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HCl


:
Hydrochloric acid




H2SO4 

:
Sulphuric acid



I.E


:
Inhibition efficiency 




C.R 


:
Corrosion rate




Conc


:
Concentration 



Icorr


:
Corrosion current
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:
Corrosion potential
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:
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:
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:
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INTRODUCTION

The word corrosion come from the Latin corrodere - to gnaw away.

“There are two main reasons for the study of metallic corrosion , the intellectual and the utilitarian”.  – U.R  Evans.

It is a natural process. Corrosion often begins with microscopic droplets of water. Collecting on unproducted metal surfaces. The corrosion process is often accelerated when metal products are exposed to environmental changes which can happen during product shipment or long term storage.

It is a result of the inherent tendency of metals to revert to their more stable compounds , usually oxides. Most metals are found in nature in the form of various chemical compounds called ores. In the refining process , energy is added to the ore , to produce the metal. It is this same energy that provides the driving force causing the metal to revert back to the more stable compound.


DEFINITION OF CORROSION 

ISO 8044 defines corrosion as physico – chemical interaction , which is usually of an electrochemical nature , between 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 technical system of which , these form a part. 

(Mattson , 1989).

Corrosion has also been defined as a process of deterioration and subsequent loss of metal through its reaction occurring at the surface with the environmental agencies. 

(Karunanithi et al., 1993)


CLASSIFICATION OF CORROSION 

Corrosion has been classified in many different ways. One method divides corrosion into low temperature and high temperature corrosion. Another separates corrosion into direct combination (or) oxidation and electrochemical corrosion. The preferred classification here is 

· Wet corrosion 

· Dry corrosion 

Wet corrosion 

It occurs when a liquid is present. This usually involves aqueous solutions or electrolytes and accounts for the greatest amount of corrosion by far. A common example is corrosion of steel by water.


Dry corrosion 

It occurs in the absence of liquid phase or above the dew point of the environment. vapours and gases are usually the corrodents. Dry corrosion is most often associated with high temperatures. An example is attack on steel by furnace gases.


FORMS OF CORROSION 

· General / Uniform Corrosion 

· Galvanic corrosion 

· Crevice corrosion 

· Pitting corrosion 

· Intergranular corrosion 

· Selective leaching 

· Erosion corrosion 

· Stress corrosion 

· Corrosion fatigue

· Fretting corrosion 

ELECTROCHEMICAL PRINCIPLES OF CORROSION 

Corrosion of metals can proceed either by a chemical or an electrochemical route , or by both taking place simultaneously.The basic difference between the chemical and electrochemical mechanism is in the overall reaction of metal with the environment. In the former case it takes place due to direct chemical reaction of a metal with the environment. The metal remains film free and there is no transport charge. In the later case it takes place by two different process , namely anodic and cathodic. The deteriorating or corroding metal leaves the metallic state at anodic areas as metallic cations which dissolve in the solution , that is , the metal is anodically converted to a solid compound. This anodic oxidation of metal is accompanied by a reduction of some constituent of the electrolyte at the cathodic areas. These anodes and cathodes may be of different metals as in the case of galvanic corrosion , or even of similar atoms perhaps only a few interatomic distances apart as in the case of corrosion of a single metal. 

The electrochemical nature of corrosion can be illustrated by the attack of iron by HCl. When iron is placed in a dil. HCl , a vigorous reaction occurs , as a result of which hydrogen gas is evolved and iron is dissolved. The reaction is :




Fe  +  2 HCl                      FeCl2  +  H2
Noting that the chloride ion is not involved in the reaction , this equation can be rewritten as 

Fe  +  2 H+                      Fe+2  +  H2
 Hence , iron reacts with the hydrogen ions of the acid solution to form iron ions and hydrogen gas. Thus the above reaction can be divided into two partial reactions.



Oxidation(anodic reaction)
  :                Fe                       Fe+2  +  2 e -


Reduction(cathodic reaction):    2 H+ + 2 e -                     H2
The above anodic and cathodic reactions, known as partial reactions, occur simultaneously and at the same rate on the metal surface. If this were not true , the metal would spontaneously become electrically charged , which is clearly impossible. This leads to the conclusion that during  metallic corrosion the rate of oxidation is equal to the rate of reduction. Corrosion occurs through formation of electrochemical cells in which the anode corrodes and the cathode is protected.


