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1.0. INTRODUCTION


In the history of use of metals the past 150 years have been closely associated with alloys of metals such as iron, aluminium, copper etc. Recent years studies have shown an increasing use of prosthetic devices in our body such as pins, holes, plate, hip joints, pacemakers and other implants. New alloys and better techniques of implantation have been developed but corrosion continues to create problems.


India is the country with a thorough knowledge of corrosion of metals from older days. As ancient scriptures show, more than 2500 years ago Lord Buddha could know the corrosion of iron when he stated

“As rust sprung from iron straightaway corrodes and destroys the very pure iron itself, so do impure deeds of evildoers bring them to self-destruction”

“Corrosion is largely an electrochemical phenomenon which may be defined as destruction by electrochemical or chemical agencies…” [R.Evans, April 2001]. It involves the deterioration of a material as it reacts with its environment.


Corrosion has much serious, economic, safety, technological and cultural consequences in our society. The corrosion occurring under aqueous solution at ambient temperatures is a major destructive process that results harmful effects as the formation of rust and other corrosion products.


A great deal of the development of new technologies is held back by corrosion problems because material are required to withstand in many cases simultaneously, higher temperature, higher pressure and more highly corrosive environments. Almost all the countries spend a major portion of their annual income to prevent corrosion.


Low cost and easy availability of mild steel are the reasons of its highest usage in the industry. At the same time, mild steel suffers from severe corrosion in aggressive acid media like Hydrochloric acid and Sulphuric acid. Hence corrosion of mild steel and its inhibition always remain as a field of interest to metallurgical, chemical and corrosion engineers.


Corrosion of metals in different environments and its prevention has been approached from various angles like surface coating, plating and alloying etc. Technological and financial considerations may sometimes favour the addition of certain chemicals as inhibitor, to reduce corrosion rate. Acid media is used widely in industry because, the field of application, is being acid pickling, industrial cleaning, descaling in practice. To prevent the corrosion of mild steel various methods are applicable. But the use of inhibitors is predominant.

Inhibitors 


Inhibitors are chemicals that react with an exposed metallic surface that gives the surface a certain level of protection. It often works by adsorbing themselves on metallic surface, protecting it by forming film. They are normally distributed from a solution or dispersion. A typical good corrosion inhibitor will give 95% inhibitor at concentration of 80 ppm and 90% at 40ppm. A corrosion inhibitor when added in small concentration stops or slows down corrosion of metals and alloys. Some of the mechanisms of its effect are formation of a passivation layer (a thin film on the surface of the material that stops access of the corrosive substance to the metal), inhibiting either the oxidation or reduction part of the redox corrosion system (anodic and cathodic inhibitors) or scavenging the dissolved oxygen.


The suitability of an inhibitor for corrosion inhibition depends on many factors like nature of the material, temperature, concentration, availability of inhibitor etc. The limitation of use of many inorganic and natural inhibitors because of their probable toxic effect or of their low efficiency under certain conditions prompts the need to investigate new substances as corrosion inhibitors.

Dyes as corrosion inhibitors 


Dyes are easily available less toxic chemical substances, can act as corrosion inhibitors. 


Methylene blue is non – toxic, aromatic heterocyclic chemical compound of molecular formula C16H18ClN3S. At room temperature it appears as the solid, odorless dark bluish green powder that yields a blue solution when dissolved in water.


 In this present work the inhibitory effect of methylene blue on the corrosion of mild steel in 1M Hydrochloric acid in the presence of halide ions has been studied to analyze the following objectives. 

Structure of Methylene blue
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OBJECTIVES

· To investigate the inhibitive effect of the methylene blue on the corrosion of mild steel in 1M hydrochloric acid

· To determine the corrosion rate by weight loss method.

· To determine the corrosion rate by electrochemical polarization method.

· To find the effect of concentration of methylene blue on the corrosion rate of mild steel in acid media.

· To investigate the synergistic effect of the ions on the inhibiting potential of methylene blue.

· To determine the inhibitive effect of methylene blue at higher temperature to decide whether it could be used for preventing boiler corrosion.

· To evaluate the suitable concentration, temperature for maximum inhibition efficiency.

· To explore the values of activation energy from temperatures studies.

· To study the adsorption kinetics of corrosion inhibition process.

· To fit the experimental data into Langmuir adsorption isotherm. 

· To calculate the thermodynamic parameter such as ΔG˚ for adsorption.

· To calculate the results obtained by weight loss method and polarization method.

· To discuss the mode of action of the inhibitor on the corrosion process.

2.0. REVIEW of literature


The literature work revealing the importance of corrosion control by using inhibitors has been reviewed under the following categories

· Inhibitors for mild steel in acidic medium

· Inhibition efficiency of naturally occurring substance in acidic medium 

· Dyes used as inhibitors

2.1. Inhibitors for mild steel in acidic medium 

Substance used as corrosion inhibitors in pickling process are reviewed in this section.

· Effect of Sodium Lauryl Sulfate (SLS), a surfactant on corrosion of mild steel in 1 M hydrochloric acid has been studied using three techniques namely: weight loss, electrochemical polarization and metallurgical research microscopy.The inhibition efficiency was found to vary with concentration of inhibitor and temperature. The electrochemical polarization result revealed that SLS is anodic in nature. 

