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Introduction
Electrochemical corrosion

Corrosion of metals in electrolytic solutions proceeds by electrochemical reactions. Electrochemical corrosion process involves at least one anodic reaction of metal oxidation, e.g.:

 Fe → Fe2+ + 2e





(1)
and at least one cathodic reaction - reduction of an oxidizing agent, so called depolarizer. In most cases the role of depolarizer is taken by oxygen dissolved in corrosive solution or H+ ions:

 2H+ + 2e →  H2





 (2)
These reactions are called partial corrosion reactions. The current related to the anodic reaction  ja is positive, whereas the current related to the cathodic reaction jc is negative. At the corrosion potential Ecoor both these reactions are in an electrical equilibrium. They proceed with equal rate, measured by number of exchanged electrons (currents related with these reactions), thus the net current is equal zero:

 j = ja + jc = 0 






(3)
Corrosion rate 
The corrosion rate is usually described by the mass loss from the unit surface of the tested sample during a given exposure time. For electrochemical corrosion the corrosion rate can be expressed by the corrosion current density (current from a unit surface of the corroding metal): jcorr and given e.g. in µA/cm2. 
Fig. 1 shows the polarization curve (potential dependence of the current density) for a corrosion process. Variations of the current densities for the anodic (ja) and cathodic (jc) reactions are depicted with broken lines, whereas the net current density:

j = ja + jc






(4)

is represented by the solid line. The corrosion damage (metal loss) is due to the anodic reaction of metal dissolution (1). The corrosion of metal in a given corrosive solution proceeds at the corrosion potential. At this potential the anodic reaction is compensated electronically by a cathodic reaction, like hydrogen ions reduction – reaction (2). Thus the anodic and cathodic current densities have the same value with opposite sign and compensate each other. These current densities corresponds to the corrosion current density. However, the measured net current density – equation (3) - at the corrosion potential is equal zero. 
The corrosion current density can be determined directly by analysis of polarization curve or indirectly from impedance measurement.
If the both partial corrosion reactions are kinetically controlled by the charge transfer step (they obey the Tafel equation), than the net current density (the solid line in Fig. 1) in the vicinity of the corrosion potential follows the exponential current density – potential relationship of the Butler-Volmer equation:

j = jcorr{exp[2,303(E – Ecorr)/ba] - exp[-2,303(E – Ecorr)/bc]} 

(5)
where: ba i ba are Tafel slopes for anodic and cathodic reactions respectively. The first element of the equation (5) corresponds to the current density of the anodic reaction ja, whereas the second element is related to the current density of the cathodic reaction jc.

[image: image1]
The equation (5) contains several parameters: jcorr, Ecorr, ba and bc. They can be determined by iterative procedure: fitting the parameters of the equation (5) to the acquired relationship: current density – potential. Thus the corrosion current density can be found.
The corrosion current density is related to the polarization resistance by Stern-Geary' relation: 
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(6)
Where Rp is polarization resistance. The Rp can be determined from polarization or impedance data taken at the corrosion potential:
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(7)
Thus, having Rp values from the analysis of impedance data and the Tafel slopes from the analysis of polarization data, the corrosion current density can be calculated according to the equation (6). 
Corrosion inhibitors
Corrosion inhibitors are chemical substances which are added to the corrosive medium to slow down the corrosion rate of exposed metal. Inhibitors should be effective in small concentrations. The protection effect is related to the inhibition of partial reactions of the corrosion process. The inhibition can be explain by:

· the formation of thin (usually monomolecular) adsorption film at the metal surface and blocking of reactive centers from the direct access of corrosive agents (adsorption inhibitors),
· the precipitation of thick protective film in reaction with primary corrosion  products (film forming inhibitors), 