IMPORTANCE OF CORROSION 

It is nowadays necessary to pay more attention to metallic corrosion than was done earlier due to 

· Increasing use of metals in all fields of technology.

· Use of rare and expensive metals whose protection requires special precautions.

· Use of new high strength alloys which are usually more susceptible to certain types of corrosive attack.

· Increasing pollution of air and water resulting in a more corrosive environment. 

· Strict safety standards of operating equipment which may fail in a catastrophic manner due to corrosion.

Corrosion studies have also become important due to increasing awareness of the need to conserve the world’s metal resources. A report prepared by the US Bureau of Mines in 1970 , quoted the time left before some of the more important proven – non renewable metal resources would be exhausted. Assuming the present rate of consumption , the figures reported were 95 years for chromium , 93 years for iron and steel , 53 years for nickel and 13 years for mercury. Rapidly diminishing metal resources 
will have maintain their prices will become exorbitant. Rapidly diminishing metal resources will have far more profound effect on civilization than the much publicized energy crisis. Many energy resources are still available for commercial exploitation. However , as yet , there exist no practical substitutes to many commonly used metals and alloys whose specific engineering properties make them indispensable. Evidently more concern must be shown for conservation of metals by minimizing losses due to corrosion .

The losses due to corrosion can be classified into direct and indirect


Direct losses may include
· Inability to use otherwise desirable materials.

· Over – design to allow for corrosion. 

· The cost of repair or replacement of the corroded component or equipment.

· Cost of anti – corrosive painting or other protection methods.

Indirect losses may be either economical or social. These may include

· Contamination of the product.

· Loss of valuable product from a container that has corroded through.

· Damage of equipment adjacent to that in which corrosion failure occurs.

· Loss of production.

· Safety , e.g , Sudden failure of equipment may cause fire, explosion, (or) release of toxic product.

Corrosion losses due to corrosion in India are estimated at approximately over Rs.24,000 crores per annum which is a substantial amount. (K.D. Sawant)

Cost of corrosion in other countries are given below

	Country
	Year
	GNP
	Corrosion rate
	Savings

	U.K
	1970
	91
	3.2 (3% of GNP)
	0.8

	Australia
	1982
	-
	-
	$A2000 million

	China
	1986
	-
	4% of GNP
	-

	USA
	1986
	3404
	160(4.2%GNP)
	24.0

	USSR
	1969
	335
	6.7(2%GNP)
	-

	West Germany
	1969
	200
	6.0(3%GNP)
	-

	Canada
	1991
	674
	3.475(0.52%GNP)
	0.233


The corrosion costs given above are only direct cost of corrosion. The indirect costs due to corrosion associated with plant shut down, lowered efficiency of equipment and overdesign are additional to the costs cited here.


CORROSION CONTROL

Corrosion is a constant and continuous problem and it is impossible to eliminate it entirely. Controlling rather than preventing is the only remedy because it is impracticable to eliminate corrosion. 

They may be divided into the following groups , viz.

· Design improvement

· Change of metal

· Change of environment

· Use of coatings

· Use of inhibitors

· Design improvement

The most effective and economical method of reducing losses due to corrosion starts at the design stage.

Following procedure is often adopted in designing

(i) Establish basic requirements

(ii) Choose the most suitable

(a) Geometrical design

(b) Material of construction

(iii) Carryout the final design work

· Change of metal

The corrosion resistance of a metal can be greatly improved by

(i) Change of composition

(ii) Change of structure

(iii) Elimination of residual tensile stresses

(iv) Introduction of surface compressive stresses

· Change of environment 

(i) Removal of moisture from air by dehumidification e.g., using silica gel in small closed spaces

(ii) Lowering of relative humidity of air by increasing the temperature 6 to 7º C above ambient in storage area

(iii) Removal of oxygen from water

(iv) Addition of oxygen scavengers

(v) Removal of acid from water by neutralization

(vi) Removal of chloride ions from the environment to prevent 
pitting and stress corrosion 

(vii) Removal of solid particles by filtration

(viii) Removal of salts from water by exchangers

· Use of coatings

The protective coatings applied to prevent corrosion can be either 

(i) metallic or

(ii) non – metallic.

Both metallic and non metallic coatings should have following characteristics

(i) Good resistance to corrosion 

(ii) Perfect adherence to the underlying metal

(iii) Continuity so as to cover the metal surface completely

· Use of Inhibitors

Inhibitors are substances when added in small quantity to a corrosive environment lower the corrosion rate.

