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Introduction

INTRODUCTION
            Corrosion is a natural process and is the result of inherent tendency of metals to revert to their more stable compounds, usually oxides. Most metals are found in nature in the form of various chemical compounds called ores. In the refining process, energy is added to the ore, to produce the metal. It is this same energy that provides the driving force to cause the metal to revert back to the more stable compound.
Corrosion
definition: 
 
Corrosion means the break down of essential properties in a material due to chemical reaction with its surroundings. In the most common use of the word, this means loss of electrons in metals reacting with water and oxygen. Rust is the most familiar example of corrosion. 

ISO 8044 defines  corrosion as physico chemical interaction, which is usually of an electrochemical nature, between a metal and its environment, which results in changes in the properties of the metal and which may often lead to impairment of the function of the metal, the environment or the technical system of which, these form a part.


 .
                                   


 Rust, the most familiar example of corrosion                Corrosion on exposed metal
Electrochemical Principles of Corrosion
Electrochemical corrosion involves two half-cell reactions; an oxidation reaction at the anode and a reduction reaction at the cathode. For iron corroding in water with a near neutral pH, these half cell reactions can be represented as:

                         Anode reaction: 2 Fe => 2 Fe 2+ + 4 e-

                                    Cathode reaction: O2 + 2H2O + 4e- => 4OH-
 There are obviously different anodic and cathodic reactions for different alloys exposed to various environments. These half cell reactions are thought to occur (at least initially) at microscopic anodes and cathodes covering a corroding surface. Macroscopic anodes and cathodes can develop as corrosion damage progress with time.
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Schematic representation of electrochemical corrosion process
  (aqueous corrosion of iron under near neutral pH conditions)

Various forms of corrosion:
                Although there is only one fundamental mechanism of corrosion, the electrochemical cell, there are several Corrosion forms or Corrosion types that can occur. Each form of attack has a specific arrangement of anodes and cathodes and the corrosion which occurs has a specific location and pattern. Each form of corrosion can be effectively controlled during design if it is anticipated. By understanding the various forms of corrosion, the conditions under which they occur, and how they are quantified, they can each be addressed and controlled. The most important types of Corrosion are, depicted below

[image: image8]
 1) Uniform Corrosion

Uniform attack is a form of electrochemical corrosion that occurs with equal intensity of the entire surface of the metal.  

2) Galvanic corrosion   

 Galvanic corrosion is a form of localised corrosion, which happens whenever two metals or alloys, with a potential difference of at least 50 mV, are in direct contact with each other and with a corrosive electrolyte. 

3) Crevice Corrosion
  Crevice corrosion is a localized form of corrosive attack. Crevice corrosion occurs at narrow openings openings or spaces between two metal surfaces or between metals and non-metal surfaces.

 4) Pitting Corrosion   

Pitting corrosion is a localized form of corrosion by which cavities or "holes" are produced in the material. Pitting is considered to be more dangerous than uniform corrosion damage because it is more difficult to detect, predict and design against.
5) Intergranular Corrosion

Intergranular corrosion (IGC), also termed intergranular attack (IGA), is a form of corrosion where the boundaries of crystallites of the material are more susceptible to corrosion than their insides.
6) Selective Corrosion

Selective corrosion (dealloying selective leaching) is a preferential attack of a particular of an alloy in presence of electrolyte as a result of an electrochemical oxidation-reduction (redox process)
7) Erosion Corrosion
Erosion corrosion is a degradation of material surface due to mechanical action, often by impinging liquid, abrasion by slurry, particles suspended in fast flowing liquid or gas, bubbles or droplets, cavitation, etc 

8) Stress Corrosion
 Stress corrosion cracking (SCC) is the formation of brittle cracks in a normally sound material through the simultaneous action of a tensile stress and a corrosive environment

Factors influencing corrosion
The rate and extent of corrosion depends mainly on

· Nature of the metal

· Nature of the environment        
 Nature of the metal
i)Position of metal in galvanic series

When two metals or alloys are in electrical contact, the more active (higher up in the series) metal becomes anodic and suffers corrosion. 

ii)Purity of metal

The impurities present, generally cause heterogeneity and thus form tiny electro – chemical cells at the exposed parts, as a result the anodic part get corroded. The rate and extent of corrosion increases with increasing exposure and impurities present in a metal.

iii) Physical state of metal 
When the grain-size of the metal is smaller, it possess greater solubility, hence greater will be its corrosion. Moreover, areas under stress, even in a pure metal, tend to be anodic and corrosion takes place at these areas.
iv)Relative areas of the anode and cathode

The corrosion is more rapid and severe and highly localized When cathodic area is large, the demand for electrons can be met by smaller anodic area.

Nature of the environment 

i)Temperature 

With increase of temperature of environment, the reaction as well as diffusion rate increase, thereby corrosion rate is enhanced.

ii)Humidity

Atmospheric corrosion of iron is slow in dry air but increases rapidly in moisture.

iii)pH

In most cases corrosion can be reduced by altering the pH of the electrolyte. With the help of pourbaix diagram, electrolyte pH can be adjusted such that the metal attains passivity and does not corrode. 

iv)Nature of ions present

Presence of anions like silicate in the medium leads to the formation of insoluble reaction products which inhibit further corrosion. On the other hand, chloride ions, if present in the medium, destroy the protective and passive surface film, enhances fresh corrosion.

  Cost of corrosion 

 
 Corrosion is recognized as one of the most serious problems in our modern societies and the resulting losses each year are in hundreds of billions of dollars. Studies on cost of corrosion have been undertaken by several countries including, the United States, the United Kingdom, Japan, Australia, Kuwait, Germany, Finland, Sweden, India, and China. The common finding of these studies was that the annual corrosion costs ranged from approximately from 1 to 5 percent of the Gross National Product (GNP) of each nation.
Direct Costs

· Infrastructure $22.6 billion
· Utilities $47.9 billion
· Transportation $29.7 billion
· Production and Manufacturing $17.6 billion
· Government $20.1 billion
· Total: $137.9 BILLION
Indirect Costs


Indirect cost of corrosion was conservatively estimated to be equal to the direct cost (i.e., total direct cost the plus indirect cost is six percent of the GDP). Evidence of the large indirect corrosion costs are lost time, and thus lost productivity because of outages, delays, failures, and litigation. 

· Cost of labor attributed to corrosion management activities
· Cost of the equipment required because of corrosion-related activities
· Loss of revenue due to disruption in supply of product
· Cost of loss of reliability
It was found that the sectors of drinking water and sewer systems ($36 billion), motor vehicles ($23.4 billion), and defense ($20 billion) have the largest direct corrosion impact. Within the total cost of corrosion, a total of $121 billion per year is spent on corrosion control methods and services. The current study showed that technological changes have provided many new ways to prevent corrosion, and the improved use of available corrosion management techniques.
Some Information about the Corrosion Losses & Measurement in India:
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(Source: National Corrosion Council of India and the Central Electrochemical Research Institute, 2003)
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The President of NACE International, Mr. Lois Vincent, said that India's corrosion loss has been estimated as Rs. 80,000 crore annually, which could be reduced by 25 per cent with proper management. The focus will be on "The Cost of Corrosion to the Nation," with particular emphasis on sectors such as manufacturing, petroleum, chemical and fertilizer, oil and gas, transport, power, highway and railways, ports and harbors and bridges and flyovers. 
(Source: The Indian chapter of NACE International, CORCON 2007, Mumbai)
DESCRIPTION OF APPLICABLE CORROSION CONTROL & CORROSION PROTECTION METHODS 

There are four basic methods for Corrosion Control & Corrosion Protection.

1. Materials resistant to Corrosion
2. Protective coatings
3. Cathodic   protection
4. Corrosion Inhibitors
               In most cases, effective corrosion control is obtained by combining two or more of these methods. The methods selected must be appropriate for the materials used, for the configurations, and for the types and forms of corrosion which must be controlled. 

• MATERIALS RESISTANT TO CORROSION
                 There are no materials that are immune to corrosion in all environments. Materials must be matched to the environment that they will encounter in service. Corrosion Resistance Data are used to assess the suitability of a material in an environment.
• PROTECTIVE COATINGS 

Protective coatings are the most widely used corrosion control technique. Essentially, protective coatings are a means for separating the surfaces that are susceptible to corrosion from the factors in the environment which cause corrosion to occur. However, it should be noted that that protective coating can never provide to100 percent protection of 100 percent of the surface. Coatings are particularly useful when used in combination with other methods of corrosion control such as cathodic protection. 



