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    Introduction

1. INTRODUCTION
Corrosion is the disintegration of an engineered material into its constituent atoms due to chemical reactions with its surroundings. Degradation implies deterioration of physical properties of the material. This can be: weakening of the material due to a loss of cross-sectional area, the shattering of a metal due to hydrogen embrittlement, or the cracking of a polymer due to sunlight exposure.

Corrosion definition


Corrosion means the breakdown 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

The chemistry of corrosion reactions:

Corrosion reactions are electrochemical in nature. They involve the transfer of charged ions across the surface between a metal and the electrolyte solution in which it is immersed.

There are two types of electrode reaction occurring at the metal surface: anodic and cathodic. Anodic reactions involve oxidation: electrons appear on the right hand side of the equation.

 For example metallic iron can produce ferrous ions by the anodic reaction:

Fe → Fe2+ + 2e- 

In a solution with higher pH, the anodic reaction produces a surface film of ferric oxide according to the reaction,

2Fe + 3H2O → Fe2O3 + 6H+ + 6e- 

[image: image4]
Cathodic reactions involve electrochemical reduction: electrons appear on the left hand side of the equation. In corrosion processes the most common cathodic reaction is the electrochemical reduction of dissolved oxygen according to the equation:

O2 + 2H2O + 4e- → 4 OH- 

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: image5]
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, cavitations 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

CONSEQUENCES OF CORROSION

The consequences of corrosion are many and varied and the effects of these on the safe, reliable and efficient operation of equipment or structures are often more serious than the simple loss of a mass of metal. Failures of various kinds and the need for expensive replacements may occur even though the amount of metal destroyed is quite small. Some of the major harmful effects of corrosion can be summarized as follows:

Schematic diagram of Consequences of Corrosion
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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[image: image6.emf]Annual Loss in Rs.Crores
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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)

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           

 1. 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.
2. 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 100 percent protection to 100 percent of the surface. Coatings are particularly useful when used in combination with other methods of corrosion control such as cathodic protection. 


3. Cathodic protection
 Cathodic 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.

4.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 slow 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 passivation 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.

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. 

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 Ziziphus jujuba leaves as a potential inhibitor for mild steel in H2SO4 medium.

PLANT DESCRIPTION
	Common Name 
	      Jujube, Ziziphus 

	Botanical Name 
	      Ziziphus Jujuba

	Kingdom
	Plantae

	Order   
	Rosales

	Family         
	      Rhamnaceae

	Genus           
	      Ziziphus

	Species    
	      Z.Zizyphus

	Class    
	      Magnoliopsida

	Division  
	      Magnoliophyta

	Parts used 
	      Leaf


Description 

The plant is a vigorous grower and has a rapidly-developing taproot. It may be a bushy shrub 4 to 6 ft (1.2-1.8 m) high, or a tree 10 to 30 or even 40 ft (3-9 or 12 m) tall; erect or wide-spreading, with gracefully drooping branches and downy, zigzag branch lets, thorn less or set with short, sharp straight or hooked spines. It may be evergreen or leafless for several weeks in hot summers. The leaves are alternate, ovate- or oblong-elliptic, 1 to 2 1/2 in (2.5-6.25 cm) long, 3/4 to 1 1/2 in (2-4 cm) wide

[image: image8.jpg]




The 5-petalled flowers are yellow, tiny, in 2's or 3's in the leaf axils. The fruit of wild trees is 1/2 to 1 in (1.25-2.5 cm) long. With sophisticated cultivation, the fruit reaches 2 1/2 in (6.25 cm) in length and 1 3/4 in (4.5 cm) in width. The form may be oval, obovate, round or oblong; the skin smooth or rough, glossy, thin but tough, turns from light green to yellow, later becomes partially or wholly burnt-orange or red-brown or all-red

Phytochemical constituents of Ziziphus jujuba 
          Crude protein, fat, fiber, calcium, phosphorus, magnesium, potassium, sodium, chlorine, Sulphur, ceryl alcohol and the alkaloids, protopine and berberine ,Ascorbic acid, thiamine, riboflavin-bioflavonoids , Pectin A ,Mauritine-A; Amphibine-H; Jubanine-A; Jubanine-B; Mucronine-D and Nummularine-B. Sativa nine-E. Frangufoline, Ziziphine-A to Q, betulinic acid colubrinic acid, alphitolic acid, 3-O-cis-p-coumaroylalphitolic acid, 3-O-transp​coumaroylalphitolic acid, 3-O-cis-p-coumaroylmaslinic acid, 3-O-trans-pcoumaroylmaslinic acid, oleanolic acid, betulonic acid, oleanonic acid, zizyberenalic acid and betulinic acid, coclaurine, isoboldine, norisoboldine, asimilobine, jusiphine and jusirine; juziphine and juzirine -isoquinolines
Objectives:

· To select eco friendly, cost effective, naturally occurring plant materials as corrosion inhibitors for mild steel in H2SO4.

· Utilization of the naturally occurring plant source namely ziziphus jujuba as inhibitors for the present study.

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

· To determine the corrosion inhibitive property of ZJL exered on mild steel in 0.5 M H2SO4 by varying the conc time of immersion.

·  To calculate the activation energy and thermodynamic parameters using results of temperature study.

· To find out the shelf life of the plant extracts.

· To assess mode of action of the inhibitor understudy cathodic,anodic or mixed type by conducting potentiodynamic , polarization studies.

· To evolve a suitable mechanism for the adsorption process.

· To correlate the results obtained by weight loss and electrochemical techniques.

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

Review of literature

2. REVIEW OF LITERATURE
Mild steel is one of the most widely used engineering materials particularly for the structural and automobile applications. However, it undergoes rusting easily in the humid atmosphere and its rate of corrosion is quite high in acidic environment. Corrosion is an inevitable natural process. It is also a serious engineering problem in this modern age of technological advancement and which accounts for economic losses and irreversible structural damage. Several efforts have been made to restrain the onset and thereafter-destructive effects of corrosion using several preventive measures. Out of several methods, use of inhibitors is one of the most practical methods for the prevention of corrosion particularly in acidic media.

Acid solutions are widely used in chemical laboratories and in several industrial processes such as acid pickling, acid cleaning, acid de-scaling and oil wet cleaning etc. Corrosion inhibitors are generally used to reduce the corrosion rates. Most of the well-known acid inhibitors are organic compounds containing electron donor atoms particularly nitrogen, sulphur, oxygen in their functional groups with aromatic and heterocyclic rings. But unfortunately most of these compounds are not only expensive but also toxic to living beings. It is needless to point out the importance of cheap, safe inhibitors of corrosion.

Thus a new branch of environmental chemistry has emerged which provides environmental friendly corrosion inhibitors specifically termed as ‘Green inhibitors’. Green inhibitors are non-toxic, biodegradable and eco-friendly, and have proven effective in controlling the corrosion of steel, stainless steel, mild steel, iron, aluminum, copper, and 2024-T3 Aluminum alloy, steel in concrete structures, carbon steel, AA5083 Al-Mg alloy, nickel and zinc. The inhibitive effect of some plants solution extract is due to the adsorption of phytochemical molecules present in the plant on the surface of the metal which protects the metal surface and thus do not permit the corrosion process to take place.

This thesis seeks to investigate effective and environmentally safe inhibitors such as Ziziphus jujuba on corrosion of mild steel in 0.5 M Sulphuric acid medium. In this direction a review of natural product as corrosion inhibitor is carried out.

·     Maheswari et al., (2001) reported the inhibitive effect of acid extracts of flowers and leaves of Thespesia Populnea on the corrosion of mild steel in 1M HCl. The mass loss method and potentiostatic studies revealed the effectiveness of the extract. An efficiency of 94.87% was found for 0.35% extract at 333K.

·       Manohari and Rajalakshmi (2001) determined the effective performance of extracts of Psidium gerajanra (bark) and Callistemos (leaves) for mild steel in 1M HCl. The extracts were effective at high concentration and at room temperature. The polarization curves showed as of mixed type inhibitor.

· Maheswari et al., (2001) studied the inhibition of corrosion of mild steel in acid medium by the extracts Cajanus Cajan using mass loss method and polarization method. The inhibitor efficiency increased with concentration and isotherm obeyed Langmuir and Temkin adsorption efficiency increased with concentration and isotherm obeyed Langmuir and Temkin adsorption.

· Prithiba et al., (2002) evaluated the effective inhibition of Ervatamia Coronaria leaves extract on the corrosion of mild steel in 1M HCl and 0.5M H2SO4 at ambient temperature. Mass loss and potential measurement techniques have been used. The inhibitor efficiency increased with the concentration of the extract and the system obeyed Langmuir adsorption isotherm.

