppm PCT + 100 ppm Zn2+. The total impedance of the 

system is also increased from 2.50 kΩ cm2 to 35.02 kΩ cm2 in the presence of binary 

inhibitor system. This result is indicative of the protective film formation on the metal 

surface. It is interesting to note that the charge transfer region is in the low frequency 

range namely 10 Hz to 10 mHz in the presence of the binary inhibitor formulation, which 
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affords the highest inhibition efficiency. The total impedance vs. frequency plot showed 

a clear tendency for an increase in impedance even at the lowest frequency namely 10 

mHz. 

Table IV.1.3: Impedance parameters for mild steel in 200ppm aq. NaCl solution in the 

absence and presence of different concentrations of inhibitor formulation. 

S.No. 
Concentration(ppm) 

Rct(kΩ cm2) Cdl(µF cm-2) n I.E.% 
PCT Zn2+ 

1 0 0 1.9 14.3 0.580 - 

2 50 0 2.9 13.8 0.568 37 

3 100 0 3.3 12.7 0.593 44 

4 150 0 9.1 12.1 0.713 80 

5 200 0 10.7 12.0 0.758 83 

6 50 100 7.7 14.3 0.733 76 

7 100 100 15.0 13.9 0.699 88 

8 150 100 24.5 11.1 0.735 92 

9 200 100 32.9 10.2 0.782 94 

 From the impedance parameters, we can also observe a change in the ‘n’ value. 

The ‘n’ value is shifted towards higher values in the presence of the inhibitor 

formulation. In the case of control, the ‘n’ value is 0.580, which is increased to 0.782 

when the binary inhibitor formulation of PCT (200 ppm) + Zn2+ (100 ppm) is used. The 

value of n is close to 0.5 in the case of control and in the presence of inhibitor 

formulations, which afforded low inhibition efficiency. Such a low value of n indicates 

mass transport also. When the value of ‘n’ is very close to 1, it indicates that the 

protective film is highly homogeneous.  Even in the presence of inhibitor, which 

afforded the highest efficiency, the value of n is not very close to 1. This result is 

indicates that the protective film is not perfectly homogeneous. 

 The double layer capacitance (Cdl) value is decreased in presence of all the 

combinations inhibitor formulation; but the decrease is not in a linear manner with 

increase in concentration of the inhibitor formulations. This decrease can be attributed to 

the replacement of the adsorbed water molecules on the mild steel surface by the 
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inhibitor formulation. The capacitance of the inhibitor formulation film is less because of 

the less dielectric constant of the inhibitor molecules when compared to water molecules. 

Thus, all the results of the impedance studies indicate that there is formation of a 

protective film on the metal surface in presence of the binary inhibitor formulation. 

Potentiodynamic polarization studies: 

Figures IV.1.8 and IV.1.9 represent the anodic and cathodic polarization curves of mild 

steel immersed in 200 ppm NaCl solution at pH=7 and temperature 30±0.1ºC in the 

absence and presence of different inhibitor formulations. 

 

Figure IV.1.8: Potentiodynamic polarization curves mild steel sample in 200 ppm NaCl 

(a) in the absence (b) in presence of 50 ppm PCT (c) 150 ppm PCT (d) 200 ppm PCT. 

From the figure IV.1.8 it can be inferred that in the presence of PCT the 

corrosion current density values decreased, and the corrosion potential is shifted towards 

more negative side when compared to control.  
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Figure IV.1.9: Potentiodynamic polarization curves of mild steel sample in 200 ppm 

NaCl (a) in the absence (b) in presence of 50 ppm PCT along with 100 ppm Zn2+ (c) 150 

ppm PCT along with 100 ppm Zn2+ (d) 200 ppm PCT along with 100 ppm Zn2+. 

The corrosion parameters were calculated from the polarization curves by 

extrapolating the cathodic and anodic Tafel regions. The potential range, which has been 

used to extrapolate the Tafel regions is between ±30 mV from the corrosion potential 

value. The corrosion potential (Ecorr), corrosion current density (icorr), anodic Tafel slope 

(βa) and cathodic Tafel slopes (βc) and the calculated corrosion inhibition efficiencies 

are presented in the table IV.1.4. In the control system, a corrosion potential (Ecorr) of  

-323.0 mV is observed and the corresponding corrosion current density (Jcorr) is  

11.8 µAcm-2. When PCT alone was used as the inhibitor, the corrosion potential is 

shifted towards more negative side with respect to control, and the corresponding 

corrosion current density is decreased with increasing concentration of PCT. This result 

infers that indicating PCT can inhibit the corrosion of mild steel in 200 ppm NaCl. The 

lowest corrosion current density of 3.2 µAcm-2 is obtained when 200 ppm PCT was used 

and the inhibition efficiency is 72 %. It has been reported in the literature that when Zn2+ 

ions alone are added to the control, they increase in corrosion current density14. In the 

present study when Zn2+ ions are added along with different concentrations of PCT the 

inhibition efficiencies increased considerably, which are higher when compared to the 

inhibition efficiencies in presence of PCT alone as inhibitor. This result indicates the 

presence of a synergistic effect between PCT and Zn2+ ions in controlling the corrosion 
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of mild steel in aqueous sodium chloride environment. For instance, the inhibition 

efficiency is increased from 72 % to 93 % when 100 ppm of Zn2+ ions were added to 200 

ppm PCT.  

Table IV.1.4: Corrosion parameters obtained for mild steel in 200 ppm NaCl (aq) in 

absence and presence of different concentrations of the inhibitor by potentiodynamic 

polarization studies. 

S.No. 
Concentration(ppm) E corr 

(mV) 

Jcorr     

(µAcm-2) 

βc 

(mV dec-1) 

βa 

(mV dec-1) 
I.E.% 

PCT Zn2+ 

1 0 0 -323.0 11.8 -441 189 - 

2 50 0 -395.6 9.7 -102 59.5 17 

3 150 0 -412.4 3.7 -106 53.2 68 

4 200 0 -365.5 3.2 -102 51.7 72 

5 50 100 -476.0 2.3 -190 88.8 80 

6 150 100 -294.0 1.7 -184 95 85 

7 200 100 -413.5 0.8 -245 155 93 

Form the figure IV.1.9 it is quite evident that the combination of PCT and Zn2+ 

(100 ppm) significantly decreases the corrosion of mild steel by decreasing both the 

anodic and cathodic current densities. Highest inhibition efficiency was obtained for the 

combination of PCT (200 ppm) + Zn2+ (100 ppm) with a corrosion current density of  

0.8 µAcm-2, which is 6.79 % of the Jcorr value of the control. It is observed that both the 

anodic and cathodic curves showed lower current densities in the presence of all binary 

inhibitor formulations. By adding inhibitor formulation to the control solution, the βa and 

βc values decreased significantly. From the results it is evident that, although both the 

anodic and cathodic corrosion processes are retarded by the inhibitor, the cathodic 

process is relatively more affected. Taking into account the decrease in Tafel slopes and 

corrosion current densities, it can be said that the present inhibitor formulation affects the 

kinetics of both iron dissolution and oxygen reduction. From these results, we can infer 

that the inhibitor formulation acts as a mixed type inhibitor. Zinc ions form zinc 
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hydroxide on the cathodic sites and inhibit the cathodic reaction. Consequently, the 

cathodic current densities are affected more15. An Inhibition efficiency of 93 % was 

obtained with the combination of 200 ppm PCT and 100 ppm Zn2+. Thus, the results of 

weight-loss studies, impedance studies and potentiodynamic polarization studies 

established the synergistic effect of PCT and Zn2+ ions in controlling the corrosion of 

mild steel in 200 ppm chloride environment. In conclusion, the PCT+Zn2+ system 

functions as a good inhibitor for protection of mild steel from corrosion in neutral 

chloride environment. 

IV.1.4: Analysis Surface morphology by scanning electron microscopy (SEM): 

Scanning electron microscopic images of the surface of mild steel samples were 

recorded in order to study the surface morphology after immersion in the corrosive 

environment for seven days in the absence and presence of inhibitor formulation.  

 

Figure IV.1.10: SEM images (10,000X magnification) of (A) polished specimen, (B) 

Control, (C) PCT (200 ppm), (D) PCT (200 ppm) +Zn2+ (100 ppm) in 200 ppm NaCl 

environment after seven days immersion. 

Figure IV.1.10A represents the SEM micrograph of the polished mild steel 

specimen. Figure IV.1.10B represents the SEM micrograph of the surface of mild steel 

immersed in the control without inhibitor, which clearly shows the corrosion products 
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and deep cracks on the surface. Figure IV.1.10C and IV.1.10D are the SEM images of 

mild steel after immersion in 200 ppm PCT, and in the synergistic mixture of 200 ppm 

PCT and 100 ppm Zn2+ respectively. In Figure IV.1.10C, it can be seen that in presence 

of 200 ppm PCT the surface of the mild steel shows a film, which may consist of 

adsorbed inhibitor molecules. This film formation contributes to the minimization of 

corrosion. Figure IV.1.10D also reveals that the mild steel surface consists of an inhibitor 

film which is relatively more uniform than that of the film formed in presence of 200 

ppm PCT alone. However, these two figures show the surface smoothness and the 

absence of any corrosion product on mild steel surface due to the formation of a 

protective film on the mild steel surface15.  

IV.1.5: Surface analysis by X-ray photoelectron spectroscopic studies (XPS): 

The XPS survey spectra of the surface films formed on mild steel in the absence and 

presence of the binary inhibitor formulation containing PCT (200 ppm)  and Zn2+ (100 

ppm) are shown in the figures IV.1.11A and IV.1.11B respectively. 

The XPS survey spectrum of the surface film formed on the mild steel surface in 

the absence of the binary inhibitor system exhibits peaks for Fe 2p, O 1s, C 1s and the  

Cl 2p. Whereas, the XPS survey spectrum of the surface film in presence of the inhibitor 

formulation (Figure IV.1.11B) shows peaks for P 2p, N 1s, Zn 2p, along with Fe 2p, O 1s 

and C 1s, which give the evidence for the adsorption of the inhibitor on the mild steel 

surface. 

The computer deconvolution spectra for iron (Fe2p) and oxygen (O1s) of the film 

formed on the mild steel surface in the corrosive environment in the absence and in the 

presence of inhibitor formulation (200 ppm PCT + 100 ppm Zn2+) are shown in figure 

IV.1.12 and figure IV.1.13 respectively. Figures IV.1.14 – IV.1.17 present the 

deconvolution spectra for carbon, phosphorus, nitrogen and zinc present in the film 

formed in the absence and presence of inhibitor. 
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Figure IV.1.11: XPS Survey spectrum of mild steel specimen immersed in (A) 200 ppm 

NaCl and (B) in presence of PCT (200 ppm) +Zn2+ (100 ppm) along with 200 ppm NaCl. 

The deconvolution spectrum of the Fe2p of control consists of two peaks, one at  

710.8 eV corresponding to Fe 2p3/2 electron and the other one at 724.2 eV corresponding 

to the Fe 2p1/2 electron (Figure IV.1.12A). There is a large shift in the binding energy 

value of Fe 2p3/2 from the characteristic elemental binding energy value of 707.0 eV. 

This shift of 3.8 eV suggests that iron is present as Fe3+ in the form of ferric oxide and 

hydroxide. Indeed, the peak at a binding energy of 710.8 eV was attributed to ferric 

compounds such as Fe2O3, Fe3O4 and FeOOH in the literature16,17.  The peak located at 

724.2 eV was attributed to the presence of a small concentration of FeCl3 on the metal 

surface18. In the presence of binary inhibitor system, the Fe 2p deconvolution spectrum 

consists of two peaks, one at 711 eV, which is due to Fe 2p3/2, and the other at 724.3 eV 

which is due to Fe 2p1/2 (Figure IV.1.12B). The Fe 2p3/2 peak may be interpreted due to 

the presence of (Fe3+- PCT complex) along with small amount of oxides and hydroxides 

(Fe2O3, Fe3O4 and FeOOH) present in the surface film. There is no peak due to elemental 

iron in the case of control or in the presence of the inhibitor formulation. This result is an 
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indication for the formation of a film in both the cases. The film is non- protective in the 

case of control and is protective in the presence of the inhibitor formulation19. 

 

Figure IV.1.12: XPS deconvolution spectra of Fe 2p for mild steel sample immersed in 

(A) 200 ppm NaCl (B) PCT (200 ppm) + Zn2+ (100 ppm) along with 200 ppm NaCl. 
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Figure IV.1.13: XPS deconvolution spectra of O1s for mild steel sample immersed in 

(A) 200 ppm NaCl (B) PCT (200 ppm) + Zn2+ (100 ppm) along with 200 ppm NaCl. 

The deconvolution spectrum of O 1s in the case of control consists of two peaks 

(Figure IV.1.13A), one peak at a binding energy value of 530.1 eV and the other one at a 

binding energy value of 533.0 eV. The peak located at lower binding energy value  

(530.1 eV) can be attributed to O2- and can be related to the bond with Fe3+ in iron oxides 

and hydroxides (Fe2O3, Fe3O4). The peak located at higher binding energy value  

(533.0 eV) can be ascribed to oxygen atoms of the adsorbed water molecules. Whereas, 

the deconvolution spectrum of O 1s in the presence of binary inhibitor formulation 

(Figure IV.1.13B) consists of two peaks, one at 529.9 eV and the other one at 531.1 eV. 

The former one can be interpreted due to oxygen present in the oxides and hydroxides of 

Fe (III), in the form of O2-. The later one (peak at 531.7 eV) is ascribed to OH− and is 

attributable to oxygen in hydrous iron oxides, such as FeOOH and Fe(OH)3 
20, Zn(OH)2 

and some contribution from the oxygen present in the inhibitor molecule (PCT). The 

peak at 533.0 eV is absent in the case of binary inhibitor system, which means that there 

are no adsorbed water molecules on the metal surface, as a consequence of the 

replacement of adsorbed water molecules by the inhibitor molecules. 

Figure IV.1.14A represents the computer deconvolution spectrum of C 1s in the 

case of control, which shows a single peak at 284.6 eV. This peak can be interpreted as a 

contaminant carbon peak, which arises due to the cracking of vacuum oil used in the  

instrument21.In the case of binary inhibitor formulation the carbon deconvolution 

spectrum consists of three peaks (Figure IV.1.14B), one peak at the binding energy value 

of 284.6 eV with high intensity and two peaks of lower intensities at 286.1 eV and 288.3 
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eV. These peaks can be interpreted as follows. The inhibitor, PCT has different types of 

carbon environments like C – N, C – C and C – H, which explain the presence of three 

different peaks in the deconvolution spectrum. These carbon peaks show an evidence for 

the presence of the PCT molecules in the surface film.  

 

Figure IV.1.14: XPS deconvolution spectra of C1s for mild steel sample immersed in 

(A) 200 ppm NaCl (B) PCT (200 ppm) + Zn2+ (100 ppm) along with 200 ppm NaCl. 

The XPS deconvolution spectrum for P 2p in the presence of the inhibitor 

formulation is shown in the Figure IV.1.15. The spectrum shows two peaks, one at 132.9 

eV and the other one at 134.6 eV. The former peak is mainly because of phosphate group 

present in the PCT molecule. The second peak is mainly attributed to phosphates of 

iron(III) and zinc (II) which are the main components of the complex in the protective 

film formed on the mild steel surface22–25. Based on the literature reports, the 

characteristic binding energy value of this coordinate phosphate is around 134.2 eV26–28. 

With all these evidences, the P 2p peak observed in the present study suggests the 

presence of PCT in the surface film formed in presence of the binary inhibitor system. 

Figure IV.1.16 represents the deconvolution spectrum of N 1s in the presence of 

inhibitor formulation. Three different peaks are observed at 398.7 eV, at 399.8 eV and at 

400.8 eV respectively. The characteristic elemental binding energy of N 1s is 398.0 eV 

29. That means, all the peaks observed in the spectrum are shifted from the characteristic 

elemental binding energy value. These peaks are mainly because of three different 

nitrogen environments present in the PCT molecule (C-NH2, -NHCOCH3 and Nitrogen 

participated in the complexation by virtue of its lone pair of electrons). This result 
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indicates that the PCT present in the surface film is probably in the form of a complex 

with Fe (III) and Zn (II) ions. 

 

Figure IV.1.15: XPS deconvolution spectra of P 2p for mild steel sample immersed in 

200 ppm NaCl along with PCT (200 ppm) + Zn2+ (100 ppm). 

 

Figure IV.1.16: XPS deconvolution spectra of N 1s for mild steel sample immersed in 

200 ppm NaCl along with PCT (200 ppm) + Zn2+ (100 ppm). 
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Figure IV.1.17: XPS deconvolution spectra of Zn 2p for mild steel sample immersed in 

200 ppm NaCl along with PCT (200 ppm) + Zn2+ (100 ppm). 

Figure IV.1.17 presents the deconvolution spectrum of Zn 2p in presence of the 

inhibitor formulation. This spectrum shows two peaks, one at 1021.7 eV, which 

represents Zn 2p3/2, and another peak at 1044.1 eV, which represents Zn 2p1/2. The 

presence of intense Zn 2p3/2 peak is assigned to Zn(OH)2 
30 present in the surface film 

and also possibly because of Zn2+ involvement in the complex formation with PCT26,29,31. 

IV.1.6: Analysis of the surface film by X- ray diffraction studies (XRD): 

Figures IV.1.18(A) and IV.1.18(B) depict the X-ray diffractograms of the surface 

of mild steel immersed in  200 ppm NaCl environment in the absence and presence of 

the inhibitor formulation (PCT+Zn2+) respectively. The XRD pattern shows prominent 

iron (Fe) peaks at (1 1 0) and (2 0 0) planes in both the cases, since mild steel is the base 

material of the sample under study. The intensity of the iron peak for (1 1 0) plane is so 

high that all the other peaks present in the spectrum are relatively low intensed. Along 

with these iron peaks, the XRD pattern in control also shows peaks for corrosion 

product, Fe3O4 
32,33. The planes present in the spectrum for Fe3O4 are (3 1 1), (4 4 0),  

(4 0 0) and (5 1 1).  
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Figure IV.1.18: The X-ray diffraction patterns of the surface film formed on mild steel 

sample immersed in 200 ppm NaCl (A) in the absence (B) in the presence of PCT  

(200 ppm) + Zn2+ (100 ppm). 

