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1. INTRODUCTION


Corrosion manifests itself in multifarious forms in our day-to-day life. Reddish orange spots and holes in auto bodies, leaking hot-water tanks, brown, murky water in taps, corroded nails, picks, pipes, rakes and shovels, rusted pots, pans cutlery, tin cans, and barbecue grills are some examples of corrosion (Sastri). Evans (1925) considered that corrosion as a branch of chemical thermodynamics or kinetics, as the outcome of electron affinities of metals and non-metals as short-circuited electrochemical cells, or as the demolition of the crystal structure of a metal.



‘Corrosion’ is the destructive attack of a metal by chemical or electrochemical reactions with its environment. Corrosion is also defined as the undesirable deterioration of a metal or alloy, i.e., an interaction of the metal with its environment that adversely affects those properties that are to be preserved (Hoar, 1950). If a metal is exposed to corrosive environment, the protective film is destroyed and the metal is attacked. The corrosion is the destruction or deterioration of materials (metals) under the chemical or electrochemical action of the surrounding environments (Speller, 1951).


The term ‘corrosion’ includes the reaction of metals, glasses, ionic solids, polymeric solids and composites with environments that include liquids, gases, non-aqueous electrolytes and other non-aqueous solutions (Greena and Fantana, 1959). Corrosion is regarded as the cancer of metals that arises from the thermodynamic instability (Chandler and Bayless, 1985). E.g., the dry cell consists of zinc metal, a carbon rod and an electrolyte consisting of ammonium chloride etc., when we use the cell by short-circuiting the positive carbon electrode and negative zinc anode, electric current is obtained. When electric current flows through the cell, the zinc dissolves (corrodes) with the formation of zinc ions (which goes into solution) and free electrons (Philip and Schwitzer, 1988).


It is necessary to devote more attention to metallic corrosion now-a-days than earlier, due to the increased use of metals in all fields of technology. The use of special applications, e.g., in the atomic energy field, of rare and expensive metals whose preservation requires particularly precautions. A more corrosive environment is the result of the increasing pollution in air and water. Mild steel is widely used in most of the chemical industries due to its abundance in the earth, for fabrication of various reaction vessels, tanks, pipes, etc., since it suffers from severe corrosion in aggressive environments, it has to be protected.


There are a number of methods to control metallic corrosion.  The various corrosion control methods are outlined in Scheme (1).
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One of the methods used to reduce the rate of metallic corrosion is the addition of an inhibitor – “chemical substance when added in small concentrations to an environment, effectively arrests, and decreases or prevent the reaction of the metal with the environment”.   



Phosphates and chromates have been in use as scale and corrosion inhibitors. The need to introduce and evaluate new chemicals replacing phosphates and chromates arose because of the following developments. In 1930s inorganic polyphosphates were used to prevent scale formation but exposed metal surface undergoes corrosion and precipitated sludge or scale on heat exchanger surface.  In 1940s, acid feed was begin to neutralize alkalinity, which permitted higher levels of polyphosphate for corrosion control, but corrosion and deposit in high heat flux areas still occurred.  In early 1950s, chromate-phosphate combinations were found to improve corrosion control, but greater acid feed was required. Polyphosphate continued to contribute calcium phosphate scale.  During late 1950s, zinc chromate compounds were used to overcome corrosion. Acid feed was still required to prevent precipitation of calcium carbonate and basic zinc salts.  Before the 1960s inorganic corrosion inhibitor such as chromate, polyphosphate and nitrite were used for protection of mild steel in the neutral medium. Though they provided a reliable measure of corrosion protection, discharge of such toxic materials was considered unacceptable due to environmental safety guidelines. 

Thus increasing environmental pollution hazards and the risk of workers’ safety have limited the use of inhibitors. Though certain organic/inorganic compounds have been used successfully as inhibitor formulations for mild steel (M. H Wahdan et al., (2002), K.Sapre et al., (2003), A.A. El-Shafei et al., (2001)). It is now being phased out because of their carcinogenic properties. Hence a need exists for environmentally and eco-friendly formulations for the control of corrosion.

The aim of the present work is to find a naturally occurring, cheap and environmentally safe substance that could be used for inhibiting the corrosion of mild steel.  The use of such substance will establish, simultaneously, the economic and environmental goals.  Lawsonia is cultivated in Africa and Asia for medicinal and dyeing purposes.  Therefore, the acid extract of Lawsonia leaves is treated as an inhibitor for the corrosion of mild steel in acidic media.   

1.1 CORROSION MONITORING TECHNIQUES



There are various experimental techniques that are normally employed to study the corrosion inhibition and inhibitor evaluation. The corrosion testing and inhibitor effectiveness can be done by




1.1.1 PHYSICOCHEMICAL METHOD



These methods include techniques such as weight loss method and gasometrical method.

a) Weight loss method or Specimen method



The direct measurement of corrosion utilizes the weight loss of metal over a period of time on a small sample such as specimen wire or strip. Dimensions of the metal specimen are the important for several reasons. The ratio of surface area to specimen weight should be as high as possible to facilitate detection of small weight losses. This permits the shortest possible exposure period between weighing. The specimen weight loss method is compromise between one length of test, the sensitivity of the weight measurements and the importance of observing surface attack. Thus the weight loss method is the most common and inexpensive non-electrochemical method. The corroded specimen are cleaned in the solution meant for each metal to remove any corrosion product and the rate is calculated as follows,

   


        534 x w
Corrosion Rate (mpy)  =                      mpy




           DAT

Where, w  =   weight loss


 D  =   density


 A  =   area


 T  =   time

b) Gasometric Method


Gasometric method gives accurate results composed to that of conventional weight loss method provided

· The inhibitor does not react with hydrogen 

· The hydrogen penetration into the metal is small composed to the total volume of the gas

The volume of gas is measured directly at constant temperature and atmospheric pressure and the metal loss is calculated.

Experiments were repeated under identical conditions for inhibitor solution of different concentrations and the gas volume was measured for duration of an hour. From the volume of hydrogen gas liberated, the inhibition efficiency was calculated using the formula as given below:


                                               VB - Vi
            Inhibition Efficiency (%) =                  x  100





   VB
where, 


VB = The volume of hydrogen evolved in the absence of inhibitor


Vi = Volume of hydrogen evolved in the presence of inhibitor

1.1.2 ELECTROCHEMICAL METHOD

a) Potentiodynamic Polarisation Method



Experimentally, one can measure polarisation characteristics by plotting the current response as a function or the applied potential. Since the measured current can vary over several orders of magnitude, usually the log current function is plotted against potential on a semi-log chart. In order to measure and control the potential and current flow of a corroding metal specimen viz., the specimen or working electrode, auxillary electrode and a reference electrode. A typical standard polarisation test cell recommended by ASTM G5 94 could be used for taking the electrolyte and mounting the electrodes. After connecting the electrodes with proper instrumentation, the potential of the corroding specimen can be changed stepwise at regular intervals or changed continuously at a constant scan rate at fixed temperature. The current that results for each change in potential is recorded. The corrosion rate can be calculated from the following equation.




       0.13 x icorr x E.W

Corrosion rate (mpy)  =





      D

where, 


icorr    =     Corrosion current density in mAcm2

E.W  =     Equivalent weight of corroding species in grams


D      =     Density of the metal in g / cm3
b) Tafel Polarisation Method


In this method, E Vs log I data is obtained. At high over potentials, the rate expression is,
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Taking log on both sides,


[image: image3.wmf]b

 

log i = log i

corr

+

(E -E

corr

)

c




The plot of E Vs log i give a straight line and the slope is (c and the intercept gives icorr. From the icorr value, the corrosion rate in mpy is obtained by using the relationship given below:






           Eq. wt

Corrosion rate  =  3.2 x icorr (mA / cm2) x






           density


c) Linear Polarisation Method


Stern and Geary have shown that there is a linear relationship between current and potential when n ( 20mv and on n plot, the corrosion current can be obtained by using the following relationship.

