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INTRODUCTION 

This work was carried out in the frame of a Marie Curie European project (BIOCOR 

ITN - Initial Training Network on Biocorrosion), in close collaboration between industrial and 

academic partners. The researcher leading to these results has received funding from the 

European Community’s Seventh Framework Programme (FP7/2007-2013) under grant 

agreement n°. 238579 (project website: www.biocor.eu/ip7(RSP3)). The core aim of 

BIOCOR ITN was to study biocorrosion issues by bringing together researchers with different 

scientific backgrounds in the area of biocorrosion. 

Corrosion is the degradation of metallic materials due to electrochemical and 

chemical reactions. Analogous processes also occur for non-metallic materials, such as 

plastics, ceramics and concrete. Corrosion can lead to component failure in a variety of 

industrial environments. A study showed that the direct cost of corrosion was $276 billion in 

the United States for 2002, which was approximately 3.1% of their Gross National Product 

[1]. From an economical point of view, some of the corrosion damages cannot be completely 

avoided, but many losses can be reduced. 

Corrosion occurs in two forms: uniform corrosion and localized corrosion. Uniform 

corrosion is characterized by the attack that takes place over the entire surface area of a 

metallic surface. Localized corrosion has some selectivity and occurs on small areas or 

zones of a metallic surface in contact with a corrosive medium (as seawater). Some of the 

more widespread forms of localized corrosion are pitting corrosion, crevice corrosion, 

galvanic corrosion and erosion-corrosion. Compared to uniform corrosion, localized corrosion 

is more problematic since it can cause severe and deep failures in short time and could be 

very difficult to detect and predict. This is because localized corrosion morphologies are 

usually small in size and the corrosion spots, as pits, are often covered with corrosion 

products. Moreover, localized corrosion is difficult to measure gravimetrically due to the small 

weight loss of the corroding material [2]. 

Due to their corrosion and biofouling resistance in seawater environments, 

mechanical ductility, excellent electrical and thermal conductivity, copper alloys are used 

extensively as condenser and heat exchanger tubing materials in marine power plants. 

Copper has a good resistance to corrosion in most cases; however, it still undergoes 

corrosion such as pitting corrosion, crevice corrosion and stress corrosion cracking [3].  

Cooling circuits of industrial plants are ideal incubators for microorganisms because 

they offer plenty of water, are maintained at temperatures between 30 and 60°C, at pH of 6 
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to 9, and provide a continuous source of nutrients, such as inorganic or organic compounds. 

The microorganisms present in cooling water circuits can be divided into planktonic and/or 

sessile cells. Sessile ones attach to surfaces and form what is known as biofilm. The 

development of a biofilm is considered to be a multistage process involving the following 

major steps: a) formation of an organic conditioned film on the solid surface by adsorption of 

biomolecules such as proteins, b) transport of microorganisms from the water to the surface, 

c) adhesion of microorganisms onto the surface, d) replication of the attached cells and 

production of exopolymers, e) detachment of parts of the biofilm that are swept along by the 

flowing water to repeat the process of biofilm formation elsewhere. Biofouling is hence a 

consequence of biofilm formation. The significant negative effects of biofouling are the 

blockage of water free flow in the cooling circuit and consequent mechanical damage to 

pumps, clogging of condenser tubes, reduction of the heat transfer efficiency and microbially 

induced corrosion (MIC) also called biocorrosion.  

Microorganisms influence corrosion by changing the electrochemical conditions at the 

alloy/solution interface, creating an environment that is completely different from that of the 

bulk medium in terms of pH, dissolved oxygen, organic and inorganic species 

concentrations. 

Chlorination is still the most common treatment to control biofouling of cooling circuits 

of power plants fed with seawater, provoking harmful effects to the aquatic environment.  

Once the toxicity of chlorination by- products for human health and environment became a 

concern, the allowed chlorine concentration was drastically reduced all over the industrialized 

world (0.2 mg/L) and performing effective treatments became more difficult than in the past. 

An environmental-friendly way to re-modulate chlorination treatments is thus highly desired. 

For this reason, it is essential to carry out further research on the corrosion of copper 

alloys in chlorinated seawater environments. There are some possible involved mechanisms 

that are still under investigation:  

a) the negative biofilm action: biofilm may inhibit the growth of a protective oxide layer 

on the metallic surface, by locally changing the pH or by creating differential aeration 

cells;  

b) the positive chlorine action: the chlorine inhibits the biofilm growth which in turn stops 

the inhibition of a protective oxide layer growth (biocide effect),and it may passivate 

the metallic material (oxidizing effect). 

The research described in this manuscript deals with the corrosion behavior of two 

copper alloys: 70Cu-30Ni (68.5% Cu, 30% Ni, 0.7% Fe and 0.8% Mn; wt. %) and aluminum 
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brass (76% Cu, 22% Zn and 2% Al; wt. %) in seawater environments. The study was carried 

out by combined electrochemical measurements and surface analysis. In this work, the 

selected electrochemical methods were: 

a) corrosion potential monitoring as a function of immersion time, in free corrosion 

conditions (no external voltage or current source); 

b) potentiodynamic with a given scan rate and steady-state polarization curves (external 

voltage source, current recorded as a function of potential); 

c) electrochemical impedance spectroscopy (EIS). 

For surface analysis, X-ray photoelectron spectroscopy (XPS) and time-of-flight 

secondary ions mass spectrometry (ToF-SIMS) were used to estimate the surface chemical 

composition and the thickness of layers developed on the surface of the samples. 

This PhD manuscript is divided into six chapters. Following this introductory section, 

the scientific background of the study is addressed in Chapter 1. That chapter presents an 

introduction to cooling water systems in power supply facilities, including their importance in 

power plants, the types of cooling water systems, and the materials commonly used in the 

manufacture of cooling circuits.  Chapter 1 also presents an introduction to corrosion of 

copper and copper alloys associated with cooling circuits, and the effect of different 

parameters on the corrosion behavior of 70Cu-30Ni alloy and aluminum brass.  

Chapter 2 details the metallic materials and electrolytes which were studied, as well 

as the experimental methods and the procedures used in this PhD. 

Chapter 3 presents the results related to field experiments. In this chapter, the on-line 

monitoring of the corrosion behavior of 70Cu-30Ni alloy and Al brass in real industrial 

conditions is reported as well as off-line measurements (weight loss measurements and 

genetic studies). 

In Chapter 4, the influence of solution (natural seawater vs artificial seawater) and of 

biomolecule concentration on the electrochemical behavior of 70Cu-30Ni alloy and on the 

chemical composition of oxide layers is discussed. For that purpose, filtered natural seawater 

(FNSW) and artificial seawater (ASW), either without any biomolecule or added with bovine 

serum albumin (BSA), were chosen. An impedance model for the 70Cu-30Ni/seawater 

system at the corrosion potential (Ecorr) is presented. 

In Chapter 5, the effect of hydrodynamics (static conditions, under flow and stirring, 

and using a rotating ring electrode (RRE)) on the electrochemical behavior of 70Cu-30Ni and 

Al brass alloys in ASW and FNSW, and on the surface chemical composition is discussed. 
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Impedance models for the Al brass/seawater system, in static conditions and using the RRE, 

are presented. 

At last, Chapter 6 deals with the effect of pH (ranging from 3.7 to 8.0) on the 

electrochemical behavior of both alloys in static FNSW and on the chemical composition of 

oxide layers.  

This manuscript also presents two annexes. The procedure for converting marker 

concentrations into mass concentrations (%) of model constituents in an organic phase is 

presented in Annex A; whereas in Annex B, the mathematical development leading to the 

impedance model for the anodic dissolution of pure copper in chloride media is detailed. 
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CHAPTER 1 – SCIENTIFIC BACKGROUND 

1.1 COOLING WATER SYSTEMS IN POWER SUPPLY FACILITIES 

This PhD manuscript focuses on the study of the corrosion of copper alloys used in 

the production of piping material for the electricity-generating plants, like fossil fuel, nuclear, 

hydroelectric, cogeneration and geothermal power plants. 

In thermal generating plants, the chemical energy in the fuel is converted into thermal 

energy to heat water, making steam. The steam turns an engine (turbine), creating 

mechanical energy to run a generator. Magnets turn inside the generator, producing electric 

energy (Figure 1-1). To make thermal electricity, nuclear fissile fuel, coal, oil, waste and gas 

are used. 

A very important part of the process occurs in the condensers and cooling water 

system. The steam exits the turbines and passes over cool tubes in the condensers. The 

condensers capture the exhausted steam and transform it back to water, at very low 

pressure. The cooled water is then pumped back to the boiler to repeat the heating process. 

At the same time, water is piped from a reservoir or a river or sea to keep the condensers 

constantly cool. This cooling water, now warm from the heat exchange in the condensers, is 

released from the plant. 

 

 
Figure 1-1: Open circuit power plant. 
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The condenser is a particular critical component in a power plant, because condenser 

tube leaks can affect many other components in the steam-water cycle and besides 

mechanical problems, the most frequent cause for tube leaks is corrosion [4]. 

1.1.1 TYPES OF CONDENSERS 

Condensers are heat exchangers, i.e., the essential heat transferring elements in 

cooling systems. It is the device used for transfer heat between two or more fluids at different 

temperatures and in thermal contact [5]. The fluids can be either liquids or gases, and are 

ideally separated by a heat transfer surface [6].  

Heat exchangers could be classified in many different ways such as according to 

transfer processes, number of fluids, surface compactness, flow arrangements, heat transfer 

mechanisms, type of fluids and industry.  

Common flow arrangements of the fluids in a heat exchanger are classified in single 

or multiple pass (Fig. 1-2). When a heat exchanger's fluids pass each other more than once, 

a heat exchanger is called a multi-pass heat exchanger. If the fluids pass each other only 

once, the heat exchanger is called a single-pass heat exchanger. The choice of a particular 

flow arrangement is dependent on the required exchanger effectiveness, available pressure 

drops, minimum and maximum velocities allowed, fluid flow paths, packaging envelope, 

allowable thermal stresses, temperature levels, piping and plumbing considerations, and 

other design criteria. 

Considering the type of coolant, condensers may be cooled by water, air or water 

spray. A water-cooled condenser is a heat exchanger that removes heat from refrigerant 

steam and transfers it to the water flowing inside it. Thus, the refrigerant steam condenses 

on the outside surface of a tube and gives up heat to the water flowing inside the tube. 

An air-cooled condenser is a direct dry cooling system where the steam is condensed inside 

finned tubes, and the cooling media (air) is blown outside the finned tubes. As there is no 

intermediate surface condenser like indirect dry cooling, the overall performances are better. 

Usually this type of condenser is used in small plants.  

 



CHAPTER 1. SCIENTIFIC BACKGROUND  

M.L.CARVALHO   3 

 

 

(a) 

 

(b) 

Figure 1-2: Classification of heat exchangers according to flow arrangements (a) and example of 

single and multiple pass heat exchangers (b) (adapted from John Willey [7]). 

 

Like water-cooled condensers, evaporative-cooled condensers first transfer heat to the water 

and then from the water to the outdoor air. The evaporative condenser combines the 

functions of a cooling tower (transfer waste heat to the atmosphere through the cooling of a 

water stream to a lower temperature) and a condenser in one package. The condenser water 

evaporates directly off the tubes of the condenser. 

1.1.2 TYPES OF COOLING WATERS  

Different water resources are normally used in water-cooled condensers, depending 

of their availability: freshwater, seawater and brackish water1. Seawater-based cooling is 

mainly used in refineries and large power plants. Seawater is an excellent cooler: huge 

amounts are available and it is usually very clean. It presents high salinity (mainly due to 

sodium chloride) and electric conductivity, from 40.0 to 50.0 mS.cm-1 which is at least about 

200 times higher than the conductivity of a river water.  

                                                           
1
 Brackish water is water that has more salinity than freshwater, but not as much as seawater. It may 

be a mix of seawater and freshwater. 
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The pH of seawater is dependent on the predominance of aqueous CO2, bicarbonate 

(HCO3
-) or carbonate (CO3

2-) ions. Usually, the pH of seawater is alkaline, between 7.9 and 

9.0. For non polluted waters, it ranges from 8.0 to 8.4 and decreases with an increase of 

temperature [8]. At this pH, the HCO-
3 ions predominate. Carbonate ions concentration 

increases with increasing pH, and when more CO2 dissolves in seawater, the pH becomes 

more acidic (Figure 1-3).  

When CO2 from the atmosphere reacts with seawater, it immediately forms carbonic 

acid (H2CO3), which in itself is unstable. This further dissociates to form bicarbonate and 

carbonate ions. The bicarbonate and carbonate ions are responsible for the buffering 

capacity of seawater, i.e. seawater can resist drastic pH changes even after the addition of 

weak bases or acids. The carbonate ions can react with calcium ions (Ca2+), which are in 

excess in seawater, to form calcium carbonate (CaCO3), the material out of which the shells 

of mussels, the skeleton of corals and the exoskeleton of some microalgae is made of.  

 

 

Figure 1-3: Distribution of CO2, HCO
-
3 and CO

2-
3 concentrations as a function of pH. Seawater has a 

pH value around 8.2. 

 

1.1.3 CONSTITUENT MATERIALS OF COOLING WATER SYSTEMS 

The selection of materials in cooling systems is a complex process. It must be a 

compromise between the requirements due to the chemistry of the water and the operational 

requirements of the system. A variety of materials have been used for feed-water heater and 

condenser tubes. 
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In seawater, the most common include coated carbon steel, titanium, copper alloys 

(aluminum brass, 90Cu-10Ni and 70Cu-30Ni copper-nickel alloys [9]), admiralty brass and 

Monel (70% nickel, 30% copper), sometimes also 304 stainless steel is used.  Condenser 

tubes are often made of cuprous materials. 

Titanium has been now largely used, in power plants surfaces condensers, 

desalination plants, chemical process and refinery heat exchangers. Titanium is known to 

offer an exceptional resistance to corrosion, attributed to its surface oxide film, 5-10 nm 

thickness, formed immediately on exposure to air. The natural titanium oxide film is dense 

and stable anatase (TiO2) and protects the inner metal from further oxidation [10-12]. There 

are no case histories that document microbial induced corrosion of titanium and its alloys [10, 

13, 14].  

Stainless steels consist of a group of iron-based alloys which contain a minimum of 

10.5% and maximum 30% of chromium and are one of the most widely used materials and 

have many different applications; they are divided in four main groups based on their 

microstructure: ferritic, austenitic, martensitic and austenitic-ferritic (duplex). Other elements 

may be summed up to provide specific characteristics to the alloy, such as nickel, 

molybdenum, copper, titanium, aluminum, silicon, niobium and nitrogen; e.g. austenitic 

stainless steels that is usually alloyed with Ni, for example 18Cr-Ni (AISI 304) [15, 16]. The 

corrosion resistances of stainless steels are due to the formation of a thin passive film of 

chromium-rich oxide which works as a barrier against ion diffusion between the alloy and the 

ambient phase; this protective layer chromium-oxide develops during routine exposure to the 

oxygen content in the atmosphere. The passivity of stainless steel can break down under the 

following environments: a) dilute and concentrated HCl, HBr, and HF, and salts that 

hydrolyze these acids; b) oxidizing chlorides such as FeCl3, CuCl2, or  NaOCl; c) seawater, 

except for brief exposures or when cathodically protected; and c) some organic acids 

including oxalic, lactic, and formic acids [14, 16, 17].  

Copper and copper alloys are commonly used in condensers and heat exchangers 

due to their high thermal and electrical conductivity, mechanical workability and good 

resistance to corrosion and macrofouling. Those criteria have lead for a long time to the 

selection of copper alloys such aluminum brass, 70Cu-30Ni alloy or 90Cu-10Ni alloy, to be 

used in seawater [10, 14, 18, 19]. Alloying nickel and small amounts of iron into copper 

improves the corrosion resistance; therefore Cu-Ni alloys are preferred in marine 

environments due to the formation of a thin, adherent, protective surface film which forms 

naturally and quickly upon exposure to clean seawater. That surface film is complex and 

predominantly made up of cuprous oxide, often containing nickel and iron oxides, cuprous 
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hydroxychloride and cupric oxide [18, 19]. Nickel provides passivity in acidic solutions while 

Cu is protective in more alkaline solutions [20]. Additionally, Cu-Ni alloys are also chosen in 

seawater because of its resistance to macrofouling; the reason for their antifouling behavior 

is still not fully understood, but it may be result from the action of a low level of steady 

discharge of cupric ions [21]. Despite copper’s reputation for toxicity, copper alloys are 

vulnerable to microbial induced corrosion, especially when long periods of stagnation are 

involved or flow is intermittent. Differential aeration, selective leaching, under-deposit 

corrosion, and cathodic depolarization have been reported as mechanisms for MIC of cooper 

alloys [14, 19, 20]. The application fields of copper and its alloys can be classified into five 

sections as shown in Table 1-1. 

 

Table 1-1: Application fields of copper and its alloys (adapted from Cieslewicz and Schweitzer [22]). 

Applications Examples Approximate corrosion rate 

Construction 
Roofing, building fronts, hand rails and door 

knobs. 
Atmosphere: 0.5~2.5 μm/year 

Fresh water 
Fresh water supply line and plumbing 

fittings. 
Atmosphere: 0.5~2.5 μm/year 

Marine 
Seawater supply line, shafting, valve stems 

and marine hardware. 
Seawater: 

about 50 μm/year 

Industrial 
Heat exchanger, condenser and chemical 

plant process equipments. 
Variable (depends upon 

environment) 

Electrical 
Electrical wiring, connectors, printed circuit 

boards and semiconductor packages. 
Variable 

 

 

1.1.4 COOLING WATER SYSTEMS OPERATING PROBLEMS 

The major problems associated with cooling systems are: scaling, fouling, biofouling 

and corrosion. If these problems are not properly controlled, they can have a direct, negative 

impact on the value of the entire process or operation [13]. 

 Scaling 

Scale refers a dense coating of predominantly inorganic material formed on the 

surface of equipment in the presence of water; it takes place when dissolved ions in the 

water exceed the solubility of a given mineral. Such a process frequently occurs when 

surfaces are overheated. The common precipitates are calcium carbonates, sulfates or 

silicates. The principal factors determining whether scale is forming are temperature, pH, 

water quality, concentration of scale-forming material present, hydrodynamic conditions and 

influence of other dissolved materials, which may or may not be scale-forming. In cooling 



CHAPTER 1. SCIENTIFIC BACKGROUND  

M.L.CARVALHO   7 

 

systems, the most frequent type of scale found is a deposit of calcium carbonate [23]. Scale 

formation damage the heat transfer and reduces flow velocities inside the condenser tubes, 

its solution, normally requires costly chemical softeners [24]. 

 Fouling and biofouling 

The accumulation of solid material, other than scale, in a way that hampers the 

operation of plants equipment or contributes to its deterioration deposition of suspended 

material in heat exchange equipment is called fouling. Foulants can come from external 

sources such as dust around a cooling tower or internal sources such as by-products of 

corrosion. Examples are: dirt and silt, sand, corrosion products, natural organics, microbial 

masses, aluminum phosphates, iron phosphate. The factors that influence fouling in a 

cooling system are the water characteristics, temperature, flow velocity, microbial growth, 

corrosion and contamination [25]. 