• CATHODIC PROTECTION
 Cathode protection interferes with the natural action of the electrochemical cells that are responsible for corrosion. Cathodic protection can be effectively applied to control corrosion of surfaces that are immersed in water or exposed to soil. Cathodic protection in its classical form cannot be used to protect surfaces exposed to the atmosphere. The use of anodic metallic coatings such as zinc on steel (galvanizing) is, however, a form of cathodic protection, which is effective if metals are exposed to atmospheric conditions.
Corrosion inhibitor

                    A corrosion inhibitor is a chemical compound that, when added to a fluid or gas, decreases the corrosion rate of a metal or an alloy. Inhibitors are normally distributed from a solution or dispersion. Some are included in a protective coating formulation. Inhibitors slows down the corrosion process by either,
· Increasing the anodic or cathodic polarization behavior (or)

· Increasing the electrical resistance of the metallic surface(or)

·  Reducing the movement or diffusion of ions to the metallic surface
Classification of inhibitors
         Inhibitors are chemicals that react with a metallic surface, or the environment this surface is exposed to, giving the surface a certain level of protection. Inhibitors often work by adsorbing themselves on the metallic surface, protecting the metallic surface by forming a film.                  
Passivating Inhibitors
Passivating inhibitors cause a large anodic shift of the corrosion potential, forcing the metallic surface into the passivation range. There are two types of passivating inhibitors:

· Oxidizing anions, such as chromate, nitrite and nitrate that can passivate steel in the absence of oxygen.

· Non oxidizing ions such as phosphate, tungstate and molybdate that require the presence of oxygen to passivate steel.

In general, passivation inhibitors can actually cause pitting and accelerate corrosion when concentrations fall below minimum limits. 

Cathodic inhibitors

Cathodic inhibitors either slow the cathodic reaction itself or selectively precipitate on cathodic areas to increase the surface impedance and limit the diffusion of reducible species to these areas. 
Organic Inhibitors 

 Both anodic and cathodic effects are sometimes observed in the presence of organic inhibitors but, as a general rule, organic inhibitors affect the entire surface of a corroding metal when present in sufficient concentration. Organic inhibitors usually designated as 'film-forming', protect the metal by forming a hydrophobic film on the metal surface.
Precipitation Inhibitors
Precipitation inducing inhibitors are film forming compounds that have a general action over the metal surface, blocking both anodic and cathodic sites indirectly. Precipitation inhibitors are compounds that cause the formation of precipitates on the surface of the metal, thereby providing a protective film. 

Volatile Corrosion Inhibitor

Volatile Corrosion Inhibitors (VCI), also called Vapor Phase Inhibitors (VPI), are compounds transported in a closed environment to the site of corrosion by volatilization from a source. 

Corrosion inhibitors are commonly added to coolants, fuels, hydraulic fluids, boiler water, engine oil, and many other fluids used in industry.

Performance of ecofriendly inhibitors and their importance:

                  Presently there has been a considerable hue and cry on the application of eco-friendly compounds for the inhibition of metallic corrosion in various low and high aggressive environments. The mammoth figure of the inhibition chemicals in tonnes/annum, many of which have considerable carcinogenic potentialities, appears  to be behind this drive for eco-friendly chemicals.

                     Numerous naturally occurring substances such as tannin, beetroot, pomegranate juice have been documented as inhibitors. Due to  their biodegradability, the trend of using these less toxic compounds are going on and in this direction the present work is undertaken to study the use of Sesamum indicum leaf and  Sesamum indicum stem as potential inhibitors for mild steel in H2SO4 medium.

PLANT DESCRIPTION
Sesamum indicum
 Common Name     - Ellu

 Botanical Name     - Sesamum indicum
 Kingdom                - Plantae
 Order                     -Lamiales  

 Family                   -Pedaliaceae 

 Genus                    -Sesamum
 Species                   - S. indicum

Parts used              - leaf, stem    
                               

 
Sesamum indicum
Description

        Sesame (Sesamum indicum)) is a flowering plant in the genus Sesamum. Numerous wild relatives occur in Africa and a smaller number in India. It is widely naturalized in tropical regions around the world and is cultivated for its edible seeds, which grow in pods. The flowers of the sesame seed plant are yellow, though they can vary in colour with some being blue or purple.

         It is an annual plant growing to 50 to 100 cm (1.6 to 3.3 ft) tall, with opposite leaves 4 to 14 cm (1.6 to 5.5 in) long with an entire margin; they are broad lanceolate, to 5 cm (2 in) broad, at the base of the plant, narrowing to just 1 cm (0.4 in) broad on the flowering stem. The flowers are white to purple, tubular, 3 to 5 cm (1.2 to 2.0 in) long, with a four-lobed mouth.

PhytoChemical constituents of sesamum indicum


Arachidic, Arginine, Ash, Aspartic-acid, Calcium, Chlorogenic-acid, Fat, Fiber, Gadoleic-acid, Glutamic-acid, Glycine, Isoleucine, Linoleic-acid, Magnesium, Methionine, Oleic-acid, Phenylalanine. Phosphorus, Potassium, Proline, Protine, Serine, Starch, Stearic-acid, threonine, Tyrosine, Valine, Water. 
Objectives:


· Utilisation of the naturally occuring plant extracts such as Sesamum indicum (leaves) and Sesamum indicum (stem) as inhibitors for the present study.

· To gain an insight on the inhibitive effect of Sesamum indicum (leaves) & Sesamum indicum (stem) on the corrosion of M.S in 0.5M H2SO4.

· To evaluate the corrosion studies of mild steel in 0.5m H2SO4 at room temperature and higher temperature using the classical weight loss method & Electrochemical measurments.

· To study the effect of acid extracts of Sesamum indicum leaves & Sesamum indicum stem on the corrosion of mild steel on 0.5M H2SO4.

· To understand the suitable concentration, time, temperature for attaining the max IE.

· To evolve a suitable mechanism for the adsorption process.

· To calculate the adsorption dynamics of corrosion processes.

· To fit the suitable adsorption isotherms such as Langmuir, Freundlich, Tempkin and Frumkin for the present study.

· To carry out DC polarisation methods such as Tafel, and Impedance spectroscopic techniques.

· To compare the classical weight loss method with DC polarisation methods.

· To enlighten the kinetic and mechanistic aspects of the plant materials under study in the inhibitive action.

                                                  [image: image12.png]



Review of Literature

REVIEW OF LITERATURE

           The   Whole of science is a refinement of everyday thinking

- Albert Einstein.

             An acquaintance with related literature of past studies is a must for any research for formulating sound methodology, which acts as a persevering force during the on set of research. From this literature new areas of research can be inferred.

           The present study on “Evaluation of Sesamum indicum leaves and corrosion inhibitors for mild steel in H2SO4 medium” is reviewed under the following topics.

1) Natural products as inhibitors 
2) Organic compounds as inhibitors

3)Corrosion behaviour of mild steel with varying parameters

· Effect of concentration of  the inhibitor

· Influence of exposure time

· Temperature effect
4) Kinetic analysis

5) Polarization behaviour

NATURAL PRODUCTS AS INHIBITORS

Natural products such as Opuntia extract, Aleo eru leaves, Orange and Mango peels, Onion, garlic and bitter gourd, Papaia, Poinciana pulcherrima, Cassia occidentalis, Datura stramonmium seeds, Calotropis procera, Azydracta indica and Auforpio turkiale sap.have been tested as corrosion inhibitors for mild steel in acidic media. These plant extract exhibited an inhibition efficiency of 90%. The corrosion inhibition activity in many of these plant extracts could be due to the presence of heterocyclic constituents like alkaloids, flavonoids etc. The presence of tannins, cellulose and polycyclic compounds also enhanced the film formation over the metal surface, there by inhibiting aiding corrosion (Pandian Bothi Raja, Mathur Gopalakrishnan Sethuraman, 2007). 
· Orubite K.O. and Oforka N. C. (2004) reported the inhibition of corrosion inhibition of mild steel in HCl solution using the leaves of Nypa fruticans wurmb by weight loss and hydrogen gas evolution methods. Maximum inhibition efficiency of 75.11% was observed with Nypa fruticans wurmb extract.
· Oguzie E. E. et al., (2005) investigated the efficiency of Telfaria occidentals extract as a corrosion inhibitor for mild steel in 2M HCl and 1M H2SO4 solutions using hydrogen gas evolution technique. The results showed that the inhibition efficiency increased with increasing extract concentration.
· An evaluation of the effective performance of Artemisia oil, extracted from Artemisia Herba Alba, as corrosion inhibitor for steel in 0.5 M H2SO4 using electrochemical impedance spectroscopy and weight loss methods was done. The inhibition efficiency was found to increase with increasing oil content to attain 74% at  1 g/L (O.Ouachikh. et al.,).
· Natural oil extracted from Pennyroyl Mint (Mentha eulogiums, PM) was evaluated as corrosion inhibitor of steel in molar HCl by Bouyanzer. A. et al., (2006) using weight loss, electrochemical polarization and EIS methods .The inhibition efficiency was found to increase with increasing oil content to attain 80% at 2.76 g/ L.
· The leaves extract of Datura stramonium has been studied as a possible source of green inhibitor for corrosion of mild steel in HCl and H2SO4 media using weight loss and electrochemical techniques. The studies reveal that the plant extracts acted as a good inhibitor in both the acid media and had better inhibitive capacity in H2SO4 medium (Raja et al., 2007).
· Emeka. E. Oguzie (2008) studied the corrosion inhibiting properties of extracts of Occimum vridis, Telferia occidentails, Azadirachta indica and Hibiscus sabdariffa as well as extracts from the seeds of Garcinia kola on the corrosion of mild steel in 2M HCl and 1M H2SO4 using gasometric techniques and reported that inhibition efficiency increased with increase in extract concentration
· Chauhan L. R and Gunasekaran G. (2006) investigated the inhibitive action of Zenthoxylum alatum plant extract on the corrosion of mild steel in 5% and 15% aqueous HCl, using weight loss and EIS methods and reported that corrosion inhibition efficiency increases on increasing plant extract concentration till 2400 ppm. The Plant extract was found to reduce the corrosion of steel more effectively in 5% HCl than in 15% HCl.
· Investigations of R.Rosliza et al., (2010) using natural honey as corrosion inhibitors revealed that natural honey acted as a very good inhibitor towards corrosion of Al-Mg-Si alloy in sea water. 
· Farooqi, I H et al.,(1997) investigated the inhibitive effect of aqueous extracts of Jasminum auriculatum (leaves), Momordica Charantia (Fruits) and Hibiscus (flower) on the corrosion of mild steel for cooling water system, using 3% NaCl water. The inhibition efficiencies of the extracts were compared with that of HEDP. All the extracts were found to inhibit corrosion and their inhibition efficiencies were HEDP (93%), Jasminum auriculatum (80%), Momordica charantia (79%), and Hibiscus (76%).