Anodic and cathodic reaction activation controlled:


                 (a - (c
               1

icorr  =                             x

     

       2.3 ((a + (c)           (dn / di)

The term (dn / di) has the dimension of charge transfer resistance. Hence this method is also known as polarisation resistance method.

where, 


(a = anodic Tafel slope


(c = cathodic Tafel slope



The icorr is calculated from the above relationship. The value of (a and (c are obtained from the slopes of the plots of n Vs log i.

d) AC Impedance Method


Altering current techniques can provide additional information. Specifically electrode surface possess an excess surface change which is balanced by anion accumulation of opposite sign in the adjacent solution, thus making the system electrically neutral. The electrode surface makes the electrode equivalent to a conventional capacitor and this is the basis of AC methods.

ADVANTAGES



AC methods offer many advantages,

(i) Data on several cell parameters are obtained quickly and simultaneously.

(ii) High electrolyte resistance is not a problem.

(iii) Applicable to low conductivity systems also.

(iv) Provides mechanistic information.

(v) No reaction products build up because there is no net current flow (if the DC component is made zero). This results in the least possible disturbance of the cell.

(vi) The method is very sensitive. Even small changes in the specimen can alter the impedance plot.

The cell impedance consists of real and imaginary parts.
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where,


Rs  =    Solution resistance


Rt  =    Charge transfer resistance


Cdl =    Double layer capacity

1.2 CORROSION RATE



After calculating the Rt value from Nyquist plot and substituting Tafel slope values for cathodic (c and anodic (a in the equation.                          
            



      (a (c                  1                                                                                     

icorr   =                                x

                      2.303 ((a + (c)          Rt   



The corrosion current density of the particular system can be calculated. Thus, without disturbing the system much, the corrosion rate can be accurately calculated by AC impedance method.

1.3 SURFACE ANALYSIS


Surface analysis of metal in the corrodent in the absence and the presence of inhibitors would contribute to the understanding of inhibition mechanism.  Hence an attempt has been made in the present study to analysis the steel surface before and after inhibition by optical microscopy.


With this brief introduction about corrosion and its prevention by inhibition, the main objectives of present work are given as follows.
OBJECTIVES

· To prepare the acid extract of Lawsonia inermis.

· To evaluate the efficiency of the inhibitor through various factors like

a) Concentration of inhibitor

b)Concentration of the corrosive medium

c) Immersion time of mild steel in the aggressive medium containing      the inhibitor

     by gravimetric method.

· To determine corrosion parameters of the extract by potentiostatic polarisation techniques.

· To obtain the impedance parameters in the absence and presence of various concentrations of inhibitors by Nyquist and Bode plots.

· To correlate the results obtained by various techniques.

· To understand inhibition mechanism through surface analysis

· To propose a suitable adsorption model to arrive at a probable mechanism for inhibition action.

· To propose suitable mechanism for the inhibition process.

2. REVIEW OF LITERATURE
2.1 PRINCIPLE OF CORROSION



Metals naturally occur in the combined state mostly in the form of oxides or sulfides. They are extracted from these ores with a high-energy input. Thus metals exist at high-energy state, which is thermodynamically unstable; hence metals tend to return to their combined state through corrosion reaction.



Most of the corrosion processes are due to electrochemical reactions through formation of corrosion cells. The electrochemical or local cell theory considers a corroding metal to consist of anodic or cathodic areas. At the anodic area metals dissolves forming metal ions and thus generates electrons.
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2.2 CLASSIFICATION OF CORROSION


A logical and scientific classification of corrosion processes, although desirable, is by no means simple. This is due to enormous variety of the surrounding media, varied heterogeneities in metals and the diversity of corrosion reactions. However, corrosion may be classified into two types.





2.2.1 Wet Corrosion


It occurs when a liquid is present. This usually involves aqueous solutions or electrolytes.
e.g.,  Corrosion of steel by water.
2.2.2 Dry Corrosion



It occurs in the absence of liquid phase or above the dew point of the environment. It is most often associated with high temperature.

e.g., Attack on steel by furnace gases.

2.3 FORMS OF CORROSION


Fontana categorized eight major forms of corrosion, mainly based on appearance. Dillon considered Fontana’s basic forms of corrosion and divided them into three groups, based on their ease or identification.

Classifications are as follows:



   

                                         
Ordinary Visual Examination

· Uniform Corrosion
· Pitting Corrosion

· Crevice Corrosion

· Galvanic Corrosion

Supplementary means of Examination
· Erosion Corrosion

· Cavitation Corrosion

· Fretting Corrosion

· Inter-granular Corrosion

Microscopy and other Chemical and Electro-Chemical method
· Exfoliation

· De-alloying (selective leaching)

· Stress Corrosion Cracking

· Corrosion Fatigue

· Microbial Corrosion

2.4 INHIBITORS

2.4.1 DEFINITION


An inhibitor is a chemical substance when added in small concentrations to an environment, effectively arrests, and decreases or prevent the reaction of the metal with the environment.

2.4.2 CLASSIFICATIONS OF INHIBITORS


Inhibitors can be roughly classified into three types namely anodic, cathodic and mixed inhibitors. Other tentative classifications of inhibitors have been made by taking into consideration of their chemical nature or their technological field of application. Certain clauses of inhibitors are given below:

(i) Anodic Inhibitors


An anodic inhibitor increases the anode polarisation and hence moves the corrosion potential in the positive direction.

Ex: Silicates, Chromates etc.,

(ii) Cathodic Inhibitors


Cathodic inhibitors shift the corrosion potential in the negative direction. Here the cations migrate towards the cathode surface where they are precipitated chemically or electrochemically and thus block these surfaces.
Ex: Sulphates of Zinc, Magnesium and Bicarbonates of calcium.

(iii) Mixed Inhibitors or double acting Inhibitors


Such type of inhibitors retards both the anodic and cathodic processes. The shift in the potential is smaller and the direction is determined by the relative size of the anodic and cathodic sites.

Ex: Aqueous emulsions of esters, amines.

(iv) Organic Inhibitors


These are compounds with at least one polar function, which facilitates their adsorption or chemisorption of metallic surfaces. However the mode of adsorption is dependent upon the chemical structures of these of molecules, chemical composition of the solution and the nature of the metal surfaces. Non-volatile organic inhibitors are used for aqueous and non-aqueous media, acidic, alkaline media and picking.

(v) Vapour phase Inhibitors


Vapour phase inhibitors are organic chemicals, which present as vapour, inhibit the corrosion of ferrous and non-ferrous metals. They must contain one or several groups endowed with protective capacity and possess an appropriate vapour phase.
(vi) Pickling Inhibitors


Compounds serving as pickling inhibitors require a favourable polar group or groups by which the molecule can attract it to the metal surface.

(vii) Passivators


These causes a shift of corrosion potential forcing the metallic surface into passive range.

Ex: (i) oxidizing anions (chromates, nitrites, nitrates)

      (ii) non-oxidizing ions (phosphates and molybdates)

(viii) Green Inhibitors



In an attempt to find corrosion inhibitors which are environmentally safe and readily available, there has been a growing trend in the use of natural products such as leaves or plant extract as corrosion inhibitors for metals. Near their environmental and acceptable ecological properties, naturally occurring plants are cheap and readily available and renewable sources of materials, which facilitate their use as corrosion inhibitors.