Cooling circuits of power plants are ideal incubators for microorganisms because they 

offer plenty of water, are maintained at temperatures between 30°C to 60°, at pH of 6 to 9, 

have good aeration and provide a continuous source of nutrients, such as inorganic or 

organic compounds; microorganisms are those organisms that cannot be seen individually 

with the unaided human eye. The microorganisms present in cooling water circuits can be 

divided into planktonic or sessile cells. Sessile ones attach to surfaces and form what is 

known as biofilm.  

The development of a biofilm is a multistage process involving the following major 

steps (Fig. 1-4): a) formation of an organic conditioned film on the solid surface by adsorption 

of biomolecules such as proteins, b) transport of microorganisms from the water to the 

surface, c) adhesion of microorganisms onto the surface, d) replication of the attached cells 

and production of exopolymers, e) detachment of parts of the biofilm that are swept along by 

the flowing water to repeat the process of biofilm formation elsewhere. Biofouling is a 

consequence of biofilm formation and is able to change the electrochemical properties of the 

metal-water interface, both in aerobic and anaerobic environments; the significant negative 

effects of biofouling are the blockage of water free flow in the cooling circuit and consequent 

mechanical damage to pumps, clogging of condenser tubes, reduction of the heat transfer 

efficiency (having a direct effect on the efficiency of the thermal cycle of power plants), and 

microbiologically influenced corrosion (MIC) also called biocorrosion. 
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Figure 1-4: Principal steps in the biofilm development: 1) Initial reversible attachment of free 

swimming micro-organisms to surface, 2) Permanent chemical attachment, single layer, bacteria begin 

making slime, 3) Early vertical development, 4) Multiple towers with channels between, maturing 

biofilm, 5) Mature biofilm with seeding/dispersal of more free swimming micro-organisms (Graphic by 

Peg Dirckx and David Davies, 2003 Center for Biofilm Engineering Montana State University). 

 

 Corrosion 

Several definitions of corrosion have been given. Despite different definitions, it can 

be observed that corrosion is basically the result of chemical or electrochemical interaction 

between a metal and environments; in cooling water circuits, this result in the gradual loss of 

metal thickness or even penetration of tube wall, which can cause leakage of process fluids 

into the cooling water or vice-versa. The main factors that affect corrosion are the oxygen 

and other dissolved gases, the dissolved and suspended solids, the pH, the velocity, the 

temperature and the microbial activity [21, 26]. Table 1-2 shows the corrosion mechanisms 

that are encountered in cooling water systems. 

 

Table 1-2: Corrosion mechanisms that have caused problems in power plant cooling water systems 

under certain conditions (adapted from Syrett et al. [4]). 

Alloy 

Severity and location of attack (a) 

Erosion-
Corrosion 

Sulfide 
attack 

Dealloying 
Pitting/crevice 

corrosion 
Galvanic 
corrosion 

Environmental 
cracking (b) 

NH3 
attack 

90Cu-10Ni W W w w(c) w(d) N s 

70Cu-30Ni W W N w(c) w(d) N s 

Al brass W W w W(c) W WS S 

304 and 
316 SS 

N N N W N(e) W N 

Titanium N N N N N(e) N(f) N 
(a) W: water side problem; S: steam side problem; WS: both sides; N: not a problem; w: small sensibility on water side; s: small 
sensitivity on steam side; (b) Includes stress-corrosion cracking and hydrogen embrittlement; (c) Possible problem only if 
sulfides are present; (d) Problems have occurred for similar alloys; (e) Induced in adjacent copper alloys, iron, and carbon steels 
when used in seawater or other highly conductive waters; (f) Brittle titanium hydride may form and crack if excessively high 
cathodic protection currents are applied. 
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As the objective of this work is to study the corrosion behavior of copper alloys (70Cu-

30Ni and Al brass) in seawater environments, only the corrosion mechanism associated with 

these two materials will be considered (section 1.2). 

1.1.5 COOLING CIRCUITS TUBES CLEANING METHODS 

All types of cooling waters can have different tendencies to corrode condenser 

materials and to introduce organic fouling and mineral scaling. This is why a strong control of 

the water is so important. It will prevent the formation of mineral scale, organic growth and 

corrosion.  

In the case of seawater, care must be taken to control biological fouling, scale 

(particularly in heat exchangers), and the tendency to corrode many materials.  

There are several kinds of condenser tubes cleaning procedures: physical screening, 

physical cleaning and chemical dosing [27], and almost all have been adopted in a large field 

of industries. High pressure cleaning, with a water flow pressure higher than 600 bar, is 

necessary to remove consistent macrofouling and calcareous settlements. In this case, oxide 

layers are completely removed from the metal surface. The in service continuous mechanical 

cleaning systems (like Taprogge system) are effective for the prevention of microfouling and 

it is one of the recommendable methods as Best Available Technologies [28] for cooling 

water circuits. In this case, sponge rubber balls, with the same density as water and a 

diameter slightly larger than the bore of the condenser tubes, circulate inside the pipes. This 

method can be effective enough for freshwater when macrofouling risk is low. But in the case 

of seawater, for which aggressiveness is highest and macrofouling settlement is an important 

issue, it has to be associated with a chemical treatment. In this case, as well as in all the 

cases for which a chemical solution is necessary to control macrofouling in the cooling tubes, 

the best solution often consists of a mechanical in-service cleaning associated with a 

chemical low-dosage treatment [29]. 

The most practical and efficient method applied to prevent and control biofilms and 

microbial activity in cooling water is the use of biocides. Biocides are single compounds (or a 

mixture of compounds) capable of killing microorganisms or inhibiting microbial growth.  

1.1.6 CHLORINATION 

Chlorine is the most common oxidizing biocide and is introduced either through the 

electrolysis of seawater or the injection of sodium hypochlorite solution. Chlorination 

treatments can be carried out either intermittently, keeping the residual chlorine level below 
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0.3 to 0.5 ppm [30, 31], or by using the so called shock method, i.e. 2-3 ppm chlorine at 

intervals of 1 hour for a limited period. Since high chlorine levels increase the susceptibility of 

copper alloys to erosion-corrosion, continuous low level chlorination is to be preferred [31]. 

When chlorine is added to water, it reacts to form a pH dependent mixture of chlorine, 

hypochlorous acid and hydrochloric acid [32]: 

Cl2 + H2O   HOCl + HCl  (1.1) 

Depending on pH, hypochlorous acid partly dissociates to hydrogen and hypochlorite 

ions: 

HOCl   H+ + ClO-  (1.2) 

In acidic solution, the major species are Cl2 and HOCl, while in alkaline solution only 

ClO- is present. Very small concentrations of ClO2
-, ClO3

-, ClO4
- are also found [33].  

In the case of seawater, where the concentration of bromide is naturally as high as 70 

mg.L-1, the oxidative power of chlorine dosed is quickly transferred to bromide, because the 

equilibrium of the reaction (1.3) moves to the products on the right, converting the 

“chlorination” in a “bromination”. 

HOCl + Br-   HOBr + Cl-   (1.3) 

The equilibrium of dissociation (reaction 1.4) differs strongly between hypochlorite 

and hypobromite at the seawater pH (8.0-8.4); while the hypochlorite is 80% dissociated, the 

hypobromite is 80% un-dissociated at pH higher than 8, based on the dissociation constants 

values at standard conditions (10-8.6 for hypobromite acid and 10-7.53 for hypochlorite acid 

[34].  

HOBr   HOBr- + H3O
+  (1.4) 

The biocide action of un-dissociated hypochlorite and hypobromite acids forms are 

strongly higher than that of ionic forms, due to the lower polarity of un-dissociated molecules 

favors their passage across the biological membranes. This fact, in association to the 

transfer of oxidant power from chlorine to bromide in seawater (reactions 1.3 and 1.4) makes 

chlorination working (as biocide) at concentration lower than 1 mg.L-1, besides the relatively 

high seawater pH. 

While the organic matter is broken down mainly into oxidized decomposition products, 

a small amount (1-2 %) of the chlorine forms carbon-chlorine bonds. This reaction creates a 

variety of chlorinated organic by-products. In the case of seawater, where are substantial 

amounts of bromide ions present, some of these by-products will be brominated. The most 

http://en.wikipedia.org/wiki/PH
http://en.wikipedia.org/wiki/Hypochlorous_acid
http://en.wikipedia.org/wiki/Hydrochloric_acid
http://en.wikipedia.org/wiki/Dissociation_(chemistry)
http://en.wikipedia.org/wiki/Hypochlorite
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important ones are trihalomethans (THMs) that are suspected carcinogen and/or mutagenic 

compounds and persist in the water with the exhaust residual oxidant [35]. The by-products 

production is the concern that mainly limits the extensive use of chlorination in the 

recommendation for the risk assessment of biocorrosion. 

The US Environmental Protection Agency (US EPA) considers as different THMs 

members: chloroform (CHCl3), bromoform (CHBr3), dibromochloromethane (CHClBr2) and 

dichlorobromomethane (CHCl2Br). Many studies on the byproducts of disinfecting drinking 

water have demonstrated the toxicity of these by-products since the 1970’s [36]. 

Chlorinated by-products (CBPs) comprise other organohalogenated non-oxidizing 

secondary products such as haloacetonitriles and compounds from their hydrolysis [37], 

which concentration is usually negligible at the discharge of industrial cooling circuits.  

On the other hand, bromoforms, were actually detected in cooling circuits during 

chlorination with dosing concentrations above 1 mg.L-1 [38]. Subsequent works demonstrated 

that chlorination treatment with oxidant concentration equal or less than 0.2 mg.L-1 do not 

give significant concentrations of halomethans [39, 40]. However, the use of chlorination is 

discouraged by regulations all over the world. The standard limit of chlorine concentration at 

the discharge into natural water bodies is generally 0.2 mg.L-1 all over the industrialized world 

[34].  

As a conservative rule, the dosage of chlorine is generally set in order to have less 

than 0.2 mg.L-1 residual oxidant. In the case it is not enough to prevent/remediate biofilm 

development and higher dosages must be adopted, a de-chlorination treatment can be 

applied, with dosages of reductants such as sodium metabisulfite or sulfur dioxide. Usually, 

there is no specific limitation at the discharge concerning the chemicals reductants used, 

nevertheless, attention must be paid in the dosage because an overdosage may deplete the 

dissolved oxygen concentration or modify the pH of receiving streams. 

1.2 CORROSION OF COPPER AND ITS ALLOYS IN AQUEOUS ENVIRONMENTS 

Corrosion is basically the result of chemical or electrochemical interaction between a 

metal and environments; in cooling water circuits, this result in the gradual loss of metal 

thickness or even penetration of tube wall, which can cause leakage of process fluids into the 

cooling water or vice-versa. The main factors that affect corrosion are the oxygen and other 

dissolved gases, the dissolved and suspended solids, the pH, the velocity, the temperature 

and the microbial activity [21, 26].  
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Currently, the prime motive for research in corrosion is provided by the economic 

factor. According to a study published in 2001 by the Electric Power Research Institute 

(EPRI) on the cost of corrosion in the electric power industry [41], the cost to consumers of 

corrosion was about $17 billion. The same study also estimated that about 22% of the 

corrosion costs would have been avoided by practical cost effective measures, e.g., 

improved selection of materials, design and fabrication, and water chemistry. A more recent 

survey on the costs of corrosion showed that the direct cost of corrosion was $276 billion in 

the United States for 2002, which was approximately 4% of their Gross National Product [1]. 

In Europe, figures are not yet known, but it is expected that costs associated to 

corrosion will be at least as big as in the United States. From a study in Italy, in ENEL plants 

[42], an estimation close to tens of millions of US $ is given for the prevention and control of 

fouling and microbial corrosion.  Authors affirmed that 50% of corrosion cases in condenser 

tubes might be prevented by a better cleaning during the plant operation. In some cases, 

corrosion problems have been solved by adopting more noble materials such as titanium and 

super-ferritic stainless steels. 

Copper and its alloys are subject to almost all kinds of corrosion attacks depending 

upon the environment. From a study conducted by the North American Electric Reliability 

Council between 1996 and 2000 in 1476 fossil units, 168 show that condensers were 

responsible for 25,955 forced and scheduled outages and deratings, costing the units 53,869 

GWh2 [4]. The main components responsible for these losses are the condenser tubes. And 

the main problems are frequently caused by corrosion or erosion.  

Metals corrode in aqueous environments by an electrochemical process, in which the 

actual metal loss occurs by dissolution of charged metallic ions, Mn+ ("n"= valency), and the 

production of electrons as follows. 

M → Mn+ + ne- (1.5) 

In the case of copper, it gives: 

Cu → Cu2+ + 2e- (1.6) 

Any reaction which releases electrons, as above, is called "anodic reaction". In order 

for the corrosion process to continue, the electrons released by the anodic reaction must be 

consumed by a cathodic reaction occurring simultaneously over the metallic surface, which 

involves chemical species present in the surrounding aqueous environment. An anodic and a 

cathodic reaction must occur to have corrosion. 

                                                           
2
 GWh = Gigawatt hour = one billion (10

9
) watt hour 
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 Anodic reaction 

The anodic reaction of metal dissolution produce compound that act in different way 

in the corrosion process:  

a) go into the solution and the rate of metal loss may be high, as a consequence, 

serious operational problems can occur; 

b) or stay on the metallic surface as oxide or hydroxide (insoluble film); if they form an 

adherent, non-porous film, they can protect the metal from rapid corrosion. 

In seawater, the main initial corrosion product on copper is cuprous chloride, CuCl, 

formed by the following reaction: 

Cu + Cl- → CuCl + e- (1.7) 

Cuprous chloride is slightly soluble in diluted sodium chloride and reacts to produce 

cuprous oxide, also called cuprite (Cu2O, main constituent of thick scales), that, in the 

presence of seawater, will be later oxidized to cupric hydroxide (Cu(OH)2), atacamite 

(Cu2(OH)3Cl) or malachite (CuCO3.Cu(OH)2).  

Thermodynamic principles can help explain corrosion in terms of the stability of the 

chemical species and reactions associated to it. The Pourbaix diagram [43] for the Cu-H2O 

system at 25 ºC (Fig. 1-5) can give us some information about copper behavior in aqueous 

environments. Between the two dashed lines a and b, there is a stable domain for water. It 

can be seen that the immunity domain of copper partly overlaps the stability domain of water. 

It suggests that copper will not corrode in water without oxygen being present. For most 

metals in a de-aerated environment, corrosion takes place and the anodic reaction is the 

dissolution of the metal while the cathodic reaction is the evolution of hydrogen gas from the 

electrolyte. However, if oxygen is present, copper is susceptible to corrosion as indicated by 

the corrosion domains in Figure 1-5. In other words, the primary cathodic reaction for copper 

corrosion in aqueous systems is the reduction of oxygen to form hydroxide ions. 
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Figure 1-5: Pourbaix diagram for the Cu-H2O system at 25 ºC [43]. 

 

The circled numbers on the diagram indicate a chemical or an electrochemical 

reaction, and the activity of dissolved species for which the lines were calculated is indicated 

by the other numbers. Bianchi and Longhi [44] determined the Pourbaix diagrams for copper 

in seawater at 25 ºC. Figure 1-6 is an example of one of these diagrams. Compared with 

Figure 1-5, Figure 1-6 considers the reactions between chloride ions and copper as well as 

between copper and water. As a result, it can be seen that there are two new chemical 

species in the figure, Cu2(OH)3Cl and CuCl. In addition, the stability domain for each species 

is different due to the existence of these new compounds. 
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Figure 1-6: Pourbaix diagram for copper in seawater at 25 ºC [44]. 

 

Due to its complexity, the anodic polarization behavior of pure copper in chloride 

media has received considerable attention in the literature. The reactions are considered to 

be reversible and all are universally assumed to be under mixed control (electrochemical 

reactions limited by both charge transfer and mass transport) close to the corrosion potential 

[45], where the different mechanisms for the formation of CuCl- are presented in Table 1-3. 

 

Table 1-3: Anodic partial reactions of pure copper in chloride media. 

Mechanism 1 Cu + 2Cl-   CuCl2
- + e- Direct formation of CuCl2

- species from the metal 

Mechanism 2 
Cu   Cu+ + e- 

Dissolution of copper as cuprous ion in a 1st step 
Cu+ + 2Cl-   CuCl2

-  

Mechanism 3 
Cu + Cl-   CuCl + e- 

Formation of CuCl2
- species from the CuCl 

CuCl + Cl-   CuCl2
- 

 

The diffusion control in the electro dissolution of Cu was ascribed either to Cl- 

transport from the bulk solution to the electrode surface or to the transport of CuCl2
- from the 

electrode to the bulk solution [46].  
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Anodic polarization of copper in chloride electrolytes results in E vs log i curves (Fig. 

1-7) that can be split into three main regions of potential [45]: 

● Section I: a region of Tafel behavior where the reaction is assumed to be totally 

limited by charge transfer. 

● Section II: a potential window of film formation leading to a maximum peak current 

density and subsequent limiting current density. The maximum peak, minimum and 

limiting current density responses are produced as the formation of CuCl becomes 

faster than either its complexion by the chloride ion or mass transport of the cuprous 

dichloride complex into the bulk solution. The maximum peak current, therefore, is 

followed by a minimum current as the surface coverage by CuCl reaches its 

maximum. 

● Section III: a potential domain for which any increase in current density is due to the 

formation of Cu(II) species.  

 

 

Figure 1-7: Typical anodic polarization curve of copper in aqueous chloride solution (adapted from 

Kear et al. [45]). 

 

In summary, close to the corrosion potential, the anodic reaction is under mixed 

kinetics (charge transfer and mass transport) where the mass transport limiting step is the 

rate of movement of a cuprous chloride complex away from the electrode surface to the bulk 

electrolyte. 
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 Cathodic reaction 

In aerated medium, the cathodic reaction coupled to the anodic dissolution of copper 

is the reduction of dissolved oxygen. The global reaction for the reduction of oxygen involves 

an exchange of four electrons, resulting in the production of hydroxyl ions (or water 

molecules at low pH). This reduction may occur in one step, with a transfer of four electrons 

(reaction (1.8) for acidic solutions and reaction (1.9) for neutral and alkaline solutions), or in 

two steps, each one involving two electrons (reactions (1.10) and (1.11)): 

O2 + 4H+ + 4e-   2H2O (acidic solutions)  (1.8) 

O2 + 2H2O + 4e-   4HO- (neutral and alkaline solutions)  (1.9) 

O2 + 2H2O + 2e-   H2O2 + 2HO-   (1.10) 

H2O2 + 2e-   2HO- (1.11) 

Hydroxyl ions or water molecules can be produced by a single four-electron step or 

by cumulative two-electron steps where oxygen is reduced to hydrogen peroxide, which is in 

turn reduced to hydroxyl ions. Figure 1-8 shows a general scheme describing the mechanism 

of oxygen reduction. 