The XRD pattern of mild steel surface in presence of inhibitor formulation also 

shows peaks for corrosion product, Fe3O4 for the planes (311), (440), (400) and (511). 

But, the intensities of these peaks are relatively far less than the peaks for Fe3O4  in case 

of control. This result indicates that the surface of mild steel contains relatively less 

amount of corrosion product on the surace in the presence of inhibitor. The film may 

contain small amounts of other corrosion products like Fe2O3, oxides and hydroxides of 

of zinc, etc,. But, relative to the intensity of iron peaks, their intensities are too small to 

be able to be distinguished from in the spectrum. From this analysis, we can infer that the 
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surface is less corroded in presence of PCT and Zn2+ formulation when compared with 

control. 

IV.1.7: Langmuir adsorption isotherm: 

The inhibition mechanism can be understood from the interaction between the 

inhibitor molecules and metal surface. Different adsorption isotherm models were taken 

into consideration to understand the inhibition mechanism of PCT + Zn2+ formulation. 

Among them Langmuir adsorption isotherm model is well fitted (based on the 

correlation coefficient value). The Langmuir adsorption isotherm is given in equation 2. 

𝐶

∅
=

1

𝐾𝑎𝑑𝑠
+ 𝐶 … … … … … … … … … (2) 

Here, ∅ is the surface coverage of the inhibitor molecules, which is obtained by 

the relation, I. E. % =  ∅ 𝑋 100. The I.E. % values are taken from the results of weight-

loss studies. C is the concentration of PCT (mg L-1). Zn2+ concentration is not taken into 

consideration since it is constant and 𝐾𝑎𝑑𝑠 is the equilibrium constant. 

Figure IV.1.19 presents the  𝐶/∅ 𝑉𝑠 𝐶 plot for adsorption of PCT on mild steel 

surface. A linear curve is obtained with a good correlation coefficient value  

(R2= 0.9998). This result suggest that the adsorption process follows Langmuir 

adsorption isotherm model. From the plot it can be seen that the ∅ value increases with 

the increase in the PCT concentration (Zn2+ concentration being constant). This result 

can be attributed to the increase in the surface coverage of the metal with inhibitor 

molecules (PCT) and as a consequence higher inhibition efficiencies are obtained. 

 

Figure IV.1.19: Langmuir adsorption isotherm for PCT on mild steel. 
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We have calculated the adsorption equilibrium constant and standard free energy of 

adsorption (ΔG0
ads) from the equation 3, 

𝛥𝐺0
𝑎𝑑𝑠 = −𝑅𝑇𝑙𝑛(55.5𝐾𝑎𝑑𝑠) … … … … … … . . (3) 

The adsorption equilibrium constant (Kads) is found to be 23648 M-1 (viscosity-

average molecular weight for the phosphorylated chitin is taken as 4 X 105). The 

standard free energy of adsorption (𝛥𝐺0
𝑎𝑑𝑠) is found to be –35.488 kJmol-1. The 

negative value of 𝛥𝐺0
𝑎𝑑𝑠 indicates the spontaneity of the adsorption process of the 

inhibitor molecule on to the metal surface. It is well known from the literature that when 

the value of ΔG0
ads is between -20 kJ mol-1 and - 40 kJ mol-1 the process may involve 

charge transfer from the inhibitor molecule to the metal surface to form a coordination 

bond34,35. A ΔG0
ads value of -35.488 found in the present case suggests that the 

adsorption process involves chemisorption of PCT on the metal surface and then 

formation of a coordinate complex between PCT and metal ions. 

IV.1.8: Mechanistic aspects of corrosion and corrosion inhibition: 

  The mechanism of corrosion of mild steel in nearly neutral aqueous medium in 

the absence of any inhibitor is well established36,37. However, the anodic and cathodic 

reactions are reproduced below. 

 

When only PCT is used as inhibitor the inhibition efficiency increases with an 

increase in concentration up to 150 ppm, at which the highest inhibition efficiency (IE%) 

of 73 % is obtained. When the concentration of PCT is further increased to 200 ppm the 

IE% value is decreased to 60 %. This result can be explained as follows. PCT gets 

chemisorbed on the metal surface and the optimum concentration to form a thin an 

adherent film is 150 ppm. At this concentration all the Fe3+ present on the metal surface 

is converted into [Fe(III)-PCT] complex, which acts as a barrier to corrosive 

environment and no more PCT is needed. When the PCT concentration is increased 

beyond 150 ppm, the extra PCT which is present in the solution diffuses to the metal 

surface and may induces some dissolution of iron to form a complex with PCT. As a 
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consequence, less corrosion inhibition efficiency is observed beyond the concentration of 

150 ppm PCT. 

Plausible inhibition mechanism in presence of PCT and Zn2+ 

When Phosphorylated chitin (PCT) and Zn2+ ions are added to the aqueous 

solution, Zn2+ coordinates through N, O and P donors present in PCT to form [Zn2+ –

PCT] complex. This complex diffuses to the metal surface and binds to Fe(III) ions 

already present on the surface due to initial corrosion of iron.  

Anodic reaction in the presence of inhibitor: 

[Zn (II) –PCT]   + Fe (III)                      [Fe (III), Zn (II) –PCT]…. (8) 

The resulting bimetallic complex, [Fe(III), Zn(II) – P- chitin] covers the anodic 

sites and controls the corresponding anodic reaction. 

Free Zn2+ ions diffuse to the metal surface and react with OH־ ions produced at 

the cathodic sites to form a precipitate of Zn(OH)2 
30, which controls the cathodic partial 

reaction. 

 Cathodic reaction in the presence of inhibitor: 

 

Now a question arises about the need for 200 ppm PCT along with 100 ppm Zn2+ 

to provide higher inhibition efficiency of 93.16 % against 74.13 % IE for the mixture of 

150 ppm PCT and 100 ppm Zn2+. As mentioned in the mechanism, PCT and Zn2+ first 

form a soluble complex in the solution. So, the optimum concentration of PCT is 200 

ppm for the formation of adequate amount of soluble PCT- Zn2+ complex, which diffuses 

to the metal surface in order to form the bimetallic complex (equation 8) with a higher 

surface coverage of the metal.  

This protective film consists of [Fe (III), Zn (II) –PCT], Zn(OH)2 and small 

amounts of oxides and hydroxides of Fe(III) 
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Chapter IV 

Section IV.2 Phosphorylated chitin (PCT) as an inhibitor to control 

corrosion of copper in neutral chloride environment. 

Results of the studies on Phosphorylated chitin as a corrosion inhibitor to control 

the corrosion of copper in neutral chloride environment using various methods are 

presented here under. 

IV.2.1: Results of weight-loss Studies (gravimetric studies): 

The weight-loss studies were performed for copper samples immersed in sodium 

chloride (200 ppm) solution for 10 days at a temperature of 30 ± 0.1 °C without and with 

different concentrations of PCT as inhibitor. Table 1 presents the corresponding 

corrosion rate values. The results showed that the addition of PCT to control decreased 

the corrosion rate of copper very significantly. In the absence of inhibitor the weight of 

the copper sample is reduced by 6.52 mg after 10 days of immersion in 200 ppm NaCl 

and the corresponding corrosion rate is 0.0698 mmpy. The weight-loss of copper has 

decreased in the presence of PCT at all concentrations, indicating that PCT can inhibit 

the corrosion of copper. Increase in concentration of PCT afforded greater decrease in 

the corrosion rate of copper. The weight-loss of copper was the lowest at a concentration 

of 200 ppm PCT which afforded the highest inhibition efficiency of 88 %. The inhibitor 

molecules may have got chemisorbed on the copper surface and formed a protective film 

in the form of a coordination complex. This film acts as a barrier between copper and the 

corrosive environment and as a consequence a decrease in corrosion rate occurred. 

Increase in concentration of PCT increases the extent of the surface coverage of PCT and 

the larger the surface coverage, higher is the inhibition efficiency. When the 

concentration of PCT is increased beyond 200 ppm, the observed weight-loss remained 

the same. This result infers that 200 ppm PCT is the lowest concentration which can 

afford the highest inhibition efficiency for copper in 200 ppm NaCl environment.  
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Table.IV.2.1: Corrosion Rates of copper in 200ppm NaCl in the absence and presence of 

different concentrations of PCT obtained from gravimetric method. 

 

S. No. 

Concentration of 

PCT (ppm) 

Weight -

loss(mg) 

Corrosion Rate 

(mmpy)  
I.E.% 

1 0 6.52 0.0698 - 

2 50 1.37 0.0154 79 

3 100 1.07 0.0142 83 

4 150 1.02 0.0135 84 

5 200 0.77 0.0102 88 

6 300 0.77 0.0102 88 

7 400 0.77 0.0102 88 

IV.2.2: Analysis of the results of Electrochemical Studies: 

Electrochemical Impedance Studies 

Impedance spectroscopy is a non-destructive technique and can be employed to 

analyse the corrosion processes38. In the present context this technique was used to 

investigate the ability of phosphorylated chitin as copper corrosion inhibitor in aq. 200 

ppm NaCl environment.  The impedance studies were performed initially at various 

immersion times in the range, 1 hour – 48 hours. The results showed that 24 h immersion 

time is adequate to obtain the highest inhibition efficiency and therefore, 24 h immersion 

period was fixed in the impedance studies. 

The Nyquist plots for copper specimen immersed in 200 ppm sodium chloride 

environment without and with different concentrations of PCT are shown in the figure 

IV.2.1. The plots exhibit a profile of depressed capacitive loop (semi-circular pattern). In 

the absence of the inhibitor the plot shows Warburg impedance (straight line at lower 

frequencies), which is primarily due to diffusion of ionic species to the interface causing 

corrosion. Whereas, in presence of the inhibitor the Nyquist plot does not show any 

Warburg impedance. As the concentration of PCT increased the diameter of the 

capacitive loop increased to a considerable extent. The capacitive loop that appeared at 

higher frequencies can be attributed to the double layer, and the loop   at lower frequency 

range may be due to the chemisorbed layer of inhibitor. Figure IV.2.2 presents the Bode 

plots for control and the inhibitor system at various concentrations. Two distinct phase 
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angle maxima are seen in the presence of inhibitor, which indicate two time constant. 

The total impedance and phase angle maximum are increased with an increase in the 

concentration of the inhibitor. There is shift in phase angle maximum to the higher 

frequency with an increase in concentration of the inhibitor. Impedance vs frequency 

plots showed that the charge transfer region is increased with an increase in the 

concentration of PCT. These results infer the formation of a protective surface film.  

 

Figure IV.2.1: Nyquist Plots for copper specimen immersed in 200 ppm NaCl (a) in the 

absence (b) in presence of 50 ppm PCT (c) 100 ppm PCT (d) 150 ppm PCT (e) 200 ppm 

PCT (24 h immersion period). [Points- experimental data, Solid line- fitted using the 

equivalent circuit mode]. 

The impedance parameters such as charge-transfer resistance (Rct), double layer 

capacitance (cdl) were calculated from the experimental data using a theoretical fit with 

the help of equivalent circuit shown in the figure IV.2.3. The equivalent circuit was 

selected based on the physical model of the system and least error after fitting the data. 

Two different equivalent circuits were used to fit the experimental data for the systems in 

the absence of the inhibitor (control) and in the presence of PCT inhibitor. The 

impedance parameters are tabulated in the table IV.2.2. 
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Figure IV.2.2: Bode Plots for copper specimen immersed in 200 ppm NaCl (a) in the 

absence (b) in presence of 50 ppm PCT (c) 100 ppm PCT (d) 200 ppm PCT (24 h 

immersion period). [Points- experimental data, Solid line- fitted using the equivalent 

circuit mode]. 

 

Figure IV.2.3: Equivalent circuits used for copper immersed in 200 ppm NaCl  

(A) without inhibitor (B) with the PCT inhibitor. 

It is inferred from the results that addition of PCT to the corrosive environment 

increases the charge transfer resistance (Rct) of the system and causes less dissolution of 

metal. This result is an indication of the formation of a protective film that hindered 

corrosion. Moreover, as the concentration of PCT increased, the Rct value is increased 

and a maximum Rct value of 82.1 kΩ cm2 is obtained at 200 ppm PCT. The inhibition 

efficiency is found to be 92 %. Furthermore, addition of inhibitor also triggered a 

decrease in the double layer capacitance, which is a consequence of the chemisorption 

process of PCT molecules on the metal surface by replacing the water molecules. A 

lower ‘n’ value is representative of non- homogeneity of the surface and a significant 

a

b
c

d
a
b
c
d
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increase in ‘n’ value infers that the surface retained its smoothness in presence of PCT 

due to much less corrosion when compared to the control. It may be noted that the 

resistance of the film (Rfilm) is also increased with an increase in the concentration of 

PCT. 

Table IV.2.2: Corrosion rates obtained from impedance studies for copper in 200 ppm 

NaCl in absence and presence of different concentrations of PCT (immersion time 24 h). 

Conc. of 

PCT (ppm) 

Rct  

(kΩ cm2) 

Cdl   

(µF cm-2) 
n 

Rfilm   

 (kΩ cm2)  

CPEfilm   

(µF cm-2)  

n 

film 
I.E. % 

0  6.5 5.5 0.538 - - - - 

50  36.7 3.3 0.781 15.2 0.7 0.41 82 

100  52.2 2.6 0.790 17.2 0.6 0.53 87 

150  55.4 2.2 0.754 17.5 0.6 0.54 88 

200 82.1 1.8 0.778 17.9 0.6 0.57 92 

 

Potentiodynamic polarization studies: 

The cathodic and anodic Tafel curves for copper specimen immersed in aqueous 

sodium chloride environment without and with various concentrations of PCT at pH 7 

and temperature of 30±0.1 ºC are depicted in figure IV.2.4. The corresponding calculated 

corrosion parameters are shown in the table IV.2.3. 

 

Figure IV.2.4: Potentiodynamic polarization curves of copper specimens immersed in 

200 ppm NaCl without and with different concentrations of PCT. 
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Table IV.2.3: Corrosion parameters obtained from potentiodynamic polarization studies 

for copper specimen immersed in 200 ppm NaCl in absence and presence of different 

concentrations of PCT. 

Concentration 

of P- Chitin 

(ppm) 

Ecorr (mV) Vs 

Ag|AgCl  

(3M KCl) 

Jcorr  

(µA cm-2) 

Βc 

 (mV dec-1) 

βa  

(mV dec-1) 

I. 

E.% 

0 -62.0 11.5 -373 197 - 

50 -78.2 4.2 -245 120 64 

100 -62.2 3.7 -202 98 68 

150 -112.2 3.2 -200 97 72 

200 -77.5 1.6 -189 88 89 

The profiles of the Tafel curves indicated that both the anodic and cathodic 

current densities decreased in presence of PCT. In the case of control, the corrosion 

current density (jcorr) was 11.55 µA cm-2. Whereas, in the presence of PCT the ‘Jcorr’ 

values decreased significantly and were found to be in the range of 4.2-1.6 µA cm-2. This 

result infers a decrease in corrosion rate of copper as a consequence of the adsorption of 

large quantities of PCT molecules on the copper surface and formation of a protective 

film. As both the anodic and cathodic current densities are reduced in the presence of 

phosphorylated chitin, it is interpreted that PCT works as a mixed type inhibitor. The 

lowest corrosion current density was observed when 200 ppm of PCT was used as 

inhibitor, with an inhibition efficiency of 89 %. 

The polarization curve in case of control shows that at a potential of around  

0.15 V the current density has increased suddenly. This indicates that after initial 

corrosion, a passive film on the copper surface consisting of CuCl is formed. With a 

further increase in anodic potential, CuCl is further oxidised to form soluble Cu(II) 

species. As a consequence the current density value has increased suddenly. Whereas, in 

presence of inhibitor this film breakdown potential increased to higher values and the 

highest potential is obtained for 200 ppm PCT. This result also infers that protective 

nature of the film in presence of PCT inhibitor. 
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IV.2.3: Analysis Surface morphology by scanning electron microscopy and Energy 

dispersive X-ray spectroscopy (SEM-EDX): 

The surface topography of the copper specimens immersed in 200 ppm NaCl for 

10 days with and without 200 ppm PCT has been studied using SEM. The surface films 

have been analyzed by energy dispersive X-ray spectroscopy. The surface morphology 

of the polished specimen is depicted in figure IV.2.5A. After immersing the sample in 

200 ppm NaCl for 10 days, the resulting specimen’s surface morphology is shown in the 

figure IV.2.5B, which reveals the damage of the surface and presence of corrosion 

products. The EDX spectrum shows an increase in the oxygen peak intensity due to 

cuprous and cupric oxides. Figure IV.2.5C presents the surface morphology of the 

copper specimen immersed in 200 ppm NaCl along with 200 ppm PCT as inhibitor and 

the surface film composition is inferred from the EDX spectrum depicted in  

figure IV.2.6. 

 

Figure IV.2.5: (A) SEM image of copper polished sample, (B) SEM image of copper 

specimen immersed in 200 ppm NaCl, (C) SEM image of copper specimen immersed in 

200 ppm NaCl with 200 ppm PCT. 

The micrograph clearly reveals the retention of the smoothness of the surface 

even after 10 days immersion in the corrosion environment. This result is because of the 

protective nature of the surface film, which constitutes the inhibitor molecule. This 

protective film prevents the metal surface from exposure to the corrosive environment. It 

is evident from the EDX spectrum that the composition of the protective film consists of 

phosphorous, nitrogen, carbon and oxygen, which are present in the adsorbed inhibitor 

molecule. The oxygen peak intensity also decreased considerably when compared to 

blank. This result infers the presence of less amount of oxide, which means less 

corrosion rate. It may be noted that the oxygen peak is due to oxygen present in the 
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inhibitor and oxygen in the copper corrosion products. But, the relative quantities cannot 

be quantified from this result. 

 

Figure IV.2.6: EDX spectrum of Cu specimen immersed in 200 ppm NaCl environment 

(A) without inhibitor (B) With 200 ppm PCT. 