(i) Most inhibitors have been developed through empirical experiments

(ii) Industrially used inhibitors are generally mixtures of several inhibitors and are usually proprietory in nature and their composition is not known

(iii) Inhibitors show synergistic effect (ie) when two or more inhibiting substances are added to a corrosive environment , the combined inhibiting effect is some times greater than that which would be achieved by either of the two or more substances alone.

CORROSION INHIBITORS

A corrosion inhibitor may be defined , in general terms , as a substance which when added in a small concentration to an environment effectively reduces the corrosion rate of a metal exposed to that environment. The use of chemical inhibitors to decrease the rate of corrosion process is quite varied. However they often play an important role. In the oil extraction and processing industries , for example , inhibitors have always been considered to be the first line of defense against corrosion. A great number of scientific studies have been devoted to the subject of corrosion inhibitors but most of what is known has grown from trial and error experiments , both in the laboratories and in the field.


INHIBITOR CLASSIFICATIONS 

Depending on the mechanism of their inhibiting action on the electrochemical corrosion , inhibitors can be classified as 

· anodic type inhibitor 

· cathodic type inhibitor 

· mixed type inhibitor 

According to their nature inhibitors can be differentiated as soluble and insoluble , acidic , basic and neutral , volatile and non volatile , organic and inorganic etc.

The inorganic inhibitors known as chemical passivator (e.g nitrites , chromates , silicates etc). The organic inhibitor is known as adsorption inhibitor.

· Anodic inhibitors 

Those substances which reduce the anode area by acting on the anodic sites and polarise the anodic reaction are called anodic inhibitors. They  displace the corrosion potential (Ecorr) in the positive direction and reduce corrosion current (Icorr) thereby  retard anodic reaction and suppress the corrosion rate.

· Cathodic inhibitors

Those substances which reduce the cathode area by acting on the cathodic sites and polarise the cathodic reaction are called cathodic inhibitors.

· Mixed type inhibitor 

Those substances which affect both the cathodic and anodic reactions are called mixed inhibitors. Such mixed inhibitors include the commercially available polyphosphates.

MECHANISM OF INHIBITION

In the present study the observed corrosion data in the presence of inhibitors namely 

a) the trend in the variation of corrosion rate with inhibitor concentration. 

b) linear dependence of weight loss on immersion time and 

c) higher inhibitor efficiency at elevated temperature suggest that the corrosion inhibition of mild steel occur through surface adsorption of inhibitors and / or their complexes.

Moreover the increase of ΔG adsorption with temperature and heat of adsorption (ΔHads) values greater than 10 KJ / mole suggest chemisorption of the constituents of the extract on mild steel surface.

Based on the above observation the following probable mechanism of inhibition is suggested. Each of the extracts studied comprised of amino acids , lipids , carbohydrates , flavanoids , triterpenes , steroids and alkaloids.

PHYTOCHEMICAL CONSTITUENTS OF  
CAJANUS CAJAN SEED (DUKE 1992A)
	Compounds
	Composition (ppm)