 

 

Figure 1-8: Steps involved during the reduction of oxygen consisting of mass transport to and from 

the electrode surface and electron transfer reaction (adapted from Kear et al. [47]). 

 

During the first step, oxygen has to be transported to the electrode surface and this 

process depends on the convection, in other words on fluid velocity or electrode speed. Once 
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the oxygen molecules reach the electrode surface, they react to produce hydrogen peroxide 

then hydroxyl ions, or directly hydroxyl ions. This step is controlled by the electron transfer 

rate. The kinetics of oxygen reduction is expected to be very specific to the electrochemical 

system under study: it depends on the metallic material, its surface state, the electrolyte, and 

the temperature [45, 47]. Once the product (OH-) is formed, its removal from the electrode 

surface depends again on mass transport. 

The cathodic reaction is dominated by the irreversible reduction of oxygen via either a 

two- or a four-electron exchange which is charge transfer limited at potentials close to the 

corrosion potential. 

To have corrosion, an anodic and a cathodic reaction must occur. The anodic and 

cathodic reactions have to balance over the entire metallic surface. The anodic reaction 

cannot occur any faster than the overall cathodic reaction. In most instances of corrosion, 

both the anodic and cathodic reactions occur on the surface of a single metal or alloy. When 

a metallic material is corroding actively, the actual corrosion rate is often critically dependent 

upon the progress of the cathodic reaction. This means that the supply of dissolved oxygen 

to the metallic surface very often controls the corrosion rate. Thus, aqueous environments of 

high oxygen content are more corrosive than de-oxygenated ones. 

Another important factor is that the diffusion of dissolved oxygen molecules in water is 

relatively slow. Consequently, for any given oxygen content, flowing water will cause higher 

corrosion rates than static conditions because the former situation will facilitate rapid oxygen 

supply to the metallic surface.  

 Nature of the protective film 

Unlike a passive metallic material, copper cannot produce a passive film. But the 

corrosion products formed on copper and its alloys, to some extent; provide a protection 

against corrosion. In most cases, the protective oxide film on copper is Cu(I) oxide in 

aqueous environments at room temperature. This adherent and relatively impervious film 

acts as a diffusion barrier, but it is easily affected by change in hydrodynamic conditions. 

The good corrosion resistance of Cu alloys in seawater is related to the formation of a 

protective film of corrosion products in the early stages of exposure. It is generally 

considered that the inner part of the film is made of cuprous oxide (Cu2O) with cupric oxide 

(CuO) appearing in the outer part of the film, and that the film contains metallic ions together 

with chlorides, hydroxides and carbonates [48]. Although this film will start developing during 

initial contact with oxygenated water, it may take several weeks for the film to be fully 

protective. When the film is fully developed and reaches steady-state, the corrosion rate is 
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usually very low. In unpolluted seawater, a loosely adherent porous cupric hydroxychloride 

(Cu2(OH)3Cl) corrosion product scale forms over a thin, tightly adherent layer of cuprous 

oxide (Cu2O) that increases corrosion resistance with increasing exposure time [49, 50]. The 

inner film is normally reddish. The outer film may be greenish, brown or yellow brown. 

Although Cu2O oxide is the principal component of the film, the lattice usually includes other 

metallic ions, e.g. iron, nickel, aluminum, calcium, silicon, and sometimes other species. 

Principal anions include chlorides, hydroxides [51], carbonates and bicarbonates. 

Once a protective surface film is formed, the corrosion rate will continue decreasing 

over a period of years, related to the classical parabolic growth rate of protective layers.  For 

this reason, it has always been difficult to predict the life time of copper-nickel based alloys 

based on short-term results. Usually, general corrosion rates of 0.02-0.002 mm/yr or 20 to 2 

µm/year are anticipated [52]. 

Formation, structure and chemical composition of the protective layer are complex 

and have been the subject of many investigations [53-56]. The complexity of the films on Cu-

Ni alloys in marine conditions was studied by Kato et al. [55, 56]. From exposure of 90Cu-

10Ni samples to air-saturated 3.4% NaCl solution and analysis of the corrosion product 

layers by SEM and X-ray diffraction, authors concluded that the protective films, formed 

under open-circuit corrosion conditions, had the following features: 

a) thick outer layer, mainly cuprous hydroxy-chloride [Cu2(OH)3Cl], and inner layer 

containing appreciable amounts of chloride, oxygen,  copper and some nickel; 

b) rich in chloride throughout the film with a maximum concentration along a plane 

located within the inner layer near the inner layer/outer layer interface; 

c) relatively poor in Ni and Fe in the inner layer, compared to levels in the outer layer, 

and, in early stages of growth, outer interface surface consisting of a cuprous 

compound (probably Cu2O) which, with time, gives rise to carbonate and finally to 

cuprous hydroxy-chloride [Cu2(OH)3Cl] compounds. 

1.2.1 GALVANIC CORROSION 

An electrochemical potential almost always exists between two different metals when 

they are immersed in a conductive solution. If two different metals are in electrical contact 

with each other and immersed in a conductive solution, as seawater, a potential results that 

enhances the corrosion of the more electronegative metal of the couple (anode) and protects 

the more electropositive one (cathode). 
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Usually, copper alloys are more cathodic than other metals (due to their position in 

galvanic series) such as steel and aluminum. Copper alloys usually corrode preferentially 

when coupled with high-nickel alloys, titanium or graphite. 

The seawater high conductivity gives rise to the possibility of formation of galvanic 

cells with the cathodic and the anodic areas at some meters from each other, giving rise to 

highly localized corrosion processes. 

Accelerated damage due to galvanic effects is usually the most important near the 

junctions, where the electrochemical current density is the highest [57]. Another factor that 

affects this kind of corrosion is area ratio; it happens when the cathodic area is large and the 

anodic one is small. 

1.2.2 PITTING CORROSION 

Pitting is the usual form of corrosive attack at surfaces on which there are incomplete 

protective films, non-protective deposits, or extraneous deposits of dirty or other substances. 

Pitting of copper and its alloys always occurs under relatively low flow velocity, usually less 

than 0.6 to 0.9 m/s, and has long been associated with chloride ions [58]. 

Once a pit is initiated, it may propagate at a significant rate because of the 

development of a macro-cell, the surrounding surface and the inside of the pit. Due to the 

difference in electrode potential between the large passive surface area (more anodic) and 

the small active pit (more cathodic), the pit acts as a small anode and the external surface as 

a large cathode. 

Copper alloys do not corrode primarily by pitting, but due to metallurgical and 

environmental factors that still need to be clearly understood, is a common problem detected. 

In order to prevent a copper alloy from pitting, the correct choice of copper alloy for the 

environment is necessary. For example, aluminum brass is the best choice for protection 

against pitting attack, while the high-copper alloys are somewhat more inclined to pitting [57]. 

1.2.3 DEALLOYING 

Dealloying is a corrosion process in which the more active metal is selectively 

removed from an alloy, leaving behind a spongy layer of the more noble metal. Copper-Zinc 

alloys containing more than 15% of Zn are susceptible to a dealloying process called 

dezincification [57]. In the dezincification of brass, selective removal of zinc leaves a 

relatively porous layer of copper and copper oxide. It can be readily observed with naked 
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eyes because the alloy develops a reddish color that contrasts with its original yellowish 

color. 

Generally, there are two types of dealloying. Uniform or layer dealloying commonly 

occurs in high zinc alloys where the outer layer is de-alloyed and becomes dark while the 

inside is not affected; plug dealloying is typical of low zinc alloys and is characterized by the 

presence of de-alloyed dark plugs in the unaffected matrix of low zinc alloys [59]. 

Two theories have been proposed for dealloying of brass. One states that there is 

simultaneous anodic dissolution of both copper and zinc, while dissolved copper ions 

precipitate plate back from the solution on the remaining brass surface as a porous layer; the 

other states that the less noble alloying elements vs selectively dissolved, leaving vacancies 

in the brass lattice resulting in skeletal copper with poor mechanical integrity [59]. In the past 

decade, many alloying elements, as arsenic (As), have been used to minimize the 

dezincification and corrosion of brass alloys. 

1.2.4 AMMONIA ATTACK 

Ammonia can affect strongly the corrosion behavior of Cu-base alloys condenser 

tubes by forming soluble copper-amine complex that causes metal loss and pitting in the 

tubes [60]. At the condenser tube water side, ammonia compounds are produced in case of 

stagnant water, due to the fermentation processes occurring in presence of high organic 

compounds and biofilms. Nevertheless, ammonia attack may also affect the vapor side, as 

the water of thermal cycle of power plant is treated with hydrazine or other reducing 

compounds to control pH and the oxygen content.  

Ammonia can also cause stress corrosion cracking in some copper alloys. In the 

presence of air and ammonia, aluminum brass is subject to stress corrosion cracking. 

Aluminum bronze is more resistant and copper nickels are highly resistant to ammonia stress 

corrosion cracking [61]. 

1.2.5 SULFIDE ATTACK 

Sulfides are present in polluted seawater and can also be produced under static 

conditions due to the decomposition of organic matter. Copper-nickel alloys corrode in the 

presence of sulfide, sulfur, polysulfides, or combinations of these species. Thus, essentially 

non-corrosive or slow corrosion systems in de-aerated seawater turn into highly corrosive 

systems [62], and the effect of sulfur-containing compounds is to interfere with the formation 

of surface film, producing a black film made up of cuprous oxide and sulfide. 
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Sulfide ions have been shown to significantly increase the corrosion rate of Cu-Ni 

alloys [63-66]. In sulfide-containing environments, a porous copper sulfide layer forms on the 

surface of the alloys, which does not protect against corrosion [65]. This layer also prevents 

the formation of a protective copper oxide layer.  During the enhanced corrosion in sulfide 

containing environments, preferential copper dissolution is observed [64, 66]. 

Eiselstein et al. [67] proposed two different mechanisms for Cu-Ni corrosion in sulfide-

polluted seawater. One for the de-aerated seawater, where sulfide ions react with Cu(I): the 

decrease in the Cu(I) concentration will cause the anodic reaction to be shifted to lower 

potentials. In the case of aerated seawater, Eiselstein claimed that S2- reacts with both Cu(I) 

and oxygen. In consequence, a shift of the anodic and cathodic reactions will occur in such a 

way that the intersection of the two polarization curves at the corrosion potential occur at 

higher corrosion currents. 

1.2.6 EROSION-CORROSION 

Copper alloys are relatively sensitive to erosion-corrosion when they are exposed to 

water with high flow velocity, and especially when turbulences occur. It is a common water-

side phenomenon that is only a problem for copper alloy condenser tubes [9]. It occurs 

above a critical local flow intensity (Fig. 1-9), creating local energy densities which are high 

enough to break down protective scales, layers or films on the metallic surface. With the 

increase of seawater flow rate, corrosion rates remain low due to the tenacity of the 

protective surface film. However, when the velocity exceeds a critical value for a given 

geometry, the shear stress acting on the film can lead to its breakdown resulting in high 

corrosion rates. A critical velocity is found at which localized corrosion occurs [68]. 

The flow rate of the electrolyte also affects the corrosion behavior of Cu-Ni alloys. In 

the presence of high turbulence, a unique corrosion morphology, the so-called horse-shoe 

corrosion develops [58, 69]. 
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Figure 1-9: Critical local flow velocity. 

 
 

In order to avoid corrosion problems, some suggested maximum cooling water flow 

velocities are shown in Table 1-4. Minimum flow rates of more than 1 m/s are usually 

preferred to avoid sediment build up [70]. The effect of the water velocity on the corrosion of 

Cu-based alloys is discussed on section 1.3.6. 

 

Table 1-4: Recommended maximum water flow velocities for condenser tube alloys in seawater. 

Adapted from [9]. 

Material 
Maximum velocity 

m/s 

Copper 0.9 

Admiralty brass 1.5 

Aluminum brass 2.4 

90Cu-10Ni 3.0 

70Cu-30Ni 3.7 

Stainless steels and titanium No limit 

 

1.2.7 MICROBIOLOGICALLY INFLUENCED CORROSION (MIC) 

The well-known toxicity of cuprous ions towards living organisms does not mean that 

the copper-based alloys are immune to biological effects on corrosion. The electrochemical 

nature of the metallic corrosion still remains present in the microbial corrosion. There is an 

anodic process of metallic dissolution and a complementary cathodic process that is 

dependent of the metal-biofilm characteristics (pH, aeration, chemical composition…), as the 

reduction of dissolved oxygen (in aerated environments and neutral pH) or the reduction of 
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water (no-aerated environments). Microorganisms can change the metal/solution interface to 

induce, accelerate or inhibit the anodic and or cathodic reactions of the corrosion process. 

The biological process is illustrated by a microbial colony growing up on the metallic 

substrate (Fig. 1-10). An anaerobic region is formed under the microbial colony, due to the 

oxygen consumption by the microbial respiration (in case of aerobic microbes) and another 

region, where more oxygen reaches the external part of the colony, in contact with the 

aerated liquid. 

 

 

Figure 1-10: Scheme for microbial corrosion (metal under a microbial colony). 

 

Any material in contact with natural waters is rapidly colonized by microbial species 

growing in a complex micro-environment named biofilm. Despite the good performance of 

copper alloys in seawater, the formation of biofilm on surfaces of heat exchangers and the 

subsequent settlement of macrofouling induce microbiologically-influenced corrosion (MIC), 

also called microbial corrosion or biocorrosion. Thus, these phenomena modify the integrity 

and functionality of metallic materials employed in condensers cooled with seawater [71, 72]. 

When immersed, copper alloys are swiftly covered by colonies of bacteria which, unlike 

macrofouling organisms, are not affected by the toxicity of copper, since there are protected 

by a mucopolysaccharide matrix [73]. The first stage in the biofilm formation is the adsorption 

of biomolecules, such as proteins, and other organic matter dispersed in seawater. Then, 

bacterial adhesion occurs and bacteria colonies are formed, together with corrosion 

products, algae and other microorganisms, resulting in a big complex microfouling that 

adheres to the metallic surface [74]. Since microfouling modifies the chemical and physical 

characteristics of the surface and facilitates the development of corrosion processes, an 

undesirable resistance to the heat exchange is introduced [75]. 
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Biofilms are capable to modify the electrochemical characteristics of metallic surfaces 

[76, 77], modifying the kinetics of corrosion processes occurring at the metal-biofilm 

interface. 

Some species of Pseudomonas, Sphingomonas, Sphingomonas paucimobilis, 

Rhodotorula, Flavobacterium, Acidovorax delafieldii, Cytophaga johnsonae, Micrococcus 

kristinae, Acidovorax and Sphingomonas have been identified in biofilms responsible for MIC 

in copper pipes with drinking water [78-81]. Genus of Pseudomonas have been shown to 

colonize copper surfaces [82] and to accelerate corrosion of copper and copper alloys [83]. 

The influence of marine aerobic Pseudomonas strain on the corrosion behavior of 

70Cu-30Ni alloy was investigated by S.J.Yuan et al. [84]. A potential shift towards more 

cathodic value, in the presence of Pseudomonas bacteria was confirmed. Their results 

showed that, in the presence of Pseudomonas, the cathodic Tafel constant increases (dc) 

while corrE  shift in the cathodic direction and the absolute corrosion current increase. 

However, if Pseudomonas were not present, corrE  shifted slightly to more anodic values and 

the current density was reduced.  At the same time, the anodic Tafel constant (ba) shift to 

higher values. The impedance spectra shown that the alloy surface, in the sterile medium, 

was comprised of an outer organic compound conditioning layer and an inner compact and 

protective oxide film layer; while in the Pseudomonas inoculated medium, a duplex layer of 

an outer porous, heterogeneous and non-protective biofilm layer and an inner porous oxide 

film layer was present. Their results also demonstrated a growth of the outer film with 

immersion time (impedance increase). 

Methods used to prevent MIC, should aim in either inhibit the growth and/or metabolic 

activity of microorganism, or modify the environment in which the corrosion process takes 

place in order to avoid adaptation of microorganisms to the existing conditions. These 

methods can be divided in: a) cleaning procedures, b) biocides, c) coatings and, d) cathodic 

protection.  

1.3 EFFECT OF DIFFERENT PARAMETERS ON THE CORROSION BEHAVIOR OF 

70CU-30NI ALLOY AND AL BRASS 

A copper alloy is the combination of copper with one or more other metals to form a 

material that can improve the performance of pure copper. Doping with divalent or trivalent 

cations is an effective way of improving the corrosion resistance of copper. 
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Copper and copper based alloys can be divided into 3 groups according to the 

chemical composition [85]: Copper and high copper alloys (copper: Unified Numbering 

System UNS C10100-C15999; high-copper alloys: UNS C16000-C19999; copper nickels 

(Cu-Ni-Fe alloys): UNS C70000-C73499 and nickel silvers (Cu-Ni-Zn alloys): UNS C73500-

C79999), brasses (Cu-Zn alloys, with or without the addition of Pb and Sn: UNS C20000-

C49999) and bronzes (alloys with Sn, P, Al, or Si as the principal alloying element, UNS 

C50000-C69999). 

Copper is the most noble metal in common use. It has excellent resistance to 

corrosion in the atmosphere and in fresh water. In seawater, copper and copper alloys 

(particularly those associated with nickel) are widely and successfully used, due to their 

corrosion resistance, mechanical strength and workability, excellent electrical and thermal 

conductivity [86] and resistance to macrofouling [87]. In practice, aluminum, zinc, tin, iron, 

and nickel are often used as alloying elements and reduce noticeably the corrosion rate of 

copper alloys. 

1.3.1 EFFECT OF IRON AND NICKEL 

Nickel and iron present in Cu-Ni alloys improve the corrosion and erosion resistance 

properties of the oxide film. There is beneficial effect of incorporating iron in copper-nickel 

alloys and it is essential to obtain adequate corrosion resistance by assisting in protective 

film formation [88, 89]. 

Copper and its alloys do not form a truly passive corrosion product film. In aqueous 

environments at ambient temperature, the corrosion product predominantly responsible for 

protection is cuprous oxide (Cu2O), a p-type semiconductor. It has been established that this 

is the main component of the protective film formed, in the early stages of growth. The 

protective properties are enhanced by the incorporation of nickel and iron that leads to a 

decrease in both ionic and electronic conductivities [89, 90]. The corrosion process can 

proceed if copper ions and electrons migrate through the Cu2O film. In order to improve the 

corrosion resistance of the material, the ionic and/or electronic conductivity of the film must 

be reduced by doping with divalent or trivalent cations [91]. 

Small additions of iron to copper-nickel alloys are also known to improve their 

resistance to erosion-corrosion [92] because iron is necessary for the occurrence of nickel 

enrichment in the corrosion product layer [93]. 

In general, the corrosion resistance of the Cu-Ni alloys increases with increasing Ni 

content up to approx. 30 %, above 30%, it remains constant [94] or slightly decreases [57]. 