· Corrosion inhibition effect of the extract of black pepper on mild steel (MS) in 1 M H2SO4 media revealed that the corrosion rate significantly reduced with increasing concentration of the extract. Pandian Bothi Raja and Mathur Gopalakrishnan Sethuraman (2008).

· E. Chaieb, A. Bouyanzer, B. Hammouti and M. Benkaddour(2004 ) Minhaj. A. et al., (1999) investigated the inhibitive effects of aqueous extracts of Eucalyptus (leaves), Hibiscus (flowers), and Agaricus on the corrosion of mild steel for cooling- systems using tap water by weight loss and polarization methods. The results showed that all the plant extract inhibited corrosion of mild steel and their inhibitive efficiencies were in the order: Agaricus (85%) > Hibiscus (79%) > Eucalyptus (74%). 
· Loto C A and Mohammed A I (2000) investigated the inhibitive effect of the barks, nuts and apples of the cashew tree on the corrosion inhibition of mild steel in HCl medium using weight loss and electrochemical measurements. The apple juice extract was found to exhibit good corrosion inhibition efficiency.
· El-Etre. A.Y and Abdallah. M. (2000), evaluated the inhibitive action of natural honey on the corrosion of C-steel, used in manufacture of petroleum pipelines, in high saline water. The inhibition efficiency was calculated using weight loss measurements and potentiodynamic polarization technique. It was found that, natural honey exhibited a very good performance as inhibitor for steel corrosion in high saline water.
· Aqueous extracts of Henna (Lawsonia inermis) leaves powder was evaluated as corrosion inhibitors for steel and commercial aluminum in saline, acidic and alkaline waters by Al-Sehaibani(2000). Weight loss measurements showed that the extracts can inhibit efficiently the corrosion of steel for 37days in HCl with 96% efficiency and for aluminum in NaOH up to 99.8% while no inhibition occurred for steel or aluminum in NaCl solutions.
· Loto et a l.,(2001) investigated the corrosion inhibition effect of  Bitter leaf (Vernonia Amygdalina) solution extract on the corrosion mild steel in 0.5M HCl and H2SO4 at ambient temperature of 28°C and elevated temperature 80°. The work was performed using the weight loss method. Studies revealed that bitter leaf acted as a very good inhibitor.
· Sahoo K et al., (2001) observed the corrosion inhibition of mild steel in aqueous environment by Neem extract through electrochemical and weight loss measurements. Experimental results indicated that the inhibition efficiency increased with increasing inhibitor concentration.
· Nerium oderum (flower), Lantana camara (leaves), Aglemermolus extracts were studied by Mohan et al., (2001), as corrosion inhibitor for mild steel in 10% HCl by using weight loss measurements. The results inferred that inhibition increases with increase in concentration and decreases with temperature. The maximum efficiency reported for these extracts are as follows Lantana camara (100%), Nerium oderum (flower 100%), Aeglemer mould (90%).
· Sethuraman et al.,(2001) observed the effect of solonum triblobatum extract on corrosion of mild steel in 5% HCl by weight loss measurement. It was found that inhibitor efficiency increased with increase in concentration and temperature. The presence of solanaces alkaloid in the plant was found to be responsible for the inhibition of mild steel.
· The acid corrosion of Andiographis Paniculata was investigated in the present study towards corrosion inhibition and the inhibitive action was studied by weight loss method, Tafel polarization method and impedance studies by Ramesh S.P. et al., (2001). The results reveal that this plant extract has the potential to serve as corrosion inhibitor.
· Rajalakshmi et al., (2002) investigated the performance of acid extracts of Ficus benghalensis bark on the corrosion inhibition of mild steel in 1M HCl and 0.5M H2SO4 by weight loss and electrochemical techniques. The presence of anthrocyanin compounds, flavanoidal compounds and reducing sugars in the bark extract may be responsible for the inhibitive action. The efficiency of the inhibitor was noticed to increase with increase in concentration of the inhibitor.
· The Biocidal and inhibitive effects of aqueous extract of Azardiracta indica on mild steel in fresh water environment was studied by Mohanan S et al., (2002) using weight loss measurements. The retardation of corrosive effect depends on the concentration and stability of the extract. The inhibition activity is due to the adsorption of natural compounds.
· Fabrizio Zucchi and Ibrahim Hashi Omar (2002) studied the effect of various plant extracts like Papaia, Poincianaz pulcherima, Cassia occidentalis, Datura stramonium seeds, Caltropis procera B, Azydracta indica, Autrpio turkiale sap on dissolution of mild steel in HCl by electrochemical and weight loss measurements. It was noted that the inhibitive action is due to the products of hydrolysis of the protein content of these plants.  
· The effects of various plant extracts such as papaya, Poinciana pulclcherrima, cassia occident ails and Datura stramonium seeds and papaya, calotropis procera B, Azydracta indica and Auforpia turkiala sap. on the dissolution of mild steel in HCl solution was studied. The study revealed that all extracts except those of Auforpio turkiale and Azydracta indica reduced the corrosion with an efficiency of 88%-96% in 1N HCl. [Fabrizio Zucchi and Ibrahim Hashiomar(1984)].
· Methanolic extract of Artemisa pallens was tested as corrosion inhibitor for mild steel in 4N HCl and conc. HCl. FI.IR studies were carried out in conc.HCl. The inhibition efficiency was found to be 93% at 1.5 g 1-1 in 4N HCl and 96% at gl –1 in conc. HCl. [Patchaiah kalaiselvi ET AL.,(2010)].
· Water extracts from leaves of date palm, phoenix dactylifera, henna, lawsinia inermis, corrozea Mays were tested as corrosion inhibitors for steel, aluminium, copper and brass in acid solutions using weight loss, solution analysis and potentiodynamic studies by Rehan H. H. (2003). Date palm and henna extracts were found to be highly effective in reducing the corrosion rate of steel in acid chloride solutions and aluminum in NaOH solutions.

· The effectiveness of Khillah (Ammivisnaga) seeds on the corrosion of S × 316 steel in HCl solution was determined using weight loss measurements as well as potentiostatic technique by El –Etre A.Y (2005). The inhibition efficiency increased as the extract concentration increased.

· El – Etre A. Y (2007) investigated the inhibitive action of the aqueous extract of the root of shirsh el zallouh (Ferula harminis) toward the corrosion of C- steel in HCl solution. The addition of the extract was found to enhance the inhibition efficiency with increasing extract concentration.

· The influence of natural honey (chestnut and acacia) and natural honey with black radish juice, on corrosion of tin in aqueous and sodium chloride was observed. The inhibition efficiency of acacia honey was found to be lower than that of chestnut honey, while the addition of black radish juice increased the inhibition efficiency of both honey varieties. The process of inhibition was attributed to the formation of multilayer film adsorbed on the tin surface.  [ I. Radojčić, K. Berković, S. Kovač and J. Vorkapić-Furač(2008)]

· The effect of the extract of phyllanthus amarus leaves on the corrosion of aluminium in 2N NaOH has been observed. The extract acts as corrosion inhibitor, with 76% efficiency at the highest concentration in the alkaline environment. Oluegumk.Abiola and J.E.O.Otaigbe (2009)
· Corrosion inhibition effect of justiciia gendarussa extract on mild steel in HCl medium has been investigated by weight loss and electrochemical techniques. Inhibition efficiency of 93% was achieved with plant extract at 250C. AFM and ESCA confirmed the adsorption of justiciia gendarussa extract on mild steel surface A.K.Satapathy et al.,(2009)

· Inhibition of the corrosion of mild steel by ethanol of Musa acuminate peel has been studied using thermometric method of monitoring corrosion. Inhibition efficiency of the extract was found to varywith concentration, temperature, period of immersion, PH and electrode potentials. Physical adsorption mechanism has also been proposed for the adsorption of the inhibitor. N.O.Eddy, S.A.Odeemelam and A.O.Odion genyi(2008).