	Alanine
	8,170 – 10,870

	Arginine 
	11,280 – 14,530

	Ascorpic Acid
	1,279 

	Ash 
	14,000 – 46,000

	Aspartic Acid
	17,940 – 24,000

	Beta Carotene
	0.84 – 4.6

	Calcium
	290 – 1,540

	Carbohydrates
	213,000 – 714,000

	Copper
	10 – 12

	Cystine
	1,880 – 2800

	Fat
	6,000 – 55,354

	Fiber seed
	21,380 – 108,000

	Glutamic acid
	40,790 – 56,270

	Glycine
	6,860 – 8,970 

	Histidine
	7,090 – 8,655

	Iron
	13 – 62

	Isoleucine
	6,990 – 8,780

	Leucine
	13,110 – 17,325

	Linolenic acid
	350 – 1,114

	Lysin
	13,750 – 17,010

	Manganese
	17 – 21

	Mathionine
	1,860 – 2,720

	Mufa
	120 - 135

	Niacin
	22 – 77

	Oleic acid
	120 – 381

	Palmitic acid
	3,070 – 9,642

	Pantothenic acid
	6.8 – 20

	Phenylalanine
	16, 020 – 20,780

	Phosphorus
	1270 – 4,500

	Potassium
	5,250 – 18,103

	Proline
	9,550 – 11,830

	Protein
	72,000 – 262,972

	Pufa
	8,140 – 9,100

	Riboflavin
	1.7 – 8

	Serine
	9,780 – 11,500

	SFA
	3,300 – 3,690

	Sodium
	156 – 205

	Stearic acid
	240 – 733

	Thiamine
	4 – 13

	Threonine
	7,190 – 8,580

	Tryptophan
	1,580 – 2,370

	Tyrosine
	4,510 – 6,015

	Valine
	9,130 – 10,480

	Vitamin - B6
	3 – 4

	Water
	99,000 – 695,000

	Zinc
	25 – 34


Many of these organic molecules have hetero atoms like nitrogen , oxygen , phosphorus , sulphur , etc. with higher electron denisities 
Mann (1936) has suggested that organic compounds with atleast one polar unit having atoms of nitrogen , oxygen ,  sulphur and in some cases selenium and phosphorus , the polar unit is usually regarded as reaction centre for chemisorption process.

According to Hackerman (1954) amine type inhibitors have electron donating ability and their action is attributed to the adsorption
inhibitor molecules on the metal surface through an unshared pair belonging to the nitrogen atom. The same is applicable to sulphur and oxygen atoms.

Thus most of the components present in the extract , can be easily adsorbed on the mild steel giving rise to such inhibition. It is hard to decide which of these components is responsible for this inhibition. It may be one component , more or even all of them acting in synergism. Successive coverage of the mild steel surface and growth of the layer would have provided an effective inhibition at higher temperatures.

MATERIALS AND METHODS

Design of the present investigation consisted of the following steps 

· Selection of samples 

· Selection of medium

· Preparation of inhibitors

· Different parameters studied

· Different techniques used

The study of the corrosion inhibition by (a) Acid extracts of seeds of Cajanus cajan were carried out using mild steel specimens in 1M HCl medium using efficient methods namely , weight loss methods and polarization methods. These methods are used to study corrosion behaviour of mild steel.


SELECTION OF THE SAMPLE

The sample was carried out using mild steel. Mild steel was selected due to its wide application in industries , easy availability and being less expensive.


PREPARATION OF THE SAMPLE

Rectangular samples of area 1 x 5 cm2 have been cut from a large sheet of mild steel. A hole was drilled in the specimen , mechanically polished , degreased , thoroughly dried and kept in a dessicator for weight loss tests. The mild steel specimens used had the following percentage elemental compositions as shown in table .

	S.No
	Element
	% of chemical composition

	
	
	MS Sample

	1.
	Carbon
	0.048

	2.
	Manganese
	0.335

	3.
	Silicon
	0.029

	4.
	Phosphorus
	0.041

	5.
	Sulphur 
	0.025

	6.
	Chromium
	0.050

	7.
	Molybdenum
	0.016

	8.
	Nickel
	0.019

	9.
	Iron
	99.464



SELECTION OF MEDIUM

More HCl and H2SO4 are produced and utilized than any other chemicals in the world. Due to tremendous increase in industrial activities , HCl and H2SO4 are a vital commodity in the world. It is widely used for pickling , descaling and chemical cleaning process of steel and its alloys. Hence 1M HCl was selected to study the inhibitive effect of Cajanus cajan on corrosion of mild steel.


PREPARATION OF INHIBITORS

The inhibitors used for this study were

· Seeds of Cajanus cajan (Red gram) 

· Sprouted seeds of Cajanus cajan

The extracts were prepared by refluxing 25 g of powdered seeds and sprouted powdered seeds in 500ml of 1M HCl for 3 hours , kept overnight , filtered and made up to 500 ml to get 5% extract of inhibitor.