CHAPTER 1. SCIENTIFIC BACKGROUND  

M.L.CARVALHO   27 

 

According to Popplewell et al. [95], the nature of the corrosion film depends on the 

iron content of the alloy: the film on samples with 0.3 % of iron in the bulk alloy or less is 

bright green, that on samples with 1.5 % of iron is dark green, and that on samples with 1.5 

% of iron, heat treated to precipitate an iron rich phase, is nearly black. 

1.3.2 EFFECT OF TEMPERATURE 

Generally, the corrosion of copper-based alloys in de-aerated seawater flowing from 

0.9 to 2.7 m.s-1 increases as the seawater is heated to 63°C. Maximum corrosion occurs at 

intermediate temperatures from 54 to 71°C. If seawater reaches too high temperatures 

(≈107°C), a significant decrease in corrosion is noted [96]. 

According to Ijsseling et al. the appearance, thickness and adherence of the oxide 

film, in aerated seawater, depends on the temperature of formation [97]. In flowing seawater 

(at 1.5 m.s-1), an adherent dark brown layer is formed at 10° C, a less adherent dark brown 

one is formed at 20-30°C, and a very thin, adherent, gold-brown film is visible at 40-50°C. 

1.3.4 EFFECT OF PH 

Depending on pH, the anodic polarization of copper may result in anodic dissolution 

or film formation. In acidic aqueous solutions, such as HCl or H2SO4, Cu(I) complexes are 

formed by bonding with Cl- or SO4
2-. These porous corrosion products do not prevent copper 

from further dissolution. As pH decreases, the corrosion rate increases. Low pH levels 

prevent copper-based alloys from developing or maintaining protective films and thus high 

corrosion rates are encountered. 

Feng et al. systematically investigated copper corrosion in simulated tap water over a 

wide pH range [98]. The results of this study are summarized in Table 1-5. The thickness of 

the oxide films and the dependence of corrosion rate on pH were estimated as shown in 

Figure 1-11. Thus, dissolution of oxide films takes place when pH is less than 4; for a pH 

between 4 and 10, cubic Cu2O crystals grow while the crystal size becomes smaller and the 

film becomes thinner; when pH is greater than 10, monoclinic CuO films start forming. 
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Table 1-5: Corrosion products, controlling mechanisms and corrosion rate of copper in aqueous 

solutions at various pH. 

pH 
value 

Oxide 
films 

Morphology o 
corrosion products 

Controlling 
mechanisms 

Corrosion rate 

3 Cu2O 
Porous corrosion 

products 
Diffusion in solution 

High, due to high solution 
corrosiveness 

4-5 Cu2O  
Cubic Cu2O  

provides a barrier to 
copper dissolution 

Mixed diffusion of 
copper ions in the 
oxide film and in 

solution 

Decreases. From pH 4 to 
5, the film becomes more 

protective 

6-9 Cu2O 
Cubic Cu2O  is more 

protective 
Diffusion in the oxide 

film 

Constant. Very thin, 
dense and smooth Cu2O 
film protects the surface.  

10 Cu2O 
Thick and compact 

cubic Cu2O  film 
Passivation Passivity 

12-13 Cu2O 
Protective 

monoclinic layer 
Diffusion in the oxide 

film 

Increases, due to 
increased solubility of 

CuO film 

 

  

(a) (b) 

Figure 1-11: (a) Variation of oxide film thickness with pH estimated from electrochemical methods 

(EC) or weight loss method (WL); (b) corrosion current density of copper in solutions of various pH 

calculated from polarization curves or weight loss measurements. Copper immersed during 24 h in 

simulated tap water at 30ºC (adapted from Feng et al. [98]). 

 

The influence of metal-biofilm interface pH on aluminum brass corrosion in seawater 

was studied by Cristiani et al. [99]. According to these authors, biofilms may act on corrosion 

by acidification at the metal-biofilm interface. Differences have been found in corrosion 

current density and in surface morphology for specimens exposed to natural seawater 

compared to those exposed to artificial seawater (at pH 8.3). 

According to Tuthill et al., there is no film formation on 90Cu-10Ni in seawater below 

pH 6, even in the presence of oxygen (5.5-7.5 mg.L-1) [48]. 
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It has been shown that at 65°C the erosion-corrosion attack is much more extensive 

and appears at lower velocities when the pH is decreased from 8 to 6.5 [100]. If the pH of 

warm (35°C) seawater flowing at about 2.7 m/s is adjusted to 3.6, no protective film forms on 

the surface of 90Cu-10Ni [101]. 

1.3.4 EFFECT OF OXYGEN CONTENT 

The oxygen content of the electrolyte has a significant effect on the corrosion 

resistance of copper alloys [59]. For instance, at low to moderate oxygen concentrations ([O2] 

≤ 6.6 mg/L), the 70Cu-30Ni alloy is more corrosion resistant than the 90Cu-10Ni ones and in 

saturated seawater; both alloys have similar behavior [59]. 

1.3.5 EFFECT OF POLLUTED SEAWATER 

Copper-nickel alloys corrode at increased rates in polluted waters (compared to clean 

waters), particularly when sulfides or other sulfur compounds are present [48, 94, 102]. 

Sulfides form a black corrosion product, which is less adherent and protective than the 

normal oxide film. 

Gudas and Hack reported that 0.05 ppm of sulfide or more was necessary to cause 

increased corrosion of 70Cu-30Ni alloy, and even 0.01 ppm of sulfide, during one day, 

caused accelerated attack of 90Cu-10Ni alloy [103]. This is in agreement with the work of 

Alhajji and Reda who noted that sulfide was very corrosive towards the alloys with low nickel 

content [104]. 

The corrosion of Cu-Ni alloys, in flowing (1.6 m/s) seawater containing sulfides, 

polysulfides, or sulfur, was investigated by Anderson and Badia [105] and MacDonald et al. 

[62]. Cuprous sulphide forms as the principal corrosion product causing damage to the 

protective film on the metal surface. The importance of proper protective film formation on 

tubes and pipes must be emphasized. It is stated that if during the early life of condenser 

tubes clean seawater passes through, good protective films will form which are likely to 

withstand most adverse conditions. The ideal situation, whether in a ship or a power plant, is 

to re-circulate aerated, clean seawater from initial start up to a time sufficient enough to form 

a good protective film. If, however, polluted waters are encountered during the early life, the 

films formed on the condenser tubes will likely not be fully protective and the risk of 

premature failure will be considerably increased [102]. 

Yuan et al. showed that when 70Cu-30Ni bare metal was in contact with sulfur ions, 

the surface film evolves from an oxide bi-layer (formed in the absence of S-species) to S-
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based layered films [84].  The authors also showed that the film was porous and not very 

protective in the presence of S-ions. These latter dissolve copper oxides but nickel is not 

affected as readily as copper. Thus, it is possible that a semi-protective film richer in nickel is 

formed at longer times, explaining the apparent repassivation. 

1.3.6 EFFECT OF WATER VELOCITY 

Although higher coolant flow velocities improve the efficiency of condensers and heat 

exchangers, the velocity cannot be increased above the endurance limit of materials. 

Giuliani et al. [106] found that the sensitivity of Cu-Ni alloys corrosion rate to water 

flow rate was relatively low in Cl- containing solution. 

Based on the work carried out by Efird [107], seawater moving over a metallic surface 

creates a shear stress between that surface and the layer of seawater closest to the metal. 

As velocity increases, the corrosion rate first increases slowly, as a result of increased 

oxygen supply, (cathodic depolarization) and removal of the corrosion products from the 

metallic surface. At higher velocities, the degree of turbulence and the shear stress are such 

that the protective film can be locally removed and the active underlying metal can be 

exposed to water; at this "breakdown" velocity, the rate of attack increases dramatically.  

Efird [107] studied and estimated the critical shear stress for various Cu-based alloys. His 

research suggested that shear stresses depended on water velocity and pipe geometry. As 

pipe diameter increases, copper-based alloys tolerate higher nominal velocities. 

Sato and Nagat [108] showed that the shear stress at the inlet-end of a condenser 

tube is about double that further down the tube. This explains why inlet-end erosion corrosion 

is such a common occurrence, and also explains the preference for copper-nickel alloys that 

have been developed because of their greater velocity tolerance. 

At low flow velocities, sand, debris, mud, etc. may deposit, increasing the chance for 

the formation of macro-corrosion cells (differential aeration and concentration cells). 

1.3.7 EFFECT OF SEAWATER TREATMENTS 

Ferrous sulfate 

Small and regular additions of ferrous sulfate to the cooling water can limit the 

deterioration of copper-based condenser tubes [109]. Its positive action, i.e. prevention of the 

corrosion of copper alloys, can be summarized as follows [110]: experience suggests that the 

further from the condenser the injection point is the less effective the treatment will be; 

evidence show that chlorination can cause an increased risk of corrosion at higher than 
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normal levels, and that ferrous sulfate can prevent these damaging effects; with copper-

nickel alloys, ferrous sulfate treatment is normally unnecessary. However, there have been 

instances where corrosion has developed in abnormal circumstances, and the ferrous sulfate 

treatment has proved to be beneficial. Besides seawater situations, beneficial effects have 

also been observed in fresh water. Studies of the films formed as a result of ferrous sulphate 

treatment indicate that lepidocrocite FeOOH is sometimes present; North and Pryor showed 

that such film provides corrosion resistance to copper surfaces [111]. 

Chlorination 

As already referred, chlorine treatments are used to control biofouling and slime 

formation in coastal power plants. General experience indicates that Cl2 concentration in the 

range of 0.2-0.5 ppm will control biofouling with no effect on the corrosion of copper-nickel 

alloys [112]. Excessive chlorination, however, can damage copper alloy tubing. 

In solutions containing Cl-, the corrosion products developed on copper are mainly the 

chloro-complexes, which form a non-adherent layer on the metallic surface.  

In chlorinated seawater, Klein et al. [113] found that 70Cu-30Ni alloy exhibited a 

better corrosion resistance in seawater added with 1 ppm of chlorine. In addition, in a high 

chlorine-containing environment (chlorine concentration = 90 ppm), the corrosion rate was 

found to be increase significantly. 

1.3.8 EFFECT OF SUSPENDED PARTICLES AND MUD 

In flowing seawater, suspended particles increase the erosion-corrosion rate of Cu-Ni 

alloys. Sand is common in seawater and high amount can be harmful to copper alloy tubing 

and can damage the protective oxide film. Damage to Cu-Ni alloys increases with the size 

and the sharpness of the sand [114]. The presence of suspended solids will clearly represent 

a factor that will further damage the protection of corrosion product layers [108, 114]. The 

70Cu-30Ni (C71500) has higher resistance to liquid/solid 2-phase flow than Al brass 

(C68700) [115]. 

Mud has no abrasive effect on the corrosion film, but can be very damaging for Cu-Ni 

alloys if allowed to deposit in tubing and remain in place over substantial periods of time.  At 

velocities below 1 m.s-1, experience has shown that corrosion failures can be expected within 

6-12 months unless frequent cleaning succeeds in removing deposits before under deposit 

corrosion initiates [116]. What is believed to happen in deposit is, first, oxygen depletion in 

the inner part of the deposit next to the tube surface. The upper layer of the deposit remains 

aerobic with active bacteria. Secondly, after the inner layer is depleted in oxygen, sulphate 
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reducing bacteria become increasingly active, generating sulfides. As the sulfide 

concentration increases, the protective film, already weakened by the absence of oxygen, 

begins to break down and a general pitting type of attack follows. This is generally referred to 

as microbiologically influenced corrosion (MIC). 

1.3.9 EFFECT OF BIOMOLECULES 

A biomolecule is any molecule that is produced by a living organism, including large 

macromolecules such as proteins, polysaccharides, lipids, and nucleic acids, as well as small 

molecules such as primary metabolites, secondary metabolites, and natural products. 

Natural seawater contains biomolecules so, the influence of biomolecules adsorption, which 

is the first step in biofilm formation, is one important factor to be considered.  

Bovine serum albumin (BSA) is a serum protein derived from cows. It is often used as 

model protein to study protein-surface interactions, due to its low cost and to a good 

knowledge of its properties. BSA is a globular protein with a molecular weight of 66,43 kDa 

(66430 g.mol-1). 

A number of investigations is specifically focused on the interactions between BSA 

and copper or other metals [117-119]. Pinto et al. studied BSA adsorption on copper and 

oxidized copper surfaces by electrochemical impedance and quartz crystal microbalance 

[117]. Authors concluded that the influence of BSA depends on the presence or absence of 

oxygen and on the applied potential (which determines the amount of copper ions released 

from the surface). Svare et al. studied the effect of proteins (alanine, bovine plasma albumin, 

and cystine) on the passivation of nickel and copper [118]. The results showed that the 

presence of cystine inhibited the passivation of nickel and improved the passivation tendency 

of copper. Clark and Williams studied in buffered saline solution with and without proteins 

(serum albumin and fibrinogen), the corrosion of the pure metals: aluminum, cobalt, copper, 

chromium, molybdenum, nickel, and titanium [119]. The corrosion of aluminum and titanium 

was unaffected by the proteins. In the presence of proteins, the corrosion rates of chromium 

and nickel were slightly higher, while cobalt and copper dissolved to a very much greater 

extent. 

1.4 AIM OF THIS THESIS AND RESEARCH STRATEGY 

This thesis is performed in the framework of the BIOCOR project, in the sub-project 3 

focusing on biocorrosion problems of cooling condensers in power plants. BIOCOR ITN aims 

to study biocorrosion issues by bringing together researchers with different scientific 
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backgrounds in the area of biocorrosion, with a problem oriented approach “from the field 

through the lab to the field”. The research methodology is based on multidisciplinary 

knowledge, from chemistry, electrochemistry, material science and microbiology.  The field 

problems due to biocorrosion are raised by industry, then related applied research work was 

performed in the lab, and finally, useful results are expected to solve the questions as a 

benefit for the industry (Figure 1-12).  

This thesis was set against the background of the industry with much activity studying 

the performance and main problems present on cooling circuits of power plants: biofilm 

formation and subsequently biofouling of copper alloys used in heat exchangers and 

specially the mechanisms of corrosion involved on this materials used as piping material in 

cooling seawater systems. As a matter of fact, many failure events affecting copper alloys in 

heat exchanging plants were reported in the recent years due to MIC [120].  

It was found that against this background it would be of interest to study 70Cu-30Ni 

and Al brass alloys, in which good general corrosion resistance is known, but some theoretic 

mechanisms must be explored. These two materials were chosen, due to their extensive use 

as condenser and heat exchanger tubing materials in power plants.  

The objective of the thesis has been focused on some possible mechanisms 

potentially influencing, negatively or positively, the corrosion behavior of copper alloys: 

a)  a negative biofilm action that can inhibit a protective oxide layer growth on the 

metallic surface by locally changing pH or by creating differential aeration cells (anodic 

effects);  

b)  a positive oxidant action (by chlorine and bromine) that can inhibit the biofilm 

growth (biocide effect) allowing the formation of a protective film adherent to the metal 

surface; 

c) a negative action of both biofilm and chlorine that increase the cathodic reaction 

and, consequently, the global corrosion process of the alloy. 

1.5 THESIS OUTLINE 

This chapter presents an introduction to cooling water systems in power supply 

facilities, their importance in power plants, the types of cooling water systems, and the 

materials commonly used in the manufacture of cooling circuits.  An introduction to corrosion 

of copper and copper alloys associated with cooling circuits, and the effect of different 
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parameters on the corrosion behavior of 70Cu-30Ni alloy and Al brass completed the 

chapter. 

After this first chapter, this thesis involves five parts, as follows (Figure 1-12): 

a) Chapter 2 details the metallic materials and electrolytes which were studied, as well 

as the experimental methods and the procedures used in this PhD  

b) Chapter 3 presents the results related to field experiments. In this chapter, the on-line 

monitoring of the corrosion behavior of 70Cu-30Ni alloy and Al brass in real industrial 

conditions is reported as well as off-line measurements (weight loss measurements 

and genetic studies). 

c) In Chapter 4, the influence of solution (natural seawater vs artificial seawater) and of 

biomolecule concentration on the electrochemical behavior of 70Cu-30Ni alloy and on 

the chemical composition of oxide layers is discussed. For that purpose, filtered 

natural seawater (FNSW) and artificial seawater (ASW), either without any 

biomolecule or added with bovine serum albumin (BSA), were chosen. An impedance 

model for the 70Cu-30Ni/seawater system at the corrosion potential (Ecorr) is 

presented. 

d) In Chapter 5, the effect of hydrodynamics (static conditions, under flow and stirring, 

and using a rotating ring electrode (RRE)) on the electrochemical behavior of 70Cu-

30Ni and Al brass alloys in ASW and FNSW, and on the surface chemical 

composition is discussed. Impedance models for the Al brass/seawater system, in 

static conditions and using the RRE, are presented. 

e) At last, Chapter 6 deals with the effect of pH (ranging from 3.7 to 8.0) on the 

electrochemical behavior of both alloys in static FNSW and on the chemical 

composition of oxide layers.  

 



CHAPTER 1. SCIENTIFIC BACKGROUND  

M.L.CARVALHO   35 

 

 

Figure 1-12: Outline of the thesis and objective of each chapter. This also illustrates the BIOCOR 

project approach: from the field, through the lab, to the field (NSW = Natural seawater without 

chlorination; TNSW = Treated natural seawater, with chlorination; FNSW = Filtered natural seawater; 

ASW = Artificial seawater; ASW+BSA = Artificial seawater with 20 mg.L-1 of bovine serum albumin; 

XPS = X-ray photoelectron spectroscopy and ToF-SIMS = time-of-flight secondary ion mass 

spectrometry). 



CHAPTER 2. MATERIALS AND METHODS  

M.L.CARVALHO   36 

 

CHAPTER 2 – MATERIALS AND METHODS 

2.1 STUDIED METALLIC MATERIALS AND ELECTROLYTES 

The metallic materials investigated in this PhD are two copper alloys which are 

extensively used in a variety of marine industries, especially as piping materials:   70Cu-30Ni 

(wt. %) and aluminum brass.  

Both materials were collected from power plants as new tubes, and then cut in 

different shapes as a function of performed tests (seawater exposition, electrochemical 

measurements or surface analyses).  

There are several possible approaches to study the corrosion of copper in marine 

environments; those selected in this PhD are presented in Figure 2-1. The experimental work 

was divided into two parts: field experiments and laboratory experiments. The different 

experiments were performed at different places, as indicated in Figure 2-1. 

 

 

Figure 2-1: Experimental methods and places where the measurements were performed. (RSE SpA = 

Ricerca sul Sistema Energetico, Milan, Italy; UoP = University of Portsmouth, Portsmouth, UK; LPCS 

= Laboratoire de Physico-Chimie des Surfaces, Paris, France; LISE = Laboratoire Interfaces et 

Systèmes Electrochimiques, Paris, France; corrE = corrosion potential; LPR = linear polarization 

resistance; EIS = electrochemical impedance spectroscopy; XPS = X-ray photoelectron spectroscopy 

and ToF-SIMS = time-of-flight secondary ion mass spectrometry). 
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2.1.1 METALLIC MATERIALS  

70Cu-30Ni alloy 

The 70Cu-30Ni (wt. %) alloy was collected from a power plant in the form of tubes 

(condenser tubes; Figs. 2-2(a) and (b)) with 2.54 cm external and 2.28 cm internal diameter. 