· Rajalakshmi et al., investigated of the performance of acid extract of Ficus benghalensis bark on the corrosion inhibition of mild steel in 1M HCl and 0.5 M H2SO4 at room temperature. Mass loss, electrochemical polarization and impedence measurements were used. It was found that the inhibitor increased with increase in concentration.

· Subhashini et al., (2002) reported the inhibitive effect of acid extract of Sesbania grandiflora seeds on the corrosion of mild steel in 1M HCl and 0.5M H2SO4. The inhibitors were tested by Mass loss, electrochemical polarization and impedence measurements. The researchers showed that the inhibitor efficiency increased with concentration of the extract.

· The investigation of Jack bean seeds (Canavalia ensiformis) as inhibitor for mild steel in 1M HCl was carried out by Prithiba et al., (2003). The researchers investigated the efficiency depending on the temperature and concentration. Results showed that temperature did not have any effect. The increase in efficiency was attributed to the presence of canavanine.

· Maheswari et al., (2003) observed the performance of Cajanus cajan seed extract on the corrosion inhibition of mild steel in 1M HCl. A maximum efficiency of 95.59% was observed at 0.7 concentrations at 65oC and the efficiency of 92.84% at 0.7 concentration of 5% extract.

· Leguminous seeds are rich amino acids and very few studies using them have been reported in the literature. Subhashini et al., (2004) showed that the inhibition efficiency of the seeds extracts of Alfa (AA), Adenanthera pavonina (AP), Phaseolus lunatus(PL), Peltophocarpus tetragonolobus (PT), Sesbania grandiflora (SG) and Sesbania auriculata.
· M.G.Sethuraman et al., (2005) reported the corrosion inhibiton effect of Datura metal extract in acidic solution for mild steel by weight loss and electrochemical techniques. Datura metal showed significant corossion inhibitive effect in acid medium on mild steel. The absorption of the inhibitor on the metal surface obeyed the Langmuir and Tempkin adsorption isotherm. The results of A.C.impedence and polarization studies were well correlated with the weight loss method.

· The corrosion inhibition of plant extract Ricinus communis (castor-oil plant) was studied by means of weight loss, electrochemical polarization and impedence measurements by Palaniswamy.N et al., (2005). It was found from weight loss measurements that the inhibition efficiency was about 84% in 300 ppm of the plant extract. Polarization measurements indicated that the plant extracts generally act as cathodic inhibitors.

· Corrosion inhibition effect of eugenol and its derivative acetyl eugenol (AcEug) extracted from the nail of giroflier on steel in molar hydrochloric acid has been studied using weight loss measurements, electrochemical polarisation and EIS methods. The inhibition efficiency was found to increase up to with 91% at 0.1737 g/l acetyl eugenol content. Eugenol compounds act as mixed type inhibitors. The studies showed that the inbition efficiency was increased with increasing extract concentration and with temperature. It obeyed the Langmuir adsorption isotherm. E.Chaieb et al.,(2005)

· M.G.Sethuraman et al., (2005) investigated the inhibition efficiency of the extract of strychnos nux-vomica for the corrosion of mild steel in 1 M Sulphuric acid using weight loss test at 303-323 K, electrochemical measurements, and scanning electron microscope. It was found that the inhibition efficiency was increased with decreasing extract concentration and decreased with temperature. 
· Corrosion inhibition of mild steel in 2M HCl and 1M H2SO4 by leaf extract of occimum viribis was studied by using the gasometrical technique at temperatures of 300 and 600 C. The results indicate that the extract inhibited the corrosion process in both acid media and inhibition efficiency increased with concentration. Synergistic effects increased the inhibition efficiency in the presence of halide additives namely KCl, KBr, KI. Temperature studies revealed a decrease in efficiency with raise in temperature. (Emeka E. Oguzie, 2006).

· Bouyanzer et al., (2006) analyzed the inhibition of the corrosion of mild steel in molar hydrochloric acid solution by natural oil extracted from Pennyroyal Mint (Mentha pulegium) using weight loss measurement, electrochemical polarization and EIS methods. The inhibition efficiency was found to increase with oil content to attain 80% at 2.76g/L. Pennyroyal Mint oil acted as a cathodic inhibitor.

· Corrosion inhibition effect of extracts of Chamomile (Chamaemelum mixtum L.), Halfabar (Cymbopogon proximus), Black cumin (Nigelle sativa L.), and Kidney bean (Phaseolus vulgaris L.) plant on mild steel in aqueous 1M Sulphuric acid were investigated by electrochemical impedence spectroscopy and potentiodynamic polarization techniques by A.M. Abdel-Gaber et al.,(2006). Inhibition was found to increase with increasing concentration of the plant up to a critical concentration. Theoretical fitting of different isotherms, Langmuir, Flory-Huggins, and the kinetic-thermodynamic model were tested to clarify the nature of adsorption.

· Electrochemical impedance spectroscopy and potentiodynamic polarization measurements were used to study the effect of aqueous extract of Fenugreek leaves on the corrosion of mild steel in 2M HCl and H2SO4 solutions. The inhibition efficiency was found to increase with increase in concentration of the inhibitors in 2M acids, but at certain concentration of both extracts IE decreased with increase in concentration in both acids. In HCl solution the results obeyed Langmuir adsorption isotherm, where as Temkin adsorption isotherm in H2SO4 solutions Ehteram A. Noor (2006).
· Efficiency of acid extract of dry seeds of Erythrina suberosa as corrosion inhibitor for mild steel in 1N HCl medium was investigated by V.G.Vasudha et al.,(2006).The results indicated that Erythrina suberosa seeds acted as a mixed type inhibitor and having efficiency as high as 98%at 1% inhibitor concentration. Adsorption isotherms revealed that it obeys Temkin, Freundlich, Langmuir and Flory-Huggins isotherms.

· R,Subha et al.,(2006) have evaluated the influence of Calendula officinalis towards the corrosion of mild steel in 1M HCl by weight loss method and polarization technique. The results showed that the inhibition efficiency 94.67% was found at 5% concentration of the inhibitor after 2 hours.

· The inhibition effect of the extract of Khillah (Ammi visnaga) seeds, on the corrosion of SX 316 steel in 1M HCl solution was determined using weight loss measurements as well as potentiostatic technique by A.Y.El-Etre (2006).The studies proved that the inhibition efficiency increase as the extract concentration is increased. The researcher has reported that the negative values for the energy of adsorption indicated the spontaneity of the adsorption process.

· Azadirachta indica leaves extract was investigated as a copper corrosion inhibitor in 0.5M H2SO4.The inhibition properties were studied using electrochemical polarization and weight loss techniques. The study showed that the highest inhibition efficiency was exhibited by the extract is 86.4%. The weight loss results were interpreted by means of the Frumkin adsorption isotherm. L.Valek et al.,(2007)

· The inhibition effect of Zenthoxylum alatum plant extract on the corrosion of mild steel in 5% and 15% aqueous hydrochloric acid solution has been investigated by weight loss and electrochemical impedance spectroscopy by L.R.Chauhan et al.,(2007).The effect of temperature on the corrosion behavior of mild steel in5% and 15%HCl with addition of plant extract was studied in the temperature  range 50-800 C. Inhibition efficiency was found to increase with increase in extract concentration till 2400 ppm. The adsorption of the inhibitor on the metal surface obeyed the Langmuir adsorption isotherm.

· El-Etre A.Y. et al., (2007) investigated the inhibitive action of the aqueous extract of olive leaves (Olea europaea L.) towards the corrosion of C-steel in 2M HCl solution by weight loss measurements, Tafel polarization and cyclic voltammetry. It was found that the extract acts as a good corrosion inhibitor for the tested system. The inhibition efficiency increased with increasing extract concentration and decreased with temperature. The experimental data obeyed the Langmuir adsorption isotherm.

· The inhibitive effect of ethanol extracts of Garcinia Kola for the corrosion of mild steel in 1M  H2SO4 solution was studied by hydrogen evolution technique at 30-600 C .It was found that the inhibition efficiency was increased with increasing extract concentration and decreased with temperature. The inhibition efficiency increased on addition of potassium iodide to extract indicating synergism. The experimental data obeyed the Langmuir adsorption isotherm. Osabor,V.I et al.,(2007)

· The inhibition effect of Datura stramonium extract has studied as a green inhibitor for corrosion of mild steel in HCl and H2SO4 media at different temperature by Pandian Bothi Raja et al., (2007). The anticorrosion effect was evaluated by conventional weight loss studies, electrochemical studies Viz.,Tafel polarization,AC impedance, and SEM studies. The studies revealed that the plant extract acts as a good inhibitor in both the acid media and better in H2So4 medium. The studies showed that the inhibition efficiency was increased with increasing extract concentration and with temperature.