EQUIPMENTS USED

The following equipments were used for this study

· Denwar balance

· Constant temperature water bath

· Solatron (UK) (1284z)

REAGENTS USED

The reagent used for the study were

· 1M HCl


-
LR Grade

· Sodium bicarbonate
-
AR Grade

DIFFERENT PARAMTERS STUDIED

The different parameters taken into consideration for the present investigation are : -

· Determination of corrosion rate and inhibition efficiency by weight loss method at 

· Room Temperature 

· Higher Temperature 

· Determination of 

· Activation Energy (Ea)

· Enthalpy Change (ΔH)

· Entropy Change (ΔS)

· Free Energy Of Adsorption (ΔG)

WEIGHT LOSS METHOD

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

In the present work, weighed test pieces were immersed in triplicate in the test media (100 ml) viz., 1M HCl with varying concentration of the inhibitor. They were removed after a particular period of immersion , washed , dried and reweighed. The experiments were performed for various parameters such as 


Concentration variation from 0.1 to 0.8%


Different time intervals : ½ an hr, 3 hrs , 6 hrs , 12 hrs , 24 hrs , 48 hrs


Various temperature      : 308 K , 318 K , 328 K , 338 K , 348 K


(For temperature study the time of immersion was ½ an hour).


DETERMINATION OF CORROSION RATE

The corrosion rate expressed as mills per year was calculated using the formula



CR(mpy)
=
436.095 x W x 1000







A  x  T


Where 
W
=
Weight loss in gm




A
=
Area of the specimen in cm2



T
=
Exposure time in hours


DETERMINATION OF INHIBITION EFFICIENCY 



Inhibition efficiency was obtained using the following formula



IE(%)

=
W0 – W   x  100  





     W 

Where

W0  -  weight loss of mild steel in the absence of inhibitor  

W   -  weight loss of mild steel in the presence of inhibitor  

SURFACE COVERAGE (θ)

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

Surface coverage (θ)

=
W0 – W     






     W 

Where

W0  -  weight loss of mild steel in the absence of inhibitor  

W   -  weight loss of mild steel in the presence of inhibitor  


CORROSION KINETICS 

There are four types of adsorption isotherms usually cover all the data related to adsorption of inhibitors. The four isotherms are

· The Langmuir isotherm (plots log θ / 1- θ  Vs  log Concentration)

· The Frendlich isotherm (plots log θ Vs  log Concentration)

· The Temkin isotherm (plots  θ Vs  log Concentration)

· Frumkin isotherm (plots  inhibitor efficiency  Vs  log Concentration)

Efforts have been taken to fit, Langmuir , Freundlich , Frumkin and Temkin isotherms for corrosion inhibitors.


CORROSION DYNAMICS



DETERMINATION OF ACTIVATION ENERGY(Ea)

This activation energy at different concentration of the inhibitors at various temperature used was determined by plotting log corrosion rate Vs 1/T from the slope . The activation energy (Ea) was calculated using the formula 



  Ea   =   - 2.303  x  R  x  Slope


Where   R   =   Gas constant (8.314 Joule / mole)


THERMODYNAMIC PARAMETERS 

The change in free energy (ΔG) of adsorption for various concentration of the inhibitors can be calculated using the following equation (Abdel and El. Saied 1981)


Log of inhibitor concentration (log C) = log (θ / 1- θ) – log B

log B = -1.74 – (ΔG / 2.303 RT)


      R = Gas constant 8.314 J / mol

 
      T = Temperature 


      C = Concentration of inhibitors

                 θ = Surface coverage

The change in heat adsorption ΔH and change in entropy ΔS can be calculated using Gibbs Helmholtz equation




ΔG = ΔH - T ΔS

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


POLARIZATION TECHNIQUES

The electrode potential of the specimen were measured on a SOLATRON 1284 Z electrometer. The variation of the corrosion potential with time as well as the polarization character of the corroded and uncorroded specimens were measured using a saturated calomel electrode as reference. For placing the working electrode , and the platinum auxiliary electrode , a glass salt bridge act as a lugging capillary. The area of polarization was kept constant for all the specimens and the potential readings were taken on the electrometer until fracture occurred. The polarization studies were started only after the steady state potential of the specimen was attained.

An IBM personal computer which automatically controls and measures the impedance linear polarization and Tafel polarization. The data were analyzed using corr ware computer software.

PROCEDURE ADOPTED

In a 100ml beaker , 100 ml of 1M HCl or 0.5M H2SO4 is taken , then a polished electrode (mild steel with diameter 1" x 1") is introduced and held for 30 minutes to attain a constant potential.