The relevant research works collected and reviewed from literature are given in the following pages:



Farooqi et al., (1999a) have reported the corrosion inhibitive property of Cordia latifolia and Curcumin when used on mild steel in cooling water system. Minhaj et al., (1999) reported the inhibitive effects of aqueous extract of Eucalyptus, Hibiscus flowers and Agaricus on the corrosion of mild steel by using tap water. Mohanan et al., (2002) studied the biocidal and inhibitive effects of aqueous extract of Azadirachta indica on mild steel in fresh water environment.  However, there are no reports yet, in which components of the extract inhibit the corrosion in neutral environment. Besides, the corrosion mechanism has been proposed by some investigators (Kumkum Srivastava and Poonam Srivastava, 1981; Farooqi et al., 1999b; Saleh et al., 1982 and Minhaj et al., 1999) concomitant to the previous studies.  They have suggested that the extract of natural plant products act as anodic, cathodic and mixed inhibitors.
The performance of bark and leaf solution extract of Mango (Mangifera indica) on the corrosion inhibition of mild steel in 0.2M sulphuric at ambient temperature was investigated by Loto (2001a and 2001b).  The results obtained from the bark and the leaves, separately used provided very little inhibition. The combination of the two, however at a concentration of 1.0ml\100ml of 2.0M diluted sulphuric acid gave very good results.

Smita et al., (1999) studied the effect of Acacia arabica on acid corrosion of mild steel and suggested that with the increase in the concentration of additive, the inhibition was also increased in 0.1 N HCl and H2SO4 solution.

Sakthivel et al., (1999) noticed the corrosion inhibition of mild steel by the extract of Pongamia glabra and Annona squamosa in H2SO4 and HCl media and the effect of temperature and varied concentrations on the inhibition performance of the extracts have also been studied. They found that the corrosion rate was found to decrease in the use of Loto and Mohammed (2000) reported the effect of cashew juice extract on corrosion inhibition of mild steel in HCl, and found that 2% of extract gave good results of corrosion inhibition in 0.1M HCl.

El-Etre and Abdullah (2000) noticed the inhibitive action of honey on the corrosion of carbon steel which used in manufacture of petroleum pipelines in high saline water and supports the adsorption theory and carbon steel was found to follow the Langmuir adsorption isotherm.

Mohanan et al., (2002) studied the biocidal and inhibitive effects of aqueous extract of Azadirachta indica on mild steel in freshwater environment. The inhibition activity has been explained that the inhibition is due to the chemisorptions of natural compounds.

The first neutral phenol subfraction of the aqueous extract of Rosemary leaves was studied by Kliskic et al., (2000) as corrosion inhibitor for the Al-2.5Mg alloy in a 3% NaCl solution at 25oC, which has been explained as cathodic type inhibitor.
The effects of nicotinic acid, nicotinamide and nicotine on the corrosive behaviour of iron in Na2SO4 and NaCl solution have been investigated by Tuken et al., (2000).  A pyridine ring is the common main group for these molecules and they differ only in having different functional groups. Nicotinic acid and nicotine had no significant inhibition effect in acidic under pH-3 and Neutral pH-7 conditions.  Nicotinamide exhibited a weak inhibition effect, and the discussions were focused on this molecule.  

Rauscher et al., (2000) mentioned that plants containing components with favourable group (N, S, O atoms in organic bond, unsaturated bonds) were selected for experiment based on structural analogies.  Corrosion inhibitor properties of substances were determined on A38 carbon steel in 1M HCl solution at 30°C by electrochemical technique. Extracts from garlic and dandelion has been proved to be most efficient inhibitors.  The concentration of compounds, which are considered as effective inhibitors, may severally insufficient to provide such high protection.

Pujar et al., (2000) mentioned that the novel corrosion inhibitor based on beef lipids was studied to substitute chromates which are extremely good inhibitors for mild steel and aluminium alloys but were noticed carcinogenic due to Cr (VI) ions. The lipids were studied in the concentration of 0.0002-0.05 weight percentage in aqueous solution containing 200ppm of NaCl.  The lower uniform corrosion rates combined with the lower passive current and higher pitting potentials indicated that lipids with the concentration of 0.001-0.003 weight percentage could be extremely useful as cheap and good corrosion inhibitors for aluminium alloys considering both uniform and localized corrosion. 

Corrosion inhibitors for Al-2.5% Mg alloy in 3% NaCl solution was studied by Kliskic et al., (2000a and 2000b) using the acidic phenolic fraction from the aqueous extracts of rosemary leaves and its five sub-fractions separated using solid-phase extension. Corrosion current densities were used to calculate the surface coverage by molecules adsorbed and the inhibitor efficiency.  The efficiency of the additives as inhibitors was satisfactory, but there were differences in the inhibition behaviour of individual fractions.  This behaviour may be attributed to these fractions containing different compounds.

The acid extraction of Andrographis paniculata was investigated by Ramesh et al., (2001) towards corrosion inhibition and suggested that the presence of nitrogen, oxygen and sulphur containing compounds may inhibit the corrosion.

Kalman et al., (2000) have investigated in neutral solutions at low concentration of HEDP inhibits the carbon steel by a precipitation mechanism forming insoluble iron complexes and repairing the porous oxide layer formed on the metal surface.



Minhaj et al., (1999) reported that the natural plants of Eucalyptus, Hibiscus and agaricus acted as corrosion inhibitors for industrial cooling water system. They also noticed that there was no significant shift in corrosion potential obtained in the polarisation curves of mild steel and observed that the extracts of Hibiscus and eucalyptus were mixed inhibitors while agaricus was a predominantly cathodic inhibitor.



Farooqi et al., (1999) noticed the corrosion prevention of mild steel in 3% NaCl water by naturally occurring substances viz. Cordial latifolia and Jasmium auriculatam. Potentiodynamic measurements showed that the extract of Jasmium auriculatam was anodic while the extract of Cardoa latifolia was found to be cathodic.  



The aqueous extract of natural compounds were reported as oxygen containing organic compounds which  might  adsorb on the metal surface through their oxygen active centre for corrosion inhibition (Farooqi et al., 1999).


The inhibition of the corrosion of mild steel in HCl solutions by the extract of the leaves of    Nypa fruticans Wurmb have been studied    by 
Orubite et al., (2003) using weight loss and hydrogen gas evolution techniques. Inhibition was found to increase with increasing concentration of the leaves extract. A first-order type of mechanism has been deduced from the kinetics treatment of the results and the process of inhibition attributed to physisorption. The inhibition of N. fruticans compared with that of 1,5-diphenylcarbazone. The highest inhibition efficiency of 75.11% was observed with N. fruticans and 70.18% for DPC at 30oC. The results obtained showed that the solution extract of the leaves N. fruticans could serve as a effective inhibitor of the corrosion of mild steel in HCl acid media.



The natural oil extract from pennyroyal Mint (Mentha pulegium, PM) have been studied by Bouyanzer et al., (2006) as corrosion inhibitor for steel in molar hydrochloric using weight loss measurements, electrochemical polarisation and EIS methods. The naturally oil was found to retard the corrosion rate of steel. The inhibition efficiency was found to increase with oil content to attain 80% at 2.76g/L.PM oil acts a cathodic inhibitor. The increase in temperature leads to an increase in the inhibition of the natural substance. The adsorption isotherm of natural product on the steel has been determined.


The corrosion inhibition of mild steel in 2M HCl and 1M H2SO4 by leaf extracts of Occimum viridis (OV) have been studied by Emeka E. Oguzie, (2005) using the gasometric technique at temperatures of 30 and 60oC. The results indicate that the extracts inhibit the corrosion process in both acid media and inhibition efficiency increased with concentration. Synergistic effects increase the inhibition efficiency in the presence of halide additives namely KCl, KBr, KI. Temperatures revealed the decrease efficiency with rise in temperature and corrosion activation energies increased in the presence of extract; probably implying that physical adsorption of cationic species may be responsible for the observed inhibition behaviour. Comparative analysis of the inhibitor adsorption behaviour in 2M HCl and 1M H2SO4 as well as the effect halide additives suggest that cationic species may not be the only constituents responsible for the inhibitive action of the extract.