· O.K.Abiola et al., (2007) investigated the inhibitive effect of Deionix regia extract on the corrosion of aluminium in HCl. The inhibition efficiency was evaluated using the hydrogen evolution technique at 300C.The inhibition efficiency increased with increasing concentration of the inhibitor but decreased with exposure time and it obeyed the Langmuir adsorption isotherm.The researchers observed a maximum efficiency of 93.6%.

· The inhibitive action of leaf extracts of Sansevieria triasiata on Aluminium corrosion in 2M HCl and 2M KOH solutions was studied using gasometric technique. Synergistic effects increased the inhibition efficiency in the presence of halide additives. The results indicated that the inhibition efficiency in the presence of halide additives. The results indicated that the inhibition efficiency increased with concentration and decreased with increasing temperature.The results were approximated by Freundlich isotherm. E.E.Oguzie (2007).
· Acid cleaning of mild steel dissolution by l M Sulphuric acid and 10% methanol in presence of Argel herb extract as green inhibitor were monitored by potentiodynamic and electrochemical impedance techniques in the temperature range 30-600C.The results showed that at all temperature, the corrosion rate decreased with increasing inhibitor concentration. Potentiodynamic polarization measurements indicated the inhibitor as mixed type inhibitor. E.Khamis et al., (2007).
· Pandian Bothi Raja et al., (2008) have observed the performance of Black pepper extract on mild steel in 1M H2SO4.It was evaluated by conventional weight loss studies (303-323 K), electrochemical studies Viz., Tafel polarization, AC impedance and scanning electron microscope (SEM) studies. Results of weight loss study revealed that Black pepper extract acts as a good inhibitor even at high temperature and it obeys Temkin adsorption isotherm. 

· Estimation 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 o.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.

· Rajalakshmi et al.  (2008) studied the role of steel 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 impedence measurement techniques were conducted. The efficiency of the inhibitor was noticed to increase with increase in concentration of the inhibitor.

· Rajalakshmi et al., (2008) studied the use of aquatic waste – fish scale extract as a corrosion inhibitor for mild steel in 0.5M H2SO4   by the classical weight loss and electrochemical polarization measurements. The acid extract could bring out a maximum of 96.5% inhibition of mild steel corrosion in 0.5 M H2SO4. . The extract was temperature resistant. Thermodynamic parameters of the corrosion process were calculated from temperature study. The adsorptive behavior of fish extract in acid solution may be approximated by Langmuir isotherms. Values of Tafel constants ba and bc confirmed that the fish scale extract acted like mixed type inhibitor.

· The inhibitive action of the aqueous extract of the root of Shirsh zallouh (Ferula harmonics) towards the corrosion of C-steel in HCl solution was investigated by A.Y.El-Etre (2008). The inhibition efficiency was measured using weight loss and potentiostatic polarization techniques. The electrochemical behavior of the extract was investigated using cyclic voltammetry. The inhibition efficiency increased with increasing extract concentration and decreased with temperature.The adsorption of the extract components on the C-steel surface followed Langmuir adsorption isotherm.
· The inhibitive action of leaves, seeds and a combination of leaves and seeds extracts odphyllanthus amarus on mild steel in HCl and H2So4 solutions was studied using weight loss and gasometric techniques by Okafor P.C. et al., (2008). Inhibition efficiency was found to increase with increase in extracts concentration as well as with rise in temperature.The adsorption characteristics of the inhibitor were approximated by Temkin isotherm.

· Emeka E.Oguzie (2008) studied the inhibitive behaviour on mild steel in 2 M HCl and1 M H2SO4 by leaf extracts of Occimum viridis, Telferia occidentalis, Azadirachta indica and Hibiscus sabdariffa and extract seeds of garcinia kola by gasometric technique at 300and 600C.Inhibition efficiency was found to increase with increase in extracts concentration. Synergistic effects increase with increased the inhibition efficiency in the presence of halide additives.

· I.Radojcic et al.,(2008)studied the influence of natural honey (Chestnut and acacia) and natural honey  with black radish juice, on corrosion of tin in aqueous and sodium chloride solutions using weight loss and polarization techniques. The inhibiton efficiency of acacia honey was lower than that of chestnut honey, while the addition of black radish juice increased the inhibiton efficiency of both honey varieties.

· The inhibiton effect of naturally occurring biological molecule caffeic acid on the corrosion inhibition of mild steel in 0.1 M H 2SO 4 was investigated by F.S de Souza et al., (2009). Weight loss, potentiodynamic polarization, electrochemical impedence and Raman spectroscopy techniques were conducted and confirmed that the adsorption of caffeic acid onto the mild steel surface enhances the inhibition of the corrosion process. Caffeic acid inhibited corrosion by decreasing the available cathodic reaction area and modified the activation energy of the anodic reaction.

· Anti – corrosive properties of natural honey on AL-Mg-Si alloy in seawater was evaluated by potentiodynamic polarization, linear polarization resistance and electrochemical impedance spectroscopy measurements. The various techniques showed that the inhibition efficiency increases with the increasing extract concentration. Polarization data indicated that natural honey acted as a mixed-typed corrosion inhibitor. LPR and EIS studies shower that there was significant increase in the overall resistance after the addition of natural honey. The results obey the Langmuir adsorption isotherm  R.Rosiza et al., (2009)

· A.Ostovari et al., (2009) investigated the corrosion inhibition effect of henna extract (Lawsonia inermis) and its main constituents (lawsone, gallic acid, α-d-Glucose and tannic acid) on mild steel in 1M HCl solution through electrochemical techniques and surface analysis (SEM/EDS). Polarization measurements indicated that the compounds act as mixed inhibitors. The inhibition efficiency increases with inhibitor concentration and a maximum inhibition efficiency of 92.06% was obtained with 1.2g/L of henna extract.

· Corrosion inhibition effect of Justicia gendarussa extract on mild steel in 1M HCl medium has been investigated by weight loss and electrochemical techniques by A.K. Satapathy et al., (2009). A maximum efficiency of 93% was observed at 150 ppm concentration at 25o C. The polarization studies showed that JGPE acts as mixed-type inhibitor. The inhibition efficiency of JGPE was discussed in terms of adsorption and protective film formation. The results revealed that plant extract has the potential to serve as corrosion inhibitor and it obeyed Langmuir adsorption isotherm.

· P.B. Raja et al., (2009) explained the inhibition potential of Calotropis procera in sulphuric acid medium on mild steel. The inhibition effect was studied by weight loss, electrochemical, SEM and UV methods. Calotropis procera has been found to show significant corrosion inhibitive effect. The inhibition is attributed to the adsorption of inhibitor on the surface of the mild steel. The results of AC impedance and polarization studies correlate well with the weight loss studies.

· Nnabuk Okon Eddy et al., (2009) investigated the inhibitive and adsorption properties of ethanol extract of Terminalia catappa for the corrosion of mild steel in H2SO4 using weight loss, hydrogen evolution, and infrared methods of monitoring corrosion. The studies revealed that the inhibition efficiency of the inhibitor increased with increasing concentration but decreased with increasing temperature and it obeyed the Langmuir adsorption isotherm. The inhibition potential of ethanol extract of T.catappa was attributed to the presence of saponin, tannin, phlobatin, antharaquinone, cardiac glycosides, flavonoid, terpene, and alkaloids in the extract.

· The effect of the phullanthus amarus leaves on the corrosion of aluminium in 2M NaOH solution was studied using chemical technique by Olusegun K.Abiola   et al., (2009). The studies showed that the inhibition efficiency increased with increasing concentration of the extract and gave a maximum efficiency of 76% at the highest concentration. The Langmuir adsorption isotherm well fitted with the experimental data.

· Badiea.A.M.et al.,(2009) evaluated the effects of radish leaves and black cumin extracts on the corrosion behaviour of low carbon steel in industrial water in the temperature range of 30-800C and velocity range of 1.44-2.02 ms-1 using potentiodynamic polarization, EIS and mass loss measurements. The inhibition efficiency increased with increasing concentration of the extracts but it slightly decreased with increasing temperature. Values obtained from mass loss and potentiodynamic were in reasonable agreement. Both extracts acted as anodic inhibitors. SEM indicated that the film formed on the metal surface was smooth. The adsorption behaviour obeyed Flory-Huggins isotherm. A better improvement in protection was obtained by black cumin than that of radish leaves.