[Atul kumara.,2007]

· Two surfactants [cocomonoethnolamide (CMEA) and cocodiethnolamide (CDEA)] have been used for inhibiting corrosion of mild steel in 1 M HCl by weight loss studies, electrochemical polarization studies and Surface morphology by metallurgical research microscopy. Weight loss studies, conducted at different temperatures (25°, 35° & 45°C) using various concentrations (50-250 ppm) of the inhibitor, revealed that the inhibitor efficiency increases with inhibitor concentration up to certain extent.

[Chaudhary.R.S et al., 2007]

· The inhibition effect of propargyl alcohol on the acidic corrosion of mild steel in 5 per cent commercial hydrochloric acid has been studied at different temperatures by mass loss measurements and polarization studies. The inhibitor efficiency increases with increase in concentration and it decreases with rise in temperature. It has been found that the inhibitor obeys Temkin adsorption isotherm. 
[D. Jayaperumal et al., 1997]
· The effect of addition of sodium n, n-diethyl dithiocarbamate on the corrosion of mild steel in 0.5 molL-1 solutions has been studied using weight loss measurements, electrochemical measurements, Infrared spectroscopic analysis, and electron probe microanalysis. The inhibition efficiency of SDEDTC increase in concentration at temperature range of 303-333K. The experimental data for the inhibitor fitted Flory-Huggins adsorption isotherm and El-A wady thermodynamic kinetic model.

[H.B.Fan et al., 2002]

· The effect of Schiff’s base in 2 moldm-3 HCl medium on the mild steel has been investigated at 303K .Weight loss, Polarization and Impendence methods have been studied. The corrosion rate decreases and the inhibition efficiencies, surface coverage degrees increases with increasing additive concentration. The inhibitor is adsorbed on the steel surface according to Langmuir adsorption isotherm.

[Kaan.C.Emregul., 2005]


· The influence of some organic acid hydrazides, namely salicylic acid hydrazide (SAH), anthranilic acid hydrazide (AAH), benzoic acid hydrazide (BAH) and cinnamic acid hydrazide (CAH) on the corrosion inhibition of mild steel in the presence of 1 N HCl have been studied. The adsorptions of all the hydrazides on mild steel surface in the acid solution obeyed Temkin’s adsorption isotherm. The values of activation energy and free energy of adsorption of all the hydrazides have been calculated.

[M. A. Quraishi, Rana Sardar and Danish Jamal., 2001]

· The extracts of pomegranate alkaloids, eucalyptus leaves, mahasudarshna churna, and swertia aungustifolig have been studied as effective acid corrosion inhibitors. Weight loss, Tafel intercept, linear polarization resistance were studied as very effective for acid corrosion inhibitors.

[M.J.Sanghavi et al., 1996]

· The inhibiting effect of N-furfuryl-N'-phenyl thiourea (FPTU) on the corrosion of mild steel in aqueous solutions of 0.05 and 0.1M HCl, as well as 0.025 and 0.05M H2SO4 has been demonstrated using the potentiodynamic polarization technique. The polarization data showed that FPTU acts as an efficient anodic inhibitor for mild steel in both acid solutions. The inhibition efficiency has been evidenced in both acid solutions and it was found to vary with the concentration of the inhibitor and temperature.

[Shetty Diva Kara.S et al., 2006]
· The cycloadducts on reaction with benzyl and propargyl chloride gave quaternary ammonium salts. This new isoxazolidines have been tested for corrosion inhibition of mild steel in 1M HCl at 60°C by gravimetric and electrochemical methods. The inhibition efficiency was in the range of 86.7-99.5 as measured by gravimetric method.

[S.A.Ali et al., 2006] 

· The corrosion behavior of mild steel in 1 moldm-3 using halide ions as inhibitors has been studied. Mass loss, potentiodynamic, polarization resistance measurements studies were carried out in 1M HCl at various concentrations of the iodide ions. The presence of iodide ions in the solution stabilized the adsorption of OPHPT molecules on the metal surface.

[Y.Hark and L.Larabi., 2004]

2.2. Inhibition efficiency of naturally occurring substance in acidic medium

· Acid extract of three naturally occurring substance namely onion, garlic and bitter gourd have been studied. The evaluation of inhibitors has been studied by different techniques. The three DC electrochemical techniques (a)Tafel extrapolation (b)resistance polarization and (c)’vicor’ method-a computer added software programme have been used.

[K.S.Parikh and K.J.Joshi., 2004]

· The corrosion inhibition of mild steel by some naturally occurring substance has been evaluated in absence and presence of 600 and 1200 mg H2S/l in 3% NaCl aqueous solution and pH of 3 and at temperature of 25 °C. The galvanostatic anodic and cathodic polarization measurements have been used for studying the corrosion behavior of mild steel.

[Y. F. Barakat et al., 1998]

· Gravimetric method has been used to study the temperature effects on mild steel corrosion on in 2M HCl and 1M H2SO4 in the absence and presence of aqueous extract for fenugreek leaves. However, the aqueous extract of fenugreek leaves (AEFL) inhibited mild steel corrosion in HCl more than in H2SO4 at all inhibitor concentration and solution temperatures. The adsorption was spontaneous and followed Langmuir adsorption isotherm in HCl, while followed Temkin adsorption isotherm in H2SO4 at all studied temperatures. The inhibition mechanism for the adsorption of AEFL species on mild steel surface from both acids was discussed with the light of some AEFL constituents.