 

Artemisia oil extract as corrosion inhibitor of steel in 2M H3PO4 have been studied by Benabdellah et al., (2005) using weight loss, electrochemical polarisation and EIS methods. The naturally oil reduces the corrosion rate. The inhibition efficiency was found to increase with oil content to attain 79% at 6g/L. Ar acts as a cathodic inhibitor. The effect of temperature indicates that inhibitive efficiency of the natural substance decreases with the rise of temperature. The adsorption isotherm of natural products on the steel has been determined. 


The effect of eugenol (Eug) and its derivative acetyleugenol (AcEug) extracted from the nail of giroflier have been studied by Chaieb et al., (2004) on the corrosion of steel in molar HCl acid using weight loss measurements, electrochemical polarisation and EIS methods. The naturally substances reduce the corrosion rate. The inhibition efficiency was found to increase with acetyleugenol content to attain 91% at 0.1737g/L. Eugenol compounds acts as mixed type inhibitors. The effect of temperature on the corrosion behaviour of steel indicates that inhibition efficiency of the natural substances increase with rise of temperature. The adsorption of natural products on the steel is found to follow the Langmuir adsorption isotherm.


The inhibitive action of the mucilage extract towards acid corrosion of aluminum has been studied by El-Etre (2003) using weight loss, hydrogen evolution, thermometric and polarisation techniques. It was found that the extract as good corrosion inhibitor for aluminum corrosion in 2M HCl solution. The inhibition efficiency increases as extract concentration is increased. It was found that the presence of extract increases the activation energy of corrosion reaction. Moreover, thermodynamic parameters of the adsorption process were calculated. It was found also that the Opuntia extract provides a good protection to aluminum against pitting corrosion in chloride ion containing solution.


The corrosion inhibition of mild steel in neutral aqueous solution by new triazole derivatives have been studied by Ramesh et al., (2003) as corrosion inhibitor for mild steel in by weight loss, potentiodynamic polarisation and AC impedance methods. All the condensed products showed the inhibition efficiency. The effect of changing functional groups of some triazole derivatives on their inhibition efficiency was also reported using weight loss and potentiodynamic technique. 3-Salicylalidene amino-1,2,4-triazole phosphomate (SATP) was found to be the best corrosion inhibitor compared to the other components. The surface analysis was carried to establish the mechanism of corrosion inhibition of mild steel in neutral aqueous medium. 


Von Fraunhofer et al., (2003) studied two tobacco extracts and found to be effective inhibitors for 1008 steel (UNS G1008) in 10% H2SO4 and 4% HCl. The precise inhibition mechanism is yet to be determined, but it appears to involve polarisation of the cathodic reaction and passivation of the metal surface. Tobacco extracts of environmentally benign and come from a renewable source.


Guy D. Davis et al., (2003) showed that the extracts of tobacco plants are highly effective in preventing corrosion of two important metals-steel and aluminum in saline environments. The extracts are biodegradable and environmentally benign and are obtained from a renewable resource with minimal health and safety concerns. They have the potential to be a cost-effective alternative to toxic corrosion inhibitors.


Tripti jain et al., (2004) discussed the mass loss and thermometric methods have been used to study the inhibition of aluminum corrosion in HCl solution by extracts of different parts of Peepal (Ficus religea). Values of inhibition efficiency obtained by the two methods are in good agreement and are dependent upon the concentration of the inhibitor and the acid. 



The inhibitive effect of the extract of Khillah (ammivisnaga) seeds, and corrosion of SX 316 steel in HCl solution have been studied by El-Etre (2005) using weight loss measurements as well as potentiostatic technique. It was found that the presence of the extracts reduces markedly the corrosion rate of steel in the acid solution. The inhibition efficiency increases as the extract concentration is increased. The inhibitive effect of Khillah extract was discussed on the basis of adsorption of its components on the metal surface. Negative values were calculated for the energy of adsorption indicating the spontaneity of the adsorption process. The information of insoluble complexes as a result of interaction between iron cations and khellin present in the extract has also been discussed. 


Corrosion inhibition of some metals using lawsonia extract has been studied by El-Etre et al., (2005). The aqueous extract of the leaves of henna (lawsonia) is tested as corrosion inhibitor of C-steel, nickel and zinc in acidic, neutral and alkaline solutions, using the polarisation technique. The inhibition efficiency increases as the added concentration of extract is increased. The degree of inhibition depends on the nature of metal and the type of the medium. For C-steel and nickel, the inhibition efficiency increases in the order: alkaline < neutral < acid, while in the case of zinc it increases in the order: acid < alkaline < neutral. The extract acts as a mixed inhibitor. The inhibitive action of the extract is discussed in view of adsorption of lawsonia molecules on the metal surface. It was found that this adsorption follows Langmuir adsorption isotherm in all tested systems. The formation of complex between metal cations and lawsone is also proposed as additional inhibition mechanism of C-steel and nickel corrosion. 
3. MATERIALS AND METHODS

3.1 SELECTION OF THE SAMPLE


Mild steel is widely used in most of the chemical industries due to its low cost and easy availability for fabrication of various reaction vessels, tanks, pipes etc.,. Since it suffers from severe corrosion in aggressive environment it has to be protected. Hence an attempt has been made in the present work to control the corrosion of mild steel.
Table.1
COMPOSITION OF SAMPLE

	S. No.,
	Element
	% of chemical composition

	1
	Carbon
	0.049

	2
	Manganese
	0.046

	3
	Silicon
	0.026

	4
	Phosphorus
	0.038

	5
	Sulphur
	0.020

	6
	Chromium
	0.050

	7
	Molybdenum
	0.019

	8
	Nickel
	0.019

	9
	Iron
	99.452


3.2 PREPARATION OF THE ELECTRODE


The sheet of cold rolled mild steel specimen of size 5x1cm2 was employed for various studies. A hole was drilled near the upper edge of the specimen in order to hook it on to the glass rod for immersion. The specimens were polished with emery sheet, degreased and washed with distilled water. The specimens were stored in a desiccator in the absence of moisture before their use for the investigation.

3.3 SELECTION OF THE MEDIUM


Sulphuric acid is used directly of indirectly in nearly all industries and is a vital commodity in our national economy. The principal uses of Sulphuric acid are for production of HCl, other chemicals and their derivatives, pickling of steel and other metals, manufacture of fertilizers, dyes, drugs, pigments, explosives, synthetic detergents, rayon and other textiles refining process and production of rubbers. The widespread use of this acid places it in an important position with regard to costs and destruction of corrosion. In some cases, corrosion increases with concentration of the acid and in others it decreases. For these reasons, it is important to have a good picture of corrosion by sulfuric acid. Therefore the present experiment was carried out by using 0.5M and 1M sulfuric acid of commercial grade.

3.4 SELECTION OF THE INHIBITORS:


The choice of the inhibitors is based on the following considerations;

i. Cost effectiveness
ii. Easy availability

iii. Low toxicity
iv. Eco-friendly nature
 It is believed that there are some inhibitive compounds (mainly organic) in plants that can inhibit corrosion in acidic environment.

Due to these characteristics of the natural corrosion inhibitors, it has been decided to study the leaf part of Lawsonia innermis as corrosion inhibitors for mild steel in 1N H2SO4 and 0.5N H2SO4.

3.5 PREPARATION OF THE EXTRACT
The extract was obtained by boiling 5g of dry powder of leaves in 100ml of 1N H2SO4 for three hours and then kept overnight. Next day it was filtered and the filtrate was made to 100ml using 1N H2SO4. Hence the extract contains 5% w/v of leaves content in 1N H2SO4. The same procedure was followed with 0.5N H2SO4 to obtain the extract which contains 5% w/v in 0.5N H2SO4.