· The inhibitive effect of lupine (Lupinous albus L.) extract on the corrosion of steel in aqueous solution of 1 M H2SO4 and 2 M HCl was investigated using potentiodynamic polarization and electrochemical impedence spectroscopy (EIS) techniques by A.M.Abdel-Gaber et al., (2009). The inhibition efficiency was found to increase with increasing concentration of the extract. The results showed that, the lupine extract could serve as an effective inhibitor and the extract was more effective in case of hydrochloric acid.

· P.C.Okafor et al., (2009) investigated the corrosion inhibitive properties of extract from mature leaves of Combretum bracteosum for the corrosion of mild steel in H2SO4. The inhibition properties were determined by gravimetric and hydrogen evolution measurements at 30-600C. The studies revealed that the inhibition efficiency increased with the plant extracts concentration and decreased with temperature. The results obeyed Frumkin adsorption isotherm.

· Olusegun K.Abiola et al., (2009) studied the corrosion inhibition properties of Gossypium hirsutum L. Leaves extract and seed extract on aluminium in 2 M NaOH solutions using electro chemical technique the studies revealed that the leave extract (GLE) was found to be more effective than the seed extract (GSE). The GLE gave 97% inhibition efficiency while the GSE gave 94% at the highest concentration.

· The corrosion inhibition of aluminium in HCl solution in the presence of exudate gum from Raphia hookeri at the temperature range of 30-600C was studied using weight loss and thermometric techniques. It was found that the inhibition efficiency increases with increase in temperature. The exudate gum was found to obey Temkin adsorption isotherm. S.A.Umoren et al., (2009)

· 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 impedence 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. Thermodynamic functions have been evaluated from temperature studies. Electrochemical measurements revealed that the extract acted as a mixed type inhibitor.

· The inhibitor effect of the environmentally friendly corrosion inhibitor poly asparticacid on the corrosion of carbon steel in 0.5 M H2SO4 was investigated by weight loss, potentiodynamic polarization, electrochemical impedence spectroscopy, and scanning electron microscopy by Weinheim et al., (2010). The results showed that the inhibition efficiency increases with increasing concentration, and the maximum inhibition efficiency was 80.33%. The adsorption of this inhibitor was found to follow Freundlich adsorption isotherm.

· Evaluation of the effective performance of acid extract of Ervatamia coronaria leaves extract on the inhibition of mild steel in 1M HCl and 0.5M H2SO4   at ambient temperature by Rajalakshmi et al.,(2010) using weight loss and electrochemical measurements. Electrochemical studies showed that the plant extracts act as mixed type inhibitors and maximum efficiency extract was found to be 98%.

· Rajalakshmi et al., (2010) evaluated the efficacy of Bakery waste – egg shell extract on corrosion mitigation of MS in 0.5M H2SO4   solution by weight loss and electrochemical methods. The extract was found to exhibit good inhibiting properties offering a maximum of 97.8% efficiency. Electrochemical results reveal the mixed mode of inhibition of the egg shell extract.

· M.A. Quraishi et al., (2010) has studied the inhibition of the corrosion of mild steel in HCl and H2SO4 solutions by the extract of Murraya koenigii leaves using weight loss, electrochemical impedence spectroscopy (EIS), linear polarization and potentiodynamic polarization techniques. Inhibition was found to increase with increasing concentration of the leaves extract. The effect of temperature, immersion time and acid on the corrosion behaviour of mild steel in 1 M HCl and 0.5M H2SO4 in the presence of extract were studied and the thermodynamic parameters (ΔQ, ΔH*, and ΔS* ) were calculated.

· R. Rosliza et al., (2010) measured the effect of tapioca starch to improve the corrosion resistance of AA6061 alloy in seawater by gravimetric, potentiodynamic polarization, linear polarization resistance and electrochemical impedence measurements. The results showed that the tapioca starch significantly decreases the corrosion rates, corrosion current densities (icorr), and double layer capacitance (Cdl), simultaneously increases the values of polarization resistance (Rp). The results reveal that the inhibition efficiency increased with increasing concentration. Langmuir adsorption isotherm well fitted with the experimental data.

· The inhibitive and adsorptive characteristics of ethanol extract of Gongronema latifolium as a corrosion inhibitor for mild steel in H2SO4 was studied by using thermometric and hydrogen evolution techniques. The results showed that the inhibition efficiency of ethanol extract of GL vary with concentration of the extract, period of immersion and with temperature. It followed the Langmuir adsorption isotherm. N.O.Eddy et al.,(2010)

· The effect of the extract of Aloe vera leaves on the corrosion of zinc in 2 M HCl solution was studied by using weight loss technique by Olusegun K. Abiola et al, (2010). The results showed that the inhibition efficiency increased with increasing concentration of the extract but decreased with increasing temperature. It obeyed the Langmuir adsorption isotherm.

· Patchaiah Kalaiselvi et al., (2010) proved the inhibition efficiency of methanolic extract of Artemisia pallens on corrosion of mild steel in 4N HCl and conc. HCl. Weight loss and polarization techniques were studied in 4N HCl, whilst weight loss, SEM and FT-IR studies were carried out in concentrated HCl. Inhibition efficiency was found to increase with increase in extract concentration. The results obey the Langmuir adsorption isotherm. The Inhibition efficiency was found to be 93% at 1.5g l-1   in 4N HCl and 96.5% at 40g l-1 in conc. HCl.

· The inhibitory effect of shell extract of Palmyra palm (Borassus Flabellifer Linn) on the corrosion of MS in 1M HCl and 0.5M H2SO4   by weight loss and electrochemical techniques. The maximum IE was found to be 97.65% and 98.1% in 1M HCl and 0.5M H2SO4 .   Electrochemical measurements infer that the extract act as mixed inhibitor  (Vijayalakshmi. P.R et al., 2010)
Materials and methods

3.Materials and methods


In any research work the materials and the methods adopted are the aspects, which decide and determine qualitatively and quantitatively the out come of the research. In the present investigation, efforts have been taken to study the inhibitive action of the ZJL extract as corrosion inhibitor for mild steel (MS) in 0.5 M Sulphuric acid. The design of the present investigation consisted of the following steps.

Selection of samples


Mild steel is one of the most important widely used engineering materials particularly for the structural and automobile applications due to low cost and easy availability. MS suffers from severe corrosion in aggressive environment, which needs to be protected. Hence the study of corrosion inhibitor of MS in aqueous aggressive media is the subject of pronounced technological significance. Thus the investigation was carried out using mild steel.

Preparation of samples


Rectangular sample of area 1X5 cm2 have been cut from a large sheet of mild steel. A hole was drilled in the specimen, mechanically polished, degreased, washed with de ionized water then thoroughly dried and kept in desiccators for weight loss tests. The mild steel specimens used had the following percentage elemental of composition as shown in table.

Test medium

Acid solutions are widely   used in chemical laboratories and in several industrial processes such as acid pickling, acid cleaning, acid de- scaling and oil wet cleaning etc. Among the commercially available acids hydrochloric acid and sulphuric acid are used in nearly all industries and is vital commodity in our national economy. Experiments were performed in 0.5 M H2SO4. The acid used was LR grade.

     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


Selection of inhibitors

 The choice of the inhibitor is based on the following consideration,

· Less expensive

· Possess no threat to the environment

· Non-toxic

· Easily available

· Bio-degradable

· Low cost

· Eco-friendly

Preparation of inhibitors


 The extracts was prepared by refluxing 25gms of ZJL in 500ml of H2SO4 for three hours and kept overnight for cooling. The cooled extract was filtered and made up to 500ml with 0.5M H2SO4 to get 5% extract of  the inhibitor. 

Techniques employed


Physio - chemical method


Electrochemical measurements

Physico chemical method (weight loss method)


It is one of the oldest techniques of monitoring corrosion rate and is carried out by exposing the weighed metal coupons in the test media for a predetermined period of time. It is then removed and weighed. The weight loss obtained for the coupons are then measured.


In the current study pre weighed coupons were immersed in triplicate with the help of glass hook into a beaker containing 100 ml of acid with and with out inhibitor for a particular period of time. The coupons are then washed, dried and reweighed. The average weight loss of the coupons was recorded. Varying the parameters such as concentration, time of immersion and temperature the experiments were conducted


Concentration (0.1% - 0.7%)

            Time of immersion (1/2 hr, 1 hr, 3 hrs, 6 hrs, 12 hrs, & 24 hrs)


Temperature (313 K – 353 K)
Determination of corrosion rate 


Many expressions are available to express the corrosion rate. The widely used expression is measured in milli inches per year using the formula,
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Where,

       W - Weight loss in g

       D - Density of mild steel in g/ cm2

       A - Area of the sample in cm2

       T - Exposure time in hours

Determination of percentage of inhibition and surface coverage


The percentage of inhibition efficiency and surface coverage were calculated by using the following equation. 
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Where, 

      Wo – Corrosion rate without inhibitor in g

       W - Corrosion rate with inhibitor in g

Determination of thermodynamic parameters


The change in free energy (ΔG) of adsorption of the inhibitors can be calculated by using the following equation (Abdel. A and Saied. A., 1981)

                                       Log C = [log θ/ (1- θ)] – log B

 Where,

   Log B = - 1.74 – (ΔG/ 2.303 RT)

       θ is the surface coverage  

       C is the concentration the inhibitor 

       R is the gas constant 8.314 J/mol

       T is the temperature in K


The values of enthalpy of adsorption ΔH and entropy of adsorption ΔS were obtained from the basic thermodynamic equation (I.e.) Gibbs Helmholtz equation

                                                     ΔG = ΔH - T ΔS


A plot of ΔG versus T will be a straight line with intercept ΔH and slope ΔS.