IV.2.4: Surface analysis by X-ray photoelectron spectroscopic studies (XPS): 

Chemical composition of the surface film formed on copper during ten days 

immersion in 200 ppm NaCl without and with 200 ppm PCT has been studied using X-

ray photoelectron spectroscopy. Figures IV.2.7A and IV.2.7B represent the survey 

spectra of the films formed in the absence and presence of PCT respectively. The survey 

spectrum of the control indicates that the surface film consists of carbon, oxygen and 

copper. The peak due to carbon is ascribed to the contaminant carbon due to cracking of 

vacuum oil during the measurement39. Whereas, the survey spectrum of copper 

immersed in the corrosive environment in presence of inhibitor infers that the surface 

film contains carbon, oxygen, copper, phosphorous, and nitrogen. The corresponding 

deconvolution spectra for each of the elements are shown in the subsequent figures.  

A

B
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Figure IV.2.7: (A) XPS survey spectrum of copper specimen immersed in 200 ppm 

NaCl in the absence of inhibitor, (B) in the presence of PCT (200ppm). 

Figure IV.2.8A represents C 1s deconvolution spectrum for control. It consists of 

a single peak at a binding energy value of 284.6 eV, which is attributed to the 

contaminant carbon due to cracking of vacuum oil during the measurement 29. In the case 

of inhibitor the C 1s deconvolution spectrum consists of three distinguishable peaks 

(Figure IV.2.8B), one peak at the binding energy value of 284.7 eV with high intensity 

and two peaks of lower intensities at 285.4 eV and 288.3 eV. These peaks can be 

interpreted as follows. The inhibitor, PCT has three different types of carbon 

environments such as carbon bound to oxygen, carbon, bound to carbon and carbon 

bound to hydrogen, which explain the occurrence of three different peaks.  These carbon 

peaks show an evidence for the presence of PCT molecules in the surface film formed 

after immersing in the corrosive environment with 200 ppm PCT.  
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Figure IV.2.8: XPS deconvolution spectra of C 1s for copper sample immersed in (A) 

200 ppm NaCl (B) PCT (200 ppm) along with 200 ppm NaCl. 

Figure IV.2.9 shows the O 1s deconvolution spectra for copper in 200 ppm NaCl 

in the absence and presence of PCT. Figure IV.2.9A represents the deconvolution 

spectrum of O 1s in the case of blank, which consists of two peaks at 531.1 eV and  

532.6 eV. These peaks can be attributed to O2-, and can be related to the bond with  

Cu (II) in cupric oxide (CuO). Whereas, in the presence of PCT inhibitor as shown in 

figure IV.2.9B, the O 1s deconvolution spectrum consists of two distinct peaks at 531.6 

eV and 533.1 eV. The former one can be due to oxygen present in the oxides and 

hydroxides of Cu (II) in the form of O2-. The later one is assigned to oxygen present in 

metal hydroxide (Cu (OH)2) as well as the oxygen present in the inhibitor molecule, 

which is bound to copper40.  

A

B
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Figure IV.2.9: XPS deconvolution spectra of O 1s for copper sample immersed in (A) 

200 ppm NaCl (B) PCT (200 ppm) along with 200 ppm NaCl. 

The Cu 2p deconvolution spectra for the control and the inhibitor system are 

shown in figure IV.2.10A and figure IV.2.10B respectively. According to the standard 

reference data base the Cu 2p1/2 and Cu 2p3/2 peaks for pure Cu appear at a binding 

energy of 952.45–952.56 eV and 932.20–933.1 eV, respectively21. We generally 

interpret the Cu 2p3/2 peaks for analysis. For control we have observed the Cu 2p3/2 peak 

at 933.9 eV and approximately a 2 eV shift from the characteristic elemental binding 

energy, indicates the presence of Cu in its double oxidation state. Moreover, the presence 

of strong satellite peaks further confirms the presence of Cu (II). It may be noted that the 

A

B
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Cu 2p3/2 peak for the CuO was reported in the literature at 932.7-934.6 eV, which was 

interpreted due to CuO and not Cu2O 41,42. 

 

Figure IV.2.10: XPS deconvolution spectra of Cu 2p for copper sample immersed in (A) 

200 ppm NaCl (B) PCT (200 ppm) along with 200 ppm NaCl. 

In the presence of inhibitor we have observed the Cu 2p3/2 peak at 934.2 eV with 

a clear shift of 2 eV from that of pure Cu indicating the presence of Cu in Cu (II) form.  

Moreover, the presence of the shake-up satellites in the Cu 2p spectrum indicates the 

presence of Cu (II). Under the present experimental condition (Cu in aqueous chloride 

solution containing inhibitor) the most probable Cu (II) containing species are the 

[Cu(II)-PCT] complex, Cu(OH)2 and CuO. 

A

B
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In addition to the above elements, the survey spectrum of the surface film on 

copper in presence of inhibitor consists of phosphorous and nitrogen.  The corresponding 

deconvolution spectra are shown in the figures IV.2.11 and IV.2.12 respectively.  

 

Figure IV.2.11: XPS deconvolution spectra of P 2p for copper sample immersed in 200 

ppm NaCl along with PCT (200 ppm). 

 

Figure IV.2.12: XPS deconvolution spectra of N 1s for copper sample immersed in  

200 ppm NaCl along with PCT (200 ppm). 
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The P 2p spectrum consists of two distinct peaks, one at 132.7 eV and the other 

one at 133.9 eV. These peaks are mainly because of the two different environments of 

‘P’ atom, which are present in the PCT molecule adsorbed on copper, namely the 

phosphate group attached to primary carbon and the phosphate group bound to the 

secondary carbon in PCT molecule. The chemisorption process of PCT molecule on 

copper can occur through both the phosphorous environments. Here we can interpret that 

the former peak at 132.7 eV is because of phosphorous in phosphate (attached to 1° 

carbon) and the later peak at 133.9 eV is because of phosphorous in phosphate (attached 

to 2° carbon). The N 1s deconvolution spectrum consists of two different peaks at  

398.9 eV and 400.09 eV, indicating two different nitrogen environments in PCT. The 

former peak is assigned to nitrogen bound to carbon43 which is a possibility in the 

present case (C-NH2) and the later one is assigned to the nitrogen bound to copper44. 

IV.2.5: Analysis of the surface film by X- ray diffraction studies (XRD): 

Figure IV.2.13(A) and IV.2.13(B) represents the XRD patterns of the copper 

specimen immersed in  200 ppm NaCl environment in the absence and presence of 

phosphorylated chitin (PCT) inhibitor respectively. In both the diffractograms the 

patterns show the presence of corrosion product Cu2O and base material copper on the 

surface45,46. The  planes which are observed for Cu2O are (1 1 0), (1 1 1) and (2 2 0). The 

planes observed for base materail copper are (1 1 1), (2 0 0) and (2 2 0). The XRD 

pattern does not show any peak for CuO which is the predominant corrosion product and 

XPS results have also shown that the CuO is present on the surface. This can be 

explained by the fact that the CuO is only present in the topmost layers of the film whose 

thickness may be at nanometer level. XRD  can however, analyse the material within 

about 10 µm depth of the surface47. Which means that the XRD can analyse the inner 

layers of the surface. Since, the inner layers of the corrosion product on the copper 

surface contain Cu2O, the XRD pattern shows the Cu2O peaks only48. On the other hand, 

the XPS spectrum detects only the topmost surface layer and hence detected the presence 

of CuO in the top surface layer. 
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Figure IV.2.13: The X-ray diffraction patterns of the surface film formed on copper 

sample immersed in 200 ppm NaCl (A) in the absence (B) in the presence of PCT (200 

ppm). 

From the intensities of the Cu2O peaks it can be observed that in presence of PCT 

the intensities are significantly decreased when compared to the peaks of Cu2O in the 

absence of any inhibitor. This result infers that in the presence of PCT the corrosion of 

copper is decreased considerably.  

IV.2.6: Langmuir adsorption isotherm 

The interaction between the inhibitor molecule and the metal surface can give an 

idea about the inhibition mechanism. Different adsorption isotherm models were taken 

into consideration to understand the inhibition mechanism of PCT and among them the 

Langmuir adsorption isotherm model is well fitted (based on the correlation coefficient 
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value). The Langmuir adsorption isotherm equation has already given in the equation (2) 

of this chapter. 

In this case, ∅ is the surface coverage of the inhibitor molecule (Which is obtained by the  

relation, I. E. % =  ∅ 𝑋 100), C is the concentration of PCT (the monomer molecular 

weight is taken to calculate the concentration ) and 𝐾𝑎𝑑𝑠 is the equilibrium constant. 

 

Figure IV.2.14: Langmuir adsorption isotherm plot for adsorption of PCT on copper 

surface. 

Figure IV.2.14 illustrates the 𝐶/∅ 𝑉𝑠 𝐶 plot for adsorption of PCT on copper 

surface. A linear curve is obtained with a good correlation coefficient value  

(R2= 0.9969), which infers that the adsorption process follows the Langmuir adsorption 

isotherm model. From the plot it can be seen that the ∅ value increases with an increase 

in the PCT concentration, which can be attributed to the increase in the metal surface 

coverage with the inhibitor molecules (PCT) and as a consequence attaining higher 

inhibition efficiency. 

IV.2.7: Mechanistic Aspects of Corrosion Inhibition: 

The corrosion of metals whether it is mild steel or copper in neutral environment 

is well established 49,50. However, the anodic and cathodic reactions in case of corrosion 

of copper in neutral chloride environment are reproduced below. 
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This cupric chloride complex further dissolved to form, 

 

Surface analytical studies gave evidence for the composition of the surface film, 

which was formed in the process of corrosion inhibition by PCT. Carbon, oxygen, 

nitrogen and phosphorous constitute the film. Corrosion inhibition   occurs by the 

chemisorption of the PCT inhibitor molecules on the metal surface and formation of a 

coordinate complex with copper (II) through donor atoms like N, O present in PCT. The 

linkage in the chelation is predominantly dependant on electronegativity. The O, N donor 

atoms have relatively higher electronegativity when compared to P. Moreover, in PCT, O 

and N donor atoms possess lone pairs of electrons and hence the linkage with copper 

ions could occur through N and O atoms. Thus, the inhibitor film on copper surface 

blocks the contact between metal and corrosive environment, minimizes the diffusion of 

ions or molecules to and from the metal surface and thus, imparts corrosion protection to 

copper51. The plausible interaction mechanism of PCT with copper surface is shown in 

figure IV.2.15. 
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Figure.IV.2.15: Plausible orientation of the inhibitor molecule on the surface of copper 

after chemisorption. 

 

Cu

Cu2+Cu2+Cu2+Cu2+Cu2+Cu2+Cu2+Cu2+Cu2+Cu2+Cu2+
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Chapter V 

Chitosan- ascorbic acid- Cu2+ inhibitor formulation for protection of 

mild steel in 1 M HCl environment 

V.1: Preparation of chitosan ascorbate ketimine (CAK) inhibitor solutions: 

 Chitosan ascorbate ketimine solutions were prepared according to the procedure 

reported in the literature1,2. Different mole ratios of chitosan and ascorbic acid have been 

used in the preparation.  

Confirmation of formation of Chitosan ascorbate ketimine by FTIR spectroscopy: 

 The synthesized derivative of chitosan, namely chitosan ascorbate ketimine (CAK) 

was characterized by Fourier Transform Infrared spectroscopy (FTIR). The corresponding 

FTIR spectra are shown in the Figure V.1. The peaks appeared in the spectrum are 

compared with the literature values and the results are in good agreement with the literature 

values1,2. The FTIR spectrum of CAK (spectrum b) shows a peak at 1760 cm-1 and another 

peak at 1711 cm-1 along with the other bands generally found in the FTIR spectrum of 

chitosan. The additional peaks at 1760 and 1711 cm-1 are assigned to unsaturated cyclic 

ketones, which are present in the CAK molecule. The peak at 1621 cm-1 is assigned to 

acetamido group of the molecule. Since the spectrum of synthesized molecule shows the 

presence of aromatic carbonyls, and also that the peak intensity of the amino group is 

decreased, it can be inferred that chitosan reacts with dehydroascorbic acid to form 

ketimine derivative. 

 

Figure V.1: FTIR spectra of (a) pure chitosan and (b) chitosan ascorbate ketimine (CAK). 
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Chitosan ascorbate ketimine 

V.2: Analysis of the results of gravimetric studies of CAK as corrosion inhibitor: 

The experimental data of the corrosion rates and the inhibition efficiencies of CAK 

obtained from gravimetric studies are given in the tables V.1 and table V.2. The corrosion 

parameters of mild steel in 1M HCl in the absence and presence of chitosan and ascorbic 

acid mixture are given in the table V.1. Whereas, the table V.2 presents the results of 

gravimetric studies in the presence of chitosan, ascorbic acid and Cu2+ mixture as corrosion 

inhibitor. Chitosan at 200 ppm concentration was taken and different concentrations of 

ascorbic acid have been used to dissolve chitosan as mentioned in chapter III. The 

dissolution of chitosan in ascorbic acid results in the formation of chitosan ascorbate 

ketimine (CAK) when the chitosan ascorbate solution was kept as such for 6 hours.  

Table V.1: Corrosion parameters for mild steel in 1 M HCl in absence and presence of 

different mole ratios of chitosan and ascorbic acid (Temp. 30 ± 0.1 °C, immersion period of 

24 h). 

S.No. 
Concentration(ppm)  

Cu2+(ppm) 

Weight-

loss(g) 

Corrosion 

Rate(mmpy) 
I.E.% 

Chitosan Ascorbic acid 

1 0 0 0 0.8926 0.1752 - 

2 200 200 0 0.6125 0.1202 31 

3 200 300 0 0.5221 0.1024 42 

4 200 400 0 0.4042 0.0471 64 
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Table V.2: Corrosion parameters for mild steel in 1 M HCl in absence and presence of 

Chitosan+ Ascorbic acid+ Cu2+ (Temp. 30 ± 0.1 °C, immersion period of 24 h). 

S.No. 

Concentration(ppm)  

Cu2+(ppm) 
Weight-

loss(g) 

Corrosion 

Rate 

(mmpy) 

I.E.% 
Chitosan 

Ascorbic 

acid 

1 0 0 0 0.8926 0.1752 - 

2 200 400 0 0.4042 0.0471 64 

3 200 400 25 0.2015 0.0358 77 

4 200 400 50 0.1255 0.0150 86 

5 200 400 100 0.1388 0.0152 84 

6 0 0 25 0.8711 0.1709 2 

7 0 0 50 0.8658 0.1699 3 

8 0 0 100 0.8505 0.1669 4 

The results show that the corrosion rate of mild steel in 1M HCl has decreased 

significantly in presence of inhibitor formulation when compared with the control. The 

highest inhibition efficiency of 64 % is obtained for the inhibitor consisting of 200 ppm 

chitosan and 400 ppm Ascorbic acid. When a relatively low concentration of Cu2+ is added 

as an additive to the above solution of CAK (200 ppm chitosan+ 400 ppm ascorbic acid), 

corrosion rate of mild steel is further reduced and the highest inhibition efficiency is 

obtained when 50 ppm of Cu2+ is added. This result indicates that the CAK has a 

synergistic relation with Cu2+ions. The highest inhibition efficiency of 86 % is obtained at 

a combination of 200 ppm Chitosan, 400 ppm Ascorbic acid and 50 ppm Cu2+. This 

inhibitor formulation acts as a good inhibitor to control the corrosion of mild steel in acidic 

chloride environment, namely 1M HCl. 

The synergistic parameter (S) values for CAK (200 ppm chitosan+ 400 ppm 

ascorbic acid) and different concentrations of Cu2+ are calculated to confirm the existence 

of synergistic effect between CAK and Cu2+ions. 

The synergistic parameter (S) has been calculated using the equation (1) given below3, 

𝑺 =
𝟏 − Ø𝟏+𝟐
𝟏 − Ø′𝟏+𝟐

……………… . (𝟏) 

Here, Ø1+2 = Ø1 + Ø2- (Ø1.Ø2) 

Ø1= surface coverage by Cu2+,  

Ø2= surface coverage by CAK (200 ppm chitosan+ 400 ppm ascorbic acid) 
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Øʹ1+2 = surface coverage by CAK (200 ppm chitosan+ 400 ppm ascorbic acid) in 

combination with Cu2+. 

Table V.3: Synergistic parameters for CAK (200 ppm chitosan+ 400 ppm ascorbic acid) 

and Cu2+. 

S.No. 
Concentration (ppm) 

I.E.% 
Synergistic 

parameter (S) Chitosan+ Ascorbic acid Cu2+ 

1 200 + 400 25 77 1.5 

2 200 +400 50 86 2.4 

3 200 + 400 100 84 2.2 

The synergistic parameter (S) values are listed in the table V.3. The S value for all 

the inhibitor formulations is greater than one, which suggests that there exists a synergistic 

effect between CAK and Cu2+ ions in inhibiting corrosion of mild steel in 1 M HCl 

solution.  

V.3: Analysis of the results of electrochemical studies: 

Electrochemical Impedance Studies: 

 The electrochemical impedance studies were performed at the open circuit potential 

in the absence and presence of different concentrations of inhibitor formulation. Figure 

V.2A depicts the Nyquist plots of the mild steel immersed in 1 M HCl solution in the 

presence and absence of inhibitor formulations. The corresponding Bode plots are shown 

in the Figure V.2B and Figure V.2C. In order to obtain different impedance parameters the 

experimental data have been fitted with appropriate equivalent circuits based on the 

physical model of the corroding system. The equivalent circuits used are depicted in the 

figure V.3. The corrosion parameters obtained from these plots are shown in the table V.4.  
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Figure V.2A: Nyquist plots for mild steel specimen in 1M HCl (a) in the absence of 

inhibitor formulation (b) In presence of 200 ppm C+ 400 ppm A (c) 200 ppm C + 400 ppm 

A + 25 ppm Cu2+ (d) 200 ppm C + 400 ppm A + 50 ppm Cu2+ (e) 200 ppm C + 400 ppm 

A + 100 ppm Cu2+. (C- chitosan, A- Ascorbic acid). 

From figure.V.2A small depressed semicircles can be observed for control whose 

center is under the horizontal line and the charge transfer resistance value is 21.6 Ω cm2. 