[Ehteram A.NoorKing., 2007]

· The corrosion inhibition of zinc in hydrochloric acid by extract of Nypa Fruticans Wurmb has been studied using weight loss techniques. Maximum inhibition efficiency was obtained at an optimum concentration. However increase in temperature decreased the inhibition efficiency at the temperature range studied. Optimum inhibition efficiency for Zinc in the presence of Nypa Fruticans Wurmb extract was 36.43% and 40.70% with DPC. The data obtained from this study fits well into the Langmuir isotherm.

[Orubite-okorosaye, Oforka., 2006]

· The inhibition of the corrosion of mild steel in hydrochloric acid solutions by extract of the leaves of Nypa fruticans Wurmb has been studied using weight loss and hydrogen gas evolution techniques. Inhibition was found to increase with increasing concentration of the leaves extract. The results obtained show that the solution extract of the leaves of Nypa fruticans could serve as an effective inhibitor of the corrosion of mild steel in hydrochloric acid media.

[K.O.Orubite and N.C.Oforka., 2004]

· The inhibitive effect of the extract of khillah (Ammi visnaga) seeds, on the corrosion of SX 316 steel in HCl solution has been determined using weight loss measurements as well as potentiostatic technique. The inhibition efficiency increases as the extract concentration is increased. Negative values were calculated for the energy of adsorption indicating the spontaneity of the adsorption process. The formation of insoluble complexes as a result of interaction between ion cations and khellin, which present in the extract, has been      studied.

[El-Etre A. Y., 2006] 

2.3. Dyes used as inhibitors

· The inhibitive capabilities of some organic dyes namely: safranine-o(SO), thymol blue(TB), fluorescein-Na (F-Na) on the electrochemical corrosion of mild steel in Sulphuric acid solution has been rapidly accessed using the gasometric technique. Inhibition efficiency increased with concentration for SO and TB but decreased with concentration for F-Na.

[E.E.Ebenso and E.E.Oguzie., 2005]



· The adsorption and corrosion inhibition of Bismarck brown (BB) on aluminium in 0.1 M sodium hydroxide solutions have been studied at 25 and 70 °C using gravimetric technique. Bismarck Brown acts as an inhibitor in the alkaline medium by adsorption on the metal surface and the inhibition efficiency was found to increase with the increase in dye concentration.

[E.E. Oguzie et al., 2006]

· The effect of Methylene blue (MB) dye on the electrochemical corrosion of aluminium in HCl solutions has been studied using gravimetric techniques at 303 and 333 K. The inhibition efficiency was found to increase with increase in Methylene Blue concentration but decreased with rise in temperature. Synergistic effects increased the inhibition efficiency on addition of halides namely: KCl, KBr and KI. The experimental data were found with the Langmuir and Flory–Huggins adsorption isotherms.

[E.E. Oguzie et al., 2004]

·  [E.E.Oguzie., 2005] has investigated the inhibition effect of methylene blue in hydrochloric acid by gravimetric technique at 30˚C and 60˚C as well as thermometric technique studied. Inhibition efficiency increased with methylene blue concentration but decreased with rise in temperature, with maximum value of 94-95%obtained for 5.0mM methylene blue at 30˚C. The results have been further corroborated by kinetic & activation parameters for corrosion & adsorption processes evaluated from experimental data.

· The inhibitive effect of Congo red dye (CR) on mild steel corrosion in sulphuric acid solution has been studied at different temperatures using gravimetric techniques. The influence of halide additives namely: KCl, KBr and KI, the inhibition efficiency was found to increase on addition of halide with rise in temperature. Inhibition antagonism and synergism were respectively observed at 30 and 60 °C on addition of halide salts to inhibited systems.

[E.E.Oguzie., 2004]

· Gravimetric method has been used to study the inhibitory properties of indigo dye on corrosion of mild steel in aerated Sulphuric acid solutions at 30–50 °C. The inhibition efficiency of indigo dye increased with concentration and synergistically increased on addition of halide salts. The inhibitor adsorption characteristics were approximated by Frumkins isotherm and Flory–Huggins isotherms.

[E.E.Oguzie et al.,2004]

· Methylene blue dye has been investigated as a corrosion inhibitor for mild steel in 2M Sulphuric acid solution using gravimetric and thermometric techniques. The inhibition efficiency increased with concentration and synergistically increased in presence of halide additives namely, KCl, KBr and KI. Methylene blue was found to obey Langmuir and Frumkin adsorption isotherms.

[E.E.Oguzie et al.,2004]

· [F. Tirbonod and C. Fiaud., 2005] has investigated the inhibition of corrosion of an aluminium alloy in an aqueous 5 % NaCl solution pH 5.5 and at pH 3.2. Experimental methods used are weight loss measurements and electrochemical tests. Three azo compounds: methyl yellow, methyl red and methyl orange, had shown to have some inhibiting effect. Their inhibitive power was attributed to the formation of a protecting compound between the Al3+ ions and the nitrogen of the azo binding and in the case of the methyl yellow to the formation of a colloidal precipitate at the alloy's surface. 

3.0. METHODS and Materials


  Mild steel is the most common form of steel as its price is relatively low and is easy available for fabrication of various reaction vessels, tanks, pipes etc; but it suffers from severe corrosion in aggressive acid media. Hence an attempt is made in the present work to control the corrosion of mild steel.