· facilitation of the formation or reinforcing of passive oxide film (passivating inhibitors).  
Anodic inhibitors affect mainly the anodic reaction of corrosion process and lead to the increase in the corrosion potential. Contrary, cathodic inhibitors affect predominantly the cathodic reaction of corrosion process and lead to the decrease of the corrosion potential. Mixed (anodic-cathodic) inhibitors affect both partial corrosion reactions and under these conditions the change of the Ecorr can be random. 
In practice, mixtures of inhibitors are often used for following applications: cooling water systems, pickling solutions, oil extraction, packages, reinforced concrete, active pigments in anti-corrosion paints, volatile inhibitors in storage spaces.
Corrosion inhibitors show usually specific activity. The are effective for specific metals in specific solutions (pH range, aeration, hardness, chloride ions presence, microbial activity, temperature, etc.). The efficiency of an inhibitor can be determined by the following equation: 
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(8)
where: S – the inhibition efficiency in %, jcorr0 and jcorrI – the corrosion current density in the absence and in the presence of an inhibitor, respectively. The inhibition efficiency depends on the inhibitor concentration.
Experiment aim:
This experiment aims at the determination of the corrosion rate of carbon steel in sulfuric acid solution upon the analysis of polarization curve and impedance data. These approaches are used for the assessment of the efficiency of a selected corrosion inhibitor.
Instruction:
- preparation of the tested solution according to instructions,
- determination of the exposed surface area of steel sample,

- preparation of the steel samples by polishing with emery paper and rinsing with distilled water, 
- mounting of electrodes in electrolytic cell with the tested solution (reference electrode: saturated calomel electrode with Luggin capillary, counter-electrode: Pt gauze),

- setting conditions for impedance measurement (automatic run: frequency range, amplitude of the sine potential signal), start of the measurement after stabilization of the corrosion potential,

- setting conditions for potentiodynamic measurement of polarization curve (automatic run: polarization range: -0,1V - 0,1 V, potential scan rate: 2 mV/s),

- analysis of taken impedance spectrum, selection of proper electrical equivalent circuit, determination of the Rp,

- analysis of the acquired polarization data, determination of the jkor and Tafel slopes ba i bk,

- calculation of the jkor from impedance data upon Stern-Geary’ equation,
- repeated preparation of steel sample and repetition of the above set of  measurements after the inhibitor additions to the tested solution (after the addition of the inhibitor the solution should be stirred several minutes to facilitate the inhibitor transport to the steel surface; the measurements should be carried out in unstirred solution, after stabilization of the corrosion potential),  
- preliminary assessment of the inhibitor effect upon the observations  of corrosion damage of tested metal samples after each measurement,
- determination of  jkor after inhibitor additions (by both methods).

Report 
The report should be prepared according to the supplied template. The values of corrosion current density acquired from polarization and impedance data should be compared and observed differences should be commented. The effect of inhibitor concentration should be also interpreted.
References
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Report:

Electrochemical determination of the corrosion rate. Efficiency of corrosion inhibitors
1. System under test:
- tested electrode WE:………………

- surface area of WE:………………

- reference electrode RE: …………..

- tested solution: …………………..

- counter-electrode CE: ……………

- temperature: ……………………...

- inhibitor: …………………………

2. Acquisition and analysis of impedance data
· Experimental conditions: 
- begin frequency: ……………..

- end frequency: ……………..

- number of frequencies: ………………….

- amplitude: ……………………..

· Electrical equivalent circuit / interpretation of circuit elements:

· Analysis results:
	inhibitor addition
	Ecorr
	Rs
	
CPEdl
	Rp
	Chi square
	jcorr
	inhibitor

efficiency

	
	
	
	Y0
	n
	
	
	
	

	cm3
	V/SCE
	Ω
	µF/sn-1
	µF/cm2sn-1
	
	Ω
	Ω

cm2
	
	µA/cm2
	%

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	


3. Acquisition and analysis of polarization data
· Experimental conditions: 
- begin potential (v. Ecorr): ……………..

- end potential ((v. Ecorr): ……………..

- step potential: ……………………..

- potential scan rate: ………………….

· Analysis results:
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4. Conclusion:

· Kind of tested inhibitor: anodic, cathodic, mixed?

· Which impedance parameter was affected mostly by the inhibitor addition?

· The inhibitor efficiency versus its concentration: 

· Correlation of polarization and impedance data:   
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Fig. 1. Polarization curve in the vicinity of the corrosion potential 
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