· Evaluation of the effective performance of acid extracts of poultry waste (Hen feather) on the corrosion inhibition of mild steel in 0.5M H2SO4 at ambient temperature was made by Subhashini S. et al.,(2008). Conventional weight loss and electrochemical measurement techniques were used for evaluation. The maximum efficiency was found to be 95.5% for a period of 6 hours with 0.5% concentration of the hen feather extract. Experimental results were fitted to Langmuir adsorption isotherm. Electrochemical studies confirm the inhibitive nature of the hen feather extract and also the mixed nature of the inhibitor.
CORROSION BEHAVIOUR OF MILD STEEL WITH VARYING PARAMETERS

Effect of concentration of inhibitors
· The influence sodium dodecyl benzene sulfonate on the corrosion behaviour of an elaborated annealed Fe1lTi-20  alloy has been investigated in 0.5 M H2SO4 solution using electrochemical techniques. The inhibition occurs through adsorption of a surfactant on the metal surface without modifying the mechanism of corrosion process. The studied surfactant acts predominately as cathodic inhibitors by blocking effect on the cementite cathodic sites. The inhibition efficiency increases with increasing surfactant concentrations and decreases with increasing temperature. Maximum inhibition is observed at concentration above its critical micelle concentration Kellou –Kerkouche  et al.,2008
· Calotropis  procera has been found to exhibit significant corrosion inhibitive effect in sulphuric acid medium on mild steel. Inhibition is through adsorption of the Phytoconstituents on mild steel following temkin adsorption isotherm. P.B.Raja,M.G.Sethuraman(2009)

Influence of exposure time

· The dissolution rate of mild steel increases remarkably with time in the presence of Tertiary arsines, phosphine and stibines. This linear variation of weight loss with time indicated the absence of any insoluble film formed on the surface of the metal during corrosion (Subramanian et al., 1993).

· The influence of Calendula officinalis towards the corrosion of mild steel in 1M HCl has been evaluated by weight loss method and polarization technique by Subha. et al., (2006). The inhibition efficiency of the compound   was found to vary with the concentration of the inhibitor (0.001 to 0.5 % w/v) and immersion time (1 hr – 24 hr). Good inhibition efficiency was found at 0.5% (w/v) concentration of the inhibitor for 2 hours (94.67%).

Temperature Effect

· The inhibitive action of leaf extracts of Sansevieria trifasciata on aluminium corrosion in 2M HCl and 2M KOH solutions was studied using gasometric technique and the studies revealed a decrease in efficiency with rise in temperature Oguzie E. E,( 2006).
· The inhibition effect of Zenthoxylum alatum plant extract on the corrosion of mild steel in aqueous orthophosphoric acid has been investigated by weight loss and electrochemical impedance spectroscopy (EIS). Exhibited on maximum of 88% inhibition efficiency on corrosion inhibition of mild steel. G. Gunasekaranand L. R. Chauhan (2004)
· Corrosion inhibition of mild steel in 2 M HCl and 1 M H2SO4 by leaf extracts of Occimum viridis (OV) was studied using the geometric technique at temperatures of 30 and 60 °C. The extracts inhibited the corrosion process in both acid media and inhibition efficiency increased with increasing of the extract concentration. Synergistic effects increased the inhibition efficiency in the presence of halide additives namely KCl, KBr, KI. Emeka E. Oguzie (2006)
· The inhibitive action of the root of ginseng on aluminium corrosion in Hcl using weight loss method at 30-600C. Corrosion rate was found to decrease in the presence of inhibitor compared to the free acid solution .The inhibition efficiency increase with increase in concentration of the inhibitor but decrease with increase in temperature. A mechanism of physical adsorption of the root components on the surface of the metal is proposed for the inhibition. I.B.Obot, N.O.Obi-Egbedi et al.,(2006)
· Subhashini S. et al.,(2008) studied the use of aquatic waste – fish scale extract as corrosion inhibitor for mild steel in 0.5M H2SO4 by the classical weight loss measurements and electrochemical polarization measurements. The acid extract could bring out a maximum of 96.5% inhibition of mild steel corrosion in 0.5M H2SO4.The extract was temperature resistant. Thermodynamic parameters of the corrosion process were calculated from temperature study. The adsorptive behaviour of fish extract in acid solution may be approximated by Langmuir isotherms. 
Kinetic analysis

· According to Yongming tang (2010) the inhibition efficiency of 4-APTD higher than of 3-APTD, and the molecular dynamics (MD) simulations shows that the adsorption of 4-APTD on iron surface has the higher binding energy than that of 3-APTD.

· According to I.B.obot et al., (2009) the inhibition of corrosion for mild steel in H2SO4 by 2,3-diphenylbenzoquinoxaline was found to obey Langmuir adsorption isotherm equation suggesting that the inhibition efficiency increased with increase in the concentration of the inhibitor.

· The aqueous extract of the leaves of henna (lawsonia) was tested as corrosion inhibitor of C-steel, nickel and zinc in acidic, neutral and alkaline solutions. Degree of inhibition depended on the nature of metal and the type of the medium. It was found that this adsorption follows Langmuir adsorption isotherm. A.Y. El-Etre M. Abdallah and Z.E. El-Tantawy (2004)

· The corrosion inhibitive effect of the extract of Aloe Vera leaves on zinc surface in 2M HCl solutions. The inhibition decrease with increase with increasing the temperature. A. Vera extract obey the Langmuir adsorption isotherm. A first-order kinetic relationship with respect to zinc was obtained with and without the extract from the kinetics treatment of the data. Olusegum K. Abiola and A.O.James(2010)
Polarization measurement 

· According to F.S. de Souza and A. Spinelli (2008)  the naturally occurring biological molecule caffeic acid acted as an excellent inhibitior on the corrosion of mild steel in 1 M H2SO4 by decreasing the cathodic reaction area and modifying the activation energy of the anodic reaction.

· Berberine extracted from Coptis chinensis has been tested for corrosion of mild steel in 1 M H2SO4 From the Potentiodynamic curves, it can be seen that berberine suppressed both cathodic and anodic processes. The polarization resistance increased with the increasing inhibitor concentration. Yan Li, Peng ZhaoQiang Liang and Baorong Hou  (2005) 
· Quinine was tested as corrosion inhibitor for low carbon steel corrosion in 1M HCl solution using ESI and potentiodynamic polarisation method. The corrosion of steel was controlled by a charge transfer process and a maximum efficiency of 96% was obtained at 200C. Mohamed Ismail Awad(2006)
· The inhibition effect of bis-thiadiazole (BTDS) derivatives against the corrosion of mild steel in 1M HCl solution was studied by weight loss, electrochemical impedance spectroscopy [EIS] and potentiodynamic polarization methods. All the BTDS exhibited >90% inhibition efficiency at concentration as low as 40 ppm. Polarization curves indicate that they are mixed type of inhibitors. Ashish kumar singh and M.A.Quraishi (2009).

· Corrosion inhibition of mild steel by the extracts of Pongamia glabra and Annona squamosa in HCl and H2SO4 media was studied by Sakthivel et al., (1999). Weight loss, polarization, hydrogen permeation and impedance studies were carried out at various temperatures. Polarization studies inferred that, Pongamia glabra and Annona squamosa acted as mixed and cathodic inhibitors respectively.
· Thermometric, weight-loss and the Galvan static polarization techniques were used to establish the inhibition of the dissolution of Al and Zn in HCl and NaOH by different concentrations of aqueous extract of Hibiscus subdariffa (Karkade). The results indicated that the additive acted by way of adsorption on both cathodic and anodic corrosion areas.. A.A. El Hosary, et al.,(2005)
· The effect of extracts of Chamomile (Chamaemelum mixtum L.), Half bar (Cymbopogon proximus), Black cumin (Nigella sativa L.), and Kidney bean (Phaseolus vulgaris L.) plants on the corrosion of steel in aqueous 1 M sulphuric acid were investigated. . Potentiodynamic polarization curves indicated that the plant extracts behave as mixed-type inhibitors. A.M. Abdel-Gaber et al.,(2006)
· According to the adsorption of the carboxymethyl cellulose on to the mild steel surface M.M.Solomon et al., (2010) followed Langmuir and Dubin Radush Kevich adsorption isotherm models. The inhibition mechanism was further corroborated by the values of activation parameters obtained from the experimental data
· Rajalakshmi. R. et al., (2008) studied the role of seed extracts of Phaseolus aureus on corrosion of mild steel in 1M HCl by weight loss method and potentiodynamic polarization technique. The Potentiodynamic polarization results reveal that the seed extract behaved like mixed type inhibitor. Maximum inhibition efficiency of Phaseolus aureus in 1M HCl was found to be 93%.
· Evaluation of the performance of acid extract of Ficus Benghalensis bark on the corrosion inhibition of mild steel in 2N, 3N, and 4N HCl medium at different temperature were studied by Subhashini. S. et al., (2008). Weight loss, electrochemical polarization and impedance measurement techniques were conducted. The efficiency of the inhibitor was noticed to increase with increase in concentration of the inhibitor.