3.6 EVALUATION OF INHIBITOR EFFICIENCY
The inhibitor efficiency of Lawsonia innermis for mild steel in 0.5N and 1N H2SO4 was tested by adopting the following methods:

i. Weight loss method

ii. Polarisation technique

3.6.1 WEIGHT LOSS METHOD


Corrosion behaviour of the various metals was determined by weight loss method. The test specimens were weighed after pretreatments such as polishing with 400 emery wheel.



After taking initial weight, the test specimen was immersed into 100ml of 0.5M H2SO4 as well as in 100ml of 1N H2SO4 at different concentrations for different durations.



At the end of the time period, the test specimens were removed from the test solutions and dipped in sodium bicarbonate solution for neutralization of removing acid in the specimen. Then washed with distilled water, dried and reweighed. The loss in weight was determined in triplicate and the results were averaged.



Different concentrations of the inhibitor, different time intervals selected for the study are given below:

INHIBITOR CONCENTRATIONS


0.001M,  0.005M,  0.01M,  0.05M,  0.1M,  0.15M,  0.2M.

TIME INTERVALS


1hr,  3hrs,  5hrs,  7hrs  and  24hrs. 

DETERMINATION OF CORROSION RATE


The rate of Corrosion was calculated by using the formula:

                                           534 ( W

Corrosion Rate (CR) =                         mpy

                                              DAT

where, 

mpy    =     miles per year (degree of penetration on the surface of the metal),

W       =     weight loss in mgs, 

D        =     density in g / cm​​2 (7.9 g / cm​​2),        

A        =     area,

T        =     time in hours.

3.7 SURFACE COVERAGE



The degree of surface coverage for different concentrations of the inhibitor have been evaluated by using the following equation,

                     Wo - W

· =  

                
       Wo            

where,

(    =    Surface Coverage,

         Wo    =   Corrosion rate without inhibitor,

         W     =    Corrosion rate with inhibitor.
3.8 PERCENTAGE OF INHIBITION EFFICIENCY

Inhibition efficiency can be calculated by the following formula,
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3.9 ADSORPTION ISOTHERMS
Various adsorption isotherms have been formulated. A list of various isotherms tested and the corresponding equations are given in the following table:
ADSORPTION ISOTHERMS

Table.2
	S.No.,
	ISOTHERMS
	EQUATION
	PLOT

	1
	Langmeir
	KC = ( / 1-(
	log((/1-() Vs logC

	2
	Freundlich
	( = KC​n
	log( Vs logC

	3
	Temkin
	ea(  = KC
	log((/C) Vs (

	4
	Flory-Huggin
	log((/C) = logXK + Xlog(1-()
	log((/(1-()/C) Vs (

	5
	El-Awady et al
	log((/1-() = logK + YlogC
	log((/1-() Vs logC


K   =    e-(Ga / RT  

a    =    Molecular interaction parameter

From the suitable plot, the adsorption parameters like equilibrium constant, free energy of adsorption, enthalpy and entropy of adsorption can be obtained.

3.10 POLARISATION METHOD


A frequency response analyzer 1280 B (solartron) and an IBM personal computer which automatically controls linear polarisation and Tafel polarisation was used for the polarisation study. The data were analyzed using computer software.



The cell for the polarisation studies was a glass beaker containing the aerated unstirred test solution with a platinum electrode as the counter electrode, a saturated calomel electrode as the reference electrode and the mild steel electrode as the working electrode.



For potentiostatic polarisation studies, mild steel stripes of same composition (as in the weight loss method) coated with lacquer with an exposed area of 1cm​2 was used.

PROCEDURE


100ml of 0.5M H2SO4 was taken in an electrochemical cell. The polished electrode was then introduced. The electrode was placed at -1mv cathodic to its open circuit potential. Thus the potential was scanned at -0.1mv/sec towards the anodic direction in Tafel extrapolation. Applied potential Vs current was plotted and on extrapolation of linear portion to the corrosion potential gives the corrosion current.

Solartron Electrochemical Measurement 
Unit (1280 B)
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Fig. 1
Three Electrode Cell

Fig. 2
3.11 DETERMINATION OF INHIBITION EFFICIENCY
(a)  Tafel Method



The corrosion rates in the presence and in the absence of inhibitor have been determined by Tafel extrapolation method. The inhibition efficiency (IE) has been determined by the relationship,

                                              i corr - i corr (I)

IE (%)    =                            x  100

                                                   i corr

where,


i corr       =   Corrosion rate without inhibitor

i corr (I)  =   Corrosion rate on presence of inhibitor

(b)  Linear Polarisation Resistance Method

                                       Rp(inh)  -  Rp(blank)



IE     =                                         x   100

                                              Rp(inh)

where,

Rp(inh)        =    Polarisation resistance in the presence of inhibitor

Rp(blank)    =    Polarisation resistance in the absence of inhibitor

(c)   AC Impedance Measurement



The percentage of inhibition efficiency has been calculated by using the following formula,

                               ba  x   bc              1


I corr    =         

   x              (Stern-Geary equation)

                            2.3(ba + bc)           Rct
where,


I corr   =   Corrosion current


Rct      =   Charge transfer resistant


ba and bc values are experimentally obtained as mentioned in the case of linear polarisation for each system.

                                     I corr(blank) - I corr(additive)



IE   =                                                      x   100

                                                 I corr(blank)

4. RESULTS AND DISCUSSION

4.1 SOFTWARE CODING


Three classic techniques, gravimetric, potentiodynamic polarisation and electrochemical impedance spectra were used to study the inhibitive properties. To facilitate the calculation of various corrosion parameters and inhibition efficiency by the weight loss, electrochemical polarisation and impedance spectra, simple executable ‘C’ programmes were written. The software coding is shown below:
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FDetermination of %IE by weight
void main ()

{
int IE,AT,;
float w1,w2,w,CRb,CR,D;
clrser();
printf("\mnEnter the values of w1 and w2");
scanf{"\n%f %", 8w1,&w2);
wewl-w2;
printf("\mMnThe value of w=%6.5f",w);
printf("\minEnter the values of D,A,T");
scanf("\n%f %d %d",D,A,T);
CRb=(534°6.4516*1000*W)/{(D*AT);
printf("\nThe value of CRb=%6.5f",CRb);
for(i=0;i<7;i++)
{
printf("\mnEnter the values of w1 and w2");
scanf{"\n%f %", 8w1,&w2);
wewl-w2;
CR=(534"6.4525"1000*W)H(D*AT);
printf("\n The value of CR=%6.5",CR);
=((CRb-CR)/CRb)*100;
printf("\nThe value of IE=%d",IE);

}
getch();

loss method*/
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/*Determination of %IE by Tafel method*/
void main

int IE,i;
float Icorrb,Icorr;

clrscr();

"Enter the value of Tcorrb\n");
no%f", &lcorrb);

i<3ii++)

printf("Enter the value of Icorrb\;
scanf("\nof", &lcorr);
TE=((Icorrb-Icorr)/Icorrb)*100;
printf("Inhibition efficiency=td\n",IE);

b
getch();
b
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/*Determination of %IE by LPR method*/
void main()

int IE, i;
float Rpb,Rp;
clrscr();
printf("Enter the value of Rpb\n");
scanf("0%6f", &Rpb);
for(i=0;i<3;i++)