Adsorption isotherm


Corrosion inhibition is a surface process with specific adsorption of inhibitor on the metal surface. In recent years, attempts have been made to understand the nature of interaction between the inhibitor and metal surface in terms of adsorption isotherm. The knowledge of the adsorption behaviour of the inhibitor is important for definition of its active mechanism. The dependence of surface coverage on concentration is studied through the following adsorption isotherms.

                                                       Langmuir  [log (θ /1 – θ) Vs log C]

                                                       Temkin (θ Vs log C)

Activation energy (Ea)


The activation energy at different concentration of the inhibitor at various temperatures was determined by plotting log CR Vs 1/T. (Arrhenius plot). From the slope of the plot activation energy (Ea) was calculated using the following formula.

                                             Ea = - 2.303 X R X slope of the Arrhenius plot


Where 

                                           R-gas constant 8.314 J/mole

Shelf – life of leaves extract of ZJL


The performance of the extract of ZJL was studied every one week for duration of two and half months by storing them at room temperature and the refrigerator. Every week the efficiency of the extracts was studied using weight loss method. 

Electrochemical methods

Polarization techniques


Electrochemical studies were carried out using conventional three electrode cell with large area of platinum foil as counter electrode saturated calomel electrode (SCE) as reference electrode and sample as working electrode. The solartron electro chemical analyzer (model 1280 B) interfaced with an IBM computer was used for the polarization study.


Before starting the measurements the electrode potential was allowed to stabilize for 30 minutes. Polarization studies were conducted at a scan rate of 2mV/sec starting from -0.1 to -1mV with respect to the corrosion potential in the presence and absence of the inhibitor. 1 sq.cm.  of polished mild steel surface was exposed and the electrochemical studies are carried out at 303 K.

Tafel plot 


In the Tafel plot technique, a controlled scan can be applied, extending in both the anodic and the cathodic directions of corrosion potentials for a few hundred milli volts. The linear region of the plot (applied potential Vs log current) is projected to intersect. This defines corrosion current (Icorr) and the corrosion potential (Ecorr) and the slope of the linear region is the Tafel slopes (ba and bc).


The inhibitor efficiency was calculated using the following equation,

                                      [image: image16.png]Icorr(blank) “lcor(inhibited) y 4

L.E (%) = Teorblank)





I.E from LPR technique
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Where,


Rp (inhibited) and Rp (blank) are linear polarization resistance in the presence and absence of the inhibitor respectively.

Impedance spectroscopy


In this method an AC signal of 5 – 10 mV of frequency 10 KHz to 10MHz is applied to the system. Impedance date can be presented in the form of Nyquist or Bode plot. From the data, the Rct and Cdl are obtained.


The I.E can be calculated using the equation,
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Where,



Rct (inhibited) and Rct (blank) are charge transfer resistance in the presence and absence of the inhibitor respectively.


With the help of the double layer capacitance Cdl, θ can be calculated using the equation,

                                      θ [image: image21.png]Cdl(inhibited)
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Where,



Cdl (inhibited) andCdl (blank) are the double layer capacitance in the presence and absence of the inhibitor respectively.

Results and discussions

4. Results and Discussion

Investigations of corrosion inhibitive nature of Ziphus jujuba leaves (ZJL) for mild steel in 0.5M H2SO4 medium are tabulated and discussed in the light of the objectives set forth.

  The inhibitive action as anticipated depended on the concentration of the inhibitor, period of immersion and the temperature of the attacking acid. Corrosion rate and inhibition efficiency were calculated using

· Weight loss measurement

· Polarization measurement.

Weight loss measurement 

ZJL extract has been tried for its potency in the retardation of corrosion of mild steel in 0.5M H2SO4. It has been evaluated using the following parameters 

· Concentration of the inhibitor

· Immersion time and

· Temperature  variation

Effect of concentration of the inhibitor                      

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 0.5M H2SO4 medium has been investigated by conducting the tests with various concentrations of the extract (0.1%-0. 8%). The results are illustrated in table (1) and fig (1). The data revealed that the corrosion rate of mild steel decreased with increasing concentration of the extract. From the data, the maximum enhancement of inhibition was found to be 77.9% at 0.8% of the extract. The increase in IE with increase in concentration of the extract may be attributed to the increase in the number of molecules adsorbed over the MS surface. This blocks the active sites in which direct acid attack proceed, effectively by protecting the metal from corrosion. (Pandian Bothi Raja et al., 2009)

TABLE: 1

Effect of Concentration & Time on inhibition efficiency of ZJL extract in 0.5 M H2SO4
	s.no


	conc
	1/2 hr
	1hr
	3hrs
	6hrs
	12hrs
	24hrs

	
	
	CR
	IE

(%)
	CR
	IE (%)
	CR
	IE

(%)
	CR
	IE

(%)
	CR
	IE

(%)
	CR
	IE

(%)

	1
	Blank
	514.59
	
	453.53
	
	1032.05
	
	844.90
	
	1020.06
	
	1073.87
	

	2
	0.1
	313.98
	38.98
	165.71
	63.46
	178.79
	82.67
	144.26
	82.92
	175.52
	82.79
	108.47
	89.89

	3
	0.2
	279.10
	45.76
	187.51
	58.65
	129.37
	87.46
	114.10
	98.43
	138.09
	86.46
	104.11
	90.30

	4
	0.3
	279.10
	45.76
	161.35
	64.42
	119.19
	88.45
	101.75
	98.6
	120.64
	88.17
	96.66
	90.99

	5
	0.4
	204.96
	60.16
	128.64
	71.63
	109.74
	89.36
	117.37
	98.38
	105.8
	89.66
	92.30
	91.40

	6
	0.5
	139.55
	72.88
	100.30
	77.88
	101.02
	90.21
	94.48
	98.7
	99.93
	90.20
	91.21
	91.50

	7
	0.6
	130.82
	74.57
	91.57
	79.80
	93.20
	90.96
	91.57
	98.74
	86.48
	91.52
	81.40
	92.41

	  8
	0.7
	113.38
	77.96
	100.30
	77.88
	87.21
	91.54
	74.13
	99.98
	61.41
	93.97
	70.86
	93.40

	  9
	0.8
	113.38
	77.96
	78.99
	82.58
	84.30
	91.83
	66.86
	99.08
	54.87
	94.62
	59.77
	94.43
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Impact of immersion time

To determine the impact of immersion time on inhibitive efficiency ZJL extract, weight loss measurements were carried out in 0.5M H2SO4 for ½, 1, 3, 6, 12 and 24 hrs.

The variation of weight loss with exposure time for the mild steel specimen immersed in 0.5M H2SO4 with and without the addition of ZJL extract are presented in table (1) and fig (1). From the experimental results, it can be concluded that the inhibition efficiency increased upto 6 hrs (99.08 %) and after that there is slight decrease in inhibition efficiency at 12 hrs and then stabilizes at 24 hrs. In the present investigation it is also observed that the inhibitor functions very well at higher concentration for all periods of immersion. Hence it is suggested that higher concentration of the inhibitor might be used in the pickling bath. The increase of inhibition efficiency with respect to time of immersion indicates the stability of adsorbed layer on the metal surface.