The chemical composition of this alloy is reported in Table 2-1. 

 

Table 2-1: Chemical composition of the 70Cu-30Ni (wt. %) alloy. 

Alloy Weight (%) 

70Cu-30Ni 
Cu Zn Ni Al As Fe Mn 

68.5 - 30 - - 0.7 0.8 

 

From these tubes, different types of samples and electrodes were prepared (Fig. 2-

2(c)). Table 2-2 summarizes the different samples geometries as a function of performed 

tests. 

 

 

Figure 2-2: (a) Heat exchanger inside a power plant facility, (b) condenser tubes and (c) samples cut 

from condenser tubes. 

 

(a) (b) 

(c) Condenser tube 

Disk cut from 

condenser tube 
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Scanning Electron Microscopy (SEM) micrographs of a 70Cu-30Ni polished sample 

are given in Figure 2-3. These images show a homogeneous distribution of Cu and Ni along 

the surface and hence a homogeneous surface chemical composition of the alloy. 

 

Table 2-2: 70Cu-30Ni samples geometry, as a function of performed tests. 

Tests 
Seawater 

expositions 

Electrochemical tests Surface analyses 

Field 
experiments 

Static 
conditions 

RRE SEM XPS 
ToF-
SIMS 

Samples 
geometry 

6cm-long 
tubes 

4cm- and 
6cm-long 

tubes 

1.2 cm 
diameter 

disks 
(flattened) 

1cm-
long 
tubes 

¼  of a 
tube 

(1cm-
long) 

1.2 cm diameter 
disks (flattened) 

 

  

(a) (b) 

  

(c) (d) 

Figure 2-3: SEM micrographs of a 70Cu-30Ni polished sample: (a) surface overview (secondary 

electrons; scale: 2μm), (b) Cu and Ni distribution (scale: 60 μm), (c) Cu distribution (scale: 60 μm) and 

(d) Ni distribution (scale: 60 μm). 
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Aluminum Brass 

The Al brass alloy (76% Cu, 22% Zn and 2% Al) was collected from a power plant in 

the form of tubes (condenser tubes) with 2.54 cm external and 2.26 cm internal diameter. 

From these tubes, different types of electrodes were built (Fig. 2.2(c)), depending on the 

tests (surface analysis, electrochemical measurements…). 

 

Table 2-3: Al brass samples geometry as a function of performed tests. 

Tests 
Seawater 

expositions 

Electrochemical 
measurements 

Surface analyses 

Static 
conditions 

RRE SEM XPS ToF-SIMS 

Samples 
configuration 

6cm-long 
tubes 

1.2 cm diameter 
disks (flattened) 

1cm-
long 
tubes 

¼  of 
a tube 
(1cm-
long) 

1.2 cm diameter disks 
(flattened) 

 

SEM analysis performed with an Al brass polished sample shows a homogeneous 

distribution of Cu, Zn and Al along the surface (Fig. 2-4). 

 

  

(a) (b) 

Figure 2-4: SEM micrographs of an Al brass polished sample: (a) surface overview (secondary 

electrons; scale: 60μm), (b) Cu, Zn and Al distribution (scale: 60 μm). 

 

2.1.1.1 FIELD EXPERIMENTS - ELECTRODES AND SURFACE PREPARATION 

For the corrosion rate estimation, a probe with 5 tubular electrodes (3 x 6cm-long 

70Cu-30Ni tubes + 2 x 4cm-long 70Cu-30Ni tubes), with an electrical connection by means 

of Cu wires soldered to the rear side of the samples, as shown in Figure 2.5. Before 

exposition to seawater, each specimen was named by letter and one number, using an 
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electric writing pen. The five electrodes were placed inside a plastic tube, leaving a distance 

of about 2 cm between each and, in order to insure tightness, stainless steel “ties” were 

used.  

 

 

(a) 

 

(b) 

Figure 2-5: Five tubular electrodes used for the corrosion rate determination: (a) outside and (b) 

inside a plastic tube. 

 

All samples and electrodes used in field experiments were not polished only 

degreased (5 min in acetone). 

 

2.1.1.2 LABORATORY EXPERIMENTS - ELECTRODES AND SURFACE PREPARATION 

Experiments in static conditions: 

Disks were cut from real condenser tubes (70Cu-30Ni and Al brass) and then 

flattened at Chimie ParisTech. The geometrical surface area exposed to the solution was 

0.28 cm2, and the tightness between the disk and the sample holder was ensured by a 

Viton® O-ring (Figure 2-6). 

Cu wire 

Stainless steel “ties” 

Plastic tube 

Electrical connection 

(Cu wire) 
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Before electrochemical measurements, samples were mechanically polished with SiC 

papers down to grade 1200, then degreased in an ultrasonic bath three times in acetone for 

10 min, once in ethanol for 10 min, and once in ultra-pure water for 10 min, dried under an 

argon flow, and finally exposed to UV for 20 min. 

 

 

Figure 2-6: Sample holder used for electrochemical tests in static conditions. 

 

Experiments with a Rotating Ring Electrode (RRE) 

For electrochemical measurements in well-controlled hydrodynamic conditions, 

rotating electrodes were used. In order to work with the industrial alloys and not to buy 

commercial rods, rotating ring electrodes (RRE) and not rotating disk electrodes (RDE) were 

designed from real condenser tubes. Such RRE could be mounted on the rotating system 

available at LISE.  

In order to protect the sidewall of the electrodes and to avoid corrosion, cataphoretic 

paint was deposited on the alloy surface. Cataphoresis is a process of painting by 

immersion, which is based on the movement of charged particles in an electric field towards 

an oppositely charged pole (metallic surface to be painted). Before applying the process, the 

electrode surface (1cm-long 70Cu-30Ni and Al brass tubes) was degreased with acetone. 

After deposition, the paint was heated at 140ºC for 1h, to achieve polymerization. Once 

cooled down, the samples were mounted on an electrical copper connector and embedded in 

a non-conducting epoxy resin. Thus, the working electrode is the tube section exposed to the 

solution and its geometrical surface is 0.97cm2 (Figure 2-7). 

Samples were mechanically polished with SiC papers down to grade 1200, then 

degreased in an ultrasonic bath three times in acetone for 10 min, once in ethanol for 10 min, 

and once in ultra-pure water for 10 min, and finally dried under an argon flow. 

Bakelite cap 

PCTFE  

(or KEL’F) 

Stainless steel 
Bakelite cap 
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Figure 2-7: Rotating Ring Electrode (RRE) for the measurements in well-controlled hydrodynamic 

conditions. 

 

Surface analysis  

Before surface analysis, without or with previous electrochemical treatment, samples 

were mechanically polished first with SiC papers down to grade 1200, then with 6 μm, 3 μm, 

and 1 μm diamond pastes. Their subsequent treatment was the same as before 

electrochemical measurements. 

After electrochemical treatment the samples were gently dipped in ultra-pure water 

three times in order to remove salts and loosely bound organic matter, and then dried with 

argon. 

2.1.2 ELECTROLYTES 

All electrolytes were used in aerated conditions. 

2.1.2.1 FIELD EXPERIMENTS 

 NATURAL SEAWATER (NSW) 

Field experiments were performed in industrial sites, thermoelectric power plants, 

located in Italy. A bypass in the condenser allowed to study two different solutions: the inlet 

seawater (natural seawater), before any chlorination treatment or other kind of treatment and 

the outlet water from the condenser (treated natural seawater). 

Seawater comes from the Tyrrhenian Sea and presents a pH of 8.2, maximum 

temperature in the plant from 32 to 39 ºC and a dissolved oxygen concentration from 4 to 8 

ppm. Regular analyses of seawater were not performed, with the exception of pH and 

conductivity, so that traces of nitrates or ammonia cannot be excluded. However, previous 

Epoxy resin 

Condenser tube 0.5 cm 

Working 

electrode 
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analysis (as reported by plant operators) indicated nitrates and ammonia concentrations 

always lower than 0.1 ppm. 

 TREATED NATURAL SEAWATER (TNSW) 

An anti-fouling treatment is carried out in the cooling circuit by use of chlorine 

intermittent dosages: a commercial product based on sodium hypochlorite is dosed in order 

to achieve a total residual oxidant concentration of 0.4-0.8 mg/L in the water exiting the 

condenser. The dosing occurs every 6 hours, each one lasting 0.5-1 hour, depending on the 

season. 

2.1.2.2 LABORATORY EXPERIMENTS 

 FILTERED NATURAL SEAWATER (FNSW) 

Three different solutions were used in this work. Seawater was collected in the power 

plant previous mentioned, filtered at 1μm and kept in the fridge until use. This filtered water 

contains no more bacteria, but still biomolecules naturally present in seawater. For 

experiments presented in Chapter 6, seawater pH was adjusted by adding HCl at 0.1M. 

 ARTIFICIAL SEAWATER (ASW) 

Artificial seawater was used for laboratory experiments (ASW; composition (g/L): 

NaCl (24.615), KCl (0.783), Na2SO4 (4.105), MgCl2 (H2O)6 (11.060), CaCl2 (1.160), NaHCO3 

(0.201); pH = 8.0; ionic strength = 0.7155 M). 

 ARTIFICIAL SEAWATER + BSA (ASW+BSA) 

In order to study the influence of biomolecules naturally present in seawater on the 

electrochemical behavior and the surface chemical composition of copper alloys, bovine 

serum albumin (BSA), which is a model protein often used to study protein-surface 

interactions, was added to ASW with a concentration of 20 mg.L-1 (about 99% purity 

(Fraction V); Sigma-Aldrich). 

2.2 EXPERIMENTAL METHODS 

In this sub chapter, the general electrochemical approach that was used for this 

thesis is presented. All the experiments in laboratory were carried out on duplicate. 

Laboratory and field experiments were carried out at room temperature. 

2.2.1 FIELD EXPERIMENTS 

2.2.1.1 ON-LINE MEASUREMENTS 
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 ELECTROCHEMICAL CELL 

Potentiostatic electrochemical techniques apply an input potential (DC or AC) and 

measure the output current or simply do not perturb the system and measure the natural 

potential also called open circuit potential (OCP) or corrosion potential ( corrE ). For this 

purpose, an electrochemical cell is needed and can consist of two, three or four electrodes 

immersed in an electrolytic solution. Electrodes are classified into three categories, 

depending on their function: working electrode, reference electrode, and auxiliary or counter 

electrode. 

The working electrode (WE) is the sample under study. The reference electrode (RE) 

provides a constant potential and allows to measure or to apply the potential of the working 

electrode. Finally, the auxiliary or counter electrode (CE) allows the electrical current to flow 

through the cell; this electrode usually consists of a large surface area material, often made 

of platinum, corresponding to very low impedance. The simplest electrochemical cells consist 

of two electrodes, a working electrode and a counter electrode.  

In Figure 2-8, a three-electrode electrochemical cell is shown, consisting of an 

electrolyte (ionic conductor), a working electrode, a counter electrode and a reference 

electrode. In some electrochemical cells, mass transport needs to be controlled; for that 

purpose, rotating working electrodes (disks, rings…) can be used, the rotation speed of 

which is carefully monitored [121]. 

 

 

Figure 2-8: Three-electrode electrochemical cell. 

 

CE          WE      RE 

Potentiostat 

Electrolyte 
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In field experiments, the electrochemical cell is made of five new 70Cu-30Ni 

specimens cut from a condenser tube. It was designed to maintain a symmetric circulation of 

the polarization current and to keep the working electrodes in the same conditions (flow rate 

and geometry) as the real operating condenser tubes (Figure 2-9). It is in agreement with the 

ASTM G96-90(2001)-mode B and ASTM G102-89(1999) standards. 

 

 
 

(a) (b) 

Figure 2-9: Electrochemical cell used for the corrosion rate determination by the Linear Polarization 

Resistance (LPR) method: (a) schema of the LPR method and (b) image of the electrochemical cell 

inserted in a test line. 

 

 CORROSION POTENTIAL (ECORR) VS IMMERSION TIME 

The open circuit potential or corrosion potential ( corrE ) is the potential difference 

between the material under study (WE) and a reference electrode (RE) at zero net current. 

Its value depends on different factors:  the nature of the working electrode, the chemical 

composition of the electrolyte, the temperature and the hydrodynamic conditions. The 

corrosion potential of 70Cu-30Ni copper electrodes in natural seawater was measured, as a 

function of immersion time, against a “home made” Zn reference electrode, as reported in 

figure 2-10. Usually it is not advisable to use Zn as a reference electrode because it is a very 

active metal and it does not reach equilibrium. Exception can be made when used in clean 

and oxygenated seawater, for which the accuracy is sufficient. 
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Figure 2-10: Electrodes configuration for the measurement of the corrosion potential vs a Zn 

electrode during field experiments (on-line measurements). 

 

 LINEAR POLARIZATION RESISTANCE (LPR) 

A polarization resistance, PR , can be used to determine the resistance of a metal or 

an alloy against corrosion. 

Polarization of an electrode causes current to flow due to electrochemical reactions 

induced at the electrode surface. The polarization resistance is defined by the following 

equation: 

corrE

P
i

E
R 












   (2.1) 

where, E  is the variation of the applied potential around the corrosion potential and 

i  is the resulting current. The polarization resistance is defined as the inverse of the slope 

of the current-potential curve at open circuit or corrosion potential, and can be related to the 

corrosion current, corri , by the Stern-Geary relationship [122]: 

corr

P
i

B
R 

  (2.2) 

where for a particular system, the proportionality constant, B, can be determined 

either empirically (from weight loss measurements) or, as shown by Stern and Geary, from 

the anodic and the cathodic Tafel constants, ab and cb , respectively (in V/decade), as 

follows: 

 ca

ca

bb

bb
B




303.2
  (2.3) 

Voltmeter 

WE 

70Cu-30Ni 70Cu-30Ni   Zn 

RE 

Plastic tube 
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The Tafel constants can be evaluated experimentally from the polarization curves. 

Thus, when the anodic and the cathodic reactions are in one step and tafelian i.e. totally 

limited by charge transfer (no limitation by mass transport), the corresponding polarization 

curves plotted in semi-logarithmic coordinates (log IiI vs E) are straight lines with 1/ba and -

1/bc slopes, respectively (Tafel slopes).  

The polarization resistance values were computed by analyzing polarization curves 

plotted from -10 to +10mV with respect to the corrosion potential, in linear coordinates. Only 

the linear region of the curves was taken into account. From the values of PR , the corrosion 

current density was estimated by application of equation (2.2). 

The software calculates the corrosion rate, Vcorr, expressed in μm/y using the 

correlation factor BK = 250, determined experimentally by comparison between the integral 

of the inverse of polarization resistance ( PR ) vs time and the weight loss of the same 

electrode during many trials.  

 ym
AR

V
P

corr /
250

   (2.4) 

where PR  is expressed in kΩ and the surface area (A) in cm2. 

The variation of B, using different samples with increasing exposition times to 

seawater, is less than 20% (result taken from experiments of several previous campaigns), 

which is acceptable. It should be emphasized that the estimation of corrosion rates is based 

on the assumption that the total exposed surface of the sample corrodes uniformly. 

 

2.2.1.2 OFF-LINE MEASUREMENTS 

 WEIGHT LOSS MEASUREMENTS 

The simplest way of measuring the corrosion rate of a metallic material is to expose 

the sample to the test medium (sea water) and to measure the loss of weight of the material 

as a function of time.  Weight loss measurements were performed following the American 

Society for Testing and Materials (ASTM) standards [ASTM Standard Practice Gl-X2-72]. At 

the end of the experiment, coupons were cleaned by immersion in a concentrated H2SO4 

solution at 40°C. Corrosion rates were calculated from weight losses using the following 

equation, deduced from Faraday’s law: 
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 ym
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Cr /

3650





   (2.5) 

with: 

∆m: weight loss (g) = difference between “initial weight” and “weight after cleaning”; 

ρ: density of the 70Cu-30Ni alloy = 8.94 g.cm-3; 

A: sample surface area exposed to solution (cm2); 

t: exposure time (days). 

 

 GENETIC STUDIES 

In order to identify and better characterize the bacteria community present in the 

metal tubes, samples were collected after a long period (one year) and short period (2 days) 

of exposure to treated natural seawater (TNSW) and natural seawater (NSW). Molecular 

techniques including DNA extraction, polymerase chain reaction (PCR) of 16S rRNA gene, 

denaturing gradient gel electrophoresis (DGGE) and sequencing were used (Figure 2-11). 

 

Figure 2-11: Microorganisms identification: molecular biology steps. 

 

The vast majority of microbial communities in the nature has not been cultured in 

laboratory. Therefore, the primary source of information for these uncultured but viable 

organisms is their biomolecules such as nucleic acids, lipids, and proteins. Microbial 

community analysis is a quantitative molecular technique to assess microbial community 

structure and diversity. A combination of methods is used, in order to genetically characterize 

and compare microbial communities. It is based on the 16S rRNA gene in microbial DNA 

(deoxyribonucleic acid), whose sequence is used as phylogenetic and taxonomic marker. 
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Compared with standard culturing approach, this technique is quicker (few days vs 1-2 

weeks) and all microorganisms present in the sample are observed (with culturing, only 1% 

or less of the present microbes can  be grown and analyzed) [123].  

DNA extraction 

A combination of physical and chemical methods is used in the isolation and 

purification of DNA  

There are several methods for purifying DNA and they must be selected depending 

on the nature of the DNA sample and the downstream applications. There are two to three 

basic steps in DNA extraction. The first step is to lyse or break open the cell. This can be 

achieved by lysing the cells and treating these cells with a salt solution and detergents. 

These solutions break down and emulsify the lipids and proteins that find in the cell 

membrane. Finally, ethanol is added. The alcohol causes DNA to precipitate, or settle out of 

the solution, leaving behind all the cellular components that are not soluble in alcohol.  

Biofilm from 70Cu-30Ni and Al brass was collected by transferring the samples to 

sterile Petri dishes and rinsed with 0.9% NaCl. The rinsed-off solution was collected in sterile 

1.5ml eppendorf tubes and centrifuged for 5 minutes at 13,000×g (Heraeus Fresco 21, 

Thermo Scientific, UK). Supernatant was discarded and total DNA was isolated with the 

PowerBiofilmTM DNA isolation kit (Mo BIO Laboratories, UK) according to the 

manufacturer’s instructions. The kit uses a bead beating technique and incubation at 65°C 

for 5 minutes in aiding to breakdown biofilm extracellular polymeric substance matrix. The 

concentration of extracted and purified DNA was determined using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, USA). PCR was subsequently performed on the 

samples. 