{

printf("Enter the value of Rp\n");
scanf("o6f", 8Rp);
IE=((Rp-Rpb)/Rp)*100;

printf(*The vaue of IE is = %ad\n",IE);

b
getch();
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/*Determination of %IE by Potentiodynamic impedance parameters*/
void main()

int IE, i;
float Retb, Ret;

clrscr();

printf("Enter the value of Retb\n");
scanf("\n%f", &Rctb);

for(i=0;i<3;i ++)

printf("\n\nEnter the value of Rct");
scanf("\n&f", &Rct);
TE=((Retb-Ret)/Ret)*100;

printf("\nThe inhibition efficiency = %od", IE);

getch();
b





4.2 GRAVIMETRIC TESTS


The average corrosion rates determined for the inhibited mild steel samples in 0.5N and 1N H2SO4 as well as for each concentrations of the henna extract and the corresponding value of % IE evaluated at different exposure times are shown in tables 3 and 4. The plots of % IE Vs concentration of inhibitors are shown in fig. 3and 4 for 0.5N H2SO4 and 1N H2SO4 respectively. As it is seen, the concentration increase leads to increased % IE. After reaching the definite concentration value, specific for each immersion time and for each corrodent concentration, the subsequent increase of inhibitor concentration does not significantly change the protective effect.
The efficiency of a corrosion inhibitor is related primarily to its ability to adsorb on the metal-solution interface. Assuming a fraction (() of the mild steel coupon’s surface is blocked by the inhibitor, restricting the dissolution of the metal, it can be interfered that the inhibition is proportional to the degree of coverage. The increase in concentration of the inhibitor increases the surface coverage ( and hence the inhibiting efficiency. Once the surface is fully covered by the inhibitor, the inhibition efficiency reaches a plateau and further increase in the inhibitors concentration would not bring a significant change in the efficiency. The maximum efficiency by the Lawsonia is found to be 95% for 0.15% w/v of the extract in 0.5N H2SO4 and 92% for 0.2% w/v of the extract in 1N H2SO4​.      

Further it may be noted that a change in concentration of the corrosive medium (from 0.5N to 1N) does not change appreciably the protecting power of the extract against mild steel corrosion through corrosion rate has increased. However at the optimum concentration (0.2%) of the inhibitor, the efficiency is more at the higher concentration of the corroded acid indicating greater fractional surface coverage to counteract corrosion.
4.3 EFFECT OF IMMERSION TIME
From tables 3 and 4, it can be seem that the extract has its maximum control for corrosion at 5 hours in 0.5N H2SO4 and at 3 hours in 1N H2SO4​.

In 0.5N H2SO4, the efficiency has decreased at 7 hours and again has increased at 24 hours. The decline in efficiency may be due to the formation of soluble iron complex with the inhibitor that may enhance metal dissolution. On long exposure of 24 hours the base metal surface may once again adsorb the inhibitor onto its surface thereby showing an increased efficiency. 

In 0.1N H2SO4 there is not much change in the efficiency with time especially at higher concentration. The results obtained in the study thus proves the good performance of the henna extract in mitigating steel corrosion even at longer exposure time.
4.4 ELECTROCHEMICAL METHODS

4.4.1 POTENTIODYNAMIC POLARISATION STUDIES
 
The photodynamic polarisation curves otherwise known as the Tafel’s plots fig. 5 and 6 for the extract in 0.5N and 1N H2SO4 respectively. Tables 6 and 7 summarise the values of kinetic parameters such as Icorr , Ecorr, anodic and cathodic Tafel slopes in the presence and absence of different concentration of Lawsonia extract obtained from the polarisation curves. 

It can be seen from the tables, that the values of Icorr are not shifted significantly in the presence of the inhibitor, suggesting that the Lawsonia extract controls both anodic and cathodic reactions to inhibit the corrosion of mild steel by blocking the active sites on the steel surface. Therefore the henna extract exerts mixed control. The corrosion current (Icorr) decreases with increase in inhibitor concentration in both corrosive media and a maximum decrease is observed at optimum inhibitive concentration of 0.2%.
4.4.2 LINEAR POLARISATION RESISTANCE METHOD

Polarisation resistances Rp for mild steel in sulphuric acid above and in the presence of the inhibitor were determined from the current potential curve in the vicinity of Ecorr and tabulated in tables 6 and 7. The Rp values increased from 8.28 to 27.21(mpy) from the uninhibited solution to a solution containing 0.2% of the inhibitor. The Rp values were used to calculate the % IE and compared with that obtained by Tafel’s method (tables 6 and 7) and it is observed that the same trend is followed.
4.4.3   ELECTROCHEMICAL     IMPEDANCE      SPECTRAL   MEASUREMENTS
Impedance spectra for mild steel in pure acids (0.5N and 1N) and in the acids containing the different concentrations of the inhibitor were similar in shape. The impedance diagrams are not perfect semicircles and this difference is attributed to frequency dispersion. The values of Rct and Cdl were obtained using Nyquist and Bode plots Fig.7,8,9 and 10. The Nyquist plots (Fig. 7 and 8) show that the inhibition by Lawsonia extract is under change-transfer resistance control without any loops that could indicate inductive behaviour in the low frequency region. Values of Rct increase with increase in inhibitor concentration and thus, inturn leads to an increase in % IE (tables 8 and 9). The addition of Lawsonia extracts to both 0.5N and 1N H2SO4 lowers the double layer capacitance Cdl. This suggests that the inhibition is due to surface adsorption (Shyamala .R, 2005).
4.5 COMPARISON OF INHIBITION EFFICIENCY BY DIFFERENT   METHODS

The % IE obtained by weight loss methods and electrochemical methods were found to be in the same trend as shown in table 10.

4.6 ADSORPTION ISOTHERMS
The nature of inhibitor interaction on the corroding surface during corrosion inhibition of metal alloys has been deduced in terms of adsorption characteristics of the inhibitor (Morad .M.S., 1999). The surface coverage (() data are very useful while discussing the adsorption characteristics. The most common isotherm such as Langmuir, Freundlich, Temkin, Frumkin and Flory-Huggins were tested for their fit to the experimental data. Tables (11 and 12) summarise the relevant parameters for the tested isotherms in the two concentrations of the aggressive, medium for all immersion times. From the regression co-efficients in tables (11 and 12) it can be seen that the best approach for the inhibitor is obtained with the Langmuir and Flory-Huggins isotherms. These isotherms may generally be written as 
Log [f((,x)] = log C + log K

Where f((,x) is the configurational term which depend essentially on the physical model and assumptions under lying the derivation of the isotherm. C is the inhibitor concentration and K is the equilibrium constant of the adsorption reaction given by 

K = 1/55.5 [exp (-(Goads/​RT)]
The value of 55.5 is the concentration of water in the solution in M-R is the gas constant (8.314 J. mol-1K-1), T is the absolute temperature and (Goads is the adsorption energy. (Goads can be calculated using the ordinate axis intercept of the straight line (log K). The value of (Goads obtained from these isotherms on an average has ranged from -18.0 KJmol-1 to -25.0 KJmol-1   which is characteristic of physisorption.
4.7 ESTABLISHMENT OF CORROSION INHIBITION BY LAWSONIA EXTRACT THROUGH SURFACE ANALYSIS


The polished mild steel specimen and the test specimen immersed for 24 hours in 0.5N and 1N H2SO4 alone. As well as in the presence of various concentrations of the inhibitor in 0.5N and 1N H2SO4 were photomicrographed. Photograph 1 shows the micrograph of polished mild steel. Photographs 2 and 3 show the heavily corroded steel surface in corrosive media.  (Photographs 4, 5 and 6) give the micrograph of steel surface inhibited by 0.001%, 0.05% and 0.2% (w/v) of Lawsonia inermis in 0.5N H2SO4, while the photographs 7, 8 and 9 give inhibitor mild steel surface by 0.001%, 0.05% and 0.2% (w/v) of Lawsonia inermis in 1N H2SO4.