Effect of temperature
Temperature can modify the interaction between the mild steel surface and the acid in the absence and presence of inhibitor. Temperature studies were carried out in the absence and presence of varying concentration of the inhibitor at 303 K, 313 K, 323 K, 333 K, 343 K and 353 K. The results are presented in fig (2) and table (2). The results infer that inhibition efficiency increase with increase in temperature up to 323 K. Further increase in temperature showed a decrease in efficiency and it stabilised to 92.8% at 353 K. The decreased protection efficiency at higher temperature may be explained from the fact that increase of temperature affected the rate of adsorption/ desorption ratio and if the rates of the desorption was faster than the rate of adsorption, there might be decrease in inhibition efficiency with temperature [G.L.Zacchini et al., 1971] 
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TABLE : 2

Effect of Temperature on the IE of ZJL extract in 0.5 M H2SO4
	      Sl.no
	   Conc
	303K
	313K
	323K
	333K
	343K
	353K

	
	
	CR
	IE 

(%)
	CR
	IE 

(%)
	CR
	IE

 (%)
	CR
	IE 

(%)
	CR
	IE 

(%)
	CR
	IE 

(%)

	1
	Blank 
	514.59
	
	1744.38
	
	2773.56
	
	5904.72
	
	9393.48
	
	17007.70
	

	2
	0.1
	313.98
	38.98
	566.92
	67.5
	409.92
	85.22
	1430.39
	75.77
	2040.92
	78.27
	4169.06
	75.48

	3
	0.2
	279.10
	45.76
	453.53
	74.0
	427.37
	84.59
	1203.62
	79.61
	1692.04
	81.98
	2921.83
	82.82

	4
	0.3
	279.10
	45.76
	401.20
	77.0
	375.04
	86.47
	1125.12
	80.95
	1578.66
	83.19
	2511.90
	85.23

	5
	0.4
	204.96
	60.16
	383.76
	78.0
	331.43
	88.05
	994.29
	83.16
	1378.06
	85.32
	2197.99
	87.07

	6
	0.5
	139.55
	72.88
	375.76
	78.5
	313.98
	88.67
	915.79
	84.49
	1247.23
	86.72
	2084.53
	87.74

	7
	0.6
	130.82
	74.57
	357.39
	79.5
	305.26
	88.99
	959.40
	83.75
	1238.50
	86.81
	1569.94
	90.76

	8
	0.7
	113.38
	77.96
	313.98
	82.0
	305.26
	88.99
	889.63
	84.93
	1116.40
	88.11
	1395.50
	91.79

	9
	0.8
	113.38
	77.96
	261.65
	85.0
	244.21
	91.19
	680.30
	88.47
	1055.34
	88.76
	1221.06
	92.82


Adsorption behaviour
Basic information on the interaction between the inhibitor and the metal surface is provided by adsorption isotherms. This can be obtained from degree of surface coverage (θ) and fraction of unoccupied surface (1-θ), which is a function of the exposed area. If the adsorption of the inhibitor follows the Langmuir adsorption isotherm, the adsorption rate should be proportional to the inhibitor concentration (Cinh) and the fraction of unoccupied sites (1-θ).




Vads=Kads (1-θ) Cinh


Inversely the desorption rate is proportional to the fraction of occupied sites (θ)




Vdes=Kdesθ


At equilibrium, both rates are equal:




Kads (1-θ) Cinh=Kdesθ


Consequently the degree of surface coverage (θ) is given by,

[image: image38.wmf]Temkin Adsorption isotherm

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

-1.1

-0.9

-0.7

-0.5

-0.3

-0.1

log C

θ

1hr

3hrs

6hrs

12hrs

24hrs




[image: image25.png]T



[image: image23.png]— _bCink
o





 QUOTE  

 QUOTE [image: image27.png]T



 

                                1


Where ‘b’ designates the adsorption co-efficient. The equation (1) can be formulated as, 
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Cinh /θ = 1/b + Cinh                                      2


The plots of C inh /θ versus C inh gave a straight line (fig 5) and thus follow the Langmuir adsorption isotherm. This suggests that the inhibitor molecules are adsorbed over the metal surface forming a barrier, which prevents further contact of the metal with electrolyte. 

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.
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                                            Fig-4

Activation energy (Ea)


The activation energy at different concentration of the inhibitor in H2SO4 was calculated by plotting log C.R vs. 1/T fig (5). The dependence of logarithm of the corrosion rate 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 ZJL in 0.5M H2SO4 are listed in the table (3). From the table it is can be seen that the energy of activation changes in the presence of the inhibitor. The results infer that the interaction between the metal surface and the current inhibitor under study is to be strong enough to prevent corrosion.

This may seem surprising and paradox, but Riggs et al.,(1967) reported that in the presence of adsorbed inhibitor, the dissolution of the metal proceeds with two distinct processes corresponding to the covered area and the bare metal surface 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 inhibitor. As far as the present study is concerned, the above said explanation aptly suits the results obtained for the ZJL extracts. 

Free energy of adsorption

Free energy of adsorption (ΔG) was calculated by using the standard equation




Log=Log (θ/1-θ)-Log B

Where Log B= -1.74-(- ΔG/2.303RT)

                 C= inhibitor concentration


The negative values obtained for ΔG suggest the strong interaction of the inhibitor molecules, whereas low value of ΔG indicated spontaneous adsorption of inhibitors on MS surface. Two modes of adsorption can be considered. The process of physical adsorption requires the presence of electrically charged metal surface and the charged species in the bulk of the solution. Chemisorption process involves charge sharing or charge transfer from the inhibitor molecules to the metal surface. These values were relatively less than the threshold value of -40KJ/mol required for chemical adsorption. Hence the adsorption of the extracts of ZJL on the surface of mild steel is physical adsorption. The obtained value of ΔG (table 3) suggests a strong physical adsorption of the components of the extract on to the steel surface in 0.5M H2SO4 solutions and it is spontaneous.

Enthalpy and entropy of adsorption

Enthalpy of adsorption and Entropy of adsorption were calculated from the following equation

ΔG= ΔH-TΔS


The intercept (ΔH) and slope (ΔS) obtained from the plot – ΔG vs. T (fig 6) was listed in the table (3). This agrees with general suggestion that more negative values of ΔG and positive value of ΔS lead to increase in inhibitor efficiency [Sanyal S., 1990]. The negative values of ΔH obtained in this study indicate that the adsorption of ZJL extract molecules is an exothermic reaction. The values for the heat of adsorption for the inhibitor in 0.5M H2SO4 was found to be less than (40KJ/mol). This indicates that the inhibitor was adsorbed physically. The positive values of entropy of adsorption ΔS suggest the adsorption to be a spontaneous process and the change in entropy was found to be greater than zero. This indicates that the reaction is irreversible. It is clear that the complete desorption of the inhibitor is not possible.
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Fig-5

                                                                  TABLE 3:
Variation of thermodynamic and kinetic parameters with concentration and temperature (ZJL in 0.5 M H2SO4)
	Sl. No
	-Ea
· (KJ/mol)
	· ΔG at various temperature

(KJ/mol)
	ΔS

KJ/mole
	ΔH

KJ/mole

	
	
	313K
	323K
	333K
	343K
	353K
	
	

	1


	53068.7
	12.33
	15.46
	14.25
	15.08
	15.06
	-0.05
	2.222

	2
	51037.4
	13.15
	15.33
	14.86
	15.74
	16.37
	-0.0411
	-1.1597

	3
	46703.8
	13.57
	15.74
	15.10
	15.98
	16.90
	-0.034
	-3.786

	4
	46794.9
	13.72
	16.12
	15.51
	16.44
	17.85
	-0.0338
	-4.1526

	5
	45002.1
	13.79
	16.28
	15.78
	16.77
	17.53
	-0.0493
	0.6909

	6
	43986.4
	13.95
	16.37
	15.63
	16.80
	18.84
	-0.0491
	0.5623

	7
	40052.9
	14.37
	16.37
	15.88
	17.13
	18.84
	-0.0452
	-0.9484

	8
	39390.3
	14.94
	17.03
	16.73
	17.32
	19.27
	0.8545
	-4.52834
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                                                            Fig-6

Electrochemical measurement 

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. From the anodic and cathodic polarization curves for 0.5M H2SO4 medium at different concentration, Various electrochemical parameters were computed and listed. From the icorr values, the inhibition efficiency for the inhibitor was calculated.

Potentiodynamic studies


Kinetic parameters of corrosion processes (Icorr, be & bc) estimated from the polarization curves obtained in the presence and absence of the inhibitor are recorded in table (4). 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 extract on metal surface. The values of IE are found to be increasing with with increase in concentration of inhibitor. A maximum of 91.83% of inhibition was obtained with 0.7% concentration. No significant change in Ecorr values in the presence of inhibitor indicates the mixed nature of the inhibitor. 