In the presence of inhibitor formulation consisting of 200 ppm chitosan and 400 ppm 

ascorbic acid, the diameter of the depressed semicircle has been increased significantly 

and it can be observed that two different semicircles overlapped to form a two time 

constant system and a charge transfer resistance value of 69.0 Ω cm2 is obtained, which 

indicates a decrease in the rate of charge transfer from the metal into solution and solution 

to metal when compared to control. An inhibition efficiency of 69 % is obtained with this 

inhibitor formulation. Thus, this formulation protects the surface of the metal in the acid 

chloride aggressive environment. When different concentrations of Cu2+ ions are 

employed as additive to the above formulation, the diameter of the semi-circle has been 

increased enormously and a maximum charge transfer resistance value of 197.2 Ω cm2 is 

found with 50 ppm Cu2+ as additive. The highest inhibition efficiency of 89 % is obtained 

with the combination of 200 ppm C+ 400 ppm A+ 50 ppm Cu2+ inhibitor formulation. 

Results from impedance studies also support the evidence for the synergistic relationship 

between CAK and Cu2+ in controlling corrosion of mild steel in 1M HCl environment. 
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Figure V.2B: Bode plots (Total impedance) for mild steel specimen in 1M HCl (a) in the 

absence of inhibitor formulation (b) In presence of 200 ppm C+ 400 ppm A (c) 200 ppm 

C + 400 ppm A + 25 ppm Cu2+ (d) 200 ppm C + 400 ppm A + 50 ppm Cu2+ (e) 200 ppm 

C + 400 ppm A + 100 ppm Cu2+. (C- chitosan, A- Ascorbic acid). 

 

Figure V.2C: Bode plots (Phase angle) for mild steel specimen in 1M HCl (a) in the 

absence of inhibitor formulation (b) In presence of 200 ppm C+ 400 ppm A (c) 200 ppm 

C + 400 ppm A + 25 ppm Cu2+ (d) 200 ppm C + 400 ppm A + 50 ppm Cu2+ (e) 200 ppm 

C + 400 ppm A + 100 ppm Cu2+. (C- chitosan, A- Ascorbic acid). 
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Figure V.3: Equivalent circuits used for mild steel immersed in 1 M HCl in EIS studies 

(A) without inhibitor (B) with the inhibitor formulation. 

From figure.V.2B, it can be observed that in presence of inhibitor formulation the 

total impedance value of the system has increased in mid frequency (charge transfer 

region) and low frequency (diffusion region) range. Highest total impedance is obtained 

when the inhibitor formulation consists of 200 ppm chitosan + 400 ppm ascorbic acid + 

50 ppm Cu2+ ions. From figure.V.2C the phase angle maximum for the mild steel specimen 

immersed in 1 M HCl is increased in the presence of the inhibitor formulation compared 

to control (35°), and shifted to a maximum value of 71° for the combination of 200 ppm 

chitosan, 400 ppm ascorbic acid and 50 ppm Cu2+. These results indicate an increase in 

the corrosion resistance of the film formed in the presence of inhibitor. 

Table V.4: Corrosion parameters for mild steel in 1 M HCl in absence and presence of 

inhibitor formulation obtained from impedance studies. (A.A. - Ascorbic acid) 

Chitosan 

(ppm) 

A.A. 

(ppm) 

Cu2+ 

(ppm) 

Rct 

(Ω cm2) 

CPE 

(µFcm-2) 
n 

Rfilm 

(Ω cm2) 

CPEfilm 

(µFcm-2) 
n film IE % 

0 0 0 21.6 280.2 0.831 - - - - 

200 400  0 69.0 46.9 0.891 15.2 13.9 0.455 69 

200 400  25  103.0 67.6 0.867 25.7 13.2 0.499 79 

200 400 50  197.2 40.5 0.847 26.2 16.5 0.571 89 

200 400 100  125.8 65.6 0.861 25.6 15.2 0.494 83 
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Potentiodynamic polarization studies: 

 

Figure V.4: Potentiodynamic polarization curves for mild steel specimen in 1M HCl (a) 

in the absence of inhibitor formulation (b) In presence of 200 ppm C+ 400 ppm A (c) In 

presence of 200 ppm C + 400 ppm A + 25 ppm Cu2+ (d) In presence of 200 ppm C + 400 

ppm A + 50 ppm Cu2+ (e) In presence of 200 ppm C + 400 ppm A + 100 ppm Cu2+. (C- 

chitosan, A- Ascorbic acid). 

TableV.5: Corrosion parameters for mild steel in 1 M HCl in absence and presence of 

inhibitor formulation obtained from polarization studies. (A.A. -Ascorbic acid) 

S.No.  
Concentration(ppm) E corr 

(mV) 

J corr     

 (mA cm-2)  

βc  

(mVdec-1) 

βa  

(mVdec-1) 
I.E.%  

chitosan A.A.  Cu2+ 

1 0 0 0 -147.7 0.9 -337 248 -  

2 200 400 0 -150.8 0.3 -179 166 67 

3 200 400 25 -157.3 0.2 -164 152 79 

4 200 400 50 -148.8 0.1 -164 137 88 

5 200 400 100 -146.6 0.2 -154 134 82 

 

FigureV.4 shows the potentiodynamic polarization curves for mild steel specimen 

immersed in 1 M HCl solution in the absence and presence of different inhibitor 

formulations. Tafel extrapolation method has been used to calculate the corrosion 
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parameters from the polarization curves and the corresponding corrosion parameters are 

listed in the table V.5. From the curves it is quite evident that in the presence of inhibitor 

formulation (chitosan + ascorbic acid) the cathodic and anodic polarization curves are 

shifted towards lower current density values when compared with control and the current 

density values decreased even more when Cu2+ has been used as an additive. The corrosion 

potential (Ecorr) has shifted to more negative values for almost all the inhibitor formulations 

except for 200 ppm chitosan + 400 ppm ascorbic acid + 100 ppm Cu2+ combination, 

although the shift in Ecorr is very less. From the table V.5 we can observe that the anodic 

and cathodic Tafel slopes (βa, βc) are significantly decreased in presence of all the 

inhibitor concentrations. The lowest βa value that has been observed, is 134.0 mVdec-1 for 

200 ppm chitosan + 400 ppm ascorbic acid + 100 ppm Cu2+ combination. Whereas, the 

lowest βc value that has been observed, is -154 mVdec-1. In the case of control the βa, βc 

values are 248.0 and -337 mVdec-1 respectively. 

The mild steel specimen immersed in 1 M HCl without inhibitor shows a corrosion 

current density value (Jcorr) of 0.9 mA cm-2. Whereas, in presence of all the inhibitor 

formulation systems the corrosion current density values are less than 0.2 mA cm-2 as 

shown in the table. A considerable decrease in Jcorr value in the presence of inhibitor 

formulation infers that the dissolution of metal ions into the solution is hindered. That 

means, the corrosion rate is decreased.  

Corrosion inhibition efficiencies are calculated using the corrosion current density 

values. A maximum inhibition efficiency of 88 % is obtained with 0.1 mA cm-2 corrosion 

current density value for the combination of 200 ppm Chitosan, 400 ppm Ascorbic acid 

and 50 ppm Cu2+. From the cathodic and anodic Tafel slopes, it can be interpreted that 

chitosan ascorbate ketimine and chitosan ascorbate ketimine in combination with Cu2+ 

ions are considered as mixed type inhibitors since both the anodic and cathodic current 

densities are shifted towards lower values in presence of inhibitor formulation.  

V.4 Analysis of the results of surface morphological studies by SEM- EDX: 

The surface morphology of mild steel specimens immersed in 1 M HCl corrosive 

environment in the absence and presence of the inhibitor formulation for 24 h has been 

studied using scanning electron micrographs and the surface composition has been studied 

qualitatively by energy dispersive X-ray spectroscopy. Figure V.5 represents the SEM 

images and figure V.6 represents the EDX spectra. 
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Figure V.5: SEM of mild steel surface immersed in 1 M HCl (A) in the absence, (B) in 

the presence of CAK (200 ppm Chitosan + 400 ppm ascorbic acid, (C) in presence of CAK 

(200 ppm Chitosan + 400 ppm ascorbic acid + 50 ppm Cu2+). (Magnification: 10,000 X, 

immersion time 24 h). 

 
Figure V.6: EDX spectrum of mild steel surface immersed in 1 M HCl (A) in the absence, 

(B) in the presence of CAK (200 ppm Chitosan + 400 ppm ascorbic acid, (C) in presence 

of CAK (200 ppm Chitosan+400 ppm ascorbic acid+50 ppm Cu2+). (24 h immersion time). 

1 µm 1 µm 1 µmA B C

A

B

C
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Figure.V.5A shows the SEM image of the mild steel specimen immersed in  

1 M HCl in the absence of the inhibitor. It is evident that in the absence of the inhibitor 

the surface is badly damaged and the formation of pits and cracks can be seen. The surface 

is covered with the corrosion products. The corresponding EDX spectrum shown in figure 

V.6A illustrates that iron and oxygen are the main elements after corrosion. Presence of 

ferrous oxide, ferric oxide (Fe2O3, Fe3O4 and FeOOH) can be inferred from this spectrum. 

We also observed a small carbon peak, which may be because of the carbon present in the 

mild (carbon) steel. The bulk composition of mild steel contains small amount of carbon. 

In presence of 1M HCl, the extensive corrosion on the surface must have exposed the small 

amount of carbon. This could be the reason for the carbon peak in the EDX spectrum. 

Figure V.5B represents the SEM image of the mild steel specimen immersed in  

1 M HCl in the presence CAK (200 ppm chitosan + 400 ppm Ascorbic acid). The image 

shows that the surface is relatively smooth and does not exhibit any pit. The corresponding 

EDX spectrum shown in the figure V.6B reveals that the surface film consists of mostly 

iron and along with iron there is evidence for the presence of carbon, nitrogen, chlorine 

and oxygen. The intensity of the oxygen peak is reduced when compared to the oxygen 

peak of mild steel immersed in control. This infers the presence of less amount of oxides 

of iron on the surface. The presence of carbon and nitrogen reveal the presence of CAK in 

the surface film, which is responsible for protection. A small peak due to Cl infers that 

chloride ions from HCl diffused to the metal surface during the formation of protective 

film of chemisorbed CAK. 

Figure V.5C represents the SEM image of the mild steel specimen immersed in  

1 M HCl in presence CAK (200 ppm chitosan + 400 ppm Ascorbic acid) along with 50 

ppm Cu2+ions. From the microscopic image it can be seen that the surface is relatively 

smooth when compared with the control and formation of a protective film can be seen on 

the surface. The corresponding EDX spectrum shown in figure V.6C shows that along with 

iron there is presence of large amount of copper and some amounts of carbon, nitrogen 

and oxygen on the surface. The chlorine peak is absent. These results infer that cupric ions 

and CAK are present in the protective film. This might be because the inhibitor molecule 

CAK along with Cu2+ formed a poly nuclear complex, [Fe(III), Cu(II) – CAK] as the CAK 

has the ability to form stable complexes with the metal ions and relatively high tendency 

to form complex with Cu2+ ions1. There are two possibilities for this to happen. One 

possibility is that the Cu2+-CAK complex formed in the solution phase, which diffuses 
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from the solution to the metal surface and participates in the formation of binuclear 

complex with the Fe(III) ions available on the surface due to initial corrosion. The second 

possibility is that the CAK and Cu2+ ions diffuse independently to the metal surface where 

the binuclear complex formation takes place. Either way, a protective film is formed on 

the metal surface, which hindered the dissolution process of mild steel and thus reduced 

the corrosion rate of mild steel in 1M HCl. 

V.5: Surface analysis by X-ray photoelectron spectroscopic studies (XPS): 

The chemical composition of the film formed on the mild steel surface immersed 

in 1 M HCl solution in the presence and absence of inhibitor formulation has been studied 

using X-ray photoelectron spectroscopy. Figures V.7A and V.7B represent the 

corresponding XPS survey spectra in the absence and presence of 200 ppm Chitosan + 400 

ppm ascorbic acid + 50 ppm Cu2+.  

 

Figure V.7: XPS survey spectrum of mild steel specimen immersed in 1 M HCl (A) in the 

absence of inhibitor, (B) in the presence of 200 ppm Chitosan + 400 ppm ascorbic acid + 

50 ppm Cu2+. (24 h immersion time). 

A

B
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The XPS survey spectrum of the control indicates that the surface film consists of 

carbon, oxygen and iron. Whereas, the survey spectrum of mild steel immersed in the 

corrosive environment in presence of inhibitor formulation shows that the surface film 

contains carbon, oxygen, iron, copper and nitrogen. These two spectra infer that the 

inhibitor formulation is adsorbed on the metal surface. The corresponding deconvolution 

spectra for each of the elements is discussed hereunder.  

Figure V.8A represents the computer deconvolution spectrum of C 1s in the case 

of control, which shows three distinct peaks one each at 284.5 eV, 285.1 eV and 288.1 eV. 

The peak at 284.5 eV can be interpreted as a contaminant carbon peak, which arises due 

to the cracking of vacuum oil used in the instrument4. The peaks at higher binding energy 

values are because of the carbon present in mild steel. The former peak at 285.1 eV may 

be ascribed to the carbon present in the oxide environment5 and the later peak at 288.1 eV 

is attributed to the carbon bound to iron6. Whereas, In the presence of binary inhibitor 

formulation the carbon deconvolution spectrum shows four different peaks (Figure V.8B); 

one peak at the binding energy value of 284.6 eV with high intensity and three peaks of 

lower intensities at 285.6 eV and 288.3 eV and 289.6 eV respectively. The peak at 284.6 

eV may be because of cracking of vacuum oil used in the instrument. The inhibitor 

formulation contains different types of carbon environments namely C=O, C – N, C=N, C 

– C and C – H, which explain the presence of multiple peaks in the deconvolution 

spectrum. The peak at 285.3 eV can be interpreted due to carbon present in the C – C and 

C – H bonding 7. The peak at 288.3 eV is because of C=N which is present in the CAK 

molecule7, the main linkage between the chitosan molecule and dehydroascorbic acid. The 

peak present at 289.6 eV can be assigned to C=O peak8 which is present in the ascorbate 

ring of CAK molecule. These carbon peaks show an evidence for the presence of the CAK 

molecules in the surface film.  
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Figure V.8: XPS deconvolution spectra of C1s for mild steel sample immersed in  

1 M HCl (A) in the absence of inhibitor  (B) in the presence of 200 ppm Chitosan + 400 

ppm ascorbic acid + 50 ppm Cu2+. (24 h immersion time). 

Figure V.9A represents the computer deconvolution spectrum of O 1s in the case 

of control, which shows a peak at 531.5 eV and another peak at 533.8 eV. The peak present 

at the lower binding energy value can be ascribed to OH− and is attributable to oxygen in 

hydrous iron oxides, such as FeOOH and Fe(OH)3 
9. The peak at 533.8 eV can be assigned 

to oxygen of adsorbed water molecules on the metal surface10. Figure V.9B represents the 

computer deconvolution spectrum of O 1s in presence of inhibitor formulation. The 

spectrum consists of five different peaks, at 529.7 eV, 531.3 eV, 532.5 eV, 535.4 eV and 

536.9 eV respectively. The peak at 529.7 eV can be attributed to oxygen present in the 

oxides and hydroxides of Fe (III), in the form of O2-. The peak at 531.3 eV can be 

interpreted to OH− and can be assigned to oxygen in hydrous iron oxides, such as FeOOH 

AC 1s

C 1s B
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and Fe(OH)3 
9. The peaks at 532.5 eV, 535.4 eV and 536.9 eV are ascribed to the oxygen 

present in the inhibitor molecules (CAK) in various forms such as C-O, C=O and C=N. 

The peak at 533.8 eV in the case of control, assigned to the adsorbed water molecules is 

absent in presence of inhibitor formulation. This may be because of the replacement of 

water molecules by the inhibitor molecules in presence of inhibitor formulation. The peak 

at 536.9 eV can be because of the C-O. The peak at 535.4 eV can be attributed to oxygen 

in the form of C=O, which is present in the ascorbate ring of CAK molecule. All these 

results also infer that the inhibitor molecule has adsorbed on the metal surface in the form 

of a film.  

 

Figure V.9: XPS deconvolution spectra of O 1s for mild steel sample immersed in  

1 M HCl (A) in the absence of inhibitor  (B) in the presence of 200 ppm Chitosan + 400 

ppm ascorbic acid + 50 ppm Cu2+. (24 h immersion time) 

The deconvolution spectrum of the Fe 2p of control consists of two peaks, one at  

710.4 eV corresponding to Fe 2p3/2 and the other one at 725.6 eV corresponding to the Fe 

2p1/2 electron (Figure V.10A). Generally Fe 2p3/2 is interpreted. In the present context there 

is a large shift in the binding energy value of Fe 2p3/2 from the characteristic elemental 

binding energy value of 707.0 eV. This shift of 3.4 eV confirms that iron is present as Fe3+ 

in the form of ferric oxide and hydroxide. The ferric species is probably formed because of 

the oxidation of ferrous species. Indeed, the peak at a binding energy of 710.8 eV was 

attributed to ferric compounds such as Fe2O3, Fe3O4 and FeOOH in the literature11–13. In the 

presence of inhibitor formulation, in the Fe 2p3/2 spectrum (Figure V.10B), apart from the 

peak at 710.4 eV there is another peak at 712.3eV, which can be interpreted due to the 

formation of complex between Fe(III) and CAK molecules.  

A BO 1s O 1s
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Figure V.10: XPS deconvolution spectra of Fe 2p for mild steel sample immersed in  

1 M HCl (A) in the absence of inhibitor  (B) in the presence of 200 ppm Chitosan + 400 

ppm ascorbic acid + 50 ppm Cu2+. (24 h immersion time) 

Figure V.11 represents the Cu 2p peak in presence of the inhibitor formulation 

which is not observed in case of control. According to the standard reference data base Cu 

2p1/2 and Cu 2p3/2 peaks for pure Cu appear at a binding energy of 952.45–952.56 eV and 

932.20–933.1 eV, respectively4. We have observed the Cu 2p3/2 peak at 934.2 eV with a 

clear shift of 2 eV from that of pure Cu indicating the presence of Cu in double oxidation 

state form. Moreover, the presence of shakeup satellites also indicates that copper is 

present in the Cu(II) form. Interestingly, we have also observed a peak at 932.3 eV, which 

indicates the presence of elemental copper also on mild steel surface. This result can be 

explained as follows. Free Cu2+ ions also diffuse to the metal surface and get reduced to 

elemental Cu as the reduction potential of Cu2+/Cu system is very high.  The protective 

film in the present context therefore may consists of the complex of inhibitor formulation 

namely [Cu(II),Fe(III)-CAK], elemental copper and also [Fe(III)-CAK] complex. 