Polymerase Chain Reaction (PCR) for DGGE 

In polymerase chain reaction (PCR) method, the total DNA, extracted from a sample, 

is used as a template for the characterization of microorganisms. This is a technique to 

amplify a fragment of DNA multiple times, generating thousands to millions of copies of a 

particular DNA fragment.  The PCR product generated reflects a mixture of microbial gene 

signatures from all organisms present in the sample. PCR amplification of conserved genes 

such as 16S rRNA from an environmental sample has been used extensively in microbial 

ecology primarily because these genes (1) are ubiquitous, i.e., present in all prokaryotes, (2) 

are structurally and functionally conserved, and (3) contain variable and highly conserved 

regions [124].  
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The bacterial 16S rRNA gene (550bp) was amplified using universal bacterial 

primers: 341F+GC (5`- CGC CCG CCG CGC GCG GGC GGG GCG GGG GCA CGG GGG 

GCC TAC GGG AGG CAG CAG-3`) and 907R (5`- CCG TCA ATT CMT TTG AGT TT-3) [12] 

purchased from Life Technologies, UK). PCR reactions were performed in 50 µl mixtures, 

containing 25 µl of 10x GoTaq® Green Master Mix (Promega, UK) and 1 µl of each primer 

(10 pmol/µl).  Reactions for bacterial 16SrRNA 550bp gene to be amplified were initially 

denatured at 94°C for 4 minutes; followed by a touchdown PCR: 20 cycles of 94°C for 1 

minute, 63-54°C for 1 minute and 72°C for 1 minute followed by 15 cycles of 94°C for 1 

minute, 53°C for 1 minute and 72°C for 1 minute and finally elongated for 10 minutes at 

72°C. 

Agarose gel electrophoresis 

In this method, DNA is forced to migrate through a highly cross-linked agarose matrix 

in response to an electric current. The phosphates on the DNA backbone are negatively 

charged, and the molecule will therefore migrate to the positive pole. 

Agarose gel electrophoresis was performed after PCR to determine the size of the 

PCR product by running beside a DNA marker (100bp DNA ladder, Fermentas). PCR 

products were run on 0.9% of agarose gel on 150V for 30 minutes to 1 hour to enable proper 

separation. Agarose gel was stained with SYBR® Safe DNA gel stain (Invitrogen Corp., 

USA) and viewed under UV transillumination (Alpha Innotech Corporation, USA) and Digital 

Camera (Olympus C-4000 Zoom) to ensure that the correct size fragment was amplified.  

Denaturing Gradient Gel Electrophoresis (DGGE) 

DGGE is a genetic fingerprint that generates a profile of microbial communities based 

on direct analysis of PCR products amplified from DNA [125]. The PCR products are 

electrophoresed on a polyacrylamide gel containing a linear gradient of DNA denaturant such 

as a mixture of urea and formamide [126]. 

To separate the PCR-amplified products for bacterial 16S rRNA genes (550bp), 40μl 

of PCR-amplified products was used in an Ingeny Gel Apparatus (Ingeny, Netherlands), at a 

constant voltage of 90 V for 18 hours and a constant temperature of 60°C, after an initial 15 

minutes at 200V. The standard gradient was formed of 6% polyacrylamide in 0.5xTAE 

(Trisacetic-EDTA) buffer with a gradient between 30% and 80% denaturant (7M urea and 

40% formamide defined as 100% denaturant). After electrophoresis, the gel was stained with 

12μl SYBR® Safe DNA gel stain (Invitrogen Corp.), allowed to stand in dark  for 15minutes, 

viewed under UV transilluminator, and a permanent image captured by the Alpha Innotech 

Gel Documentation System (Alpha Innotech Corporation, USA). 
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Extraction of DNA bands from DGGE gel 

All visible bands were cut from the gel using a sterile scalpel blade and transferred 

into sterile 1.5 ml microcentrifuge tubes containing 30 µl of ultra pure water to extract the 

DNA. Samples were then centrifuged at 13 000 x g for 1 minute (Heraeus Fresco 21, Thermo 

Scientific, UK) and 5 µl aliquots of supernatants were used for PCR re-amplification as 

described above. PCR products were purified using the NucleoSpin® Extract II PCR 

purification kit (Macherey-Nagel, UK) and sent to the GATC Biotech UK DNA sequencing 

service. 

2.2.2 LABORATORY EXPERIMENTS 

2.2.2.1 ELECTROCHEMICAL MEASUREMENTS 

 ELECTROCHEMICAL CELLS 

Experiments carried out in static conditions in ASW (without or with BSA) and FNSW 

The electrochemical measurements were performed with a three-electrode cell 

(Figure 2-12(a) and (b)), designed and manufactured at Chimie ParisTech, with a volume of 

solution of about 0.1 L for static conditions and about 1 L for experiments under flow and 

stirring. The working electrode was the 70Cu-30Ni alloy (disk samples), the counter-

electrode was a platinum wire, and the reference electrode was a saturated calomel 

electrode (SCE; 0.245 V vs SHE). Electrochemical measurements were performed with an 

EC-Lab SP-200 system from Bio-Logic. 

In FNSW, the electrochemical experiments were carried out in a conventional three-

electrode cell (the same as Figure 2-12), designed and manufactured at Chimie ParisTech, 

with a volume of solution of about 0.1 L. Disk electrodes cut from 70Cu-30Ni and Al brass 

condenser tubes were used as working electrodes. A saturated sulphate electrode (SSE; sat. 

K2SO4 Hg/Hg2SO4; 0.645 V vs SHE) was used as the reference electrode and a platinum 

wire as the counter electrode. Electrochemical measurements were performed with an 

AUTOLAB PGSTAT30/FRA2 system from ECO CHEMIE. 

Experiments carried out under flow and stirring in ASW and FNSW 

The electrochemical experiments carried out under flow and stirring conditions were 

performed under the same conditions as the previous described, being the main difference 

the volume of solution (Figure 2-12 (c)). For that, a volume 10 times higher than in static 

conditions was used inside the electrochemical cell (1 L instead of 100 mL); the solution was 
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continuously renewed using a peristaltic pump, with a flow rate of ~ 0.27 mL.s-1, and the 

electrolyte inside the cell was stirred using a magnetic stirrer. 

 

  

(a) (b) 

 

(c) 

Figure 2-12: Electrochemical cells used for experiments carried with ASW (without or with BSA) and 

FNSW in: (a), (b) static conditions and (c) under flow and stirring. 

 

Experiments carried out with a RRE in ASW and FNSW  

The electrochemical cell is very similar to that used in static conditions. The volume of 

the solution was about 0.800 L. The working electrode was the 70Cu-30Ni alloy or Al brass 

RRE, the counter-electrode was a carbon sheet, with a large surface area, and the reference 

electrode was a SSE. Electrochemical measurements were performed with an SOTELEM 
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potentiostat (for steady-state polarization curves) or with an AUTOLAB PGSTAT30/FRA2 

system from ECO CHEMIE (EIS diagrams). 

 

  

Figure 2-13: Electrochemical cell used for experiments carried out with a RRE in ASW and FNSW. 

 

 CORROSION POTENTIAL (ECORR) VS IMMERSION TIME 

The corrosion potential ( corrE ) was measured during the first hour of immersion, 

using a SCE or a SSE as reference electrode depending on the electrochemical cell. This 

technique does not provide mechanistic information and it is recommended to use it with 

other electrochemical techniques such as polarization curves and electrochemical 

impedance spectroscopy. 

 POLARIZATION CURVES 

A potentiodynamic scan is a transient electrochemical method that consists of 

imposing between the working electrode and the reference electrode a potential ramp 

(discrete and successive values or linear ramp), and recording the resulting current. Thereby, 

a current-potential curve, also called polarization curve, can be plotted, that gives information 

about involved electrochemical processes. The scan rate is a key parameter for these 

techniques. Thus, if the scan rate is too high, important kinetic data may not be captured, but 

if the scan rate is too low, the experiment can become very long. In this work, a scan rate of 

0.5 mV.s-1 was chosen to plot pseudo steady-state polarization curves.  

These curves were compared to steady-state ones which were plotted point by point. 

In that case, each applied potential was kept constant during about 10 minutes and the 

corresponding current density was recorded after that stabilization time. 
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Cathodic and anodic polarization curves were plotted separately from the free 

corrosion potential, corrE , by means of a potentiostat.  

If the anodic and cathodic polarization curves, in semi-logarithmic coordinates, exhibit 

linear domains close to corrE , the corrosion current density can be extracted from 

polarization curves in case of Tafel behavior (one step reactions totally limited by charge 

transfer). The intersection of the two extrapolated lines gives corri  from which the corrosion 

rate can be determined. Table 2-4 shows values found in the literature for the Tafel constants 

for copper in aerated natural and artificial seawaters. 

 

Table 2-4: Tafel constants for pure copper in aerated chloride media. 

Electrolyte 
Hydrodynamics 

conditions 
ba (V.decade-1) bc (V.decade-1) Reference 

NSW* and ASW** RCE▲ 0.062 -0.100 [127] 

NSW Static 0.067 -0.046 [104] 

NSW 
ASW 

RDE▼ 
0.063±0.001 
0.066±0.002 

-0.134 [45] 

(*NSW = natural seawater; **ASW = artificial seawater; 
▲

RCE = Rotating cylinder electrode; 
▼

RDE = Rotating disk electrode) 

 

 LEVICH AND KOUTECKY-LEVICH METHODS 

The aim of a kinetic study is to determine the electrochemical reaction mechanisms 

and to quantify its characteristic parameters: charge transfer rate constants and coefficients, 

and mass transport parameters (diffusion coefficients). The Koutecky-Levich method is 

frequently used to determine the mass transport parameters [128].  

Hydrodynamic devices use convection to enhance the rate of mass transport to the 

electrode. Forced convection usually results in increased currents and removes the small 

random contribution from natural convection. Figure 2-14 shows the two kinds of flow 

behavior through a pipe: the well-defined laminar conditions (Figure 2-14(a)) and turbulent 

conditions (Figure 2-14(b); flow is essentially random and unpredictable). 

 

  
(a) (b) 

Figure 2-14: Flow behavior through a pipe: a) laminar and b) turbulent behavior. 
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The transition between laminar and turbulent flow can be predicted using the concept 

of the Reynolds number, Re [129]. When laminar flow prevails, the fluid dynamics within the 

cell can be predicted by the Navier-Stokes equations [130], and then the concentration of the 

reagents and the relationship between the current and the transport rate within the cell can 

be calculated. If Re > 105, the flow is considered turbulent; so, in order to work in laminar 

conditions, Re must be lower than 105.  

To precise the kind of flow, in the case of a RRE, the Reynols number is defined as 

[131]: 

 


2

0Re
RR 

   (2.6) 

where Ω is the electrode rotation speed in rad.s-1, R0 is the ring inner radius in cm, ΔR 

is the ring thickness in cm2 and n the kinematic viscosity of the fluid in cm2.s-1 (for seawater 

is equal to 10-2 cm2.s-1, at 20°C). 

For 70Cu-30Ni and Al brass,  2

0 RR   is equal to 1.96 and 1.99 respectively and 

applying equation (2.6), Ω is equal to 427 and 416 rad.s-1. Taking into account that 1tr.min-1 = 

(2π)/60 rad.s-1, the rotation rate in rpm must be lower than 4081rpm for 70Cu-30Ni and 

3977rpm for Al brass, in order to work in laminar conditions. 

The rotating disk electrode (RDE) is the most commonly used electrode configuration 

in electrochemical studies since it yields a constant and homogeneous stirring near the disk 

and allows a perfect control of hydrodynamics.  

A rotating disk electrode in laminar flow conveys a steady state stream of species 

from the bulk solution to the electrode surface (Fig. 2-15). While the bulk solution far away 

from the electrode surface remains well-stirred by the convection induced by the rotation, the 

portion of the solution near the electrode surface tends to rotate with the electrode. Thus, if 

the solution is viewed from the frame of reference of the rotating electrode surface, then the 

solution appears relatively static. 
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Figure 2-15: Flow movement induced by a rotating disk electrode. 

 

The movement of an ion or a molecule to the electrode surface is dominated by 

convection in the bulk solution and diffusion across a very thin layer of solution immediately 

adjacent to the electrode known as the diffusion layer.  

The first mathematical treatment of convective and diffusion towards a rotating disk 

electrode was given by Levich [132].  He showed that for a reaction totally limited by mass 

transport occurring on a RDE, the limiting current (IL) increases in absolute value with the 

square root of the rotation speed (Ω). The Levich method consists of plotting IL as a function 

of Ω1/2 (Levich plot). For a Rotating Ring Electrode (RRE), the oxidation limiting current of 

species R (anodic reaction) is given by: 
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and the reduction limiting current of species O (cathodic reaction) is given by: 

    2132
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 (2.8) 

where n is the number of exchange electrons (4 in the case of the reduction of dissolved 

oxygen); F is the Faraday constant (96485 C.mol-1); 









3

4
 for a Newtonian fluid3 is equal to 

                                                           
3
 Newtonian fluids are the simplest mathematical models of fluids that account for viscosity. 

Ω 
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~ 0.893; a0 for a Newtonian fluid is equal to 0.51021599;  OR,  the bulk concentration of 

species R or O; DR,O the diffusion coefficient of species R or O; ν the kinematic viscosity; Ri is 

the internal radius; Ri+∆R the external radius. 

From Equations (2.7) and (2.8), the 
a

LI  or 
c

LI vs 2
1

  plot result in a straight line with 

anodic or cathodic, Las  or Lcs respectively, slop given by: 
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If the solution kinematic viscosity is known (usually, of the order of 10-2 cm2.s-1 in 

aqueous solutions at room temperature), from the slopes of the 
ca

LI ,
 vs 2

1

  curves it is 

possible to determine the values of the diffusion coefficients DR,O. More details will be given 

in Chapter 5. 

In case of side oxidation or reduction reactions of the solvent or of the supporting 

electrolyte, the expression for the current of a reaction partially limited by mass transport 

(mixed kinetics) as a function of the rotation speed is given by the following general 

relationship [133]: 

21

1



CB

AI
  (2.11) 

with  

A: non-diffusional current, independent of Ω (protons reduction current, for example) 

B: inverse of the electronic transfer current (It infinite Ω) 

IIB t 1lim/1


   (2.12) 

CΩ-1/2: inverse of the diffusion-convection limiting current (infinitely fast electronic transfer)  

C: inverse of the Levich coefficient (
1

Las  or 
1

Lcs )   

In order to determine A, B and C  at a given electrode potential, we must plot I as a 

function of Ω1/2, and the intercept gives the value of A (Figure 2-16). 
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Figure 2-16: Levich plot (  21 fI ). 

 

Then, plotting (I-A)-1 as a function of the inverse of the square root of rotation speed 

(Ω-1/2) yields a straight line with an intercept equal to B and a slope equal to C (Figure 2-17). 

From C it is possible to determine the value of the diffusion coefficient of the considered 

species. 

 

 

Figure 2-17: Koutecky-Levich plot (    211 
 fAI ). 
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 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique, often 

used to understand the interfacial behavior of electrochemical systems, being so one of the 

most common techniques in corrosion studies. 

Impedance definition: concept of complex impedance 

Electrical resistance is the ability of a circuit element to resist the flow of electrical 

current. Ohm's law defines resistance in terms of the ratio between voltage, E, and current, I. 

The use of this relationship is limited to only one circuit element, the ideal resistor. An ideal 

resistor has several simplifying properties: it follows Ohm's law at all current and voltage 

levels, its value is independent of frequency, and AC current and voltage signals though a 

resistor are in phase with each other. 

However, there are circuit elements that exhibit much more complex behavior, so that 

the simple concept of resistance must be replaced by impedance. Electrochemical 

impedance is usually determined by applying an AC (sinusoidal) potential or current to an 

electrochemical cell and then measuring the current or the potential, respectively, through 

the cell. The response to this perturbation potential/current signal is an AC current/potential 

signal that can be analyzed as a sum of sinusoidal functions (Fourier series). 

Electrochemical impedance is usually measured using a small excitation signal, so 

that the cell response is pseudo-linear. For a linear system, the current response to a 

sinusoidal potential is a sinusoidal signal with the same frequency as the potential but shifted 

in phase (Figure 2-18). 

 

 

Figure 2-18: Sinusoidal current response of a linear system. 
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The excitation time signal, Et, at a constant polarization potential, is given by: 

 tEEt sin0
  (2.13) 

Where E0 is the amplitude of the signal (independent of frequency) and ω is the angular 

frequency. The relationship between the angular frequency ω (in rad.s-1) and the frequency f 

(in Hz) is: 

f 2   (2.14) 

For a linear system, the response signal, It, is given by: 

   tII t sin0   (2.15) 

with I0 the amplitude (dependent on ω) and φ the phase-shift. 

 An expression analogous to Ohm's law allows calculating the impedance of the 

system which is a complex number defined at each frequency by: 

 
 
 

   



  sincos

0

0 j
I

E
eZ

I

E
Z j 

  (2.16) 

The impedance is therefore expressed in terms of a modulus, IZI, and a phase shift, 

φ, or in terms of a real part, Zr, and an imaginary part, Zj. 

      ir jZZZ    (2.17) 

The combination of a phase-sensitive detector and a frequency response analyzer is 

the method usually used in EIS measurements today. In a three-electrode system, the 

potentiostat applies, at a constant DC potential, a sinusoidal potential of small amplitude. 

Then the current response is compared with original input signals in the analyzer. Through 

the response analyzer, the real and imaginary parts of the electrochemical impedance of the 

system under study are obtained. This method is appropriate for a frequency range between 

10-4 and 106 Hz.  

If we plot the applied sinusoidal signal Et on the X-axis of a graph and the sinusoidal 

response signal It on the Y-axis, the result is an oval (Figure 2-19). This oval is known as a 

“Lissajous figure”. Analysis of Lissajous figures on oscilloscope screens was the accepted 

method of impedance measurement prior to the availability of modern EIS instrumentation.  
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Figure 2-19: Origin of Lissajous Figure. 

 

Data representation 

The expression for Z(ω) is composed of a real and an imaginary part. If the real part 

is plotted on the X-axis and the opposite of the imaginary part is plotted on the Y-axis of a 

chart, we get a Nyquist Plot. The Nyquist plot shown in Figure 2-20(a) exhibits one semi-

circle, characteristic of a single time constant. Electrochemical impedance plots often contain 

several semi-circles. It must be noticed that in this plot, the Y-axis is negative and each point 

is the impedance at one frequency. 

 

 

 

(a) (b) 

Figure 2-20: EIS representation: (a) Nyquist plot with impedance vector (b) Bode plots (with one time 

constant). 
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On the Nyquist plot, the impedance can be represented as a vector (arrow) of length 

|Z|. The angle between this vector and the X-axis, commonly called the phase angle is 

Zarg . One major shortcoming of Nyquist plots is that the frequency is an implicit 

parameter. Another representation of impedance data is Bode plots (Fig. 2-20(b)). The 

logarithm of the frequency is plotted on the X-axis and both the modulus of the impedance 

(|Z|) and the phase-shift are plotted on the Y-axis.  

 

Analysis of EIS data  

EIS data are commonly analyzed by fitting them, to an equivalent electrical circuit. 