3.1. Preparation of the sample


The cold rolled mild steel sheets were cut into pieces of area 5*1cm2.These samples were polished, drilled holes at one end and numbered. The samples were polished with 60 grade emery paper, washed with distilled water, dried and stored in desiccators for further use.

3.2. Composition of the sample


The elemental analysis of the samples by vacuum emission spectrometers was made at Pricol Limited, Plant-I, Perianaickenpalayam, Coimbatore 641020. The chemical composition of mild steel used in this investigation is reported as

Table-1

Chemical composition of mild steel

	  Element
	% of chemical composition

	Carbon
	0.067

	Manganese
	0.194

	Silicon
	0.005

	Phosphorous
	0.024

	Sulphur
	0.027

	Chromium
	0.010

	Molybdenum
	0.018

	Nickel
	0.010


3.3. Selection of the medium


Hydrochloric acid and Sulphuric acid are widely used for pickling, descaling and chemical cleaning processes of steel and ferrous alloys. Pickling of steel with HCl is always superior and more economical than that with sulphuric acid because the ferric chloride formed on the surface as a result of the reaction between the acid and the scale is lightly soluble in water and therefore no smut appears on the surface. Hence, hydrochloric acid was selected to study the inhibitory effect of MB on the corrosion of mild steel. Commercial grade hydrochloric acid was used to simulate industrial environment.

3.4. Preparation of solutions 

3.4.1. Preparation of inhibitor


Methylene blue is a solid, odorless dark green powder that yields a blue solution when dissolved in water. 1 mg of methylene blue was dissolved in water, which gives 1000ppm solution. The other concentrations (1, 2,4,8,10,20,100,200 ppm) were prepared from the stock solution.

3.4.2. Preparation of halide ion solutions


0.1% solutions of Potassium chloride, Potassium bromide, Potassium iodide were prepared by dissolving analar grade reagents in doubly distilled water.

3.5. Techniques employed


The techniques employed for the present corrosion study were

1. Weight loss method

2. Polarization technique

3.5.1. Weight loss method



Weighed samples were immersed in 100ml of 1M HCl without and with different concentrations of inhibitor. The samples were taken out and immersed in saturated sodium bicarbonate solution to remove residual acid and washed thoroughly with distilled water, dried and stored in desiccators and reweighed.


To study the synergistic effect of the halide ions on the inhibiting potentials of the dye by the weight loss method experiments were repeated with aggressive medium containing 0.1% of the halide ions in the absence and presence of the inhibitor.

The variable parameters in the present study are given below,

a) Time interval


: 3 hrs

b) Concentration of inhibitor          : 1, 2,4,8,10,20,100,200 ppm.

c) Variation in temperature:

· 303 K±2

· 313 K±2

· 323 K±2

· 333 K±2

· 343 K±2

3.5.1.1. Determination of corrosion rate 
The rate of dissolution of metal was calculated in terms of corrosion rate. The corrosion rate was calculated using the expression,


Corrosion rate (CR) = 534*W 

                    (mpy)                     DAT

Where,

mpy -   miles per year

W     -  Weight loss in mg

D   -    Density in g/cm2 (7.9 g/cm2)

A   -    Area in square inch

T    -    Exposure time in hours

3.5.1.2. Determination of inhibition Efficiency (I.E)

The inhibition efficiency was obtained from the following formula,


     I.E     =   (Wo-W)*100

                                    Wo
I.E    = inhibition efficiency

Wo   = corrosion rate without inhibitor

W     = corrosion rate with inhibitor

3.5.1.3. Determination of surface coverage (θ)


The degree of surface coverage for different inhibitor concentrations was evaluated by the following equation



θ =    Wo-W




Wo
Where,

θ    = degree of surface coverage 

Wo = corrosion rate without inhibitor

W   = corrosion rate with inhibitor 

3.6. Adsorption isotherms


It is generally assumed that corrosion inhibition performed by chemical compounds added to the electrolyte is to be attributed, almost as a first stage, to the adsorption of the additives to the metal/solution interface.


Hence, to evaluate the nature and strength of adsorption, the surface coverage values θ were fit into Langmuir adsorption isotherms and from the best fit, the thermodynamic data for adsorption were evaluated.
       

The change in free energy of adsorption for various concentration of the inhibitor for different temperatures was calculated by,

            -ΔG˚ = 2.303 ×R×T (1.7443 + log θ/1-θ)-log C) KJ/ mol

Where

ΔG˚= free energy of adsorption 

R = gas constant (8.314 joules/mol)

T = temperature in Kelvin

1.7443 = conversion factor

θ = surface coverage

C = concentration of the inhibitor
3.7. Synergism parameter      

          

The synergism parameter S was calculated using the formula

       S =   1- I (1, 2)
               1-I’ (1, 2)

I (1, 2) = (I1+I2) – (I1*I2)

Where,

I1 = Inhibition efficiency of halide ions

I2 = Inhibition efficiency of the inhibitor

I’ (1,2) = Inhibition efficiency in the presence of halide ions

3.8. Polarization technique


For polarization studies, mild steel samples of same composition (as in the weight loss method) coated with lacquer with an exposed area of 1 cm2 was used. The cell for the polarization 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 specimens as the working electrode.