 In addition to the above elements, the survey spectrum of the surface film on mild 

steel in presence of inhibitor formulation consists of nitrogen peaks. Figure V.12 

represents the N 1s spectrum of mild steel surface in 1M HCl in presence of inhibitor 

formulation. The spectrum shows two distinct peaks, one at 398.9 eV and the other one at 

402.1 eV. The former peak can be assigned to =N- (unprotonated nitrogen atom)14, which 

is present in chitosan ascorbate ketimine molecule. Precisely it is the bond between 

chitosan and ascorbic acid. The later peak at 402.1 eV can be interpreted due to the 
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nitrogen atom which is bound to the mild steel (N-Fe) and because of this bond the binding 

energy is increased to higher values. 

 

Figure V.11: XPS deconvolution spectra of Cu 2p for mild steel sample immersed in 1 M 

HCl in the presence of 200 ppm Chitosan + 400 ppm ascorbic acid + 50 ppm Cu2+.(24 h 

immersion time). 

 

Figure V.12: XPS deconvolution spectra of N 1s for mild steel sample immersed in 1 M 

HCl in the presence of 200 ppm Chitosan + 400 ppm ascorbic acid + 50 ppm Cu2+.(24 h 

immersion time). 
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V.6: Analysis of the surface film by X- ray diffraction studies (XRD): 

 

Figure IV.2.13: The X-ray diffraction patterns of the surface film formed on mild steel 

sample immersed in 1 M HCl (A) in the absence (B) in the presence of 200 ppm Chitosan 

+ 400 ppm ascorbic acid + 50 ppm Cu2+.(24 h immersion time). 

Figure V.13(A) and V.13(B) shows the X-ray diffractograms of the surface of mild 

steel specimen immersed in  1 M HCl environment in the absence and presence of chitosan 

ascorbate ketimine  (CAK) + Cu2+. In both the cases, the iron (1 1 0) and (2 0 0) planes 

dominated the intensity of the spectrum15, the peaks for the corrosion products (Fe2O3, 

Fe3O4,etc.) formed on the surface are almost submerged in the spectrum due to the high 

itensity of the iron peak. Apart from the iron peaks, in both the cases I have got very less 

intense peaks for Fe3O4. The planes present for Fe3O4 are (3 1 1), (2 2 2), (2 2 0) and (5 1 1). 

It may be noted that because of the aggressive nature of the corrosive environment, the 

corrosion products which are formed during the course of corrosion get dissolved in  

1 M HCl solution. This is also one of the main reasons for the less intensities of the Fe3O4 

peaks. In the presence of CAK+ Cu2+ inhibitor formulation, the XRD pattern also shows a 

peak for Cu (1 1 1) plane. This is a very important information from the XRD pattern. The 

presence of the elemental copper peak supports the corroison inhibiton mechanism drawn 

from the XPS studies. The Cu2+ ions present in the inhibitor solution diffuse to the metal 

surface and get deposited as elemetal copper on the mild steel surface. The XRD patterns 

confirm that in presence of CAK+Cu2+ as inhibittor, the surface film contains copper.  
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V.7: Plausible corrosion inhibition mechanism: 

The corrosion mechanism of mild steel in hydrochloric acid is well established by 

several authors16,17. The anodic and cathodic reactions are given in the following 

equations. 

Anodic dissolution of mild steel follows the steps given in equation 2 

 

Hydrogen evolution at cathode follows the steps given in equation 3 

 

The Cl- ions initially move to the positively charged metal surface and get 

adsorbed. In the presence of the inhibitor formulation, the Cu2+ ions and chitosan ascorbate 

ketimine (CAK) form a complex and because of electrostatic attraction this complex will 

get adsorbed on to the metal surface (negatively charged) where Cl- ions are present. This 

adsorbed inhibitor complex then interacts with Fe3+ which may be more plausible, and 

forms a binuclear complex [Fe(III),Cu(II)-CAK] which is insoluble and protects the mild 

steel surface from further attack of Cl- ions. Thus, the inhibitor protects mild steel from 

corrosion in 1M HCl solution. 
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There are several other processes that occur on the metal surface which also 

contributes to the corrosion inhibition. The free CAK molecules which are present in the 

solution may also diffuse to the metal surface where they form a complex with Fe(III) ions. 

So, the surface film may also consist of [Fe(III)-CAK] complex. Simultaneously, Cu2+ 

ions may also diffuse to the metal and get reduced to elemental copper. 
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Chapter VI 

This chapter has been divided into two sections. Section VI.1 deals with the 

experimental results and discussion of the corrosion protection of copper in neutral 

chloride environment using Chitin xanthate (CX) inhibitor and section VI.2 consists of the 

experimental results and discussion of the corrosion protection of mild steel in neural 

chloride environment using phosphorylated Xanthan gum (PXG). 

VI.1. Chitin xanthate (CX) inhibitor to combat the corrosion of copper in neutral 

chloride environment: 

VI.1.1: Characterization of chitin xanthate (CX): 

 Chitin has been chemically modified to chitin xanthate using the method reported in 

the literature1,2. The preparative method has already been discussed in the ‘materials and 

methods’ chapter of this thesis. The xanthated derivative of chitin has been characterized 

by FTIR spectroscopy (KBr pellet method) in the wave number range of 4000 cm-1 - 400 

cm-1. Results are in good agreement with the literature values 1,3.  

 

Figure VI.1.1: FTIR spectra of (a) pure chitin and (b) chitin xanthate (CX). 

Figure VI.1.1(a) represents the FTIR spectrum of unmodified chitin and figure 

VI.1.1(b) represents the FTIR spectrum of chitin xanthate. After chemical modification 

new peaks appeared in the FTIR spectrum, which reveal that the xanthate group has been 

successfully introduced into the chitin moiety. The peaks at 1638 cm-1, 1560 cm-1 and 1490 

cm-1 are ascribed to the bending vibrations of the acetamide group3. The peak at 1260 cm-
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1  is assigned to the –OH stretching vibration and the absorption bands at 1161 cm-1 and 

1079 cm-1 are due to the –O-(CS)-S־ (thiocarbonyl derivative) stretching vibrations. These 

peaks infer the formation of chitin xanthate. 

 

Chitin xanthate 

Weight-loss studies, electrochemical impedance studies and potentiodynamic 

polarization studies were carried out in order to investigate the corrosion inhibition ability. 

SEM-EDX, XRD and XPS studies were employed for surface analytical studies.  

VI.1.2: Analysis of the results of weight-loss Studies: 

The corrosion inhibition efficiency of the chemically modified chitin (CX) to 

combat the corrosion of copper in neutral chloride environment has been investigated 

using weight-loss studies at 30±0.1 °C after 10 days immersion period. The corrosion rates 

and the inhibition efficiencies obtained from the weight-loss data are given in the table 

VI.1.1. From the analysis of results it can be demonstrated that in presence of the inhibitor 

a significant decrease in the corrosion rate has been observed. The weigh-loss in the 

presence of the inhibitor is in the range of 0.5 to 0.3 mg when compared to the weight-loss 

observed in the case of control which is 6.52 mg. The corrosion rate is very much reduced 

from 0.0698 mmpy in case of control to 0.0038 mmpy by the addition of 30 ppm chitin 

xanthate. The inhibitor might have formed a film on the metal surface, which acts as a 

barrier between the metal and the corrosive environment and consequently the corrosion 

rate of the metal is decreased. As the concentration of the inhibitor is increased, the 

inhibition efficiency is also increased and a maximum inhibition efficiency of 95 % is 

obtained at a concentration of 30 ppm of chitin xanthate. This result shows that the surface 

coverage is increased with an increase in the inhibitor concentration and 30 ppm CX is the 

optimum concentration, where the surface is almost completely covered with the 

protective film. When the concentration of the inhibitor is further increased beyond 30 



Chapter VI 
 

113 
 

ppm, the inhibition efficiency remained the same. 

Table VI.1.1: Corrosion rates of copper in 200 ppm NaCl (aq.) in the absence and presence 

of different concentrations of CX obtained from gravimetric method.(Temp. 30 ± 0.1 °C). 

S.No. 
Concentration of 

chitin xanthate 
Weight –loss (mg) 

Corrosion 

Rate(mmpy) 
I.E.% 

1 0 ppm 6.52 0.0698 - 

2 10 ppm 0.50 0.0061 89 

3 20 ppm 0.47 0.0048 93 

4 30 ppm 0.30 0.0038 95 

5 40 ppm 0.30 0.0038 95 

6 50 ppm 0.30 0.0038 95 

VI.1.3: Analysis of the results of Electrochemical Studies: 

Electrochemical Impedance Studies: 

Figure VI.1.2A presents the Nyquist plots of copper immersed in 200 ppm NaCl 

solution in the absence and presence of different concentrations of CX at a constant 

temperature of 30±0.10C and an immersion period of 24 h. The corresponding Bode plots 

are shown in the Figure VI.1.2B 

 

Figure VI.1.2A: Nyquist plots for copper specimen immersed in 200 ppm NaCl (a) in the 

absence of inhibitor, (b) In presence of 10 ppm CX, (c) In presence of 20 ppm CX, (d) In 

presence of 30 ppm CX, (e) In presence of 40 ppm CX, (f) In presence of 50 ppm CX. 
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Nyquist plots of copper immersed in 200 ppm NaCl without inhibitor showed 

Warburg behaviour in the low frequency region, which is primarily due to the diffusion of 

oxygen to the copper surface4. Whereas, the Nyquist plots of copper immersed in 200 ppm 

NaCl with different concentrations of chitin xanthate showed no signs of Warburg 

behaviour, indicating the absence of diffusion process and minimization of corrosion 

process. Moreover, the diameter of the depressed semicircle is increased considerably with 

an increase in the concentration of the inhibitor, acquiring higher charge transfer resistance 

(Rct) values.  

 

Figure VI.1.2B: Bode plots for copper specimen immersed in 200 ppm NaCl (a) in the 

absence of inhibitor, (b) In presence of 10 ppm CX, (c) In presence of 20 ppm CX, (d) In 

presence of 30 ppm CX, (e) In presence of 40 ppm CX, (f) In presence of 50 ppm CX. 

Figure VI.1.2B shows the Bode plots for copper specimens immersed in 200 ppm 

NaCl without the inhibitor and with different concentrations of the inhibitor. The total 

impedance value increased with an increase in concentration of the inhibitor and the 

highest value is obtained for 30 ppm CX. The total impedance values for 30, 40, 50 ppm 

CX concentrations are close to each other and almost merged with each other in the mid-

frequency region, which corresponds to charge transfer. These results indicate that the 

optimum concentration of CX required to form a uniform protective film and complete 

coverage of the surface is 30 ppm only. The phase angle maxima at the 30, 40 and 50 ppm 

concentrations of the inhibitor also merged with each other. 
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Appropriate equivalent circuits were used (Figure VI.1.3) which fitted well with 

the experimental data5. These circuits were used to obtain the charge transfer resistance 

(Rct), double layer capacitance (Cdl), film resistance, CPE exponent and n. The impedance 

parameters are tabulated in the table VI.1.2. The charge transfer resistance (Rct) value for 

copper specimen immersed in 200 ppm NaCl without inhibitor is 6.5 kΩ cm2. There is a 

significant increase in the Rct value in the presence of chitin xanthate at all concentrations 

and a maximum value of 82.5 kΩ cm2 is obtained at a concentration of 30 ppm CX. This 

is because of the formation of a protective film on the metal surface, which reduces the 

charge transfer at the metal/solution interface and minimizes the corrosion rate. The ‘n’ 

value is also increased in presence of chitin xanthate, indicating uniformity of the surface 

film on copper. An inhibition efficiency of 92 % is obtained at 30 ppm chitin xanthate. 

 

Figure VI.1.3: Equivalent circuits used for copper immersed in 200 ppm NaCl A) without 

inhibitor (B) with chitin xanthate inhibitor. Rs – Solution resistance, Rct – Charge transfer 

resistance, CPE- constant phase element, Rfilm – film resistance. 

Table VI.1.2: Corrosion parameters for copper in 200 ppm NaCl (aq.) in the absence and 

presence of different concentrations of inhibitor obtained from electrochemical 

impedance method. 

Chitin 

xanthate 

(CX) in ppm 

Rct 

(kΩ cm2) 

Cdl 

(µF cm-2) 
n 

Rfilm 

(kΩ cm2) 

Cfilm 

(µF cm-2) 
n film IE % 

0 6.5 5.5 0.538 - - - - 

10 44.9 0.8 0.722 15.2 0.4 0.245 85 

20 56.3 1.0 0.770 17.2 0.4 0.266 88 

30 82.5 0.9 0.814 17.9 0.5 0.291 92 

40 80.7 1.1 0.810 15.4 0.5 0.285 92 

50 78.7 1.1 0.819 13.8 0.6 0.272 92 
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Potentiodynamic polarization studies: 

Figure VI.1.4 shows the potentiodynamic polarization curves for copper specimens 

immersed in 200 ppm NaCl solution at pH=7 and temperature of 30±0.1ºC without and 

with different concentrations of chitin xanthate. In the absence of inhibitor (blank) the 

potentiodynamic polarization curve shows a distinct profile. When the potential is scanned 

in the positive direction there is a decrease in the corresponding current density (jcorr), 

which can be explained as follows. At this anodic potential, copper dissolves to form Cu+ 

ions 6 and these Cu+ ions react with Cl¯ ions to form a passive film of CuCl. When the 

potential is increased further anodically, there is a progressive increase in the current 

density, which is because of the formation of soluble CuCl2¯species 7. With a further 

increase in potential, there is formation of Cu2O, which leads to passivity again. This film 

is broken by further increase of the anodic potential. This phenomenon is also observed 

when CX is added as inhibitor at a concentrations of 10 ppm. However, at the 

concentration of 20 ppm CX, the polarization curve exhibits only one anodic peak; the 

second anodic peak is absent. In the case of higher concentrations of chitin xanthate such 

as 30 ppm and 40 ppm, the polarization curves do not exhibit any such anodic peaks as the 

inhibitor film is protective to stop the dissolution of copper into the solution.  

It is evident that in the presence of chitin xanthate both the cathodic and anodic 

polarization curves are shifted towards lower current density values when compared with 

blank. However, the reduction in anodic current densities is much higher than the decrease 

in cathodic current densities. The calculated corrosion parameters from the polarization 

curves are depicted in the table VI.1.3. The copper specimen immersed in 200 ppm NaCl 

without inhibitor shows a corrosion current density value of 11.55 µA cm-2. Whereas, the 

copper specimens immersed in 200 ppm NaCl containing the inhibitor show corrosion 

current densities of 2.5, 1.9, 1.6, 1.0 µA cm-2 for 10, 20, 30, 40 ppm of CX respectively. 

Corrosion inhibition efficiencies are calculated using corrosion current density values. A 

maximum inhibition efficiency of 92 % is obtained from polarization studies at a 

concentration of 40 ppm CX. 
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Figure VI.1.4: Potentiodynamic polarization curves for copper specimen immersed in 

aqueous 200 ppm NaCl (a) in the absence of inhibitor, (b) In presence of 10 ppm CX, (c) 

In presence of 20 ppm CX, (d) In presence of 30 ppm CX, (e) In presence of 40 ppm CX. 

Table VI.1.3: Corrosion parameters for copper in 200 ppm NaCl (aq.) in the absence and 

presence of different concentrations of inhibitor obtained from potentiodynamic 

polarization studies. 

S.No. 

Concentration 

of chitin 

xanthate (CX) 

E corr 

(mV) 

J corr     

(µAcm-2) 

βc 

(mV dec-1) 

βa 

(mV dec-1) 
I.E.% 

1 0 ppm -216.0 11.6 -275 220 - 

2 10 ppm -230.5 2.5 -245 120 78 

3 20 ppm -196.2 1.9 -202 98 84 

5 30 ppm -120.0 1.6 -189 88 89 

4 40 ppm -89.20 1.0 -125 77 92 

From the polarization studies results it can be inferred that chitin xanthate is 

considered as a mixed type inhibitor since it controls both the anodic and the cathodic 

reactions. It may be noted that this method involves polarization of the electrode to much 

higher potentials (both anodic and cathodic). Therefore, the highest inhibition efficiency 
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is obtained at a somewhat higher concentration of 40 ppm in comparison to impedance 

studies and gravimetric studies. Nevertheless, even at 30 ppm CX, 89 % I.E. is obtained 

by potentiodynamic polarization studies also. The anodic and cathodic Tafel slopes (βa 

and βc) are decreased in presence of inhibitor (CX) and the lowest βa and βc values 

observed are 77 and -125 mV dec-1 respectively for 40 ppm of chitin xanthate as inhibitor. 

Although both the anodic and cathodic current density (jcorr) values are shifted in presence 

of inhibitor, the anodic values have been more effected. Therefore, chitin xanthate 

functions as a mixed type inhibitor, predominantly anodic in nature.  

VI.1.4: Analysis of surface morphology and composition by SEM- EDX: 

Scanning electron microscopic images of the surfaces of the copper samples were 

taken in order to study the surface morphology after immersion in the corrosive 

environment for ten days in the absence and presence of the inhibitor. Figure VI.1.5A 

represents the surface of the polished copper specimen before immersing in the corrosive 

environment. The surface morphological images of the copper specimen immersed in 200 

ppm NaCl in the absence and presence of 30 ppm of CX are shown in figures VI.1.5B and 

VI.1.5C respectively. 

Figure VI.1.5: SEM images (10,000X magnification) of copper specimen immersed in 

200 ppm NaCl (A) polished specimen (B) in the absence of inhibitor, (C) in presence of 

30 ppm CX inhibitor after ten days immersion. 