· In this investigation Karthikaiselvi. R. et al.,(2009) studied the inhibitive effect of acid extract of Myristica Frangans on mild steel in 1M HCl by weight loss, DC Polarization method and AC impedance spectroscopy. Results indicated that the inhibition efficiency of extract increased with increase in inhibitor concentration and with temperature. The adsorption of extract followed Langmuir adsorption isotherm.
Organic compounds as inhibitors

· Investigation of M.A.Quraish et al., (2008) involving poly aniline-formaldehyde as an inhibitor revealed that it inhibits mild steel corrosion through adsorption mechanism. It is found to exhibit an efficiency of 90% at 10 ppm.

· Fengling Xu et al., (2008) have found that the DTE performed excellently as corrosion inhibitor mild steel in 1M HCl acid media and a maximum efficiency of 90.9% was observed at 1.0*10-3 M.

· Three lactones including dihydrofuran-(2, 3, 4) - one tetra-hydro-2H-pyran-2-one and oxepan-2-one were tested as corrosion inhibitors for mild steel in 1MHCl at different concentration. A comparison of the results showed that oxepan-2-one acted as the best inhibitior and its  inhibition efficiency reached maximum of 85%. K.Tebbji et al.,(2007)

· Corrosion inhibition of copper in O2 –saturated 0.5M H2SO4 solutions by four selected amino acids, namely glycine, alanine,valine, or tyrosine, was studied using Tafel polarization, linear polarization, impedance, and electrochemical frequency modulation at 300C protection efficiencies of almost 98% and 91% were obtaind with 50mm tyr and gly, respectively. Mohammed A.Amin et al., (2010).

· Corrosion inhibition of carbon steel in HCl and H2SO4 solution in the presence of benzimidazole derivatives such as benzimidazole (BI), 2-methylbenzimidazole (2CH2-Br) and 2-mercaptobenzimidazole was investigated using potentiodynamic polarization technique. Result obtained show that the benzimidazole derivatives retard both the cathodic and anodic reactions in both acidic media, by virtue of adsorption on the carbon steel surface. J.Alijourani, et al.,(2010)

· The inhibition for performance of mebendazole, a drug on mild steel in molar HCl acid solution was studied by weight loss and electrochemical methods. A maximum inhibition efficiency 96.25% was observed in presence of 2.54*10-4 M inhibitor Ishtiaque Ahamad and M.A.Quraishiet al.,(2009)
  


Materials and Methods

MATERIALS AND METHODS
   
In the present investigation, efforts have been taken to study the  inhibitive nature of extracts of  Sesamum indicum (leaves) & Sesamum indicum (stem)  as corrosion inhibitors for mild steel in 1 M HCl and  0.5M H2SO4.

Selection of sample

Mild steel has been the structural material of choice due to its versatility, easy availability and low cost.

 

Preparation of specimens

A  rectangular steel bar was cut into pieces of area 5x1cm2 and a wire brush was used to descale the test specimens.  They were then ground with the silicon carbide abrasive paper, polished, degreased, thoroughly dried and kept in a dessicator for further weight loss tests.  The locally produced mild steel speciments had the following percent nominal composition.

Elemental Analysis
	S.No.
	Elements
	% Composition



	1
	Carbon
	0.143

	2
	Manganese
	0.271

	3
	Silicon
	0.041

	4
	Phosphorous
	0.035

	5
	Sulphur
	0.030

	6
	Chromium
	0.002

	7
	Molybdenum
	0.018

	8
	Nickel
	0.006


Test Media
              The experiments were performed in 0.5M sulphuric acid (both Analar grade).

Equipment Used

          i) SOLARATRON

          ii) THERMOSTAT

         (ii) DENVER– 220 DIGITAL BALANCE

Inhibitor Preparation

    The inhibitors selected for this study are,

· Sesamun indicum leaves 

· Sesamum indicum stem

             Sesamum indicum plant was collected from the near by field after the seeds were removed and the plant was air dried.  The extracts were prepared by refluxing 25g dry leaves & stem in 500ml of 0.5M sulphuric acid for 3 hours and kept over night and filtered to get 5% extract. 

Techniques

              The efficiency of the inhibitors under study are evaluated using the following techniques

· Weight-loss method

· Polarization method

Weight loss Method

              It is one of the oldest techniques of monitoring corrosion and is based on exposing the coupons of the metal onto the test media for a predetermined period of time and then removed and the weight loss of coupon is measured.

              In the present work, weighted test pieces were immersed in triplicate in the test media (100ml) in this case 0.5M sulphuric acid, with varying concentration of the inhibitor and they were removed after a particular period of immersion, washed, dried and reweighed.  The experiments were performed for various parameters such as               

· Concentration variation  from 0.05-0.5%                    

· Different time intervals – ½ hr, 1hr, 3hrs, 6hrs, 12hrs, & 24 hrs.

· Various temperature – 303,313,323, 333, & 338 K

(For temperature study the time of immersion was for ½ hr)

The corrosion rate has been calculated from the formula,

                                           534*Wt.loss *10000  

                         CR =       ________________________    

                                      Density * time of immersion area of sample

 

The inhibitor efficiency was obtained from the following formula,

                                             WO -W

                       IE (%)   =   __________         * 100

                                                  WO
Where,

             WO  -  Weight loss without inhibitor.

              W - Weight loss with inhibitor.

              From the weight loss measurements the thermodynamic parameters and the kinetics of the reaction can be carried out to arrive at a suitable mechanism

.

Thermodynamic parameters
a) Calculation of Ea

The activation energy in comparison with room temperature was calculated for different concentrations of the inhibitor at different temperatures by using the equation.

              Ea = -2.303 x R x Slope

Where the slope value is got by plotting log C-R Vs 1/T

b) FREE ENERGY OF ADSORPTION  
   
The change in free energy of adsorption for different higher temperature in comparison with room temperature at various concentrations, had been calculated using the formula,
                                 ∆G = -2.303 X R ( T2-T1) X log K2/K1
T2 → higher temperature in K

T1 → Room temperature in K

K2→ Corrosion rate at T2
K1 → Corrosion rate at T1 

1) Determination of Heat of adsorption and Entropy Change:

  
 The plot of free energy of adsorption as a function of temperature was drawn According to Gibbs – Helmholtz reaction.

∆G = ∆H - T∆S.

              The slopes of these lines are equal to ∆S and the intercepts on free energy axis gives the corresponding heat of adsorption.

Surface coverage (θ)
             The degree of surface coverage (ѳ) for different concentrations of the inhibitor in acidic media have been evaluated from weight loss experiments using the equation.

                                                  WO-W   

                                     θ     =   ________  

                                                     WO
              

              W O = Weight – loss without inhibitor 

               W  = Weight loss with inhibitor

              The surface coverage values (ѳ) were the tested graphically for fitting a suitable adsorption isotherm.

Adsorption Isotherm
              In acid corrosion, generally it is assumed that inhibitors act through the process of adsorption on the metal surface.  The adsorption of the inhibitor may determine the structural change of the double layer thus reducing the rate of electrochemical partical reaction.  The knowledge of the adsorption behavior of the inhibitor is important for the definition of its active mechanism.  For this reason, the dependence of surface coverage on concentration is studied through the following adsorption isotherms.

                         Langmuir   –    plot of log θ/ 1-θ Vs log C

                         Temkin        –       θ Vs log C

                         Freundlich   -      logθ Vs log C

                         Frumkin      -       IE Vs log C

              A straight line for Langmuir, Temkin and Freundlich indicated that the inhibitor adsorbs through there adsorption isotherms where as ‘S’ shape curve in the case of frumkin indicates the inhibitor follows Frumkin isotherm.

Polarization Method

 Polarization measurements were carried out by the following techniques.
                              -Tafel plot technique

                              -Impedance spectroscopic techiques.

Tafel plot techniques

 In the tafel plot technique, a controlled potential scan was applied, extending in both the anodic and the cathodic directions of corrosion potentials for a few hundred millivolts.The linear region of the plot (applied potential Vs log current) is projected to intersect. This defines corrosion potential (E corr) and the slope of the linear region is the tafel slope (ba and bc).The corrosion rate in mpy can be calculated using the equation.

                                                               

                                                                 EW   

  Corrosion rate, mpy = 0.13 I corr    _________

                                                                   d

Where I Corr is the corrosion current density (µAcm-2) ‘EW’ is the equivalent weight of the corroding material and d is the density of the metal/alloy. 