Figure -1                   

SOLARTRON 1280 B

                      [image: image2.jpg]



Figure-2

THREE ELECTRODE CELL


T
he frequency response analyzer 1280B (Solatron) and 1BM personal computer which automatically controls the linear polarization and Tafel polarization was used for the polarization study. The data were analyzed using computer software- CORRWARE.

3.8.1. Procedure:


100ml of 1M HCl was taken in an electrochemical cell. The polished electrode was then introduced. The electrode was placed at -1mv cathodic to its open circuit potential. Then the potential was scanned at a rate of 0.2 mV/sec towards the anodic direction. Applied potential vs. current was plotted (Tafel plot) and extrapolation of linear portion to the corrosion potential gives the corrosion current.


In the anodic and cathodic plot, the slope of the linear portion gives Tafel constants ‘ba’ and ’bc’ respectively.

3.9 Determination of inhibition efficiency

3.9.1. Tafel method

The C.R in presence and in the absence of inhibitor have been determined by Tafel extrapolation method and the I.E has been determined by the relationship

      I.E =Icorr –Icorr (1) *100

                  Icorr
Where,


Icorr is corrosion current without inhibitor

Icorr (1) is corrosion current with inhibitor

3.9.2. LPR (linear polarization method)

I.E = Rp (inh) – Rp (blank) *100

                Rp (inh)

Where,

Rp (inh) is the polarization resistance in the presence of inhibitor

Rp (blank) is the polarization resistance in the absence of inhibitor

4.0. Results and Discussion

             The corrosion kinetics of 99.645% of iron in hydrochloric acid with and without the presence of the inhibitor MB was evaluated through various corrosion parameters from the results of the present study.

4.1. Weight loss measurements

4.1.1. Effect of concentration on inhibitor efficiency
Corrosion rates of mild steel coupons were calculated by considering the total affected sample area at three hours of immersion time. The average corrosion rates and hence the percentage inhibition efficiencies are shown in table 2.

Methylene blue shows increased inhibition with increasing concentration reaching 81-92% at 200ppm level. The inhibition mechanism can be explained by the formation of Fe- (Inh) ads reaction intermediate (Bastidas J.M. et al, 2000)

         Fe + Inh                     Fe (Inh)ads                   Fe n+ +ne- +Inh

This Fe-(Inh) ads intermediate forms an adsorption layer over the metal surface which acts as a hindrance to the hydrochloric acid solution and enhances the protection of the metal surface. Initially, when there is insufficient Fe-(Inh) ads to cover the metal surface, either because of low inhibitor concentration or because of slow adsorption rate, metal dissolution takes place at sites on the mild steel surface free of Fe-(Inh) ads with high inhibitor concentration, a compact coherent inhibitor over layer is formed on the mild steel surface, reducing chemical attack of the metal. The effect of concentration of mild steel on the inhibition efficiency is pictorially represented in figure 3. The curve has a charactertistic ‘S’ shaped isotherm indicative of a monolayer adsorption mechanism for the inhibition process.

4.1.2. Synergism

Synergism has become one of the most important effects in inhibition processes and it serves as a basis for all modern corrosion inhibitor formulation. The addition of halide ions has been observed to increase the adsorption of organic additives and this can greatly enhance the inhibiting effect of an organic compound in acid environments. (Zhangetal 2003; Wuetal 1993; Rozenfeld 1981)

Hence, to study the synergistic effect of the halide ions on the inhibiting performance of MB on the corrosion of mild steel in hydrochloric acid, weight loss measurements were taken in the presence of 0.1% KCl, KBr and KI alone and for different concentrations of MB in the presence of these halide ions. The values of the inhibition efficiency for different concentration of MB in the presence of 0.1% KCl, KBr and KI are given in table 3. The perusal of the table reveals that the addition of halide ions improves the inhibiting efficiency of MB significantly. The enhancement of inhibition efficiency of the dye by the halide ions are in the order KI>KBr>KCl.

Synergism in inhibitors may be expressed in a manner dependent upon the criterion accepted for the additive action of the inhibitor mixture. If it is assumed that one inhibitor has an inhibiting efficiency I1 with the surface coverage of θ1 and the residual fraction (1- θ1) of the surface is protected by the second inhibitor with efficiency I2, then the total efficiency I (1, 2) is given theoretically by the Hacker Mann equation.

                 I (1, 2) = I1 + (1 – I1) I2 = (I1+I2) – (I1*I2)

The synergism parameter S is defined as

                   S      = 1- I (1, 2) 
                               1-I’ (1, 2)

Where I (1, 2) the theoretical inhibition effect supposing additivity and  I’ (1, 2) is the measured inhibition efficiency of the mixture. If I’ (1, 2) is greater than I (1, 2) or if ‘S’ is greater than unity synergistic interaction takes place. If ‘S’ is less than unity antagonistic interaction prevails. Table 4 gives the synergism parameter for the halide ions. All ‘S’ values are greater than unity confirming the synergistic effect of the halide ions on the protecting performance of the dye.

The protective properties of organic inhibitors, if they do not directly take part in the electrode reaction, are closely connected with their adsorption. The increased adsorption can be provoked by a change of the electrode potential and surface charge as a result of adsorption of one inhibitor or by attraction between molecules or ions of the inhibiting species when adsorbed on the metal surface or interaction between molecules or ions of inhibitors in solutions.

From these considerations we may conclude that the synergistic action of mixture of inhibitors cannot be explained without some knowledge of adsorption behavior of individual inhibitors present in the system.