Most of the elements in the model are common electrical elements such as resistances, 

capacitances and inductances. To be useful, the elements in the model should have a basis 

in the physical electrochemistry of the system. The general equivalent circuit of the 

electrode/electrolyte interface consists of three parts: a resistor representing the electrolyte 

resistance, Re, in series with the parallel combination of a capacitor representing the double 

layer capacitance, Cdl, and a Faradic impedance, ZF, describing the electrochemical reaction 

(Randles circuit). 

Table 2-5 lists the common electrical elements, the equation for their current versus 

voltage relationship, their impedance and some characteristics. 

The electrolyte resistance (Re), also called Ohmic resistance, is the resistance to 

current flow through the electrolyte. It is proportional to the electrolyte resistivity ρ, and to the 

thickness of the electrolyte, d, as following: 

dRe .  (2.18) 

with Re in Ω.cm
2. This parameter depends on the cell geometry.  

The charge transfer resistance (Rt) is the resistance associated with the charge 

transfer mechanism for electrode reactions. This is the resistance to electrons crossing the 

interface. It is defined as the inverse of the partial derivative of the Faradaic current density 

(jF) with respect to potential (E): 

1















E

j
R F

t

 (2.19) 

Combinations of pure resistors, capacitors, or inductors do not necessarily describe 

the response of all systems. To model the behavior of real electrochemical systems, 
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distributed elements are used, among which the constant-phase element (CPE) and the 

Warburg impedance. 

 

Table 2-5: Common electrical elements, equations for their current vs voltage relationship, their 

impedance, their characteristics and their Nyquist representation. 

Element I vs E Z Notes Nyquist representation 

Resistor IRE   RZ   

Z is independent of 
frequency, since it 
has no imaginary 
component, but only 
a real component. 
The current through 
a resistor stays in 
phase with the 
voltage across the 
resistor.  

Inductor 
dt

di
LE   LjZ   

Z increases with the 
frequency. Inductors 
have only an 
imaginary 
component. The 
current is 90 degrees 
phase-shifted with 
respect to the 
voltage. 

 Capacitor 
dt

dE
CI   

Cj
Z



1
  

Frequency behavior 
of C is opposite to 
that of L. Z 
decreases with 
increasing frequency. 
Capacitors have only 
an imaginary 
component. The 
current is -90 
degrees phase 
shifted with respect 
to the voltage. 

 

Constant Phase Element (CPE) 

The impedance response for electrochemical systems often reflects a distribution of 

reactivity that is commonly represented in equivalent electrical circuits as a constant-phase 

element (CPE) [134-136]. The impedance of a CPE is given by: 

  
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It is defined by two parameters Q and α.  It can be reduced to a pure resistor, capacitor or 

inductor when α = 0, α = 1 and α = -1, respectively. When α = 1, Q has units of a 

capacitance, i.e. F.cm-2; when α ≠ 1, Q has units of sαΩ-1cm-2. 

If plotting the absolute value of the imaginary part of the impedance (IZjI) as a function of 

frequency (f), in logarithmic coordinates the resulting curve is a straight line with a slope 

equal to –α. This logIZjI vs log f representation is recommended since it allows to get rid of 

the electrolyte resistance. 

The Q parameter can be obtained from the imaginary part of the impedance as follows: 

  










2
sin

2

1 




ffZ
Q

j   (2.21) 

A CPE behavior can be attributed to a distribution of time constant either along the 

area of the electrode (surface distribution) or along the axis normal to the electrode (normal 

distribution) [137]. A surface distribution could arise from surface heterogeneities (grain 

boundaries, crystal faces on polycrystalline electrode…), or from geometry-induced non-

uniform current and potential distributions. A normal distribution may be attributed to changes 

in the conductivity of films or porosity.  

If the CPE behavior is assumed to be associated with surface distributed time 

constants for charge-transfer reactions, then it is possible to apply the equation derived by 

Brug et al. to calculate the effective capacitance, Ceff, associated with the CPE [138, 139]: 

    /1111   teeff RRQC
  (2.22) 

In the case of a blocking electrode ( tR ) this equation becomes: 

    /111  eeff RQC
  (2.23) 

In the case of an R//CPE circuit, the CPE parameters α and Q can be graphically 

obtained following the method presented by Orazem et al. [140]. The parameter α is 

calculated from the slope of the logIZjI vs logf curve in the HF range and Q is obtained from α 

by application of Eq. 2.21. 

A double layer capacitance will present values of the order of a few tens of μF.cm-2. 

Normal distributions of time-constants can be expected in systems such as oxide 

films, organic coatings, and human skin. They may be interpreted in terms of dielectric 
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properties of the material. If the dielectric response can be associated with an effective 

capacitance Ceff, the dielectric constant ε and film thickness d may be obtained from: 

d
Ceff

0


 (2.24) 

where Ceff is expressed in F.cm-2 and ε0 is the permittivity of vacuum (ε0 ≈ 8.854×10
−14 F.cm–

1). In the case of normal distributions, the challenge is to find a correct way to extract an 

effective capacitance from the CPE parameters α and Q. This case is not detailed here since 

in this PhD work, the CPE behavior of electrochemical systems was attributed to surface 

distribution. 

 

Warburg 

The Warburg impedance is associated with one-dimensional diffusion of species xi, in 

an infinite stagnant medium and is given by: 

 jk
Z

i

i

1
   (2.25) 

 where ki is a Warburg coefficient, dependent on many parameters such as the 

diffusion of species Xi, the reaction rate, the bulk concentration of species Xi and the 

potential. 

 

Equivalent circuit 

One of the problems with the use of equivalent circuits is that different circuits can 

have the same impedance signature. This raise questions about the physical meaning of 

model parameters.  

In this work, EIS diagrams were plotted at the corrosion potential ( corrE ). Thus, only 

the electrical circuit corresponding to a freely corroding electrode will be considered. 

At corrE , the anodic and cathodic currents have the same magnitude and the net 

current is equal to zero ( 0 cat iii ).  When the current flowing through circuit elements is 

the same, but the potential drop is different, the respective impedances must be added in 

series ( 21 ZZZ  ). On the other hand, when the current flowing through circuit elements is 

different, but the potential drop is the same, the respective impedances must be added in 
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parallel (

1

21

11












ZZ
Z ) [136]. Therefore, by principles of summation of currents, the 

anodic and cathodic Faradaic impedances, 
a

FZ  and 
c

FZ , respectively, must be in parallel 

(Figure 2-21). The contribution of the double-layer capacitance Cdl is added in parallel. 

Expressions for the anodic and cathodic impedances must be developed separately, 

according to proposed reaction mechanisms. In the overall impedance of the electrochemical 

system, the electrolyte resistance Re is added in series with Cdl//
a

FZ //
c

FZ . 

 

Figure 2-21: Equivalent electrical circuit of the interfacial impedance at the corrosion potential, where 

idl represents the charging current, iF
a
 the anodic Faradaic current and iF

c
 the cathodic Faradaic current 

(the electrolyte resistance is omitted). 

 

In this work, the analysis of impedance data by regression of equivalent circuits was 

performed using Simad® software developed at Laboratoire Interfaces et Systèmes 

Electrochimiques. 

 

2.2.2.2 SURFACE ANALYSIS 

In this chapter the spectroscopic techniques used to characterise the chemistry of the 

different surfaces investigated will briefly be described. The spectroscopic techniques used 

were: XPS (X-Ray Photoelectron Spectroscopy) and ToF-SIMS (Time of flight secondary ion 

mass spectrometer). These spectroscopic techniques can provide qualitative, and in certain 

cases quantitative, analysis of the chemistry of the surface (information depth 0.1 – 5 nm).  
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 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

Surface analysis by X-ray photoelectron spectroscopy (XPS) or electron spectroscopy 

for chemical analysis (ESCA) [141], allow investigating thin layers formed or adsorbed on 

different materials surface. It may be applied to surface chemical analysis of minerals, 

catalysts, metals and polymers as well as living systems such a biofilms [142, 143]. 

In an XPS experiment, a specimen is irradiated by low energy X-rays (usually Mg Kα 

(1253.6 eV) or Al Kα (1486.6 eV)) in ultra-high vacuum. This causes photo-ionization of the 

atoms: in other words, photoelectrons are emitted from energy levels determined by the 

electronic structure of the atom.  

Photoelectron emission occurs when a photon transfers its energy to an electron, and 

a photoelectron can be emitted only when the photon energy is larger than the binding 

energy of the electron [142]. The emitted photoelectrons have kinetic energies, Ekin, given by:  

FEhE bkin  
 (2.26) 

where h is the energy of the photon, Eb the binding energy of the atomic orbital from 

which the electron originates and F is the work function of the spectrometer (assuming 

conductive samples). As the energy of the photons and the spectrometer work function are 

known quantities, the measurement the electron binding energies can be obtained by 

measuring the kinetic energies of the photoelectrons.  

The relaxation energy can dissipate either as a photonelectron or it can be given to a 

second electron, an Auger electron. Since the emission of x-ray photons is low in the energy 

range used in XPS, photoionization normally leads to two emitted electrons: a photoelectron 

and an Auger electron (Figure 2-22).  

 

 

Figure 2-22: Schematic diagrams of (a) photoelectron emission, and (b) Auger electron emission. 
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Due to the relatively short inelastic mean free path for the photoelectrons and the 

Auger electrons (the transportation of emitted electrons, generated in the solid, to the surface 

can only occur from a certain depth) makes XPS a very surface sensitive analyzing method. 

Using XPS it is possible to detect all elements except for H and He. An XPS spectrum shows 

the number of photoelectrons as a function of binding energy. The spectrum will be a 

superposition of photoelectron and Auger lines with accompanying satellites and loss peaks 

and a background due to inelastic scattering in the substrate.  

 

Instrumentation 

An XPS spectrometer is constituted of at least two chambers, one to introduce 

samples and a second one to proceed to the analysis, the later is always kept under ultra 

high vacuum. Chambers are made of stainless steel with a series of valves and windows. 

High vacuum is maintained, thanks to knife-edge flanges, which are compressed against 

copper gaskets. Electron trajectories are screened from earth magnetic field by using a metal 

with high magnetic permeability for internal walls of the analysis chamber. Additional 

chambers can also be added to allow sample pre-treatment or parking [142]. 

XPS analyses were performed with a Thermo Electron Escalab 250 spectrometer, 

this equipment consist of three different chambers: a) fast entry air lock (FEAL), b) a 

preparation chamber, and c) an analysis chamber. The FEAL chambers is the point at which 

samples are introduced into the system and it is not a UHV chamber, due to the frequent 

exposure to the atmosphere, but it is capable of pumping down to 10-6 mbar using a proper 

turbo pump. The samples are transfer from the FEAL chamber to the preparation chamber 

through a sample transfer mechanisms onto which specimen holders are loaded and held by 

a robust spring-loaded mechanism via the gate valve. The preparation chamber is a UHV 

chamber equipped with three sample ports, where samples can be stored; this chamber is 

also equipped with a sample transfer mechanisms equivalent to the FEAL chamber, allowing 

move the samples to the analysis chamber via the gate valve [144]. 

For the XPS measurements a monochromatised Al Kα X-ray source (1486.6 eV) was 

chosen. The analyser pass energy was 100 eV for survey spectra and 20 eV for high 

resolution spectra. The spectrometer was calibrated using Au 4f7/2 at 84.1 eV. All spectra 

were referred to the C 1s peak for the carbon involved in C-C and C-H bonds, located at 285 

eV. The fitting of the complex C 1s signal was based on published data [145] 
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Data processing 

Curve fitting of the spectra was performed with the Thermo Electron software 

“Avantage”.  The peak fitting was performed on the recorded high resolution spectra. For 

that, an appropriate choice of back ground had to be applied. The Avantage data systems 

offer three background subtraction methods, Linear, Shirley and Tougaard. In this thesis, the 

selected method used was the Shirley background subtraction, which is the most widely 

used method. 

After the definition of the peak energy range, the following step consists of separation  

of peaks into signal components by peak fitting. Peak fitting requires the knowledge of the 

energy position an shape of the individual peaks. This information can be obtained by 

comparison with spectra of standard compounds or by consulting the literature on XPS 

investigation. The peak shape as well as the peak position can be changed using the already 

mentioned software by the modification of the following parameters: peak centre in eV 

(binding energy), peak height in cps, Full Width Half Maximum in eV (FWHM), and 

Lorentzian/Gaussian ration in % (L/G). In addition the software offers the possibility of using 

asymmetric peak shape, suing tailing functions. Once peak decomposition is done, the 

software calculates the peak intensity by the integration the area portion of the peak 

involved.  

The integral intensity 
M

NI (describing the intensity of an element N in a matrix M) of 

emitted photo-electrons depends on the specific parameters related with the spectrometer 

and the sample, This is given by the following equation [142, 144, 145]: 

    











 
 dz

z
zDEkTI

M

N

M

NNk

M

N



sin

exp   (2.27) 

Where: 

k  : Spectrometer specific constant;  

 kET : Transmission function of the energy analyzer depending on the  kE of 

photoelectrons of the analyzed element; 

N  : Photo-ionization cross-section; 

M

ND  : Density of an element N in a matrix M; 

z : Depth analysis; 
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M

N  : Attenuation length of electrons (inelastic mean free path (IMFP)) of the element 

N in the matrix M; 

  : Take off angle with respect to the surface normal. 

Assuming homogeneous distribution of an element N with the density   in a theoretical 

infinite thick sample, with homogeneous composition, the equation simplifies to: 

  
















 


0

,

sin
exp dz

z
DEkTI

M

N

M

NNk

M

N


   (2.28) 

which after integration becomes: 

    sinM

N

M

NNk

M

N DEkTI    (2.29) 

The intensity can be attenuated by the formation of a surface layer of thickness d and 

of a homogeneous composition. So the intensity of the substrate under a formed surface 

layer or thin film respectively is expressed depending on an exponential term that describes 

the attenuation of the signal by the surface layer. 

The following equation describes the attenuation of the signal of an element N in a 

substrate matrix M by a thin film formed on top of thickness d. 

  











 
 


 sinexp

MF

N

Ms

N

Ms

NNkN

Ms

N

d
DEkTI   (2.30) 

Ms: Substrate matrix 

MF: Surface layer 

 

The attenuation-coefficient is given by this equation: 

  








 


 sin
exp

i

i

i

d
A   (2.31) 

In this thesis, the inelastic mean free path values were calculated by the TPP2M 

formula [146], and the photoemission cross-sections were taken from Scofield [147]. 

For 70Cu-30Ni samples, in the Cu Auger line, the relative contributions from Cu2O, 

CuO and metallic Cu were performed with the software “CASA”. The three known reference 

spectra of metal and oxides were used to construct line-shapes forming the basis for a 
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nonlinear optimization, the results of which provides an estimate for the relative proportions 

of these materials. The same was done for Al brass samples, using Zn metallic and ZnO. 

 

 TIME-OF-FLIGHT SECONDARY ION MASS SPECTROSCOPY (TOF-SIMS) 

ToF-SIMS is a secondary-ion mass spectrometry method combined with a time-of-

flight analyzer, which has been widely used in recent years for analyzing the elemental and 

chemical composition of surfaces. In this approach, the surface of a sample is bombarded 

with an energetic beam of ions (primary ions), generated by a liquid metal ion gun (LMIG). 

The impact of primary ion bean with the substrate leads to a collision cascade and particles 

(ions, electrons, neutral particles) are emitted from 1 to 3 monolayers of the substrates 

(Figure 2-24).  

Depending on the ion dose, the technique can be separated into two modes: dynamic 

and static SIMS. In contrast to dynamic SIMS, static SIMS is performed with low primary ion 

doses [146, 148]. 

Only ejected ions, which are either positive or negative, are analyzed in a ToF-SIMS 

measurement. The yield of secondary ions are function of many factors, including the energy 

of primary ions. The higher energies result in increased yields, but also in increased of 

sample damage. The secondary ions enter the ToF analyzer, where they are mass analyzed, 

thanks to the time needed to travel from the entrance of the analyzer to the detector. 

There are three different modes of analysis in TOF-SIMS; 1) mass spectra are 

acquired, with a very good mass resolution, to determine the elemental isotopic and/or 

molecular analysis of the surface species; 2) images are acquired, with a lower mass 

resolution, but a good lateral resolution (~ 200nm) to visualize the distribution of chemical 

elemental and/or molecular species on surface; and 3) depth profiles, generally acquired with 

a good mass resolution, in which the use of a sputtering gun alternatively with the primary 

gun, allows to determine with a very good depth resolution (function of the energy of the 

sputter gun), the in depth of the order of a few micrometers. 
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Figure 2-23: Schematic drawing of the secondary particles emission process initiated by the impact of 

the primary ion. Positive and negative ions, electrons and neutral particles are emitted. In ToF-SIMS 

measurements, only ions can be analyzed. 

 

In order to characterize the thin films formed in copper alloys, after exposition to 

seawater environments, and better compliment XPS measurements, in this work, the 

analysis are performed using the depth profiling mode.   

A depth profile reflects the intensity of a given mass signal as a function of sputtering 

time. Although ToF-SIMS is not directly quantitative technique, a profile reflects direct the 

variation of species abundance/concentration with depth below the surface (Figure 2-25).  

 

 

Figure 2-24: SIMS depth profile of Cu, Ti, Si and N after annealing for 30 min at 650ºC. Copper 

diffused into Ti–Si–N film. (Adapted from Y.C. Ee et al. [149]) 
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Instrumentation 

ToF-SIMS analyses were done using a ToF-SIMS V spectrometer (ION-TOF GmbH).  

For the ToF SIMS measurements, the analysis chamber was maintained at less than 

10−9 Pa in operation conditions. The depth profiles were performed using the instrument in 

dual beam mode. A pulsed 25 keV Bi+ primary ion source (LMIG) at a current of 1.2 pA (high 

mass resolution mode), rastered over a scan area of 100×100 μm², was used as the analysis 

beam. The sputtering was performed using a 1 keV Cs+ ion beam delivering 50 nA, over a 

300×300 μm² area. The depth profiles were obtained in negative polarity meaning only 

negative ions were analyzed. The distribution of the ionized fragments, all measured quasi-

simultaneously, were plotted versus Cs+ ion sputtering time. 

 

Data processing 

Secondary ions yields depend on several factors and are not directly proportional to 

its concentration in the sample, making the quantitative SIMS analysis difficult. The yield of 

secondary ions can be described in terms of secondary ion current (iMS) during SIMS 

analysis. The yield important variables that contribute to iMS include S, the yield of secondary 

particles per primary particle impact (sputter yield), and R+, the probability that a given 

particle will be emitted as an ion (ionization probability). Often S and R+ are grouped together 

in a variable referred to as the transformation proability (P). 

  nMpMS SRii    (2.32) 

 Where ip is the primary particle flux, M  is the fractional coverage of M, and n 

represents the transmission and detection efficiency of the analyzer system. The above 

equation indicates that the sensitivity of the technique for a particular secondary ion depends 

on its sputter yield and ionization probability. 

“Matrix effects” also play a major role in SIMS quantitative analysis. The problem can 

be defined as the variability of ion yields as the surface composition changes. The same 

species will not have the same secondary ion yield in a different chemical environment, 

making direct comparison among samples difficult. No method has been developed to 

compensate for the variation in ion yields due to matrix effects [147, 150]. 