It is evident that in the absence of the inhibitor the surface is badly damaged and 

formation of pits is seen. The corresponding EDX spectrum shown in figure VI.1.6A 

indicates that copper and oxygen are the main elements after corrosion, suggesting the 

presence of cuprous and cupric oxides in the corrosion product. However, in the presence 

of the inhibitor (FigureVI.1.5C) the surface is relatively smooth and does not exhibit any 

pit. The corresponding EDX spectrum shown in figure VI.1.6B indicates that along with 
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copper and oxygen there is presence of carbon, nitrogen and sulphur on the surface. These 

elements are the main constituents of the inhibitor molecule. The intensity of the oxygen 

peak is much reduced in the presence of inhibitor. These results infer the formation of a 

protective film of CX on the copper surface, which is responsible for inhibition of 

corrosion of copper. 

 

Figure VI.1.6: EDX spectrum of copper specimen immersed in 200 ppm NaCl (A) in the 

absence of inhibitor, (C) in presence of 30 ppm CX inhibitor after ten days immersion. 

VI.1.5: Analysis of the surface film by X-ray photoelectron spectroscopic studies 

(XPS): 

Figure VI.1.7A presents the XPS survey spectrum of copper specimen immersed 

in the corrosive environment in the absence of CX. Whereas, the XPS survey spectrum of 

copper specimen immersed in the corrosive environment in the presence of the inhibitor is 

shown in the figure VI.1.7B.  

A

B

A
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Figure VI.1.7: XPS Survey spectrum of copper specimen immersed in 200 ppm NaCl (A) 

in the absence of inhibitor (B) in presence of 30 ppm CX as inhibitor. (10 day immersion 

time). 

In the absence of inhibitor, the surface film consists of carbon, oxygen and copper 

as the main elements. The presence of C 1s peak even in the absence of chitin xanthate is 

ascribed to contaminant carbon, which is due to cracking of vacuum oil during the 

operation of the instrument. Whereas, the surface film of copper specimen immersed in 

corrosive environment in presence of the inhibitor constitutes nitrogen and sulphur peaks 

along with carbon, oxygen and copper peaks. This result infers the presence of inhibitor 

molecules adsorbed on the copper surface since sulphur and carbon are the constituting 

elements of the inhibitor molecule. The computer deconvolution spectra for each element 

are interpreted separately.  
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Figure VI.1.8: XPS deconvolution spectra of C 1s for copper sample immersed in 200 

ppm NaCl (A) in the absence of inhibitor (B) in presence of 30 ppm CX as inhibitor. (10 

day immersion time). 

Figure VI.1.8A represents the computer deconvolution spectra for carbon in the 

absence of inhibitor (control) and figure VI.1.8B presents the C 1s spectrum in presence 

of 30 ppm CX as inhibitor.  In the case of control, the deconvolution spectrum for C 1s 

(Figure VI.1.8A) shows a single peak at 284.6 eV. This peak corresponds to the 

contaminant carbon, which is mainly because of the cracking of vacuum oil used in the 

XPS instrument8. Whereas, in the case of inhibitor (figure VI.1.8B) three distinct peaks 

are observed one each at 284.5 eV, 285.3 eV and at 287.8 eV. These peaks can attributed 

to different types of carbon environment present in chitin xanthate namely C – O, C – N 

and C – S. This result is a clear evidence for the presence of inhibitor molecules in the 

surface film. The peak observed at 287.8 eV can be ascribed to the carbon in C–N bonds 
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present in chitin molecule and also to the carbon in C–S bond9, which is present in the 

xanthated derivative of chitin.  

 

Figure VI.1.9: XPS deconvolution spectra of O 1s for copper sample immersed in 200 

ppm NaCl (A) in the absence of inhibitor (B) in presence of 30 ppm CX as inhibitor.  

(10 day immersion time). 

The O 1s deconvolution spectrum of copper immersed in control shows a single 

peak (Figure VI.1.9A), at a binding energy value of 531.1 eV. This peak can be assigned 

to oxygen in the oxidizing state of O2-, which is mainly present in the form of cupric oxide 

(CuO), related to the bond with Cu (II)10. Copper oxide can exist in two different forms. 

But, cuprous oxide is further oxidised to cupric oxide11 which is a consequence of the 

longer immersion time of the sample in the corrosive environment for ten days. In the case 

of O 1s deconvolution spectrum for copper immersed in corrosive environment with 30 

ppm CX (Figure VI.1.9B), the spectrum shows two distinct peaks, one with high intensity 

at a binding energy value of 531.6 eV and the other peak at low intensity at a binding 

energy value of 533.7 eV. The former one can be interpreted as the oxygen present in the 

oxides and hydroxides of copper which are formed on the metal surface during the course 

of initial corrosion and the later one can be interpreted as oxygen present in the inhibitor 

molecule which is bound to carbon through formation of a complex with copper11. 

A BO 1s
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Figure VI.1.10: XPS deconvolution spectra of Cu 2p for copper sample immersed in 200 

ppm NaCl (A) In the absence of inhibitor (B) in presence of 30 ppm CX as inhibitor.  

(10 day immersion time). 

The deconvolution spectrum of copper in general consists of two peaks. One is 

attributed to Cu 2p3/2 and the other one to Cu 2p1/2. The Cu 2p3/2 peak is employed to 

investigate the oxidation state of copper. Figures VI.1.10A and VI.1.10B show the main 

and the satellite peaks of Cu 2p3/2 and Cu 2p1/2 of copper substrate immersed in corrosive 

environment without and with inhibitor respectively. Based on the standard reference data 

base, the binding energy values for Cu 2p1/2 and Cu 2p3/2 peaks for the pure Cu are located 

between 952.45–952.56 eV and 932.20–933.1 eV, respectively10. For control, we have 

observed the Cu 2p3/2 peak at 933.9 eV, which is higher by 2 eV in comparison to that of 

elemental copper. Therefore, it infers the presence of Cu in the form of Cu (II). Appearance 

A

B
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of strong satellite peaks further supports the presence of Cu (II). It is reported in the 

literature that the Cu 2p3/2 peak for the CuO is between 932.7 eV, 934.6 eV10. We have 

also observed another peak at 932.4 eV, which is ascribed to elemental copper. 

In the presence of inhibitor, we have observed one Cu 2p3/2 peak at 934.2 eV. A 

clear positive shift of 2 eV from that of elemental Cu indicates the presence of Cu in Cu 

(II) form on the surface. This inference is further confirmed by the presence of shakeup 

satellites. In the present investigation, the most probable Cu(II) containing species are 

CuO, Cu(OH)2.and [Cu (II)-CX] complex, which is also a constituent in the surface film. 

The other peak at 932.4 eV is interpreted due to the presence of elemental copper. 

The XPS survey spectrum of the film on copper in the corrosive environment in 

presence of inhibitor also consists peaks due to two other elements namely nitrogen and 

sulphur. The deconvolution spectra for these elements are shown in the figures VI.1.11 

and VI.1.12 respectively. Two distinct peaks are observed for N 1s at 398.9 eV and 400.2 

eV indicating two different nitrogen environments present in the inhibitor molecule. The 

characteristic binding energy value for the nitrogen element is 398.0 eV12,13. Considerable 

shift in the binding energy value signifies the role of the nitrogen atom in the corrosion 

inhibition process by complex formation with metal. The lower binding energy value peak 

is ascribed to nitrogen bound to carbon (C-N) which is a possibility in the present inhibitor 

context (CX), and the higher binding energy value peak is attributed to nitrogen bound to 

copper. It donates its electron pair to Cu2+ to form a coordination complex. Therefore, the 

binding energy of N 1s is increased. It is difficult to remove an electron from the outermost 

shell of nitrogen atom due to bond formation.  

The S 2p deconvolution spectrum consists of two peaks, one at 161.8 eV and other 

one at 162.4 eV, which are ascribed to S 2p3/2 and S 2p1/2 respectively. These peaks 

interpret the presence of sulfur in the surface film. The binding energy value of S 2p3/2 

(161.8 eV) indicates that sulphur is bound to copper 14–16.  
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Figure VI.1.11: XPS deconvolution spectra of N 1s for copper sample immersed in 200 

ppm NaCl in presence of 30 ppm CX as inhibitor. (10 day immersion time). 

 

Figure VI.1.12: XPS deconvolution spectra of S 2p for copper sample immersed in 200 

ppm NaCl in presence of 30 ppm CX as inhibitor. (10 day immersion time). 

Thus, the XPS spectra confirm the formation of [Cu(II)- CX] complex by 

coordination between N and S atoms present in chitin xanthate with Cu (II). 
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VI.1.6: Analysis of the surface film by X- ray diffraction studies (XRD): 

 

Figure VI.1.13: The X-ray diffraction patterns of the surface film formed on copper 

sample immersed in 200 ppm NaCl (A) in the absence (B) in the presence of CX (30 ppm). 

Figure VI.1.13(A) and VI.1.13(B) presents the X-ray diffractograms of the surface 

of copper specimen immersed in  200 ppm NaCl environment in the absence and presence 

of chitin xanthate (CX) respectively. In the absence of inhibitor the difractogram shown 

peaks for base material copper and copper corrosion product (Cu2O) 17,18. The planes 

which represent Cu2O in the spectrum are (1 1 0), (1 1 1) and (2 2 0). The XRD pattern 

doesn’t show any peak for CuO, which is the predominant corrosion product and is 

exhibited in XPS spectrum. This can be explained by the fact that the CuO is only present 

in the topmost layer of the film, XRD  can analyse the film within about 10 µm of the 

surface19. In other words, the XRD can analyse the inner layers of the surface. Since, the 
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inner layers of the corrosion product on the copper surface only contain Cu2O, the XRD 

pattern shows Cu2O peaks only20. 

In the presence of CX as inhibitor the difractogram shows peaks for base material 

copper and the intensities of the peaks of corrosion product Cu2O.are extremely less 

Moreover, only peaks for planes (1 1 0), (1 1 1) are observed. There is no sign of (2 2 0) 

peak in the XRD pattern. This implies that the surface of copper consists of very less 

amount of corrosion product in presence of CX as inhibitor. This result infers that in the 

presence of chitin xanthate, corrosion rate of copper is controlled. 

VI.1.7: Langmuir adsorption isotherm: 

The interaction between the inhibitor molecule (CX) and metal surface can give an 

idea about the inhibition mechanism. Different adsorption isotherm models were taken 

into consideration to understand the inhibition mechanism of CX.  Among them, the 

Langmuir adsorption isotherm model is well fitted (based on the correlation coefficient 

value). The Langmuir adsorption is given in equation (1). 

𝐶

∅
=

1

𝐾𝑎𝑑𝑠
+ 𝐶 … … … … … … … … … (1) 

Here, ∅ is the surface coverage of the inhibitor molecule (Which is obtained by the  

relation, I. E. % =  ∅ 𝑋 100), C is the concentration of CX (the monomer molecular weight 

is taken to calculate the concentration ) and 𝐾𝑎𝑑𝑠 is the equilibrium constant. 

 

Figure VI.1.14: Langmuir adsorption isotherm for the adsorption of chitin xanthate on 

copper surface. 
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Figure VI.1.14 represents 𝐶/∅ 𝑉𝑠 𝐶 plot for adsorption of chitin xanthate on 

copper surface. A linear plot is obtained with a good correlation coefficient value  

(R2= 0.9998), which infers that the adsorption process follows the Langmuir adsorption 

isotherm model.  

VI.1.8: Mechanistic aspects of corrosion and corrosion inhibition: 

The corrosion of metals whether it is mild steel or copper in neutral environment is well 

established 6,21. However, the anodic and cathodic reactions are reproduced below. 

 

This cupric chloride complex further dissolved to form, 

 

When chitin xanthate (CX) is used as an inhibitor, the CX molecules get adsorbed 

on the copper surface through chemisorption. By adsorbing on the metal surface the 

inhibitor molecules form a protective film, by the formation of a coordination complex 

with Cu(II) ions available on copper surface due to initial corrosion. This protective film 

is responsible for the corrosion inhibition. This phenomenon is confirmed by the surface 

analytical studies, which gave a clear evidence for the presence of inhibitor molecule on 

the surface film. The protective film on the copper surface blocks the contact between 

metal and corrosive environment and minimizes the diffusion of ions and molecules to and 

from the metal surface, ultimately imparts corrosion protection of copper in aqueous 

chloride environment22. The plausible interaction mechanism of chitin xanthate with 

copper surface is given in figure VI.1.15. 
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Figure VI.1.15: plausible interaction mechanism of chitin xanthate with copper. 
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Chapter VI 

VI.2. Phosphorylated xanthan gum (PXG) as an inhibitor to control the mild steel 

corrosion in neutral chloride environment. 

In this section we report the chemical modification of xanthan gum into phosphorylated 

xanthan gum and its influence in minimizing the corrosion of mild steel in neutral chloride 

environment. 

VI.2.1: Characterization of phosphorylated xanthan gum (PXG): 

 The synthetic procedure for the chemical modification of xanthan gum has been 

already discussed in the ‘materials and methods’ section of chapter III of this thesis. This 

synthesized phosphorylated derivative was characterized by Fourier Transform Infrared 

spectroscopy (FTIR). The FTIR spectra of xanthan gum and phosphorylated xanthan gum 

are shown in Figure VI.2.1.  

 

Figure VI.2.1: FTIR spectra of (A) xanthan gum and (B) Phosphorylated xanthan gum 

(PXG). 

Figure VI.2.1A presents the FTIR spectrum of xanthan gum and figure VI.2.1B 

shows the FTIR spectrum of phosphorylated xanthan gum (PXG). In the spectrum of PXG, 

a broad band at 3428 cm-1 is assigned to P-OH stretching vibrations. The peak at 1220 cm-

1 is attributed to phosphate group (P=O asymmetric stretching)23, which infers that 

phosphate group has been successfully added on the xanthan gum backbone. The peak at 

1050 cm-1 can be attributed to C-O-P stretching in phosphate ester and the peak at  
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975 cm-1 is due to P-OH stretching. Presence of a broad band between 900 cm-1 to  

1100 cm-1 is also an indication of phosphorylation24. 

 

Phosphorylated xanthan gum (PXG) 

Weight-loss studies, electrochemical impedance studies and potentiodynamic 

polarization studies were carried out to investigate the corrosion inhibition ability. SEM-

EDX, XPS and XRD studies were employed for surface analytical studies.  

VI.2.2: Analysis of the results of weight-loss Studies: 

The ability of phosphorylated xanthan gum (PXG) in inhibiting the corrosion of 

mild steel in 200 ppm NaCl environment has been investigated using the weight-loss 

studies at 30°C after 7 days immersion period. The corrosion rate and inhibition efficiency 

of PXG obtained through weight-loss studies are reported in the table VI.2.1. From the 

experimental data it can be deduced that in presence of PXG the corrosion rate of the mild 

steel in 200 ppm NaCl decreased considerably. This effect is observed in all the tested 

concentrations of PXG. This decrease in corrosion rate reveals that PXG can inhibit the 

corrosion of mild steel in neutral chloride environment. From the table VI.2.1, the weigh-

loss of mild steel in the absence of any inhibitor is found to be 14.24 mg. When a small 

concentration (25 ppm) of PXG is added, the weight-loss of mild steel is decreased 

noticeably to 6.12 mg, acquiring an inhibition efficiency of 57 %. When the concentration 

of PXG is increased to 50 ppm the weight-loss is further decreased to 4.92 mg, with an 

inhibition efficiency of 65 %. For 100 ppm of PXG the weight-loss is 3.12 mg with an 

inhibition efficiency of 78 %. This decrease in weight-loss profile followed up to 150 ppm 

PXG as inhibitor and after that there is a slight increase in weight-loss for 200 ppm PXG 

as inhibitor. The highest inhibition efficiency of 88 % was obtained for 150 ppm PXG as 

inhibitor. This increase in inhibition efficiency as the concentration of inhibitor increased 
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can be explained by an increase in the extent of metal surface coverage by the inhibitor 

molecules. At 150 ppm PXG, the concentration of inhibitor was sufficient to cover the 

metal surface completely. As a consequence, the contact between metal surface and the 

corrosive environment has been efficiently blocked. When the concentration of PXG is 

further increased to 200 ppm, the weight-loss of mild steel is slightly increased and slightly 

higher corrosion rate is observed when compared to the case of 150 ppm PXG. This may 

be explained ass follows. 150 ppm PXG concentration is sufficient and optimum to form 

a protective film. At this concentration PXG molecules form a complex, [Fe(III)-PXG] on 

mild steel surface by interacting with Fe3+ ions available due to initial corrosion of the 

metal. This complex along with iron oxides form a protective film, which completely 

covers the surface. When the concentration of PXG is increased to 200 ppm; 150 ppm 

PXG is sufficient to form the [Fe(III)-PXG] complex, and the remaining PXG molecules 

also compete for sites on the surface. Therefore, the surface film may consist of PXG 

molecules, [Fe(III)-PXG] complex and iron oxides. This film may not be as protective as 

the film consisting of [Fe(III)-PXG] complex and iron oxides.  

 

Table.VI.2.1: Corrosion parameters for mild Steel in 200ppm NaCl in absence and 

presence of different concentrations of phosphorylated xanthan gum obtained from the 

gravimetric method. 

S.No. 

Concentration 

of PXG (ppm) 

Weight -

loss(mg) 

Corrosion 

Rate(mdd) 

Corrosion Rate 

(mmpy) 
I.E.% 

1 0 14.24 20.49 0.09513 - 

2 25 6.12 8.80 0.04088 57 

3 50 4.92 7.08 0.03282 65 

4 100 3.12 4.49 0.02079 78 

5 150 1.73 2.49 0.01151 88 

6 200 2.51 3.61 0.01676 82 

VI.2.3: Analysis of the results of Electrochemical Studies: 

Electrochemical Impedance Studies 

The electrochemical impedance studies were performed at the open circuit 

potential in the absence and presence of various concentrations of phosphorylated xanthan 
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gum (PXG) in neutral aqueous chloride environment. Although the impedance studies 

were done at different immersion periods in the range from 1 hour to 48 hours with a six 

hour interval. It was found that 24 h immersion time was adequate to afford the highest 

inhibition efficiency. Therefore, 24 h immersion time was fixed as the immersion time in 

the impedance studies. 

The Nyquist plots for mild steel specimen immersed in 200 ppm sodium chloride 

environment in the absence and presence of different concentrations of phosphorylated 

xanthan gum (PXG) as inhibitor are presented in the figure VI.2.2. The corresponding 

Bode plots are presented in figure VI.2.3. Figure VI.2.3A represents the Bode plots in the 

form of total impedance vs frequency and figure VI.2.3B represents the Bode plots in the 

form of phase angle vs frequency. The experimental values have been fitted with different 

equivalent circuits in order to obtain the best fit and calculate various corrosion parameters. 