TABLE 4:

Tafel Polarization measurements of mild steel in the presence of the  ZJL extract in 0.5M  H2SO4
	Sl.No
	Concentration

(%)
	Icorr
(Amp/cm2)
	ba
(mv/dec)
	bc
(mv/dec)
	Ecorr
(mv/sec)
	IE

%

	1
	Blank
	0.0005174
	217.87
	187.5
	-544.23
	

	2
	0.1
	0.0006094
	117.14
	86.98
	-511.82
	88.22

	3
	0.2
	0.0007771
	142.77
	96.01
	-506.21
	84.98

	4
	0.3
	0.0006937
	142.84
	92.73
	-505.31
	86.59

	5
	0.4
	0.0007775
	148.69
	94.31
	-494.83
	84.97

	6
	0.5
	0.0007199
	143.43
	91.94
	-493.05
	86.08

	7
	0.6
	0.0004295
	154.24
	82.29
	-499.16
	91.69

	8
	0.7
	0.0004222
	153.41
	80.03
	-495.45
	91.83

	9
	0.8
	0.0004568
	152.22
	81.71
	-495.67
	91.17


TABLE 5:

Rct, Rp, Cdl, &IE of MS in presence of ZJL extract

	Sl.no
	Concentration (%)
	Rct(Ωcm2)
	IE

(%)
	RP
Ω/cm2
	IE

(%)
	Cdl
(f/cm2)
	θ

	1
	Blank 
	11.77
	
	8.644
	
	0.00014015
	

	2
	0.1
	60.44
	80.51
	25.706
	66.37
	0.00012001
	0.1437

	3
	0.2
	54.61
	78.43
	31.363
	72.43
	0.00020107
	-0.4346

	4
	0.3
	62.25
	81.08
	33.162
	73.93
	0.0001875
	-0.3378

	5
	0.4
	51.18
	76.98
	32.807
	73.66
	0.00015198
	-0.0844

	6
	0.5
	50.44       
	76.65
	34.510
	74.95
	0.00013815
	0.01427

	7
	0.6
	88.01         
	86.61
	49.388
	82.49
	0.00006892
	0.50820

	8
	0.7
	130.19        
	90.95
	51.562
	83.23
	0.00006936
	0.5049

	9
	0.8
	108.1        
	89.10
	48.057
	82.01
	0.00008188
	0.4157


POTENTIODYNAMIC POLARIZATION CURVES OF ZJL 

EXTRACT 0.5M H2SO4
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Fig-7
IMPEDANCE CURVES OF MILD STEEL IN THE PRESENCE OF ZJL EXTRACT 0.5M H2SO4
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Fig-8
BODE PLOT OF MILD STEEL IN THE PRESENCE OF ZJL
EXTRACT 0.5M H2SO4
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Fig-8a
Impedance 

The Nyquist plot of the impedance behaviour of mild steel in 0.5M H2SO4 in the presence of various concentrations of the inhibitor is shown in fig 8

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 solution 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 as well as the pits on the electrode surface.

From the impedance parameters, it can be seen that as the ZJL concentration increased, Rct values increased. The figure illustrates that the charge transfer resistance is found to increase with increase in concentration of the inhibitor. This indicates the dissolution of the metal and the corrosion of mild steel is controlled by charge transfer process. The charge transfer reactions are known to take place at the metal solution interface. Consequently the high Rct values of inhibited electrodes can be explained by the buildup of protective layers and the effective barrier behaviour of adsorbed layers. The Cdl values tend to decrease with increase in concentration of ZJL. The decrease in Cdl values indicates the adsorption of the inhibitor on the metal surface The decrease in Cdl values can result from a decrease in local dielectric constant or an increase in thickness of the electrical double layer, suggesting that the inhibitor functions by adsorption at the metal solution interface.(Mc.Cafferty E, 1972)
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 rates. The difference may be expected to arise because of the difference in time required to form an adsorbed layer, which brings down corrosion. Fig 9 and 10 and depict the performance of ZJL extract by weight loss and electrochemical measurements.

Performance Evaluation of ZJL extract in 0.5M H2SO4 using various electrochemical methods
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                                                                      Fig-9
Performance evaluation of ZJL extract by various methods [image: image32.png]0.1
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                                                              Fig-10
Mechanism of inhibition

The ZJL extract contains a large number of oxygen and nitrogen containing organic compounds. Adsorption of these compounds may occur through their active centre. The Langmuir and Temkin adsorption isotherms also support the adsorption phenomenon. These isotherms could infer that the plant extract is found to be adsorbed on the MS surface and it could form a monolayer of adsorption
The first stage in the action mechanism of inhibitor in acid media is adsorption on the metal surface. In most inhibition studies, the formation of donor–acceptor surface complexes between pi -electrons of inhibitor and the vacant d-orbital of metal were

postulated 

The main constituents of extract of ZJL are alkaloids, protopine and berberine bioflavonoids , Mauritine-A; Amphibine-H; Jubanine-A; Jubanine-B; Mucronine-D and Nummularine-B. Sativa nine-E. Frangufoline, Ziziphine-A to Q, betulinic acid colubrinic acid, alphitolic acid, 3-O-cis-p-coumaroylalphitolic acid, 3-O-transp​coumaroylalphitolic acid, 3-O-cis-p-coumaroylmaslinic acid, 3-O-trans-pcoumaroylmaslinic acid, oleanolic acid, betulonic acid, oleanonic acid, zizyberenalic acid and betulinic acid ,coclaurine, isoboldine, norisoboldine, asimilobine, iusiphine and iusirine ;juziphine and juzirine –isoquinolines - some of   whose structures are given in Fig 11. having number of amine group ( NH–) and large number of aromatic rings. In the acid solution, due to protonation of amine group, the inhibitor molecules get adsorbed on the mild steel surface. As the constituent molecules contain aromatic rings ( pi - electrons) and electron releasing groups attached to these aromatic rings, the availability of  pi-electrons to get bonded to the vacant d orbital of Fe is increased. The high performance of  ZJL  extract could also be due to large size of constituent’s molecule which cover wide areas on the metal surface and thus retarding the corrosion (M.A.Quarishi et al.,2010)
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Fig 11

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

Natural inhibitors are estimated by their stability, consistent performance of the extract under study. Weight loss experiments were conducted for a period of 3 weeks. The extract was stored at room temperature and in refrigerator. The results are presented in table 6. No fungal growth was noticed in the extract 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 the some chemical reactions between the constituents. Due to the reactions the active groups responsible for the adsorption on the MS surface covered decreased showing decline of inhibition efficiency. The extract showed almost same efficiency at room temperature which confirms that it can be stored at room temperature itself. The performance of the extract may be maintained by adding suitable stabilizing agents. The extract was found to have reasonable ‘shelf life’.

TABLE 6:

Comparison of durability test for ZJL

	Weeks
	                              IE%

	
	Room temperature
	Refrigerated condition

	1st week
	91.94
	91.38

	2nd week
	90.14
	89.14

	3rd week
	88.02
	87.37


                        Summary and Conclusion

5.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 has 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 ZJL has been carried out by the classical weight loss measurements and polarization measurements.

· The acid extract of ZJL could bring out a maximum inhibition of 99.08% in H2SO4 acid.

· The extract was temperature resistant in nature and the inhibition efficiency varied from 99.08%, at room temperature to 92.82% at 353 K.

· The inhibitor used in the current study followed Langmuir and Temkin adsorption isotherm, which indicated the monolayer 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 predominant.

· Increase in Rp and Rct values and decrease in Icorr and Cdl value confirm that ZJL is adsorbed on the mild steel surface and inhibition process is followed by monolayer adsorption.

· The eco friendly inhibitor under study behaved as mixed type inhibitor.

· Results from the polarization techniques such as tafel and impedance spectroscopy could be comparable with the classical weight loss methods. 

· In the current investigation the ZJL play a major role in reducing the metal dissolution as well as hydrogen evolution and protect the mild steel surface from corrosion. 