4.1.3. Adsorption isotherms

Determination of the type of adsorption isotherms corresponding to the adsorption of the inhibitor on the metal/ electrolyte interphase gives much valuable information as to the adsorption process, since it makes it possible to determine such quantities as free energy of adsorption (ΔG ads), the magnitude and the nature of interaction between the molecules of the adsorbed substance or between the molecules of the adsorbed substance or between the molecules and the surface of the metal.

The choice of the most suitable type of isotherm was made by fitting the experimental data to Langmuir isotherm equation. The obtained data fit well into Langmuir adsorption isotherm with regression values above 0.89 as given in the regression table 5 and figure 5 for all temperatures.

The Langmuir isotherms though obeyed do not show the expected slope of unity for an ideal Langmuir isotherm. This may be advocated to molecular interaction, which may be best explained, by the modified form of Langmuir adsorption isotherm, which is called thermodynamic- kinetic adsorption isotherm, suggested by El-Awady et al (1992).

                 Log θ/1- θ =log K +y log C

Where 

θ – Surface coverage 

C – Inhibitor concentration

K’ is a constant related to the equation constant of adsorption, K by the relationship

                                  K = K’ (1/y)
Where 1/y represents the number of active sites of the metal surface occupied by one molecule of the inhibitor. The value of K is related to the standard free energy of adsorption, ΔG˚ ads by the following equation 

                                K = 1/55.5 exp (-ΔG ads /RT)

Where R is the universal gas constant and T is the absolute temperature. The estimated values of the parameters from the above adsorption isotherm were collected in table 6.

The negative value of ΔG ads indicated that MB is strongly adsorbed on the mild steel surface. The numerical value of ΔG ads on an average is found to be in the order of 4-12 KJ, suggesting the physisorptive nature of adsorption of the dye on the metal surface. The average value of 1/y is nearly equal to 2, which indicates that two active sites on the metal surface are occupied by a single molecule of the inhibitor, suggesting flat adsorption through the π electron systems on the adsorption of molecules (Noor, 2005).

4.1.4. Effect of temperature

Temperature can modify the interaction between the steel electrode and the acidic media in absence and presence of inhibitor. Accordingly, the effect of temperature on the inhibition efficiency of MB was studied by weight loss measurements in the range from 30˚C to 70˚C for the same immersion time of 3 hours. The obtained inhibition percentages are listed in table 7.

As detected, inhibitor efficiency decreases as temperature increases, except at higher concentrations where little effect is seen. The decrease in inhibiting efficiency with temperatures is due to gradual desorption of the adsorbed layer. This is because of the fact that the time lag between the process of adsorption and desorption of inhibitor molecules over the metal surface is becoming shorter with increase of temperature. Hence, this metal surface remains exposed to the acid environment for a longer period thereby increasing the corrosion rate. Figure 3 shows the relation between the logarithm of corrosion rate and the reciprocal of the absolute temperature for mild steel in 1M HCl in absence and presence of the inhibitor MB. This can be represented by the Arrhenius equation

             log C.R = log A - ΔE˚app/ 2.303RT

Where A is the preexponential factor and ΔE˚app is the apparent activation energy is tabulated in table 8. From the results it is obvious that the corrosion of mild steel in 1M HCl is an activated process with activation energy of about 83.07 KJ mol-1. In the presence of the inhibitor there is no significant change in the Ea values. Therefore, it may be stated that the MB inhibitor prevents corrosion of mild steel in hydrochloric acid medium without any change in the mechanism.

4.2. Polarisation studies

Figure 6 shows the polarization curves of mild steel in 1M HCl blank solutions and in the presence of different concentrations of MB. The increase in MB concentration led to both anodic and cathodic inhibition.

Table 6 gives the values of kinetic corrosion parameters. It can be concluded that 

· There is no significant change in the Ecorr values by the addition of inhibitor

· The Icorr values decrease in the presence of MB

· Both the anodic and cathodic Tafel slopes are changed.

These observations suggest that the MB acts as a good inhibitor against mild steel corrosion in hydrochloric acid by affecting both the anodic iron dissolution as well as the cathodic hydrogen evolution. In other words, the dye acts as a mixed type inhibitor.

4.2.1. Polarization resistance

The polarization resistance Rp is a measure of the resistance of a metal to corrode in a given corroding environment and is defined as

                                      Rp = [δE/δi] E = Ecorr
Where ‘i’ is the current density in mAcm-2 and E is the potential in mV and Rp is in ohms cm2. Rp is the slope of the linear portion of the potential-current curve at the corrosion potential. The values of Rp and the inhibition percentage of the dye additive are provided in table 9.

The results may be discussed in the light of Stern-Geary equation. For the corrosion of iron in hydrochloric acid, the anodic and cathodic half-cell reactions are 

                       Fe               Fe2+ +2e-
                       2H+ +2e-                 H2
And the Stern-Geary equation may be written as 

         Rp =                  RT

                      Icorr E ((1n1+(2n2)

Where (1 and (2 are the transfer coefficients and n1and n2 is the number of electrons participitating in the above reactions. This equation correlates the polarization resistance with both temperature and corrosion current (icorr).

At constant temperature, the equation predicts that as the concentration increases, the polarization resistance increases because as the inhibitor concentration increases, the corrosion rate (icorr) decreases. Thus, the percent inhibition efficiency increases with concentration of the dye.