The experimental data fitted well with the simple Randles equivalent circuit with a very 

low error. The simple Randles circuit is shown in the figure VI.2.4. Similar equivalent 

circuit was also reported by other researchers25,26 in this field. The equivalent circuit 

consists of solution resistance (Rs), charge transfer resistance (Rct), and a constant phase 

element (CPE). The calculated corrosion parameters from EIS data are reported in the table 

VI.2.2. 

 

Figure VI.2.2: Nyquist plots of mild steel sample immersed in 200 ppm NaCl (a) control 

(b) in presence 25 ppm PXG (c) 50 ppm PXG (d)  100 ppm PXG (e) 150 ppm PXG (f) 

200 ppm PXG (24 h immersion period). 
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From the figure VI.2.2, it can be observed that in all the cases, whether it is in the 

absence of inhibitor or in presence of various concentrations of PXG as inhibitor, the plots 

are of depressed semi-circular pattern whose centre is below the horizontal axis. In 

presence of inhibitor the diameter of the depressed semicircle is increased when compared 

to control. Moreover, the diameter of the depressed semi-circle is increased with an 

increase in concentration of the inhibitor. In the absence of inhibitor we have got a charge 

transfer resistance of 2.0 kΩ cm2, which has been increased considerably in the presence 

of inhibitor at all concentrations. In the presence of 25 ppm PXG, the Rct value is increased 

to 4.1 kΩ cm2 acquiring an inhibition efficiency of 50 %. As the concentration of the 

inhibitor is increased up to 150 ppm PXG, the Rct is increased even more in a linear profile. 

In the presence of 50 ppm PXG the value is further increased to 5.3 kΩ cm2, with an 

inhibition efficiency of 61 %. Highest inhibition efficiency of 93 % is observed at 150 ppm 

of PXG concentration with a charge transfer value of 19.9 kΩ cm2. The Rct value observed 

is slightly less when 200 ppm PXG is used as inhibitor, as compared to 150 ppm PXG. 

The reason for a slight decrease in the efficiency of the inhibitor with increase in 

concentration form 150 to 200 ppm PXG has already been explained in the section VI.2.2 

under the ‘analysis of results of weight-loss studies’ The increase in the Rct value in 

presence of inhibitor is because of the minimization of metal dissolution in presence of 

inhibitor. This result is a consequence of the formation of a protective film by the inhibitor 

molecules. The addition of inhibitor decreased the double layer capacitance (Cdl). This 

decrease in Cdl is attributed to the replacement of adsorbed water molecules on the metal 

surface by the inhibitor molecules, which have low dielectric constant. These results infer 

the adsorption of inhibitor on the metal | solution interphase. 

Figure VI.2.3A represents the Bode plots from which we can observe that the total 

impedance value is increased significantly when PXG is added as the inhibitor. As the 

concentration of PXG is increased, the total impedance value is also increased indicating 

the minimization of charge transfer from metal to solution phase and from solution phase 

to metal. However, the total impedance is reduced with increase in concentration from 150 

to 200 ppm. It is also interesting to note that the charge transfer region has shifted to low 

frequency range namely 1Hz to 10 mHz when high concentrations of PXG are used as 

inhibitor. 
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Figure VI.2.3: (A) Bode plots (Total impedance vs frequency) for mild steel specimen in 

200 ppm NaCl (a) in the absence of inhibitor (b) in presence 25 ppm PXG (c) 50 ppm 

PXG (d)  100 ppm PXG (e) 150 ppm PXG (f) 200 ppm PXG (24 h immersion period). 

 

 

Figure VI.2.3: (B) Bode plots (Phase angle vs frequency), for mild steel specimen in 200 

ppm NaCl (a) in the absence of inhibitor (b) in presence 25 ppm PXG (c) 50 ppm PXG (d)  

100 ppm PXG (e) 150 ppm PXG (f) 200 ppm PXG (24 h immersion period). 
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Figure VI.2.4: Equivalent circuit used (Simple Randles Circuit) 

Rs- Solution Resistance,   Rct - Charge transfer resistance, CPE - Constant phase element. 

Figure VI.2.3B shows the Bode plots (Phase angle vs frequency). From the curves 

it can be interpreted that the addition of PXG as inhibitor increased the phase angle 

maximum to higher values. The phase angle maximum is around 35º in the case of control, 

which has been increased to 70º in presence of 150 ppm PXG as inhibitor. The formation 

of a protective film on the metal surface in presence of PXG contributed to increase in the 

phase angle maximum.  

From the table VI.2.2, we can also observe an increase in the ‘n’ value when PXG 

is added as inhibitor when compared to control. The ‘n’ value for control is observed as 

0.557. Such a low value of n indicates mass transport from metal to solution. Even in the 

presence of inhibitor the highest ‘n’ value observed is 0.726, which is however less than 

‘1’. This result indicates significant improvement of the surface homogeneity in presence 

of PXG, which is a consequence of the adsorption of PXG molecule on the metal surface 

to form a protective film. 

Table VI.2.2: Impedance parameters for mild steel in 200ppm aq. NaCl solution in the 

absence and presence of different concentrations of PXG. 

S.No. 
Concentration 

of PXG (ppm) 
Rct(kΩ cm2) Cdl(µF cm-2) n I.E.% 

1 0 2.0 21.5 0.557 - 

2 25 4.1 20.1 0.630 50 

3 50 5.3 15.6 0.708 61 

4 100 7.1 14.9 0.726 71 

5 150 27.4 13.8 0.677 93 

6 200 19.9 13.5 0.659 90 
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Potentiodynamic polarization studies: 

The cathodic and anodic Tafel curves for mild steel specimen immersed in 200 

ppm NaCl environment in the absence and presence of different concentrations of PXG at 

a pH of 7 and a temperature of 30±0.1ºC are shown in the figure VI.2.5. The corrosion 

parameters have been calculated from the polarization curves by extrapolating the cathodic 

and anodic Tafel regions. The calculated corrosion parameters such as corrosion potential 

(Ecorr), corrosion current density (jcorr), anodic Tafel slope (βa) and cathodic Tafel slope 

(βc) are listed in table VI.2.3. The corrosion current density (jcorr) values have been used 

to calculate the corrosion inhibition efficiencies in the presence of PXG as inhibitor.  

 

Figure VI.2.5: Potentiodynamic polarization curves for mild steel specimen immersed in 

200 ppm NaCl solution (a) in the absence of inhibitor (b) in presence 25 ppm PXG (c) 50 

ppm PXG (d) 100 ppm PXG (e) 150 ppm PXG. 

From the potentiodynamic polarization curves, it can be observed that in presence 

of PXG as inhibitor, anodic and cathodic current densities are shifted towards lower values 

at all the concentrations of the inhibitor. This result indicates that PXG inhibits the 

corrosion of mild steel in 200 ppm NaCl environment. When the inhibitor is not used, the 

corrosion potential of mild steel specimen immersed in 200 ppm NaCl is found to be  

-359.9 mv vs Ag|AgCl (3M KCl) and the corresponding corrosion current density is  

10.3 µA cm-2. When PXG is used as inhibitor, the corrosion potential values are shifted 

from that of control but not in a regular manner. The corrosion current density values are 
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decreased considerably at all the concentrations and they are found to be in the range of 

4.8 to 1.0 µA cm-2. This result suggests that the current passed through the system by 

virtue of the metal dissolution and charge transfer from the solution to the metal surface 

has decreased in the presence of PXG. The lowest current density value was found to be 

1.0 µA cm-2 for 150 ppm of PXG as inhibitor, which affords the highest inhibition 

efficiency of 90 %. 

Table VI.2.3: Corrosion parameters obtained from potentiodynamic polarization studies 

for mild steel specimen immersed in 200 ppm NaCl in absence and presence of various 

tconcentrations of PXG (Phosphorylated xanthan gum) 

Concentration 

of (PXG) 

(ppm) 

Ecorr 

(mV) 

Jcorr  

(µA cm-2) 

βc  

(mV dec-1) 

βa  

(mV dec-1) 
I. E.% 

0 -359.9 10.3 -281 186 - 

25 -355.4 4.8 -188 175 54 

50 -320.8 3.5 -220 125 66 

100 -371.1 1.7 -146 139 84 

150 -319.7 1.0 -129 101 90 

When we compare the anodic and cathodic Tafel slopes (βa and βc) in presence of 

PXG as inhibitor with those of control, we can infer that in presence of inhibitor both the 

βa and βc values are decreased significantly. This result indicates clearly that, the inhibitor 

has controlled both the anodic and cathodic corrosion processes. By taking this result also 

into account, it can be inferred that PXG as inhibitor affects the kinetics of both iron 

dissolution and oxygen reduction. This nature of the inhibitor makes it as a mixed type 

inhibitor, which retards both the anodic and cathodic corrosion processes efficiently. 

VI.2.4: Analysis Surface morphology by scanning electron microscopy and EDX: 

The surface topography of the mild steel specimens immersed in 200 ppm NaCl 

for 7 days in the absence and presence of 150 ppm PXG as inhibitor has been studied using 

scanning electron microscopy (SEM) and the surface films formed during corrosion and 

inhibition process have been analyzed by energy dispersive X-ray spectroscopy (EDX). 

Figure VI.2.6A shows the surface micrographic image of the polished mild steel specimen. 

Figure VI.2.6B depicts the SEM image of mild steel specimen after immersing it in 200 

ppm NaCl for 7 days and the figure VI.2.6C represents the SEM image of mild steel 
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immersed in 200 ppm NaCl along with 150 ppm PXG as inhibitor. These SEM images 

show clear evidence that when the metal samples are immersed in the corrosive 

environment along with PXG, the surface does not show any damage and only the inhibitor 

film can be seen on the metal surface. Because of very less corrosion rate the smoothness 

of the surface is retained in presence of PXG. 

 

Figure VI.2.6: Scanning Electron Microscopic images of mild steel (A) polished sample 

(B) immersed in 200 ppm NaCl. (C) Immersed in 200 ppm NaCl with 150 ppm of PXG. 

(X10,000 magnification). 

Figure VI.2.7A represents the energy dispersive X-ray spectrum (EDX) of the 

surface of mild steel specimen immersed in 200 ppm NaCl in the absence of any inhibitor. 

Whereas, figure VI.2.7B represents the energy dispersive X-ray spectrum of mild steel 

surface immersed in 200 ppm NaCl along with 150 ppm PXG as inhibitor. Both these 

spectra represent the composition of the surface film on the mild steel. In the absence of 

inhibitor, the intensity of the oxygen peak is much higher when compared to the oxygen 

peak in the presence of inhibitor. This result interprets the presence of iron oxides which 

are present in the corrosion product. Small peaks due to C and Mn are due to the elements 

present in mild steel. In presence of PXG (figure VI.2.7B), the surface film consists of 

carbon, oxygen and phosphorous along with iron. These three elements are the constituents 

of the inhibitor molecule namely phosphorylated xanthan gum. This result confirms that 

the surface film consists of the inhibitor molecule along with oxides and hydroxides of 

iron. However, as the intensity of the oxygen peak is much less than that of the control, 

the amount of oxides and hydroxides of iron is much less in the inhibited film. Moreover, 

it may also be noted that oxygen is also present in the structure of the xanthan gum. This 

oxygen also contributes to the oxygen peak intensity in EDX spectrum of the surface film. 

A B C

2 μm2 μm2 μm
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Figure VI.2.7: EDX spectrum of mild steel specimen immersed in 200 ppm NaCl 

environment (A) without inhibitor (B) With 150 ppm of PXG. 

The SEM and EDX spectrum of mild steel in presence of PXG give a clear 

evidence that the surface smoothness has been retained even after 7 days of immersion in 

the corrosion environment and there is formation of a surface film which is protective in 

nature. This protective film constitutes the inhibitor molecule (PXG). This protective film 

prevents the metal surface from corrosion in the corrosive environment. 

VI.2.5: Surface analysis by X-ray photoelectron spectroscopic studies (XPS): 

The films formed on the mild steel surface during the seven days immersion in 200 

ppm NaCl in the absence and presence of 150 ppm PXG have been characterized using X-

ray photoelectron spectroscopy. Figures VI.2.8A and IV.2.8B present the survey spectra 

in the absence and presence of PXG respectively.  



Chapter VI 
 

141 
 

 

Figure VI.2.8: XPS survey spectrum of mild steel specimen immersed in 200 ppm NaCl 

(A) in the absence of inhibitor, (B) in the presence of 150 ppm PXG. 

The survey spectrum of mild steel without any inhibitor comprises of carbon, 

oxygen, chorine and iron peaks. The carbon peak is only due to contamination in the 

vacuum chamber. This contamination is mainly because of the cracking of vacuum oil 

during recording of the XPS spectrum. Whereas, the survey spectrum of mild steel 

immersed in the corrosive environment in the presence of 150 ppm PXG shows the peaks 

of carbon, oxygen, iron and phosphorous. This result reveals that the surface film in the 

presence of inhibitor consists of inhibitor molecules. The corresponding deconvolution 

spectra for each of the elements are shown in the figures VI.2.9 to VI.2.12.  
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Figure VI.2.9: XPS deconvolution spectra of C 1s for mild steel sample immersed in (A) 

200 ppm NaCl (B) 200 ppm NaCl along with 150 ppm PXG. 

 Figure VI.2.9A represents C 1s deconvolution spectrum for control which consists 

a single peak at a binding energy value of 284.6 eV, which is attributed to the contaminant 

carbon due to cracking of vacuum oil during the measurement10. Whereas, C 1s 

deconvolution spectrum in the presence of PXG consists of three distinguishable peaks. 

The first peak appeared at a binding energy value of 284.2 eV. The second peak appeared 

at 284.8 eV and the third peak with a low intensity appeared at 287.8 eV. Presence of three 

different peaks can be attributed to the presence of three different carbon environments in 

the protective film. The inhibitor molecule consists of different types of carbon 

environments mainly C-O, C-H, and C=O. The peak at 284.8 eV can be interpreted as the 

peak due to C – C and C – H 27 and the peak at 287.8 eV can be assigned to C=O peak 28 

which is present in the backbone structure of xanthan gum molecule. 

A

B
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Figure VI.2.10: XPS deconvolution spectra of O1s for mild steel sample immersed in (A) 

200 ppm NaCl (B) 200 ppm NaCl along with 150 ppm PXG. 

Figure VI.2.10A represents the deconvolution spectrum of O 1s in the case of 

control, which consists of two peaks, one peak at a binding energy value of 530.1 eV and 

another one at a binding energy value of 533.0 eV. The peak located at a lower binding 

energy value (530.1 eV) can be attributed to O2- and can be related to the bond with Fe3+ 

in iron oxides and hydroxides (Fe2O3, Fe3O4). The peak located at higher binding energy 

value (533.0 eV) can be ascribed to oxygen atoms of the adsorbed water molecules. 

Whereas, the O 1s deconvolution spectrum in presence of 150 ppm PXG as inhibitor 

consists of two distinguishable peaks, one at 531.5 eV and the other one at 533.0 eV. The 

former one can be due to oxygen in hydrous iron oxides, such as FeOOH, Fe(OH)3 
29, and 

some contribution from the oxygen present in the PXG inhibitor molecule. The peak at 

533 eV may be due to oxygen present in the PXG molecule, which contains different 

oxygen environments. 

A B
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Figure VI.2.11: XPS deconvolution spectra of Fe 2p for mild steel sample immersed in 

(A) 200 ppm NaCl (B) 200 ppm NaCl along with150 ppm PXG. 

The computer deconvolution spectrum of the Fe 2p of control is shown in figure 

VI.2.11A. The Fe 2p3/2 peak can be seen at 710.8 eV and a peak at 724.2 eV corresponds 

to the Fe 2p1/2. There is a large shift in the binding energy value of Fe 2p3/2 from the 

characteristic elemental binding energy value of 707.0 eV. This shift of 3.8 eV suggests 

that iron is present as Fe(III) in the form of ferric oxide and hydroxide. Indeed, the peak at 

a binding energy of 710.8 eV has been attributed to ferric compounds such as Fe2O3, Fe3O4 

and FeOOH in the literature30,31.  The peak located at 724.2 eV is attributed to the presence 

of a small concentration of FeCl3 on the metal surface32. This can also be supported by the 

presence of a chlorine peak in the XPS survey spectrum. FigureVI.2.11B illustrates the Fe 

2p deconvolution spectrum of the surface film in the presence of 150 ppm PXG, which 

also consists of two peaks, the Fe 2p3/2 peak at 710.9 eV and the Fe 2p1/2 peak at 724.8 eV. 

A

B
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The Fe 2p3/2 peak can be attributed to the iron present in the Fe(III)- PCT complex, and 

iron present in the oxides and hydroxides (Fe2O3, Fe3O4 and FeOOH), which may also be 

present in the surface film due to initial corrosion of iron. There is no peak due to elemental 

iron in the case of control or in the presence of the inhibitor formulation.  

 

Figure VI.2.12: XPS deconvolution spectra of P 2p for mild steel sample immersed in 200 

ppm NaCl along with 150 ppm PXG as inhibitor. 

Figure VI.2.12 depicts the P 2p computer deconvolution spectrum of the surface 

film in the presence of 150 ppm PXG. The spectrum shows two peaks, one at 132.9 eV 

and the other one at 134.6 eV. The peak at 132.9 is mainly because of phosphate group 

present in the PXG molecule. The peak at 134.6 eV can be attributed to phosphates of 

iron(III) which are the main components of the complex in the protective film formed on 

the mild steel surface33–36. Based on the literature reports, the characteristic binding energy 

value of this coordinate phosphate is around 134.2 eV37–39. With all these evidences from 

the XPS deconvolution spectra of C, O, Fe and P in the present study, the presence of PXG 

in the protective film formed on mild steel surface is confirmed. 

VI.2.6: Analysis of the surface film by X- ray diffraction studies (XRD): 

Figures VI.2.13(A) and VI.2.13(B) show the X-ray diffractograms of the surface 

film formed on mild steel when immersed in 200 ppm NaCl environment without and with 

200 ppm of PXG inhibitor respectively. 
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Figure VI.2.13: The X-ray diffraction patterns of the surface film formed on mild steel 

sample immersed in 200 ppm NaCl (A) in the absence (B) in the presence of PXG (150 

ppm). 