          I.E was calculated by applying the formula,

                                I corr (blank)–I corr (Inhibited)*100                     

                   I.E =      _______________________________

                                           I corr (blank)

             

Impedance spectroscopic techniques:

              In this method an AC signal of 5-10 mv of frequencies 10 KHZ to 10 MHZ is applied to the system.  Impedance data can be presented in the form of Nyquist or Bode plot.  From the data, the polarization resistance Rp can be determined and similar to L.P.R. technique, the corrosion current and hence the corrosion can be calculated from the Stern Geary equation.   

                                                 ba bc                               1

                    I corr =   __________________       *   _____

                                            2.303 (ba+bc)                     Rc
Where 

  Rct →Charge transfer resistance.  The I.E can be calculated using the equation.

             Corrosion rate (without inhibitor)-corrosion rate (with inhibitor)

IE   =    ____________________________________________________ *100

                          Corrosion rate (without inhibitor)




Results and Discussion

RESULTS AND DISCUSSION
The present study entitled “ Evaluation of Sesamum indicum leaves and stem as corrosion inhibitors for Mild steel in H2SO4 medium ’’ deals with the assessment of corrosion inhibitive nature Sesamum indicum leaves and stem for mild steel in 0.5 M H2SO4 under static conditions. The inhibitive action as anticipated depended on the concentration of the inhibitor, period of immersion and temperature of the attacking acid. Corrosion rate and inhibition efficiency were calculated using

  

Weight loss measurement



Polarization measurement
Weight loss measurement 



The acid extract of Sesamum indicum leaves and stem in 0.5 M H2SO4 has been tried for its potency in the retardation of corrosion of mild steel. It has been evaluated using the following parameters by weight loss method. 


Concentration of the inhibitor 



Immersion time and


Temperature variation
Effect of concentration of the inhibitors:

The concentration of the inhibitor plays an important role to fix an effective concentration for the extract under study. The effect of inhibitor on the dissolution of mild steel in 0.5 M H2SO4 media has been investigated by conducting the tests with various concentration of the extract (0.5% extract). The results are illustrated in table 1& 2 and fig 1&2. The data showed that the corrosion rate of mild steel decreased with increase in concentration. The inhibition efficiency increased from 20.5% to 47.9% (SIL) & 20.83 & 59.19(SIS) of the extract. From the data, the maximum enhancement of inhibition is noted with 0.5% of the extract. The increase in inhibition efficiency with increase in concentration of the extract may be attributed to the increase in  the number of molecular  adsorbed over the mild steel surface. This blocks the active sites in which direct acid attack proceed there by effectively protecting the metal from corrosion. [Pandian Bothi Raja et al., 2009]

	Conc. of SIL extract (%)

Conc. of SIL extract (%)


	IE (%)

IE (%)

	
	303 K

303 K
	313K

313 K
	323 K

323  K
	333 K

333  K
	343 K

343  K
	353 K

353  K

	0.05
	20.83
	62.1
	61.72
	53.51
	41.75
	23.73

	0.1
	26.23
	63.1
	62.51
	54.86
	42.66
	24.55

	0.15
	32.81
	64.41
	64.33
	55.63
	44.80
	25.20

	0.2
	33.33
	67.7
	67.40
	57.20
	45.57
	39.39

	0.25
	40.62
	69.9
	67.49
	63.21
	46.55
	43.39

	0.3
	43.74
	70.8
	69.98
	65.42
	47.03
	48.36

	0.35
	51.56
	72.3
	70.66
	65.89
	52.86
	48.61

	0.4
	54.16
	75.4
	74.85
	66.72
	56.26
	48.85

	0.45
	57.86
	76.9
	76.21
	68.11
	57.62
	52.75

	0.5


	59.19
	81.5
	77.25
	68.85
	59.57
	53.75


Table 1

Effect of concentration & Time on inhibition efficiency of (SIL extract in 0.5 M H2SO4

	Conc. of SIL extract (%)

Conc. of SIL extract (%)


	IE (%)
IE (%)

	
	303 K

303 K
	313K

313 K
	323 K

323  K
	333 K

333  K
	343 K

343  K
	353 K

353  K

	0.05
	20.83
	58.46
	50.62
	43.90
	42.46
	25.85

	0.1
	26.23
	57.82
	51.30
	48.06
	43.40
	25.69

	0.15
	32.81
	57.98
	52.31
	49.07
	44.24
	28.30

	0.2
	33.33
	64.53
	63.63
	53.32
	44.99
	39.15

	0.25
	40.62
	66.13
	65.11
	54.71
	45.93
	40.04

	0.3
	43.74
	67.25
	65.34
	56.37
	47.14
	48.45

	0.35
	51.56
	69.32
	66.02
	59.05
	49.95
	48.55

	0.4
	54.16
	69.64
	67.42
	61.73
	51.16
	48.61

	0.45
	57.86
	70.12
	69.30
	67.19
	51.82
	52.52

	0.5


	59.19
	75.10
	73.49
	68.39
	52.75
	54.07


Table 2
Effect of concentration & Time on inhibition efficiency of (SIS extract in 0.5 M H2SO4)
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Figure – 3
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Figure –4

Adsorption behaviour

The nature of inhibitor interaction on the corroding surface during corrosion inhibition of metal has been deduced in terms of adsorption characteristic of the inhibitor. The inhibition data are used for constructing experimental adsorption isotherms. Adsorption isotherms provide a clue to the mode and mechanism of adsorption. It is assumed that the inhibition efficiency is comparable to the degree of surface coverage of the inhibitor on the metal surface.


The surface coverage ( () values for different concentration of the inhibitors in acid medium were evaluated from the weight loss data. Attempts were made to fit the data obtained from weight loss measurement into different adsorption isotherms like Langmuir and Temkin. An assumption of Langmuir adsorption isotherm relate concentration of inhibitor in the bulk electrolyte and the degree of surface coverage by the following equation,




Log [θ/1-θ] = log K + log C 


From the above equation, if the assumptions of Langmuir are obeyed, a plot of log ((/1-( ) Vs log C should give a straight line. Langmuir plots for the corrosion reaction of mild steel in the presence of SIL and SIS are shown in figure 5 & 6. The fact that the lines obtained are linear confirms that Langmuir adsorption isotherm is applicable to the present study. It also confirms the monolayer adsorption.


A straight line was obtained when the surface coverage was plotted against log C for the inhibitor. This shows that the adsorption of the inhibitor at the mild steel acidic solution interface obeys Temkin adsorption isotherm. The plots of ( Vs log C for both the inhibitors (SIL and SIS extracts) are shown in fig 7&8. 
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Figure – 5
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Figure – 6
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Figure – 7
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Figure-8

 Activation energy (Ea)


Energy of activation for different concentration of the inhibitor in H2SO4 was calculated by plotting log C.R Vs 1/T (fig13& 14). The dependence of logarithm of the C.R on the reciprocal values of the absolute temperature gives a straight line. The values of the slope of these straight lines permit the calculation of activation energy Ea by the application of following equation.




C.R = A.e (-Ea/RT)

Where,


A is the frequency factor for the reaction, R is the universal gas constant, T is the temperature (Kelvin). Thus Ea can be evaluated from the rate constant at any temperature. The estimated   values of Ea for MS in leaf extract of SIL & SIS in 0.5 M H2SO4 are listed in the tables 5&6. From the table, it can be understood that energy of activation changes in the presence of the inhibitors. The estimated Ea in the presence of inhibitors infer that the interaction between the metal surface is strong enough to prevent corrosion. 


This may seem surprising and paradox, but Riggs et al., (1967), reported that in the presence of the inhibitor, the dissolution of the metal proceeds with two distinct processes corresponding to the covered area and the bare metal surfacd concluded that at high degree of coverage the dissolution process is not only determined by the reaction of the metal from the bare surface but also involves the adsorbed inhibitor and consequently the Ea can assume values greater or smaller than those calculated in the absence of the inhibitor.

As far as the present study is concerned the above said explanation aptly suits the result obtained for the extracts of SIL and SIS. It has also been pointed out by Khamis et al., (1990) that a corrosion inhibitor greatly enhances the activation energy of the corrosion.


Experiment conducted by Bag et al., (1996) also reflected lower Ea values for the inhibited system. The studies carried out by Taha et al., (1995) revealed that the presence of inhibitors decrease the Ea of the reaction to an extract depending on the nature of inhibitors. 


It was also found that the activation energies of the acid medium in the presence of the inhibitor were lower than the values of the media in the absence of the extract there by  confirming that the adsorption of the extract of SIL and SIS occurred through the mechanism of physical adsorption. 

H and –S


A plot of G Vs T is a straight line which is depicted in fig 11& 12. The values of H and S are taken from intercept & slope respectively. The values of H and S indicate that the system is enthalpic and entropic controlled. From table 5&6, the leaves extract of SIL& SIS on MS shows positive value for H suggesting that the dissolution process is an exothermic phenomenon & that the dissolution of steel is difficult which inturn proves the corrosion inhibition effect of the plant extract. Also the entropy S widely decrease with the content of the inhibitor. This means the formation of an ordered stable layer of inhibitor on the steel surface. 
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Figure-9
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Figure-10
Table-5

VARIATION OF THERMODYNAMIC AND KINETIC PARAMETERS WITH CONCENTRATION AND TEMPERATURE (SIL IN 0.5 H2SO4)

	Conc.