It can be observed that the uniform corrosion of mild steel in the aggressive media has changed into a pitting pattern in the presence of Lawsonia inermis. This reveals the adsorption of Lawsonia inermis which leads to corrosion inhibition.
4.8 MODE OF INHIBITION
The obtained results have indicating that Lawsonia extracts possesses a good inhibition for the corrosion of carbon steel in sulphuric acid solution. The main components of Lawsonia extract are the hydroxyl aromatic compounds like tannin and lawsone.
In acidic medium tannin may form ferric-tannate react with Fe3+ produced at anodic sites. The ferric-tannate is probably physisorbed on the surface inhibiting corrosion.
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The other constituents of the extract lawsone are present in relatively higher amount. The lawsone molecule is a ligand that can chelate with various metal cations forming complex compounds. Hence, the formation of insoluble complexes between Fe2+ and lawsone molecules adsorbed on the metal surface is a probable interpretation of the observed inhibitory interpretation of the observed inhibitory action of lawsone. The formation of 1:1 and 1:2 metal complexes has been confirmed by El-Etre et al., (2005) through conductometric titrations of Lawsonia extract with FeCl2, NiCl2 and ZnCl2 in solutions at different pH values.
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[image: image20.jpg]Plate -1
Photomicrograph of Mild Steel Samples

1. Polished Sample

2. Sample Immersed In 0.5N HZSO 4

3. Sample Immersed In 1N HZSO4




[image: image21.jpg]Plate -2

Photographs of Mild Steel Samples In the
Presence of LI in 0.5N H,S0,

4. Sample Immersed in 0.001% Inhibitor Solution

5. Sample Immersed in 0.05% Inhibitor Solution

6. Sample Immersed in 0.2% Inhibitor Solution




[image: image22.jpg]Plate -3

Photomicrograph of mild Steel Samples in the
Presence of LI in 1N H,S0,

7. Sample Immersed in 0.001% Inhibitor Solution

8. Sample Immersed in 0.05% Inhibitor Solution

9. Sample Immersed in 0.2% Inhibitor Solution





5. SUMMARY AND CONCLUSION



From the results of the present study the following can be stated. 

· The extract of Lawsonia leaves act as a good inhibitor for the corrosion of mild steel in 0.5N and 1N H2SO4.

· Lawsonia extract is a mixed inhibitor and its molecules are adsorbed on both anodic and cathodic sites on the metal surface and also by forming stable and insoluble complexes.

· The adsorption of Lawsonia molecules on steel surface follows Langmuir and Flory-Huggins isotherm.

The need growing for the corrosion inhibitors becomes increasingly necessary to stop or delay to the maximum the attack of a metal in an aggressive solution. Recently, due to increasing environmental awareness and the need to develop eco-friendly processes, attention has been focussed on the corrosion inhibiting properties of natural products of plant origin. The present work is a trial to find a cost-effective and environmentally safe inhibitor for steel corrosion in acidic solution, where the extract of Lawsonia leaves is tested. This area of research is of much importance because in addition to being environmentally friendly and ecologically acceptable, plant products are inexpensive, readily available and renewable sources of materials.

CORROSION RATE AND PERCENTAGE INHIBITION EFFICIENCY OF

LAWSONIA INERMIS EXTRACTS (0.5N H2SO4)
Table.3
	S. No
	Conc. of inhibitor (%) w/v
	1h
	3h
	5h
	7h
	24h

	
	
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)

	1
	Blank
	316.5
	-
	944.1
	-
	983.3
	-
	319.8
	-
	769.4
	-

	2
	0.001
	270.3
	14.4
	548.7
	41.8
	838.5
	14.7
	261.9
	18.1
	698.1
	9.2

	3
	0.005
	185.3
	41.3
	345.9
	63.3
	364.9
	62.8
	200.5
	37.2
	497.2
	35.3

	4
	0.01
	159.1
	49.6
	265.2
	71.9
	221.0
	77.8
	196.5
	38.5
	359.9
	53.2

	5
	0.05
	126.4
	60.0
	172.2
	81.7
	116.4
	88.1
	112.7
	64.7
	137.8
	82.0

	6
	0.1
	119.9
	62.0
	131.5
	86.0
	78.9
	91.9
	107.7
	66.3
	91.9
	88.0

	7
	0.15
	108.9
	65.5
	134.4
	85.7
	59.3
	93.9
	92.1
	71.1
	38.2
	95.3

	8
	0.2
	106.1
	66.4
	111.9
	88.1
	62.7
	93.6
	87.4
	72.6
	52.2
	93.2


CORROSION RATE AND PERCENTAGE INHIBITION EFFICIENCY OF

LAWSONIA INERMIS EXTRACTS (1N H2SO4)

	S. No
	Conc. of inhibitor (%) w/v
	1h
	3h
	5h
	7h
	24h

	
	
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)
	CR (mpy)
	IE (%)

	1
	Blank
	1351.8
	-
	2117.1
	-
	1962.8
	-
	2009.7
	-
	1579.6
	-

	2
	0.001
	1168.6
	13.5
	2085.9
	1.4
	1762.2
	10.2
	1492.6
	25.7
	1541.6
	2.4

	3
	0.005
	885.2
	34.1
	1763.2
	16.7
	1453.9
	25.9
	1147.1
	42.9
	1423.5
	9.8

	4
	0.01
	730.4
	45.9
	1213.1
	42.7
	1303.0
	33.6
	461.2
	77.0
	1269.9
	19.6

	5
	0.05
	486.1
	64.0
	517.4
	75.5
	576.1
	70.6
	458.1
	77.2
	768.8
	51.3

	6
	0.1
	425.1
	68.5
	309.6
	85.3
	358.4
	81.7
	414.5
	79.3
	496.1
	68.5

	7
	0.15
	327.0
	75.8
	228.9
	89.1
	235.9
	87.9
	316.5
	84.2
	369.6
	76.5

	8
	0.2
	283.4
	79.0
	170.1
	91.9
	223.3
	88.6
	282.5
	85.9
	291.7
	81.5


Table.4

COMPARISON OF INHIBITION EFFICIENCY OF LAWSONIA INERMIS ON 


CORROSION OF MILD STEEL


Table.5
	Conc. of inhibitor (%) w/v
	INHIBITION EFFICIENCY (%)

	
	1h
	3h
	7h
	24h 

	
	0.5N H2SO4
	1N  H2SO4
	0.5N H2SO4
	1N  H2SO4
	0.5N H2SO4
	1N  H2SO4
	0.5N H2SO4
	1N  H2SO4

	0.001
	14.4
	13.5
	41.8
	1.4
	18.1
	25.7
	9.2
	2.4

	0.05
	60.0
	64.0
	81.7
	75.5
	64.7
	77.2
	82.0
	51.3

	0.2
	66.4
	79.0
	88.1
	91.9
	72.6
	85.9
	93.2
	81.5


POTENTIODYNAMIC POLARIZATION PARAMETERS FOR MILD STEEL IN 

PRESENCE OF LAWSONIA INERMIS IN 0.5N H2SO4
Table.6 

	S.NO
	INHIBITOR

CONCENTRATION
	Ba

mv/dec
	Bc

mv/dec
	Icorr

mA/cm
	Ecorr

-mv
	Rp

​(mpy)
	IE (%)

	
	
	
	
	
	