A comparison of the inhibition efficiency of MB obtained by the weight loss measurements and polarization measurements reveals the same trend with increase in concentration of MB though the values differ. This may be attributed to the fact that the weight loss method gives the equilibrium corrosion rate due to longer exposure time of the specimen in the aggressive media while the polarization method gives the instant corrosion rate. 

Table-2

EFFECT OF CONCENTRATION OF METHYLENE BLUE ON THE CORROSION RATE OF MILD STEEL AT 303K

	Conc.

(ppm)
	1M HCl


	
	C.R(mpy)

	I.E %

	BLANK
	133.88


	-

	1


	110.251
	17.64

	2


	107.497
	19.70

	4


	99.575
	25.62

	8


	74.208
	44.57

	10


	65.341
	51.19

	20


	46.080
	65.58

	100


	27.401
	79.53

	200


	24.203
	81.92


Table-3

EFFECT OF HALIDE IONS ON THE INHIBITION EFFECIENCY OF METHYLENE BLUE

	Conc.

(ppm)
	1M HCl


	0.1%KCl
	0.1%KBr
	0.1%KI

	
	I.E %


	I.E %
	I.E %
	I.E %

	BLANK
	-
	-3.07


	11.80
	44.54

	1


	17.64
	35.23
	44.76
	60.19

	2


	19.70
	45.44
	58.30
	74.12

	4


	25.62
	54.94
	58.54
	76.21

	8


	44.57
	62.95
	64.68
	80.10

	10


	51.19
	63.0
	68.29
	84.22

	20


	65.58
	72.32
	76.02
	84.73

	100


	79.53
	83.11
	85.02
	91.10

	200


	81.92
	86.23
	86.37
	92.00


TABLE-4

SYNERGISTIC PARAMETERS – ‘S’

	Conc.

(ppm)
	KI
	KCl
	KBr

	1
	1.147


	1.3106
	1.3151

	2
	1.7206


	1.5170
	1.698

	4
	1.7331


	1.701
	1.5824

	10
	1.7143


	1.3597
	1.1418

	20
	1.2495


	1.2817
	1.2660

	100
	1.2752


	1.2490
	1.2056


TABLE-5

REGRESSION VALUES FOR LANGMUIR ADSORPTION ISOTHERMS

	
	
	303
	313
	323
	333
	343

	LANGMUIR ISOTHERM
	Intercept


	-0.7098
	0.06605
	-0.3404
	-0.5778
	-0.6533

	
	Slope


	0.6407
	0.3137
	0.4206
	0.5699
	0.6329

	
	Regression


	0.9798
	0.9261
	0.9618
	0.9688
	0.8928


TABLE-6

THERMODYNAMIC PARAMETER FOR CORROSION MILD STEEL IN 1M HCl USING METHYLENE BLUE

	T
	y
	1/y
	Log K’
	Log K
	-(G(

	30


	0.6407
	1.56
	-0.7098
	-1.107
	3.7

	40


	0.3137
	3.18
	0.06605
	0.21
	11.7

	50


	0.4206
	2.37
	-0.3404
	-0.8067
	5.8

	60


	0.5699
	1.75
	-0.5778
	-1.0111
	4.7

	70


	0.6329
	1.58
	-0.6533
	-1.0322
	4.7


TABLE-7

EFFECT OF TEMPERATURE ON INHIBITION EFFICIENCY OF MILD STEEL IN 1M HCl AT VARIOUS CONCENTRATIONS OF MB

	Conc.

(ppm)
	313K
	323K
	333K
	343K

	
	C.R(mpy)
	I.E %
	C.R(mpy)
	I.E %
	C.R(mpy)
	I.E %
	C.R(mpy)
	I.E %

	BLANK
	423.230


	-
	1853.83
	-
	3249.198
	-
	5452.49
	-

	1


	228.295
	46.05
	1216.12
	34.39
	2386.311
	26.55
	4982.82
	8.61

	2


	192.608
	54.49
	1131.52
	38.96
	2275.727
	29.96
	3588.84
	34.17

	4


	131.991
	68.81
	1128.03
	39.15
	2235.931
	31.18
	3577.57
	34.38

	8


	117.745
	72.17
	876.69
	52.70
	2117.895
	34.81
	3437.73
	36.95

	10


	98.920
	76.62
	854.31
	53.91
	1588.766
	51.10
	1604.53
	70.57

	20


	95.214
	77.50
	654.72
	64.68
	1291.20
	60.26
	1559.03
	71.40

	100


	82.640
	80.47
	582.69
	68.56
	549.84
	83.07
	1086.31
	77.50

	200


	67.885
	83.96
	272.12
	85.32
	533.053
	83.57
	1226.44
	80.07


TABLE-8

Activation parameters for corrosion of mild steel in 1M HCl

	Conc.

(ppm)
	-Ea  KJmol-1

	BLANK


	83.07

	1


	87.12

	2


	83.01

	4


	87.23

	8


	92.29

	10


	92.29

	20


	84.76

	100


	81.30

	200


	86.74


TABLE-9

ELECTROCHEMICAL CORROSION PARAMETERS FOR MILD STEEL IN PRESENCE AND ABSENCE OF MB

	Inhibitor conc.