(%)
	Ea

KJ/mole
	∆G values at various Temperature

KJ/mole
	∆H

KJ/mole
	∆S

KJ/mole

	
	
	303 K
	313 K  
	323  K
	333  K
	343  K
	353  K
	
	

	Blank
	-12.12
	-
	-
	-
	-
	-
	-
	-
	-

	0.05
	-12.54
	-12.49
	-17.13
	-16.25
	-16.25
	-15.05
	-12.95
	18.67
	-11.12

	0.1
	-12.92
	-14.14
	-15.51
	-14.64
	-14.64
	-13.40
	-11.31
	33.13
	-58.51

	0.15
	-13.77
	-11.22
	-14.62
	-13.69
	-13.69
	-12.60
	-10.38
	22.29
	-29.23

	0.2
	-13.33
	-11.29
	-14.27
	-14.23
	-13.13
	-11.95
	-11.31
	20.14
	-22.70

	0.25
	-12.87
	-10.83
	-13.96
	-13.68
	-13.20
	-11.49
	-11.17
	18.22
	-17.77

	0.3
	-12.59
	-10.49
	-13.61
	-13.51
	-12.98
	-11.08
	-11.21
	16.38
	-12.91

	0.35
	-12.16
	-10.12
	-13.42
	-13.20
	-12.59
	-11.28
	-10.85
	15.10
	-9.71

	0.4
	-13.01
	-10.12
	-12.44
	-13.40
	-12.40
	-11.29
	-10.52
	13.99
	-6.99

	0.45
	-12.81
	-99.92
	-13.40
	-13.29
	-12,27
	-11.05
	-10.63
	16.31
	-13.84

	0.5
	-13.44
	-98.82
	-13.84
	-13.17
	-12.09
	-11.07
	-10.47
	7.80
	-18.44


Table-6
	Conc.

(%)
	Ea

KJ/mole
	∆G values at various Temperature

KJ/mole
	
	∆S

K
J/mole
	∆H

K
J/mole

	
	
	303 K
	313  K
	323  K
	333  K
	343  K
	353  K
	
	

	Blank
	-

12.12
	-
	-
	-
	-
	-
	-
	-
	-

	0.05
	-
12.20
	-12.54
	-16.75
	-15.95
	-15.27
	-15.13
	-13.24
	-5.75
	16.70



	0.1
	-
12.10
	-11.54
	-14.94
	-14.28
	-13.95
	-13.48
	-11.47
	-14.48
	18.03

	0.15
	-
12.10
	-12.94
	-13.93
	-13.36
	-13.03
	-12.54
	-10.78
	-43.76
	27.12

	0.2
	-
12.14
	-10.65
	-13.91
	-13.81
	-12.73
	--11.89
	-11.29
	-9.81
	15.52

	0.25
	-
12.35
	-10.88
	-13.52
	-13.41
	-12.31
	-11.43
	-10.83
	-21.74
	19.20

	0.3
	-
12.33
	-10.74
	-13.19
	-12.97
	-12.02
	-11.09
	-11.22
	-13.89
	16.43

	0.35
	-
13.28
	-11.15
	-13.04
	-12.66
	-11.91
	-10.99
	-10.84
	-24.04
	19.65

	0.4
	-
13.53
	-11.07
	-12.74
	-12.37
	-11.86
	-10.77
	-10.51
	-26.38
	20.21

	0.45
	-
14.03
	-11.15
	-12.50
	-12.41
	-11.77
	-10.54
	-10.61
	-26.43
	20.17

	0.5
	-
14.24
	-11.03
	-12.87
	-12.66
	-12.03
	-10.37
	-10.50
	-30.75


	21.66


VARIATION OF THERMODYNAMIC AND KINETIC PAR AMETERS WITH CONCENTRATION AND TEMPERATURE (SIS IN 0.5 H2SO4

G as a function of temperature for SIL
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Figure-11

G as a function of temperature for SIS
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Figure-12
Electrochemical measurements

Electrochemical studies will be helpful to predict the nature of the inhibitor -anodic,cathodic or mixed type inhibitor and to predict a suitable mechanism for the inhibition process.The values of corrosion kinetic parameters corrosion current (Ecorr) ,corrosion current density (Icorr),Tafel slopes (ba and bc), linear polarization  resistance(Rp) are recorded in tables 7&8 & 9&10.
Potentiodynamic studies

Kinetic parameters of corrosion processes (Icorr, be & bc) estimated from polarization curves obtained in the presence and absence of the inhibitors are recorded in tables 7& 8 & fig 13 & 14. The results indicated a considerable reduction in Icorr values in the presence of the inhibitor. This confirms the inhibitive nature of the extract and also the adsorption of the plant extracts on metal surface. The values of IE are found to be increasing with increase in concentration of inhibitor. A maximum of 92.10% (SIL), 93.68% (SIS)  of inhibition was obtained with 0.5% concentration. No significant change in Ecorr values in the presence of inhibitor indicating the mixed nature of the inhibitor Tafel constant ba and bc are found to be changing with the concentration of the inhibitor.
Table-7

TAFEL POLARIZATION MEASUREMENTS OF MS IN

SIL EXTRACT IN 0.5M H2SO4
	Conc.

(%)
	Icorr×10-4
(amp/cm2)
	Ecorr

(V/dec)
	ba
(mV/dec)
	bc
(mV/dec)
	IE

(%)

	Blank
	6.75
	5.27
	236.1
	192.8
	-

	0.05
	1.089


	5.27
	242.3
	124.9
	88.73

	0.1
	1.15
	5.24
	244.8
	125.8
	82.83

	0.15
	9.66
	5.24
	265.3
	135.6
	85.69

	0.2
	7.87
	5.26
	287.9
	127.5
	88.34

	0.25
	7.19
	5.31
	218.7
	127.4
	89.35

	0.3
	5.33
	5.34
	173.4
	112.1
	84.60

	0.35
	3.51
	5.23
	178.8
	96.7
	85.80

	0.4
	7.54
	5.24
	250.1
	126.1
	88.83

	0.45
	3.97
	5.21
	149.6
	118.3
	91.11

	0.5
	1.04
	5.25
	203.2
	119.9
	92.10


Table-8
TAFEL POLARIZATION MEASUREMENTS OF MS IN

SIS EXTRACT IN 0.5M H2SO4
	Conc.

(%)
	Icorr×10-4
(amp/cm2)
	Ecorr

(V/dec)
	ba
(mV/dec)
	bc
(mV/dec)
	IE

(%)

	Blank
	6.7
	5.37
	236.13
	192.84
	-

	0.05
	6.16
	5.31
	239.51
	94.36
	76.08

	0.1
	1.48
	5.26
	239.93
	126.73
	78.00

	0.15
	1.08
	5.27
	187.26
	110.84
	78.82

	0.2
	1.61
	5.27
	229.64
	134.02
	78.24

	0.25
	1.43
	5.29
	236.34
	143.92
	79.31

	0.3
	1.47
	5.30
	240.28
	147.37
	80.26

	0.35
	1.39
	5.30
	227.38
	141.05
	81.25

	0.4
	1.25
	5.32
	201.99
	136.22
	81.40



	0.45
	1.56
	5.23
	191.328
	149.09
	84.73

	0.5
	1.59
	5.26
	238.06
	149.5
	93.68


Table-9
Rct, Rp, Cdl & IE in the presence of SIL extract
	Conc.

(%)
	Rct
(Ohm cm2)
	IE

(%)
	Rp
(Ohm cm2)
	IE

(%)


	Cdl × 10-5
(F cm2)
	(()

	Blank
	29.49
	-
	5.00
	-
	0.000084
	-

	0.05
	43.18
	55.27
	30.45
	83.55
	0.00013
	35.29

	0.1
	65.95
	64.58
	28.98
	82.72
	0.00014
	42.52

	0.15
	83.27
	63.52
	41.44
	87.91
	0.00013
	35.35

	0.2
	95.35
	69.06
	45.13
	88.90
	0.00010
	22.41

	0.25
	118.46
	75.10
	48.62
	89.69
	0.00013
	37.29

	0.3
	124.02
	63.38
	34.37
	90.12
	0.00013
	37.81

	0.35
	142.36
	79.28
	40.49
	87.63
	0.00013
	14.66

	0.4
	64.57
	54.32
	46.74
	89.28
	0.00009
	31.20

	0.45
	58
	49.14
	28.50
	82.43
	0.000122
	33.31

	0.5
	80.56
	76.21
	50.77
	85.43
	0.000125
	58.95


Table-10
Rct, Rp, Cdl & IE in the presence of SIS extract

	Conc.