The platinum electrode is placed at +400mV cathodic to its open circuit potential. Then the potential is scanned at 1mV/sec towards the anodic direction , Tafel extrapolation (To determine experimentally Icorr from which the corrosion rate is calculated , a Tafel plot can be performed on a sample by polarizing the sample about 300mV anodically (positive potential direction) and cathodically (negative potential direction) from the corrosion potential (Ecorr). The potential can be stepped in a stair – case wave form. The potential scan rate can be 0.1 – 1.0 mV/sec. The resulting current is plotted on a logarithmic scale. The corrosion current is obtained from a Tafel plot by extrapolation of the linear portion of the curve to Ecorr and slope of the linear region is the Tafel slopes ba and bc (anodic and cathodic) respectively.

In the case of Linear Polarization Resistance (LPR) method , a cathodic potential of 20mV was fixed instead of  200mV and the scan is carried out

According to Stern – Geary equation , the slope of Linear polarization plot is (dq / di) substituted to get corrosion current.




Icorr
=
      ba x bc                    1






2.303(ba x bc)              Rp

where Rp is resistance potential.


Using Linear Polarisation Resistance.


(a)
IE
=
Rp(blank)  -  Rpinhibitor    x  100 




       Rp(blank)


(b)
IE
=
Icorr(blank)  -  Icorr(inhibitor)    x  100 




       Icorr(blank)
the inhibitor efficiency is also given in the Fig (1).

Sprouted seed extract also performed in a similar manner. A maximum of 98.83% inhibitor efficiency was noticed at 24 hrs of immersion with 0.8% concentration. Percentage inhibition efficiency and corrosion rate obtained by weight loss method at different concentration and at different immersion time for the sprouted extract are given in 
table (2) Fig (2).


EFFECT OF IMMERSION TIME  

The performance of the inhibitor was also studied for different periods of  immersion viz ½ hr , 3 hrs , 6 hrs , 12 hrs , 24 hrs and 48 hrs in 1M HCl at 308º K. 

Values of corrosion rate and inhibitor efficiency obtained from weight loss measurements are given in table (1). The non sprouted extract showed a consistence performance up to 6 hrs and then decreased. The performance of non sprouted extracts with time of immersion are given in table (1) and shown in Fig (3). 

It is found that inhibitor efficiency increased with increase in immersion time up to 24 hrs with the sprouted extract. The performance of sprouted extracts with time of immersion are given in table (2) shown in 
Fig (4).



EFFECT OF TEMPERATURE 

The influence of temperature on the corrosion rate of mild steel in 1M HCl containing 0.1% to 0.8% inhibitor was studied. Weight loss measurements were taken in the temperature range from 308 K to 348 K to evaluate the inhibition mechanism and to determine the activation energy and free energy of adsorption of the corrosion process. 

The data are shown in table (3). The corrosion rate decreased with increase in temperature of corroding medium with inhibitor. For each temperature the corrosion rate decreased and inhibitor efficiency of the inhibitor increased when the concentration of the extract increased. 
Figures (5,6). At high temperatures the inhibitor efficiency of sprouted seeds slightly decreased. But the non sprouted extract showed a consistent increase in inhibitor efficiency up to 348 K. The variation of inhibitor efficiency with temperature for different concentration of the inhibitor are given in table (4) and Figures (7,8).

The inhibition efficiency increased invariably with increase in inhibitor concentration. This is associated with increase of the surface coverage by the additives which retards the corrosion of mild steel. It is obvious that the increase in bulk concentration consequently increases the surface coverage by the additive. This is indicated by the decrease in weight loss. (Taha  et.al., 1995).
It is found that inhibitor efficiency increased with increase in immersion time and it may be attributed to the formation of inhibitor film which prevents the attack of acid on metal surface. The high inhibitor efficiency at higher immersion time indicate the stability and persistence of the inhibition film on the metal surface. (Mohammed Ajmal 1998).

The increase in inhibitor efficiency with temperature may be due to the higher activation energy available for adsorption and the higher rate of diffusion of inhibitor molecules (T.P.Oar 1953).
According to Machu (1938) the kinetics of such a corrosion process acquires the character of diffusion process in which at higher temperature the quantity of inhibitor present at the metal surface is greater than that at lower temperature.