	
	TAFEL
	LPR

	1
	Blank
	354.35
	234.27
	7.3601
	-518.34
	8.2762
	-
	-

	2
	0.001
	346.88
	227.58
	6.6312
	-519.38
	8.9387
	9.9
	7.4

	3
	0.05
	193.99
	108.75
	1.3871
	-490.69
	22.426
	81.2
	63.0

	4
	0.2
	140.36
	84.98
	0.62955
	-485.50
	27.208
	91.4
	69.6


POTENTIODYNAMIC POLARIZATION PARAMETERS FOR MILD STEEL IN 

PRESENCE OF LAWSONIA INERMIS IN 1N H2SO4
Table.7 
	S.NO
	INHIBITOR

CONCENTRATION
	Ba
mv/dec
	Bc
mv/dec
	Icorr
mA/cm
	Ecorr
-mv
	Rp
(mpy)
	IE(%)

	
	
	
	
	
	
	
	TAFEL
	LPR

	1
	Blank
	258.23
	163.24
	6.9054
	493.76
	5.5772
	-
	-

	2
	0.001
	216.67
	141.39
	4.6018
	494.42
	6.9953
	33.4
	20.3

	3
	0.05
	277.58
	129.01
	3.2692
	480.39
	10.8300
	52.7
	48.5

	4
	0.2
	126.04
	81.47
	0.87393
	471.39
	14.9510
	87.3
	62.7


POTENTIODYNAMIC IMPEDANCE PARAMETERS FOR MILD STEEL IN 

PRESENCE OF LAWSONIA INERMIS IN 0.5N H2SO4
	S. No
	Conc. of inhibitor (%)

w/v
	Rct
ohm/cm2
	Cdl

​F X 10-5
	  IE (%)

	1
	Blank
	15.362
	12.74
	-

	2
	0.001
	19.923
	10.49 
	22.9

	3
	0.05
	71.045
	 9.89
	78.4

	4
	0.2
	85.621
	9.47
	82.1


Table.8

POTENTIODYNAMIC IMPEDANCE PARAMETERS FOR MILD STEEL IN 

PRESENCE OF LAWSONIA INERMIS IN 1N H2SO4
Table.9

	S. No
	Conc. of inhibitor
 (%)

w/v
	Rct
ohm/cm2
	Cdl

​    F X 10-4
	  IE (%)

	1
	Blank
	10.354
	1.4055 
	-

	2
	0.001
	19.360
	1.3843 
	46.5

	3
	0.05
	34.718
	1.0352 
	70.2

	4
	0.2
	56.488
	1.0991 
	81.6


COMPARISON OF INHIBITION EFFICIENCY OF LAWSONIA INERMIS BY 

WEIGHT LOSS AND ELECTROCHEMICAL TECHNIQUES

Table. 10

	Medium
	Concentration of Inhibitor (%)

w/v
	Inhibition Efficiency

	
	
	Weight loss
	Polarization
	Impedance

	
	
	
	Tafel 
	Linear
	

	0.5N H2SO4
	0.001
	14.4
	9.9
	7.4
	22.9

	
	0.05
	60.0
	81.2
	63.0
	78.4

	
	0.2
	66.4
	91.4
	69.6
	82.1

	1N H2SO4
	0.001
	13.5
	33.4
	20.3
	46.5

	
	0.05
	64.0
	52.7
	48.5
	70.2

	
	0.2
	79.0
	87.3
	62.7
	81.6


STATISTICAL ANALYSIS OF ISOTHERM MODELS (0.5N H2SO4)
Table.11
	ADSORPTION
	1h
	3h
	5h
	7h
	24h

	LANGMUIR
	SLOPE
	0.414846
	0.421933
	0.785178
	0.468312
	0.956452

	
	INTERCEPT
	0.663478
	1.182887
	1.858951
	0.784953
	1.915208

	
	REGRESSION
	0.944181
	0.991486
	0.967768
	0.99114
	0.992961

	TEMKIN
	SLOPE
	3.214209
	-4.309289
	-1.776278
	-2.998593
	-1.513204

	
	INTERCEPT
	2.907018
	4.638941
	2.730400
	2.847666
	2.296065

	
	REGRESSION
	-0.908356


	-0.960022
	-0.802131
	-0.981913


	-0.946978

	FREUNDLICH
	SLOPE
	0.245963
	0.127493
	0.286081
	0.251726
	0.401294

	
	INTERCEPT
	0.059295
	0.060334
	0.269921
	0.079906
	0.358378

	
	REGRESSION
	0.896821
	0.945981
	0.844475
	0.974223
	0.938035

	FRUMKIN
	SLOPE
	-2.430798


	-2.826404


	-0.36384


	-2.111525


	-0.097947



	
	INTERCEPT
	2.840795
	4.195153
	2.471943
	2.74152
	2.048259

	
	REGRESSION
	-0.870381
	-0.947236


	-0.40822
	-0.969314


	-0.309601

	FLORRY-HUGGINS
	SLOPE
	4.275947


	2.941508


	1.406495


	3.3666769


	1.04871



	
	INTERCEPT
	2.693444


	3.372518


	2.523861


	2.483961


	2.017273



	
	REGRESSION
	0.955458
	0.994467
	0.956233
	0.98541
	0.981264


STATISTICAL ANALYSIS OF ISOTHERM MODELS (1N H2SO4)
Table.12

	ADSORPTION
	1h
	3h
	5h
	7h
	24h

	LANGMUIR
	SLOPE
	0.566273
	1.203399
	0.832251
	0.508366
	0.978739

	
	INTERCEPT
	0.970582
	1.990575
	1.477668
	1.174212
	1.316963

	
	REGRESSION
	0.992657
	0.987665
	0.996336
	0.932778
	0.999737

	TEMKIN
	SLOPE
	-2.45886
	-0.6784
	-1.550923
	-2.540273
	-0.923291

	
	INTERCEPT
	-2.45886
	1.511078
	2.129437
	3.099312
	1.426824

	
	REGRESSION
	-0.98212
	-0.69453
	-0.988615
	-0.863981
	-0.987761

	FREUNDLICH
	SLOPE
	0.3045
	0.709274
	0.408061
	0.208521
	0.658272

	
	INTERCEPT
	0.161658
	0.658857
	0.305763
	0.127836
	0.475365

	
	REGRESSION
	0.95852
	0.918934
	0.986512
	0.90258
	0.986073

	FRUMKIN
	SLOPE
	-1.52835
	0.46357
	-0.412856
	-0.380642
	-0.050843

	
	INTERCEPT
	2.491316
	1.400699
	1.979301
	2.886896
	1.37324

	
	REGRESSION
	-0.97488
	0.716387
	-0.859972
	-0.707521
	-0.631812

	FLORRY-HUGGINS
	SLOPE
	2.623511
	0.691874
	1.323686
	2.245248
	1.051183

	
	INTERCEPT
	2.297761
	1.498953
	1.905382
	2.665144
	1.36776

	
	REGRESSION
	0.992557
	0.836624
	0.981832
	0.898932
	0.99747
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  Fig. 3
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   Fig. 4

TAFEL’S PLOT FOR CORROSION OF MILD STEEL IN 0.5N H2SO4 AND IN PRESENCE OF INHIITOR (LI)






Fig. 5

TAFEL’S PLOT FOR CORROSION OF MILD STEEL IN 1N 
H2SO4 AND IN PRESENCE OF INHIITOR (LI)
Fig. 6

NYQUIST PLOT FOR CORROSION OF MILD STEEL IN 
0.5N H2SO4 IN PRESENCE OF INHIBITOR (LI)

Fig. 7

8NYQUIST PLOT FOR CORROSION OF MILD STEEL IN 
1N H2SO4 IN PRESENCE OF INHIBITOR (LI)


Fig. 8

BODE PLOT FOR CORROSION OF MILD STEEL IN 
0.5N H2SO4 IN PRESENCE OF INHIBITOR (LI)


Fig. 9

BODE PLOT FOR CORROSION OF MILD STEEL IN 
1N H2SO4 IN PRESENCE OF INHIBITOR (LI)







Fig. 10
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Fig. 11
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Fig. 12

Fig 13
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Fig 14
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