· Thus Ziziphus jujuba leaves extract has proved to be zero cost, eco-friendly and highly economical inhibitor.
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								Icorr (%)		Rct(%)		Rp(%)		weight loss(%)

						0.1		88.22		80.51		66.37		82.92

						0.2		84.98		78.43		72.43		86.49

						0.3		86.59		81.08		73.93		87.95

						0.4		84.97		76.98		73.66		98.38

						0.5		86.08		76.65		74.95		98.7

						0.6		91.69		86.61		82.49		98.74

						0.7		91.83		90.95		83.23		98.98

						0.8		91.17		89.1		82.01		99.08
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Arrhenious plot

				Activation energy   1/T VS log CR

																						313				323				333				343				353

																						CR		log(CR)		CR		log(CR)		CR		log(CR)		CR		log(CR)		CR		log(CR)

						0.0031948		0.003095		0.003003		0.0029154		0.0028328				slope		Ea		1744.3		3.2416211808		2773.5		3.4430281702		5904.7		3.7711978373		9393.4		3.9728228163		17007.7		4.2306455867
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																								R		slope		Ea

																						-2.303		8.314		-2771.6248925589		53068.6953885605
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				Temkin isotherm

						1/2hr		1hr		3hrs		6hrs		12hrs		24hrs
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				-0.6989		0.4576		0.5865		0.8746		0.8649		0.8646		0.903

				-0.5228		0.4576		0.6444		0.8845		0.8795		0.8817		0.9099

				-0.3979		0.6016		0.7163		0.8936		0.9838		0.8966		0.914

				-0.301		0.7288		0.7788		0.9021		0.987		0.902		0.915

				-0.2218		0.7457		0.798		0.9096		0.9874		0.9152		0.9241
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				Langmuir isotherm
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						0.8119		1.0353		1.1768		1.252		1.1805		1.1348
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				Delta G -temp plot
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				0.6		79.5		88.99		83.75		86.81		90.76

				0.7		82		88.99		84.93		88.11		91.79

				0.8		85		91.19		88.47		88.76		92.82
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Arrhenious plot

				Activation energy   1/T VS log CR

																						313				323				333				343				353

																						CR		log(CR)		CR		log(CR)		CR		log(CR)		CR		log(CR)		CR		log(CR)

						0.0031948		0.003095		0.003003		0.0029154		0.0028328				slope		Ea		1744.3		3.2416211808		2773.5		3.4430281702		5904.7		3.7711978373		9393.4		3.9728228163		17007.7		4.2306455867

				blank		3.2416211808		3.4430281702		3.7711978373		3.9728228163		4.2306455867				-2771.6248925589				566.9		2.753506457		409.9		2.6126779183		1430.3		3.1554271386		2040.9		3.3098217257		4169		3.6200318951

				10.00%		2.753506457		2.6126779183		3.1554271386		3.3098217257		3.6200318951				-2665.5367055301				453.5		2.6565772914		427.3		2.6307328928		1203.6		3.0804821791		1692		3.2284003587		2921.8		3.4656504847

				20.00%		2.6565772914		2.6307328928		3.0804821791		3.2284003587		3.4656504847				-2439.2060501087				401.2		2.6033609243		375		2.5740312677		1125.1		3.0511911247		1578.6		3.1982720985		2511.9		3.4000023459

				30.00%		2.6033609243		2.5740312677		3.0511911247		3.1982720985		3.4000023459				-2443.9637047644				383.7		2.5839917992		331.4		2.5203525041		994.2		2.9974737588		1378		3.1392492176		2197.9		3.342007929

				40.00%		2.5839917992		2.5203525041		2.9974737588		3.1392492176		3.342007929				-2350.3301285999				375		2.5740312677		313.9		2.4967913157		915.7		2.9617532142		1247.2		3.0959361022		2084.5		3.3190018995

				50.00%		2.5740312677		2.4967913157		2.9617532142		3.0959361022		3.3190018995				-2297.2867115999				357.3		2.5530330162		305.2		2.4845845293		959.4		2.9819997141		1238.5		3.0928960109		1569.9		3.1958719895

				60.00%		2.5530330162		2.4845845293		2.9819997141		3.0928960109		3.1958719895				-2091.8507303164				313.9		2.4967913157		305.2		2.4845845293		889.6		2.9491947742		1116.4		3.0478198278		1395.5		3.1447298408

				70.00%		2.4967913157		2.4845845293		2.9491947742		3.0478198278		3.1447298408				-2057.2450333412				261.6		2.4176377397		244.2		2.3877456596		680.3		2.832700471		1055.3		3.0233759381		1221		3.0867156639

				80.00%		2.4176377397		2.3877456596		2.832700471		3.0233759381		3.0867156639

																								R		slope		Ea

																						-2.303		8.314		-2771.6248925589		53068.6953885605

																						-2.303		8.314		-2665.5367055301		51037.4098069968

																						-2.303		8.314		-2439.2060501087		46703.8246086906

																						-2.303		8.314		-2443.9637047644		46794.9200979703

																						-2.303		8.314		-2350.3301285999		45002.1047191795

																						-2.303		8.314		-2297.2867115999		43986.4748817169

																						-2.303		8.314		-2091.8507303164		40052.9629761716

																						-2.303		8.314		-2057.2450333412		39390.3627821794
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temkin -langmuir

		

				Temkin isotherm

						1/2hr		1hr		3hrs		6hrs		12hrs		24hrs

				-1		0.3898		0.6346		0.8267		0.8292		0.8379		0.8989

				-0.6989		0.4576		0.5865		0.8746		0.8649		0.8646		0.903

				-0.5228		0.4576		0.6444		0.8845		0.8795		0.8817		0.9099

				-0.3979		0.6016		0.7163		0.8936		0.9838		0.8966		0.914

				-0.301		0.7288		0.7788		0.9021		0.987		0.902		0.915

				-0.2218		0.7457		0.798		0.9096		0.9874		0.9152		0.9241

				-0.1549		0.7796		0.7788		0.9154		0.9898		0.9397		0.934

				-0.096910013		0.7796		0.8258		0.9183		0.9908		0.9462		0.9443

				r		0.9409362739		0.8791828861		0.983194644		0.9328333298		0.9757098456		0.8972832868

				Langmuir isotherm

						1/2hr		1hr		3hrs		6hrs		12hrs		24hrs

				-1		0.6047		0.7905		0.9634		0.9634		0.938		0.7489

				-0.6989		0.63		0.904		1.0016		1.0275		0.9537		0.851

				-0.5228		0.6564		0.9133		1.0461		1.0342		1.0187		0.9527

				-0.3979		0.6773		0.9232		1.0848		1.0867		1.1089		0.9932

				-0.301		0.6828		0.9306		1.0923		1.1108		1.1233		1.0117

				-0.2218		0.6028		0.9625		1.116		1.1382		1.1294		1.0085

				-0.1549		0.6988		0.9654		1.1355		1.1515		1.1515		1.0648

						0.7035		0.9699		1.155		1.1701		1.1672		1.0666

						0.7492		1.0381		1.1701		1.2401		1.1701		1.1154

						0.8119		1.0353		1.1768		1.252		1.1805		1.1348

				r		0.572929483		0.9491291716		0.9899132551		0.9816598699		0.9541643134		0.9857148338
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deltaG-temp plot

		313		313		313		313		313		313		313		313

		323		323		323		323		323		323		323		323

		333		333		333		333		333		333		333		333

		343		343		343		343		343		343		343		343

		353		353		353		353		353		353		353		353



-12.33

-13.15

-13.57

-13.72

-13.79

-13.95

-14.37

-14.94

-15.46

-15.43

-15.74

-16.12

-16.28

-16.37

-16.37

-17.03

-14.25

-14.86

-15.1

-15.51

-15.78

-15.63

-15.88

-16.73

-15.08

-15.74

-15.98

-16.44

-16.77

-16.8

-17.13

-17.32

-15.02

-15.05

-15.15

-15.25

-16.01

-16.19

-16.25

-18.27



performance graph

		

				Delta G -temp plot

																		ΔS		ΔH

						313		323		333		343		353				Slope		intercept

						-12.33		-15.46		-14.25		-15.08		-15.02				-0.05		2.222

						-13.15		-15.43		-14.86		-15.74		-15.05				-0.0411		-1.1597

						-13.57		-15.74		-15.1		-15.98		-15.15				-0.034		-3.786

						-13.72		-16.12		-15.51		-16.44		-15.25				-0.0338		-4.1526

						-13.79		-16.28		-15.78		-16.77		-16.01				-0.0493		0.6909

						-13.95		-16.37		-15.63		-16.8		-16.19				-0.0491		0.5623

						-14.37		-16.37		-15.88		-17.13		-16.25				-0.0452		-0.9484

						-14.94		-17.03		-16.73		-17.32		-18.27				0.8545557135		-4.5284701652

														`
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Compatibility Report

		

		performance evalution graph

								Icorr (%)		Rct(%)		Rp(%)		weight loss(%)

						0.1		88.22		80.51		66.37		82.92

						0.2		84.98		78.43		72.43		86.49

						0.3		86.59		81.08		73.93		87.95

						0.4		84.97		76.98		73.66		98.38

						0.5		86.08		76.65		74.95		98.7

						0.6		91.69		86.61		82.49		98.74

						0.7		91.83		90.95		83.23		98.98

						0.8		91.17		89.1		82.01		99.08

				Icorr (%)		Rct(%)		Rp(%)		weight loss(%)

		0.1		88.22		80.51		66.37		82.92

		0.3		86.59		81.08		73.93		87.95

		0.5		86.08		76.65		74.95		98.7

				Icorr (%)		Rct(%)		Rp(%)		Cdl

		0.1		88.22		80.51		66.37		12

		0.3		86.59		81.08		73.93		18.75

		0.5		86.08		76.65		74.95		13.81
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