Adsorption and desorption of inhibitor molecules continuously occurs at the metal surface and an equilibrium exists between these two processes at a particular temperature. With the increase of temperature the equilibrium between adsorption and desorption. Processes is shifted leading to a higher desorption rate than adsorption until equilibrium is again established at a different value of equilibrium constant. It explains the lower inhibitor efficiency at higher temperature (Rashmi arora).
ADSORPTION ISOTHERM

It is generally accepted that organic molecules inhibit corrosion by adsorption at metal / solution interface and that the degree of adsorption depends on the molecule’s chemical structure , the solutions chemical composition , the nature of the metal surface , and the temperature and the electrochemical potential at the metal / solution interface. (O.L. Riggs).
Adsorption provides information about the interaction among the adsorbed molecules themselves as well as their interaction with the electrode surface. (B.B. Riggs).
A useful method that assists in the understanding of the mechanism of organo electrochemical reactions in the adsorption process is the adsorption isotherm. (J.O.M. Bockris).
An adsorption isotherm gives the relation between the coverage of an interface with the adsorbed species (the amount adsorbed and the concentration of species and solution ). Interpretation of the performance of the adsorbent type can be enhanced by fitting the data in one of the known isotherms.

The absorbed corrosion data in the presence of inhibitors namely

· The trend in variation of corrosion rate with inhibitor concentration 

· Linear dependence of weight loss on immersion time

· The increase in corrosion inhibition with temperature suggest that the corrosion inhibition of mild steel occurs through surface adsorption of inhibitors (N.C. Subramanyan).

The degree of surface coverage θ for different concentration of the inhibitor has been evaluated from weight loss values. Data were tested graphically by fitting to various isotherms. A plot of log (θ / 1-θ) Vs log C  and θ Vs log C (table 5,6) were linear Figures (9-12). Suggesting that the adsorption of the compounds on the mild steel surface follows Langmuir and Temkin adsorption isotherms.

ENERGY OF ACTIVATION

The activation energies (Ea) for the corrosion process in the absence and presence of inhibitor were estimated from the slope of Arrhennius plots (log K Vs 1 / T) (table 7,8) Figures (13,14). The lower Ea values in inhibited acid suggest that the inhibitor used act as catalyst on the metal surface.(I.N. Putilova 1960).

Similar values of Ea for the sprouted system suggests that the inhibitor have similar mechanism of action.

The lowest Ea values are obtained with highest concentration of inhibitor that is with highest percentage of inhibitor efficiency. This may be seen to surprising but Riggs reported that in the presence of adsorbed inhibitor the dissolution of the metal proceeds with two distinct processes

(corresponding the covered area and the bare metal surface). He concluded that at high degree of coverage the corrosion process is not determined only by the reaction of the metal from the bare surface. But involves also the adsorbed inhibitor , and consequently Ea can assume values greater or smaller than those calculated in the absence of the inhibitor. 
(O.L.Riggs 1967).

THERMODYNAMIC PARAMETERS

Adsorption is an exothermic phenomenon accompanied by a decrease in free energy and decrease in entropy. The thermodynamic variables for the adsorption process are calculated and given in table (9,10) and shown in Figures(15,16). The low and negative values of ΔG adsorption indicate spontaneous adsorption of inhibitors on the surface of mild steel. (Mohammed Ajmal 2000).

The negative ΔG increased as temperature increased. Therefore it could be supposed that the adsorption process is chemisorption. 
(F.Donahaedand E. Blongrem).


Entropy
The positive entropy of activation in the presence of inhibitor implies decrease in disordering during adsorption. 

Adsorption of inhibitor molecules is generally accompanied by the desorption of water molecules. During adsorption the entropy decreased

and the opposite occurs for the desorption of the water molecules. The thermodynamic values obtained are algebraic sum of adsorption and desorption. The positive values of ΔS in the present study can be related to the increase of solvent entropy and to a more positive water desorption entropy. (S.K. Ranagarajan).



Enthalpy
The negative values of heat of adsorption indicate that there may be a strong interaction between the inhibitor and the electrode forming a chemisorbed layer on the surface of mild steel (Abdul aziz et.al., 1989 , 1990).


ELECTROCHEMICAL MEASUREMENTS

Electrochemical measurements offer information about the mode of action and mechanism of inhibition process. The efficiency of the plant extract for the corrosion inhibition of mild steel had been evaluated using polarization techniques such as linear polarization resistance method and Tafel intercept method.

The values of  Icorr , Ecorr and Tafel slope constant obtained from potentio dynamic polarization curves for mild steel in 1M HCl and in the presence of different concentrations of inhibitor have been given in 
table (11) and shown in Fig (17). The Ecorr values were only slightly shifted 

in the presence of inhibitor suggesting that they work by inhibiting both the anodic and cathodic reactions. Inhibitor that function in this way are known as mixed type inhibitors. (M.A. Quraishi).
It is evident that the values of Icorr decreased with increase in inhibitor concentration and maximum decrease is observed at high inhibitor concentration. (T.H. Brandr).