(%)
	Rct
(Ohm cm2)
	IE

(%)
	Rp
(Ohm cm2)
	IE

(%)


	Cdl × 10-5
(F cm2)
	(()

	Blank
	29.49
	-
	5.83
	-
	0.000084
	-

	0.05
	35.04
	15.84
	24.29
	79.38
	0.00011
	26.51

	0.1
	34.47
	14.45
	23.90
	79.05
	0.000115
	26.74

	0.15
	44.37
	33.53
	21.47
	76.67
	0.00019
	56.89

	0.2
	45.97
	35.84
	22.40
	77.64
	0.00024
	65.70

	0.25
	52.91
	44.26
	27.40
	81.72
	0.00028
	79.31

	0.3
	59.66
	50.06
	27.31
	81.66
	0.00031
	61.48

	0.35
	59.66
	50.56
	27.56
	81.83
	0.00029
	70.85

	0.4
	51.78
	43.04
	26.50
	81.10
	0.00034
	75.45

	0.45
	67.38
	56.23
	24.87
	79.86
	0.00017
	51.31

	0.5
	70.13
	57.94
	27.22
	81.59
	0.00021
	73.09


Figure-13

POTENTIODYNAMIC POLARIZATION CURVES

OF SIL EXTRACT 0.5N 1M H2SO4
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Figure-15
IMPEDANCE CURVES OF MILD STEEL IN THE PRESENCE OF SIL EXTRACT   0.5M H2SO4
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BODE PLOT OF MILD STEEL IN THE PRESENCE OF

SIL EXTRACT 0.5 M H2SO4 
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Figure-14
POTENTIODYNAMIC POLARIZATION CURVES

OF SIS EXTRACT 0.5 M H2SO4
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Figure-16
IMPEDANCE CURVES OF MILD STEEL IN THE PRESENCE OF SIS EXTRACT  IN 0.5M H2SO4
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BODE PLOT OF MILD STEEL IN THE PRESENCE OF SIS EXTRACT IN 0.5 M   H2SO4
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Impedance

The Nyquist plot of the impedance behavior of mild steel in 0.5 M H2SO4 in the presence of various concentrations of the inhibitors is shown in figs 15 & 16. 


It can be seen that the impedance spectra are not perfect semicircle. A clean electrode without a passive film especially in the case of corroding electrode immersed in acid solutions gives rise to an impedance spectrum consisting of perfect semicircle. The depressed semicircle is either due to the presence of pores on the electrode surface or due to the adsorption of the inhibitor. In the presence case it is due to the presences of both the inhibitors well as the pits on the electrode surface. 


The diameter of the semicircle gives the change transfer resistance (Rct). This is taken as the measure of corrosion rate as the charge transfer resistance is inversely proportional to the rate of corrosion. Therefore a decrease in Rt values is expected with an increase in SIL & SIS extracts. But on the contrary no appreciable change in Rt is noticed even with the addition of high concentration of the inhibitors.
Comparison of Weight loss and electrochemical methods

The values of inhibition efficiency calculated from electrochemical measurements are lower than those obtained from weight loss data. Nevertheless in general, the polarization data confirms the results of steel dissolution measurements. The difference in inhibition efficiency by different techniques can be attributed to the fact that weight loss method gives average corrosion rates, while electrochemical measurements give instantaneous corrosion rate. The difference may be expected to arise because of the difference in time required to form an adsorbed layer, which brings down corrosion.

Fig 17& 18 and depict the performance of SIL & SIS extracts by weight loss and electrochemical measurements.

Performance Evaluation of SIL extract in 0.5 M H2SO4 using various                               electrochemical methods
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Figure-17

Performance Evaluation of SIS extract in 0.5 M H2SO4 using various                              electrochemical methods
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Figure-18

Performance evaluation of SIL by various different methods
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Figure-19

Performance evaluation of SIS by various different methods
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Figure-20

Mechanism of Inhibition:

           Most organic inhibitors contain atleast one polar group with an atom of Nitrogen or Sulphur or in some cases Selenium and Phosphorus. The inhibiting properties of many compounds are determined by the electron density at the reaction center (1).With increase in electron density in the center, the chemisorption between the inhibitor and the metal are strengthened. (2), (3).

From the literature survey it was found that the major photochemical constituent’s present in SIL & SIS are, Arachidic, Arginine, Ash, Aspartic-acid, Calcium, Chlorogenic-acid, Fat, Fiber, Gadoleic-acid, Glutamic-acid, Glycine, Isoleucine, Linoleic-acid, Magnesium, Methionine, Oleic-acid, Phenylalanine. Phosphorus, Potassium, Proline, Protine, Serine, Starch, Stearic-acid, threonine, Tyrosine, Valine, Water. 
It can be seen that the SIL & SIS extracts have a large number of amino acids present in acidic medium these amino group are protonated them yield to NH3 + from complex at the iron surface, there by retarding corrosion.

The above behavior also can be discussed on the fact that the substitution of hydrogen atom. eg , in glycine, by nucleophilic groups such as methyl or isopropyl would lead to an increase in the electron density on - NH3 . This might lead to more convenient electron transfer from the functional group to the metal, with subsequent coordination, hence greater adsorption and inhibition efficiency. Substitution of hydrogen atom by nucleophilic group as OH- or phenyl group, which has inductive effects, would reduce the electron density at the functional group, leading to an increase in protection efficiency.

Shelf life of the extracts at room temperature and at refrigerated condition

Natural inhibitors are estimated by their stability, consistent performance and biodegradability. To test the consistent performance of the extracts under study, weight loss experiments were conducted for a period of 3weeks. The extracts were stored at room temperature and in refrigerator. The results are presented in the table- 11 No fungal growth was noticed in the extracts at both storage conditions. There was no unfavorable odour or release of toxic gases during storage. The data in table revealed that the inhibition efficiency slowly decreased during storage. This may be due to some chemical reactions between the constituents. Due to the reactions the active groups responsible for the adsorption on the MS surface may not be available for adsorption. Therefore the total surface covered decreased showing decline of inhibition efficiency. Both extract showed almost same efficiency which confirms that they can be stored at room temperature itself. Their performance may be maintained by adding suitable stabilizing agents. Both extracts have reasonable ‘shelf life’.

TABLE-11

COMPARISION OF DURABILITY TEST FOR SILAND SIS
	Weeks
	SIL-IE (%)
	SIS-IE (%)

	
	Room temperature
	Refrigerated condition
	Room temperature
	Refrigerated condition

	1stWeek
	79.28
	78.57
	75.80
	72.67

	2ndWeek
	85.12
	81.92
	82.56
	81.70


SUMMARY AND CONCLUSION
The use of an inhibitor is one of the best options for protecting metals against corrosion. Several inhibitors in use are either synthesized from cheap raw materials or chosen from compounds having hetero atoms on their aromatic or long chain carbon system However, most of these inhibitors are toxic to the environment. This has prompted the search for green corrosion inhibitors.

Corrosion control methods, especially the use of inhibitors, have gained monumental importance in the present scenario of expunging corrosion and the quest for natural products as inhibitors for ecofriendly reasons continues. Green corrosion inhibitors are biodegradable and do not contain heavy metals or other toxic compounds and so they are environmentally friendly. In this direction, to arrive at inexpensive non-toxic ecofriendly inhibitor formation the present study on the use of Sesamum indicum Leaves and Stem has been carried out by the classical weight loss measurements and polarization measurements. 
· The acid extracts of SIL could bring out a maximum inhibition of 94.65% in H2SO4 acid respectively as compared to the acid extracts of SIS which produced only 94.05 % in the same medium. 

· The extracts were temperature resistant in nature and the inhibition efficiency varied from 94.65%, at room temperature to 53.75% for 353 K for SIL in H2SO4 extract.

· For SIS extract an inhibition efficiency of 94.05% was obtained at room temperature which declined to 54.07 % at 353 K.
· The inhibitors used in the current study followed Langmuir and Temkin adsorption isotherm which indicated the mono layer formation with heterogeneity in the surface of the electrode. 

· Thermodynamic parameters calculated could reveal the chemisorptions process, spontaneity of adsorption and there is interruption of solvent entropy. Thus a suitable mechanism could be predicted.

· In all concentrations, ba is greater than bc suggesting that though the inhibition is under mixed control, the effect of the inhibitor on the anodic polarization is more predaminant
· Increase in Rp and Rct values and decrease in Icorr and Cdl value confirm that SIL and SIS are adsorbed on the mild steel surface and inhibition process is followed by monolayer adsorption.
·  The eco friendly inhibitors under study behaved as mixed type inhibitors. 
· Results from the polarization techniques such as Tafel and impedance spectroscopy could be comparable with the classical Weight loss methods. The eco friendly inhibitors under study behaved as mixed type inhibitors. 
· Cost effective and non-toxic to the environment.

· In the current investigation the Sesamum indicum leaves and stem extract play a major role in reducing the metal dissolution as well as hydrogen evolution and protect the mild steel surface from corrosion. Thus the Sesamum indicum leaves and stem extract has proved to be zero cost, eco-friendly and highly economical inhibitor. 
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