The XRD pattern shows prominent iron (Fe) peaks at (1 1 0) and (2 0 0) planes in 

both the cases, since mild steel is the alloy in the present study. Along with these iron 

peaks, the XRD pattern in control also shows peaks for corrosion product, 

 Fe3O4 
40,41 in the planes (3 1 1), (4 4 0), (4 0 0) and (5 1 1). Whereas, The XRD pattern of 

mild steel surface in the presence of PXG shows almost, dissapearence of the Fe3O4 peaks 

as the intensities are so less when compared with the intensities of iron (1 1 0). This result 

infers that the surface is less corroded in presence of 200 ppm PXG. It is also intresting to 

note that the decrease in peak intensities is higher in presencce of PXG when compared 
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with the other inhibitor formulation namely PCT and Zn2+ in controlling corrosion of mild 

steel in neutral chloride environment. 

VI.2.7: Langmuir adsorption isotherm: 

The interaction of PXG molecule with mild steel surface can give an idea about the 

inhibition mechanism by PXG molecules. Different adsorption isotherm models were 

taken into consideration to understand the inhibition mechanism of PXG and among them 

Langmuir adsorption isotherm model is well fitted (based on the R2 value). The Langmuir 

adsorption isotherm equation is already given in the equation (1) in this chapter. 

In the present case ∅ is the surface coverage of the inhibitor molecule (Which is obtained 

by the relation, I. E. % =  ∅ 𝑋 100), C is the concentration of PXG (mgL-1) and 𝐾𝑎𝑑𝑠is the 

equilibrium constant. 

 

Figure VI.2.14: Langmuir adsorption isotherm for the adsorption of PXG on mild steel 

surface. 

Figure VI.2.14 shows 𝐶/∅ 𝑉𝑠 𝐶 plot. A linear plot is obtained with a good 

correlation coefficient value (R2= 0.9903), which infers that the adsorption process follows 

Langmuir adsorption isotherm model. 

VI.2.8: Mechanistic aspects of corrosion and corrosion inhibition: 

The mechanism of corrosion of mild steel in nearly neutral aqueous medium in the 

absence of any inhibitor is well established42,43. However, the anodic and cathodic 

reactions are reproduced below. 
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When Phosphorylated xanthan gum (PXG) is added to the aqueous NaCl solution, 

the PXG molecules diffuse to the metal surface and get chemisorbed. The chemisorbed 

PXG molecule form a complex with Fe(III) ions present on the metal surface through the 

P and O donor atoms present in PXG. This complex film blocks the contact between the 

metal surface and the corrosive environment. This phenomenon minimizes the diffusion 

of ions or molecules to and from the metal surface and protects mild steel from corrosion.  

 PXG   + Fe (III)                      [Fe (III)–PXG]…. (9) 

The protective film may consist of the [Fe(III)-PXG] complex and ferric hydroxide. 
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CHAPTER – VII 

SUMMARY AND CONCLUSIONS 

During the course of this research study, we have developed five different  

eco-friendly corrosion inhibitor systems based on naturally occurring polymers. To 

develop these inhibitor systems, we have chemically modified three selected biopolymers 

namely chitin, chitosan and xanthan gum. We have studied the corrosion inhibition ability 

of the inhibitor formulations based on these chemically modified biopolymers for mild 

steel and copper in selected corrosive environments as per the details shown in the table 

below. 

S.No. 
New inhibitor formulation 

developed in  the present study 
Metal/alloy Corrosive environment 

1 
Phosphorylated Chitin (PCT) 

(PCT) + Zn2+ ions 
Mild steel aq. NaCl (200 ppm) 

2 Phosphorylated Chitin (PCT) Copper aq. NaCl (200 ppm) 

3 
Chitosan Ascorbate Ketimine (CAK) 

+ Cu2+ ions 
Mild Steel 1M HCl 

4 Chitin Xanthate (CX) Copper aq. NaCl (200 ppm) 

5 Phosphorylated Xanthan gum (PXG) Mild steel aq. NaCl (200 ppm) 

The synergistic effect of phosphorylated chitin (PCT) and Zn2+ ions was studied in 

controlling the corrosion of mild steel in aqueous 200 ppm NaCl environment. We have 

studied the synergistic effect of chitosan ascorbate ketimine (CAK) and Cu2+ ions in 

controlling the corrosion of mild steel in 1 M HCl environment. 

The methodologies employed to study the corrosion inhibition ability of the 

selected inhibitor formulations, are gravimetric studies (weight-loss studies), 

electrochemical impedance studies (EIS) and potentiodynamic polarization studies. The 

surface morphological studies were carried out using scanning electron microscopy (SEM) 

and the analysis of the films formed during the course of corrosion and inhibition processes 

has been carried out using energy dispersive X-ray spectroscopy (EDX), X-ray 

photoelectron spectroscopy (XPS) and X- ray diffraction (XRD). 

The synergistic effect of PCT and Zn2+ in controlling the corrosion of mild steel in 

neutral chloride environment was studied using weight-loss (gravimetric) measurements. 

The results of weight-loss studies established the synergistic effect of PCT and Zn2+ in 
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controlling corrosion of mild steel in neutral chloride environment. The binary system 

consisting of 200 of ppm PCT and 100 ppm of Zn2+ ions afforded an inhibition efficiency 

of 93 %. 

From the EIS results, the Nyquist plots obtained are depressed semi-circles with 

one time constant. From the results, it is also quite evident that PCT possesses excellent 

synergism with Zn+2 ions. The inhibition efficiency increased from 83 % in case of  

200 ppm PCT to 94 % in case of 200 ppm PCT+100 ppm of Zn+2. From the 

potentiodynamic polarization studies, it can be inferred that in presence of inhibitor the 

corrosion potential values are shifted towards more negative direction with respect to the 

control. Both the anodic and cathodic current density values are reduced and both the 

anodic and cathodic Tafel slopes are changed in the presence of inhibitor formulation. 

These results infer that the inhibitor formulation acts as a mixed inhibitor, predominantly 

cathodic in nature. The polarization studies showed that PCT+Zn2+ combination afforded 

an inhibition efficiency of 93 %. Thus, weight-loss studies, impedance studies and 

polarization studies confirmed that the PCT+Zn2+ is a promising corrosion inhibitor for 

mild steel in neutral chloride (200 ppm) environment.  

The SEM images of mild steel after immersing in corrosive environment with  

200 ppm P-Chitin, and 200 ppm P-Chitin in combination with 100 ppm Zn2+ clearly show 

the retention of surface smoothness and absence of any corrosion product, when compared 

with the SEM images of mild steel immersed in control. Analysis of the XPS 

deconvolution spectra of the individual elements present in the surface film formed on the 

mild steel in presence of binary inhibitor formulation inferred that the protective film 

consists of the complex, (Fe 3+-Zn 2+-P-chitin), Zn(OH)2 as well as small amounts of oxides 

and hydroxides of Fe(III). The adsorption process obeys Langmuir adsorption isotherm 

model with an excellent regression coefficient value of 0.9999. Based on all the 

experimental results the plausible mechanism of the corrosion inhibition process has been 

discussed, in which we have tried to explain the reasons for inhibition effect and 

synergistic effect between PCT and Zn2+ ions. 

The second inhibitor system developed in the present study was phosphorylated 

chitin (PCT) as a corrosion inhibitor to control the corrosion of copper in neutral chloride 

environment. The weight-loss studies inferred that PCT inhibited the dissolution of copper 

in chloride environment and an inhibition efficiency of 88 % has been obtained with 200 

ppm of PCT. Further increase in the concentration of the PCT has no effect on the 
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inhibition efficiency. 

The Nyquist plots obtained from impedance studies are depressed semi-circles with 

two time constant. Analysis of the results of EIS studies inferred that PCT exhibited good 

inhibition efficiency for copper corrosion in neutral chloride environment. We have 

obtained a maximum inhibition efficiency of 92 % when 200 ppm PCT was used as an 

inhibitor. Polarization studies indicated that by the addition of different concentrations of 

PCT, the corrosion rate of copper is decreased significantly, with highest inhibition 

efficiency of 89 % for 200 ppm PCT. Polarization studies also indicated that PCT acts as 

a mixed type inhibitor for copper corrosion in neural chloride environment. 

The SEM studies revealed that in the presence of 200 ppm PCT the copper surface 

retained its smoothness even after 10 days of immersion in corrosion environment. The 

EDX studies inferred that in the presence of 200 ppm PCT, the composition of the 

protective film consists of phosphorous, nitrogen, carbon and oxygen, which are present 

in the adsorbed inhibitor molecule. Analysis of the XPS survey spectrum showed 

additional peaks of P and N in the presence of inhibitor along with C 1s, O 1s and Cu 2p 

peaks. The XPS deconvolution spectra of the individual elements present in the surface 

film formed on the copper in presence of inhibitor (200 ppm) inferred that the protective 

film consists of the complex, (Cu(II)-P-chitin), as well as oxides and hydroxides of Cu(II).  

Langmuir adsorption isotherm model is well fitted in this case also with a 

regression coefficient value of 0.9968. Based on all the experimental results a plausible 

mechanism of the corrosion inhibition process has been discussed, in which we have tried 

to explain the reasons for the inhibition effect. 

The third inhibitor system developed in the present study was chitosan and ascorbic 

acid along with Cu2+ ions to combat the corrosion of mild steel in 1 M HCl environment. 

The weight-loss studies established the synergistic effect between chitosan ascorbate 

ketimine (CAK) and Cu2+ ions. When chitosan and ascorbic acid are mixed with each 

other, there is formation of chitosan ascorbate ketimine (CAK). From results of weight-

loss studies it is found that chitosan ascorbate ketimine (CAK) decreases the corrosion rate 

of mild steel in 1 M HCl when compared with the control. Moderate inhibition efficiency 

was observed in presence of CAK. Whereas, the corrosion rate of carbon steel is even 

more reduced and highest inhibition efficiency of 86 % is obtained when 50 ppm of Cu2+ 

ions were added to the CAK solution. This result indicates that the CAK has a synergistic 

relation with Cu2+ions in controlling the corrosion of mild steel in 1 M HCl.  



Chapter VII 
 

156 
 

From the EIS studies, the Nyquist plots showed depressed semicircle whose centre 

is under the horizontal line with two-time constant system. Analysis of EIS studies inferred 

that CAK showed excellent synergistic relation with Cu2+ in controlling the corrosion of 

mild steel in 1 M HCl environment. The inhibition efficiency increased from 69 %  

(200 ppm chitosan + 400 ppm ascorbic acid) to 89 % (200 ppm chitosan + 400 ppm 

ascorbic acid+ 50 ppm Cu+2). From the results of potentiodynamic polarization studies, it 

can be inferred that CAK and CAK+ Cu2+ systems act as mixed type inhibitors. 

Potentiodynamic polarization studies also revealed very good corrosion inhibition of mild 

steel in 1 M HCl in the presence of CAK+Cu2+. 

The SEM studies of the mild steel surface indicate that the surface retained its 

smoothness in presence of CAK as well as CAK+ Cu+2 formulations when compared to 

control. The corresponding EDX spectra inferred that the surface film comprises of the 

elements of the inhibitor formulation. Analysis of the XPS survey spectrum in presence of 

inhibitor formulation shows additional peaks for N, Cu and an increase in the intensity of 

oxygen peak. The XPS deconvolution spectra of the individual elements present in the 

surface film infer that in the presence of inhibitor formulation the protective film may 

consist of [Fe(III),Cu(II)-CAK] complex, [Cu(II)-CAK] complex and [Fe(III)-CAK] 

complex. Based on all the experimental results a plausible mechanism of the corrosion 

inhibition has been discussed, in which we have tried to explain the reasons behind 

synergistic effect and process of inhibition. 

The fourth inhibitor system developed in the present study was chitin xanthate 

(CX) as a corrosion inhibitor to combat corrosion of copper in neutral chloride 

environment. From the analysis of weight-loss studies, it is established that chitin xanthate 

works efficiently in controlling the corrosion of copper in 200 ppm NaCl environment. An 

inhibition efficiency of 95 % was obtained at a concentration of 30 ppm of CX. 

The Nyquist and Bode plots of copper immersed in 200 ppm NaCl along with 

different concentrations of chitin xanthate (CX) showed no signs of Warburg behaviour, 

indicating the absence of diffusion process. Whereas, in control solution Warburg 

behaviour was observed. There is a significant increase in the Rct value in presence of 

chitin xanthate at all concentrations. An inhibition efficiency of 92 % was obtained at 30 

ppm chitin xanthate. From the potentiodynamic polarization studies, it is inferred that the 

CX acts as a mixed type inhibitor, predominantly anodic in nature. The highest inhibition 

efficiency of 91 % was obtained for the 30 ppm CX from the polarization studies. 
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The surface morphological study by SEM revealed that in the presence of chitin 

xanthate, the surface is relatively smooth and does not exhibit any pit nor any sign of 

corrosion. From the corresponding EDX spectrum it was found that carbon, nitrogen and 

sulphur are present along with copper in the surface film. Analysis of the results of XPS 

studies inferred that in the presence of chitin xanthate the surface films formed consists of 

a complex of Cu(II)-CX along with oxides and hydroxides of copper. The adsorption of 

CX on copper obeys Langmuir adsorption isotherm model with a regression coefficient 

value of 0.9998. Based on all the experimental results a plausible mechanism of corrosion 

inhibition process has been discussed. 

The fifth inhibitor system developed in the present study was phosphorylated 

xanthan gum (PXG) as inhibitor for the corrosion of mild steel in neutral chloride 

environment. The results of the weigh-loss studies inferred that PXG inhibited the 

corrosion of mild steel in neutral chloride environment and showed the highest inhibition 

efficiency of 88 % at a concentration of 150 ppm PXG.  

The Nyquist plots are depressed semi-circles with one time constant. From analysis 

of the results it can be concluded that PXG works excellently in controlling the corrosion 

of mild steel. An inhibition efficiency of 93 % was obtained when 150 ppm PXG is used. 

Polarization studies indicated that PXG acts as a mixed type inhibitor, and the maximum 

inhibition efficiency of PXG (150 ppm) was found to be 90 %. 

The surface morphological studies of mild steel specimens by SEM inferred that 

the surface has retained its smoothness in presence of 150 ppm PXG as inhibitor. The 

corresponding EDX spectrum showed the presence of phosphorus peak in presence of 

inhibitor along with carbon, oxygen and iron peaks. From the analysis of the results of 

XPS studies and deconvolution spectra of individual elements, it is inferred that the 

inhibitor molecules (PXG) are the major constituents of the surface film formed on the 

mild steel. Adsorption of PXG on mild steel surface follows Langmuir adsorption isotherm 

model with a regression coefficient value of 0.9903. The mechanistic aspects were 

discussed. 

The newly developed inhibitor systems in the present study along with the 

corresponding metal, corrosive environment and inhibition efficiencies obtained from 

different methods are presented in table VII.1. 

It may be noted that in the weight-loss studies, the immersion period was 7 days 

for mild steel in the said corrosive environments and it was 10 days for copper in the said 
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corrosive media. However, the immersion period in impedance studies, polarization 

studies was 24 h only. 

Table VII.1: Newly developed inhibitor systems and their inhibition efficiencies from 

different methods. 

S.No. 
Inhibitor 

formulation 
Metal/alloy 

Corrosive 

environment 

Inhibition efficiency 

Weight-loss 

Studies 

EIS 

Studies 

Polarization 

Studies 

1 PCT+ Zn2+ Mild steel aq. NaCl 92 % 94 % 93 % 

2 PCT Copper aq. NaCl 88 % 92 % 89 % 

3 CAK+ Cu2+ Mild Steel 1M HCl 86 % 89 % 88 % 

4 Chitin Xanthate Copper aq. NaCl 96 % 92 % 92 % 

5 
Phosphorylated 

Xanthan gum 
Mild steel aq. NaCl 88 % 93 % 90 % 

 

CONCLUSIONS OF THE PRESENT STUDY 

1. All the five newly developed inhibitor systems are proved to be excellent corrosion 

inhibitors for the respective metal or alloy in the selected corrosive environment. 

All the inhibitor formulations afforded very high inhibition efficiencies. Thus, one 

of the objectives of the present study, i.e. development of environment-friendly 

corrosion inhibitors based on naturally occurring polymers is achieved. 

2. From the present study, the synergistic relationship between phosphorylated chitin 

and Zn2+ ions in controlling the corrosion of mild steel in 200 ppm NaCl is 

established. The formulation works excellently in controlling the corrosion. 

3. The synergistic relationship between chitosan ascorbate ketimine (CAK) and Cu2+ 

ions in controlling the corrosion of mild steel in 1 M HCl is established.  

4. From the Nyquist plots obtained in EIS studies, a single time constant was 

identified for the inhibitor formulations namely, PCT+Zn2+ for mild steel corrosion 

in 200 ppm NaCl and PXG for the corrosion of mild steel in 200 ppm NaCl. 

Whereas, two time constant was identified for the inhibitor formulations namely, 

PCT for corrosion of copper in 200 ppm NaCl, CX for corrosion of copper in 200 

ppm NaCl and CAK+Cu2+ for corrosion of mild steel in 1 M HCl. 
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5. Potentiodynamic polarization studies show that all the inhibitor systems function 

as mixed type inhibitors by retarding both the anodic and cathodic corrosion 

processes. 

6. SEM-EDX and XPS studies inferred that all the inhibitor systems have formed 

protective films on the metal or alloy surface. These films have successfully 

hindered the contact between metal and corrosive environment and thus protected 

the metal or alloy from corrosion.  

7. The results of surface analytical studies namely SEM, EDX, XPS and XRD provide 

a comprehensive understanding of the protective film and the mechanistic aspects 

of corrosion protection by each of the new inhibitors developed in the present 

study. 

8. In all the inhibitor formulation studied, the adsorption process of the inhibitor 

molecules on the metal surface follows Langmuir adsorption isotherm model. 

9. The mechanistic aspects of corrosion control of mild steel and copper by the new 

inhibitor formulations have been discussed. In case of all the inhibitor formulations 

the inhibitor gets chemisorbed on the metal surface and forms an insoluble 

coordinated complex with the metal ions. 
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