Both cathodic and anodic polarization curves are affected by inhibition which prove that the inhibitor behave as mixed type. The approximately constant values of cathodic Tafel slopes suggests that the inhibition of such compounds occurs by blocking of electrode surface area and they does shift the dissociation mechanism of the mild steel (Khamis).

The polarization resistance (Rp) found to increase with concentration of inhibitor , showing an increase in inhibitor efficiency.

The inhibitor efficiency calculated by electrochemical measurement are good accordance with the values obtained from weight loss measurements. 

COMPARISON OF SPROUTED AND NON-SPROUTED SEED EXTRACTS

The corrosion of mild steel in acid medium was effectively inhibited by both the sprouted and non sprouted extracts. Both extracts showed maximum inhibition with 0.8% concentration. At room temperature sprouted extract was found to be persistent up to 24 hrs giving 98.83% inhibition efficiency. Non sprouted extract could perform well only up to 6 hrs. But it could perform well at higher temperatures. The sprouted extract gave better performance only up to 318 K. Therefore the sprouted extract can be used at room temperature while non sprouted extract can be used at higher temperature like boilers to get maximum efficiency.

SUMMARY  AND  CONCLUSION
Efforts have been taken to study the inhibitive effect of sprouted and non sprouted Cajanus cajan seeds on corrosion of mild steel in 1M HCl by weight loss and electrochemical technique. Studies were carried out at various concentration of acid extract of sprouted and non sprouted Cajanus cajan at different time of immersion at room temperature by weight loss method. Effect of temperature was also studied to evaluate the kinetic and thermodynamic parameters suitable adsorption isotherm were also fitter for sprouted and non sprouted inhibitors. Electrochemical technique – linear polarization technique were performed. Inhibitor efficiency obtained by weight loss and electrochemical technique was compared. A possible mechanism of inhibition process was also suggested.

The results obtained during the study was summarized as follows 

· There is a linear relationship between the concentration of sprouted and non sprouted Cajanus cajan with inhibitor efficiency.

· Maximum inhibitor efficiency at 0.8% concentration of sprouted and non sprouted were found to be 98.83 and 99.06 respectively.

· Time of immersion increases inhibitor efficiency of sprouted extract up to 24 hrs (IE%) and non sprouted up to 6 hrs (IE%).

· Non sprouted Cajanus cajan performed very well up to 348º K and IE was found to be 95.25% at 0.8%.

· In the case of sprouted the inhibitor efficiency  increases up to 318º K and there was a decline in inhibitor efficiency after 318º K. 

· The values of activation energy could confirm the effectiveness of sprouted and non sprouted.

· Both sprouted and non sprouted inhibitors follow Langmuir and Temkin adsorption isotherms.

· Thermodynamic parameters reveal the possibility of strong interaction of inhibitor molecule and spontaneous adsorption of inhibitor on the metal surface.

· Linear polarization technique reveal the inhibitive nature of sprouted and non sprouted extracts.

· Inhibitor efficiency obtained by weight loss and linear polarization are quite comparable.

In modern practice the inhibitor are rarely used in the form of single compounds. A formulation of two or more inhibitor is usually employed. However the chemical are too costly. Hence considerations such as cost effectiveness, eco friendliness , biodegradability , less toxic and easy availability are the main reasons to use plant materials as inhibitors. Nowadays eco friendly inhibitor play an excellent role in controlling corrosion. In the present investigation sprouted and non sprouted seed extract of Cajanus cajan were proved to be excellent inhibitor in controlling corrosion of mild steel in 1M HCl.    

SUGGESTIONS

To understand the kinetics and mechanism of inhibitors the following suggestions are set forth.

· Different acid baths such as nitric acid , phosphoric acid and acetic acid may be used to study the corrosion behaviour of mild steel. 

· Synergetic aspects can also be performed.

· Role of pH on the corrosion of mild steel may be analysed

· Gasometric studies may be carried out.

· Alkaline media can also be recommended to carry out corrosion studies. 

· Other naturally occurring plant extracts may also be tried as corrosion inhibitor to bring out a cost effective method.  