(ppm)
	Ba
(mV)
	Bc
(mV)
	Icorr
(mV/cm)
	Ecorr
(-mV)
	Rp
(mpy)
	Inhibition efficiency

	
	
	
	
	
	
	Tafel
	LPR

	BLANK
	183.69
	142.97
	5.6633
	493.54
	5.2203
	-
	-

	8


	146.7
	90.865
	1.7799
	477.97
	9.3664
	68.57
	44.26

	20


	96.0
	64.796
	0.3613
	476.97
	9.8897
	93.36
	47.21

	200


	75.917
	63.096
	0.1993
	470.11
	33.95
	96.47
	84.62


Table 10

COMPARISON BETWEEN WEIGHT LOSS AND POLARISATION TECHNIQUE

	Conc. (mpy)
	Inhibition efficiency %



	
	Weight loss
	Polarization technique



	
	
	Tafel


	LPR

	8


	44.57


	68.57


	44.26



	20


	65.58


	93.36


	47.21



	200


	81.92
	96.47


	84.62




Figure – 3

INHIBITION EFFICIENCY AS A FUNCTION OF CONCENTRATION AND TIME  OF IMMERSION OF MB IN 1M HCl
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Figure – 4

ARRHENIUS PLOT OF THE CORROSION RATE FOR MILD STEEL IN 1M HCl
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Figure – 5

LANGMUIR ISOTHERM PLOT FOR THE ADSORPTION OF MB ON MILD STEEL IN 1M HCl
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FIGURE - 6

POTENTIODYNAMIC POLARISATION OF MILD STEEL IN 1M HCl IN THE ABSENCE AND PRESENCE OF INHIBITOR

[image: image6]
5.0. SUMMARY AND CONCLUSION

From the results of corrosion inhibition studies of mild steel by Methylene blue in the presence of halide ions in 1M HCl, the following conclusions were drawn.

[image: image7.png]



The Methylene blue dye was found to be an effective inhibitor for corrosion of mild steel  in 1M HCl.

[image: image8.png]



The inhibition efficiency was found to be increasing with increase in concentration of the inhibitor from 1ppm to 200 ppm in 1M HCl.

[image: image9.png]



The inhibitor efficiency decreases as temperature increases, except at higher concentrations. The decrease in inhibition efficiency with temperatures is attributed to gradual desorption at the adsorbed layer.

[image: image10.png]



The polarization studies revealed that the inhibitor behaves as a mixed type inhibitor.

[image: image11.png]



The halide ions show synergistic effect on the inhibitor potential of Methylene blue in the order KI >KBr >KCl.

[image: image12.png]



The synergistic effect was confirmed by the calculation of synergism parameter.

[image: image13.png]



The inhibition process obeyed El-Awady’s thermodynamic-kinetic adsorption isotherm a modified version of Langmuir isotherm.

[image: image14.png]



The results show the physisorptive nature of adsorption of Methylene blue dye on the metal surface.

There is a growing demand of less toxic and biodegradable corrosion inhibitors. Hence the present study may further be extended by using naturally occurring dyes to mitigate metal corrsion.   
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17.64

19.7
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Sheet1

		

						Temkin isotherm

				logc		q

				0		0.1764		0.4605		0.3439		0.2655		0.0861

				0.301		0.197		0.5449		0.3896		0.2996		0.3417

				0.602		0.2562		0.6881		0.3915		0.3118		0.3438

				0.903		0.4457		0.7277		0.527		0.3481		0.3695

				1		0.5119		0.7662		0.5391		0.511		0.7057

				1.301		0.6558		0.775		0.6468		0.6026		0.714

				2		0.7953		0.8047		0.6856		0.8307		0.775

				2.301		0.8192		0.8396		0.8532		0.8357		0.8007

						slope		intercept		reg

						0.3173794833		0.148621663		0.9732796938

						0.149025959		0.5442112171		0.8940371392

						0.2136145992		0.3225785562		0.9716000755

						0.2856631924		0.2003929848		0.9660937519

						0.2994112892		0.2023812351		0.899474006

				freundlich

				logc		logq

				0		-0.7535		-0.3367		-0.4635		-0.5759		-1.06499

				0.301		-0.7055		-0.2636		-0.4093		-0.5234		-0.4663

				0.602		-0.5914		-0.1623		-0.4072		-0.5061		-0.4636

				0.903		-0.3509		-0.138		-0.2781		-0.4582		-0.4323

				1		-0.2908		-0.1156		-0.2683		-0.2915		-0.1513

				1.301		-0.1832		-0.1106		-0.1892		-0.2199		-0.1463

				2		-0.0994		-0.09436		-0.1639		-0.08055		-0.1106

				2.301		-0.08661		-0.07592		-0.06894		-0.07794		-0.09653

																slope		inter		reg

																0.3179506781		-0.7168299127		0.9429161062

																0.099272555		-0.2664704553		0.8650198137
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				0.602		-0.4629		0.3436		-0.1915		-0.3439		-0.2807

				0.903		-0.09474		0.4269		0.04692		-0.2725		-0.2321

				1		0.02065		0.5154		0.06803		0.01907		0.3798

				1.301		0.2799		0.5371		0.2627		0.1807		0.3973

				2		0.5894		0.6149		0.3385		0.6907		0.5371

				2.301		0.6561		0.7188		0.7643		0.7064		0.6039

																slope		inter		reg

																0.6407633846		-0.7098410672		0.979833933
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