The majority of depth profiles reported in the literature are only qualitative or semi-

quantitative. Sometimes, in an attempt to obtain a quantitative profile, the elemental intensity 

signals are simply converted to atomic concentrations by means of relative elemental 
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sensitivity factors. Likewise, sputtering time is converted to depth by estimation of a constant 

sputtering rate. However, these simple procedures only provide a semi-quantitative result 

[151]. 

In this work, the intensity was reported using a logarithmic scale, which emphases the 

low intensity signals. The variation of the ion intensity with sputtering time reflects the 

variation of the in-depth concentration but is also dependent on the matrix from which the 

ions are emitted. Data acquisition and processing were performed using the IonSpec 

software. 

The thickness of the oxide layer was estimated from theoretical sputtering rate of 

corresponding pure metallic substrate (given in tables) in the same sputtering conditions, 

which is a good estimation, e. g.,  the thickness of pure nickel oxide was estimated from the 

sputtering rate of a pure metallic nickel. For mixed metal oxides, the thickness was estimated 

from an average sputtering rate calculated by summing the sputtering rate of pure metallic 

metals ponderating by the fraction of each element in the oxide.  
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CHAPTER 3 - COPPER ALLOYS IN REAL INDUSTRIAL 

CONDITIONS: CORROSION AND MICROBIOLOGY 

The aim of the present chapter was to characterize the electrochemical behavior of 

70Cu-30Ni alloy and Al brass in chlorinated (treated natural seawater, TNSW) or natural 

seawater (NSW), under real industrial conditions (flow conditions). The monitoring was 

carried out in industrial plants and pilot circuits, under different sets of environmental 

conditions. 

Both copper alloys, 70Cu-30Ni and Al brass, have been extensively used in different 

marine engineering structures. Their main application is heat exchangers and piping for 

seawater handling, where seawater must be often chlorinated. Typically, chlorine dosages 

(intermittent or continuous) are used taking into account the macro-fouling resistance of 

these materials. Recommended industrial practices suggest to treat the condenser tubes 

with cool and chlorinated water for some weeks before the first start of operation, while 

during the regular operation, it is important to use in the cooling circuits an efficient 

antifouling treatment.  

Recent studies [152] confirmed the recommendations, documenting that microbial 

activity negatively affects both the formation and the stability of protective oxide layers on 

Cu-based alloys. The development of biofilm on 70Cu-30Ni condenser tubes in the early 

stages of exercise may induce localized corrosion, and it can be so extensive that the 

replacement of tubes is required. 

From thermodynamic point of view, the strong oxidant action of chlorine should 

promote corrosion of copper alloys [153, 154] but it exists a good range of safety with a 

threshold which guarantees the best benefit and avoids the possible negative effects. Even if 

it must be considered the fact that the behavior of each material could be quite different.  

The halogenated by-products formed during chlorination treatments have been 

studied due to their potential toxicity and because some highly-chlorinated substances do not 

degrade easily. Nowadays, it is a very important issue that leads to a drastic reduction of 

chlorine concentrations in industrial discharges over the world. Previous studies refer mainly 

on chlorine concentrations higher than 0.2 mg.L-1, the maximum level currently allowed at the 

discharge in most of the industrialized world, and, as a consequence, sustainable treatments 

and a careful control of their effects (in terms of environmental impact as well as the 

materials performance) are currently mandatory in the operational practice of industrial 

cooling circuits.  
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According to these needs, an innovative integrated monitoring equipment, specifically 

set for industrial application, was designed and used to monitor several kinds of chlorination 

treatments and their effects on condenser tubes [152]. Experimental test facilities were set 

up in cooling circuits of two Italian power plants, for more than two years of operation, in two 

different hydraulic test lines: with and without chlorination treatment. An automatic 

electrochemical workstation able to monitor on-line the corrosion and the antifouling 

treatments (described in detail in section 3.2), equipped with a remote data control device, 

was used. The main monitored parameters were: the corrosion rate (by weight losses and 

linear polarization resistance probe - section 3.2.1), the biofilm growth (by the BIOX probe - 

section 3.2.2), the chlorine concentration (section 3.2.3) and other physic-chemical 

parameters (flow rate, temperature, turbidity, seawater, red-ox potential and corrosion 

potential – section 3.2.4).  

The identification of bacteria inside the biofilm grown on the surface of both alloys, 

complements the work. In order to identify and better characterize the bacterial community 

present on the copper alloys, tube samples were exposed to TNSW and NSW and collected 

after a long period (one year) and short period (2 days) of exposure. From the collected 

samples, molecular techniques such as DNA extraction, polymerase chain reaction (PCR), 

denaturing gradient gel electrophoresis (DGGE) and identification by sequencing were 

performed. 

3.1 POWER PLANTS CHARACTERISTICS  

3.1.1 TESTS ON THE TYRRHENIAN COAST 

The main set of investigations was carried out in a thermoelectric power plant located 

on the Italian Tyrrhenian coast near Piombino (Livorno; Figure 3-1).  

The cooling system is composed of a fiberglass channel with a length of about 2400 

m, and a diameter of 1.2 m, in which seawater flows with a flow rate of  about 10000 m3.h-1. 

The flow velocity  in the channel (inhibiting the growth of biofouling settlements along the 

channel) is quite high, 2.5 m.s-1. The steam condenser exhibits 70Cu-30Ni (ASTM B111 

C71500) alloy tubes bundles. The chemical and physico-chemical characteristics of these 

tubes are reported in Table 2-1. 

The condenser shell is covered by epoxidic coating and protected by zinc anodes. 

Just before the condenser, there is a rotating “Taprogge” filter able to retain and restore from 

the downstream all the solid bodies with significant size (bigger than 0.5 cm size). After the 
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condenser, seawater flows in an open pool (Figure 3-1(b)) before being discharged into the 

sea. Seawater characteristics are reported in Chapter 2 (section 2.1.2.1).  

The plant cooling circuit is affected by significant daily/weekly influxes of slime and 

mud, which causes extensive microfouling accumulation in the tubes that cannot be 

mitigated by the operating mechanical filters.  

An antifouling treatment is carried out in the cooling circuit with chlorine intermittent 

dosages: a commercial product based on sodium hypochlorite is dosed in order to measure 

a total residual oxidant concentration of 0.4-0.8 mg.L-1 in the water exiting the condenser. 

The dosing occurs every 6 hours, each lasting 0.5-1 hour, depending on the season. This 

treatment has been applied since the beginning of the condenser operation in 2005. 

 

 

Figure 3-1: Pictures of the Piombino power plant: power plant view (left side) and outlet of seawater in 

the pool (right side). 

 

A bypass in the condenser (schema in Figure 3-2) was set to study two different 

conditions: outlet water from the condenser (treated line) and inlet seawater, before the 

chlorination treatment, without any kind of treatment (control line). Materials, physico-

chemical characteristics and seawater treatments in the test lines are the same as inside the 

condenser tubes. The seawater flow velocity in the test lines was maintained at ~ 1.6 m.s-1. 
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Figure 3-2: Schema of the two hydraulic test lines (control and treated) in the cooling circuit bypass 

(DPD = N,N-diethyl-p-phenyldiamine; LPR = linear polarization resistance). 

 

3.1.2 TESTS ON THE ADRIATIC COAST 

Monitoring tests were also carried out at a thermoelectric power plant placed in 

Servola (Trieste, Italy). An antifouling treatment is carried out in the cooling circuit with 

chlorine dioxide, that is dosed in order to measure a total residual oxidant concentration of 

0.05-0.1 mg.L-1 ClO2. 

Al brass alloy (ASTM B111 C68700), commonly used for condenser tubes using 

seawater as coolant, is the material used in this plant (Figure 3-3).  

A bypass in the condenser, as the one described in Figure 3-2, was set in this power 

plant. Materials, physico-chemical characteristics and seawater treatments in the test lines 

are the same as inside the condenser tubes. The seawater flow velocity in the test lines was 

maintained between 1.6 and 1.8 m.s-1. 

 

  

Figure 3-3: Pictures of the heat exchanger at Servola power plant: inlet (left side) and outlet (right 

side).  
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3.2 ELECTROCHEMICAL TOOLS 

Commercial devices (AMEL, model 1310CU), operating with full wireless set of 

probes and remote control (via GSM modem), were used to perform the test campaign in the 

power plant cooling circuits (Figure 3-4). Electrochemical tools, described in following 

subsections, are the key instruments of the monitoring system, permitting the on-line control 

of: 

● the corrosion rate (by a tubular probe using electrochemical Linear Polarization 

Resistance (LPR) technique), 

● the biofilm growth (by the BIOX electrochemical probe), 

● the chlorination treatment (by the BIOX electrochemical probe and colorimetric 

device), 

● the water temperature, 

● other physico-chemical parameters (turbidity and corrosion potential). 

Some specimens, cut from the operated condenser tubes, complete the hydraulic test 

lines, in order to make possible periodic visual observations, weight loss measurements and 

other off-line specific analyses.  

 

 

(a) (b) (c) 

Figure 3-4: Monitoring system: a) Inside view of the experimental circuit, (b) computer display and (c) 

two hydraulic lines (Control and Treated) with 70Cu-30Ni specimens and probes. 
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3.2.1 CORROSION RATE  

Corrosion rate was estimated by the Linear Polarization Resistance (LPR) method, 

previously described in Chapter 2 (section 2.2.1). The electrochemical cell was built using 

five new specimens of the selected material (70Cu-30Ni or Al brass) cut from new condenser 

tubes. 

3.2.2 BIOFILM GROWTH 

Biofilms can change the electrochemical characteristics of metallic surfaces [77, 155] 

and the involved mechanisms are linked to the kinetic changes of the corrosion processes 

occurring at the metal-biofilm interface and the acceleration of cathodic discharges of 

chemical species (e.g. oxygen in aerobic conditions) caused by bacterial activity in the 

biofilm. The acceleration of the oxygen reduction reaction on passive alloys, in aerobic 

conditions, frequently named “cathodic depolarization” [155], can cause corrosion. Based on 

this phenomenon, very simple electrochemical devices for biofilm monitoring are designed. 

The evolution of the overall cathodic current, during the gradual development of 

biofilm on a Stainless Steel (SS) sample, immersed in aerated natural seawater, is presented 

in Figure 3-5. Curve (1) describes the oxygen reduction kinetics, measured at the beginning 

of the exposure to aerated seawater on a clean (no biofilm) SS surface. Curve (4) shows the 

cathodic curve measured on an SS sample completely covered by biofilm, whereas curves 

(2) and (3) describe the trend of the cathodic current in two intermediate conditions.  

If, the evolution of cathodic current is only due to biofilm development, the evolution of 

“cathodic depolarization” from curve (1) to curve (4) can be monitored by the simple circuit of 

Figure 3-6(a), consisting of a SS sample coupled, through an external resistor, to a less 

noble material which plays the role of sacrificial anode. Although extremely simple, this 

electrochemical sensor shows a very high sensitivity to the biofilm growth during the early 

stage of its development (Figures 3-6(b) and (c)). 
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Figure 3-5: Evolution of the overall cathodic curve during the gradual development of biofilm on a 

stainless steel surface exposed to aerated natural seawater (adapted from G. Pavanello et al. [159]). 

 

According to Mollica and Cristiani [156], the biofilm formation, through “cathodic 

depolarization” induced by biofilm growth, causes a sharp increase of the free corrosion 

potential of SS in passive state promoting, in so far, a higher probability of localized corrosion 

onset, and a higher propagation rate of localized corrosion in active state. Galvanic corrosion 

of less noble alloy coupled with SS is also increased when biofilm forms on SS surfaces. 

The evolution of “cathodic depolarization” induced by biofilm growth can be monitored 

in, at least, two classical ways: 

1) in potentiostatic way: measurement of the cathodic current on an SS sample 

polarized at fixed potential (depolarization is revealed by an increase of the 

cathodic current when SS sample is polarized at a fixed cathodic potential); 

2) in galvanostatic/intentiostatic way: measurement of the potentials able to sustain a 

fixed cathodic current during the biofilm growth (depolarization is revealed by an 

increase of the SS potential when a fixed cathodic current is imposed on the 

sample).  

For practical purposes the two above mentioned classical techniques can be 

approximated by quasi-potentiostatic and quasi-intentiostatic techniques which, in turn, can 

be both applied using the very simple basic circuit shown in Figure 3-6(a). 

 



CHAPTER 3.  COPPER ALLOYS IN REAL INDUSTRIAL CONDITIONS: CORROSION AND MICROBIOLOGY 

M.L.CARVALHO   82 

 

 
(a) 

 
(b) (c) 

Figure 3-6: Biofilm growth. (a) Schema of the electrochemical sensor, (b) Evolution of the bacteria 

population density on SS surfaces obtained from SEM count of settled bacteria and (c) signal provided 

by an electrochemical probe in a test performed in flowing natural seawater [156]. 

 

As previous referred, the circuit consists of a SS sample (in form of a pipe) coupled, 

through an external resistor, to a less noble material which plays the role of sacrificial anode: 

the choice of the resistor value and of the sacrificial anode nature determines which 

technique (quasi-potentiostatic or quasi-intentiostatic) is applied to the SS sample playing the 

role of the cathodic element of the galvanic couple. 

Tests were firstly performed in natural seawater using as biofilm sensor the circuit 

above described, arranged in order to apply a quasi-potentiostatic cathodic polarization to 

the SS element; for this purpose, iron was chosen as anode in order to polarize the SS 

sample at a potential level close to -500 mV and a low resistor value was fixed in such a way 

that for a cathodic current density of about 10 μA cm–2 (magnitude of the maximum cathodic 

current observed at the above mentioned potential on SS samples when biofilm is totally 

developed on the surface, Imax), a maximum ohmic drop of about 10 mV is measured across 

the resistor.  

Figure 3-6(b) shows the evolution of the mean bacterial population density on SS 

samples (each point plotted in Figure 3-6(b) was obtained from direct counts, by SEM, of 

settled bacteria observed on 50 fields of about 300 μm2 randomly chosen on a small SS 

sample exposed to flowing seawater) whereas Figure 3-6 (c) shows the cathodic current, 
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plotted in a normalized form, delivered by the SS element of the sensor concurrently 

exposed to the same flowing seawater. The trend of the data plotted in these figures 

suggests an incubation time of about 4 days and an increase of about one order of 

magnitude during the following 3 days. 

The electrochemical sensors show a very high sensitivity to the biofilm growth during 

the early stage of its development. The sensor signal moves from the base line when 

bacteria density overcomes a level of about 106 bacteria cm–2; it means that the sensor 

reveals the biofilm presence starting from a very little biofilm amount developed on a few 

percent of the whole SS surface. Later on, the bacteria density reaches a value close to 107 

bacteria.cm-2, the electrical signal goes into saturation, corresponding to a signal increase of 

more than 0.5 V from the base value. 

BIOX Probe 

The BIOX probe consists of a special tubular electrochemical “battery” (Fig. 3-7) 

whose current density increases when the biofilm colonizes its SS cathode. A quasi-

intentiostatic cathodic polarization is applied to the SS element by coupling it with a zinc 

anode. The resistor is chosen high enough to strongly limit the galvanic current in such a way 

to cause an ohmic drop close to 1 V when a cathodic current density of some 0.1 μA cm–2 is 

delivered by the stainless steel element. 

Taking to account the very small galvanic current allowed to circulate between the 

two elements, zinc can be considered as a non-polarized anode in sulfide-poor 

environments, and consequently, as a sufficiently stable “reference” electrode for the 

measurement of the SS potential [157]. This way, the SS potential can be directly read as 

ohmic drop across the resistor. Owing to the “cathodic depolarization” of SS electrode due to 

the biofilm growth, the increase of the ohmic drop provides an index of the biofilm 

development on the SS surface. BIOX sensor signalizes biofilm growth by an increase of the 

ohmic drop across the resistor from a base line of 400–500 mV to a maximum of about 1.400 

mV. 

Other cathodic processes, than the oxygen reduction, that are able to ennoble the 

stainless steel electrode potential can be detected by the same BIOX probe increasing this 

way the galvanic current. These processes include the reduction of chlorine, bromide and 

other strong oxidants used as biocides (peracetic acid, chlorine dioxide, hydrogen peroxide, 

ozone, etc.) [29]. Therefore, BIOX probe offers the additional advantage of monitoring the 

biocide treatment in case of application of antifouling procedure based on oxidant, such as 

intermittent chlorination.  
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If the SS element of the sensor is clean i.e. biofilm-free (or in the initial phase of 

bacterial colonization), the BIOX sensor signalizes the intermittent chlorination by a spike 

with a height proportional to the local chlorine concentration in the range 0.2–1 mg.L-1. 

Oxidant detection is fast while biofilm response is quite long, due to the long time 

required for bacteria to colonize the complete surface of the electrodes. Under regular 

operational conditions, the BIOX signal trend permits to distinguish in a simply way the 

contribution of both phenomena with respect to time (Figure 3-7(b)). The sensitivity of the 

BIOX sensor to the oxidant is limited by the concentration able to diffuse towards the 

electrode surface, depending on the cleaning conditions of the probe. 

 

 

 

 

(a) (b) 

Figure 3-7: Biofilm growth. (a) BIOX system, (b) typical trend of BIOX signal (chlorine dosages and 

biofilm growth). 

 

Compared to other commercial probes, the BIOX sensor offers the following 

advantages arising from the strong limitation of the cathodic current density on the SS 

element [158]: 

a) carbonate precipitation on the SS electrode is avoided, so that it is not necessary to 

often clean the sensor in order to maintain electrochemically active the whole SS 

surface; 

b) the BIOX probe works not only in seawater but also in solutions with a relatively high 

resistivity, such as river water.  
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As an example, Figure 3-7(b) shows the type of information that can be provided by 

the BIOX sensor. The initial two peaks signalize two chlorine shots and the following gradual 

increase of the signal indicates that, when chlorination is stopped, biofilm grows. 

3.2.3 CHLORINATION TREATMENTS 

Chlorination treatments are monitored in two ways: with the electrochemical BIOX 

probe (Figure 3-7) and, in comparison, with a colorimetric device able to give a more precise 

estimation of the oxidant concentration in the bulk water (Figure 3-8).  

 

700

750

800

850

31/08/10 31/08/10 01/09/10 02/09/10

B
io

x
 S

ig
n

a
l 

(m
V

)

0

0,25

0,5

0,75

1

C
l 

C
o

lo
u

ri
m

e
tr

ic
 D

P
D

 (
m

g
/L

) 

Biox Signal (mV)

Cl (mg/L)

  

(a) (b) 

Figure 3-8: BIOX and chlorination treatments: (a) BIOX signal trend and residual oxidant 

concentration in seawater measured with the on-line instrumentation based on DPD colorimetric 

method, (b) AMI Codes (SWAN) colorimetric device. 

 

In order to measure the concentration of the oxidant in the water bulk, a colorimetric 

device was added to the monitoring probe set. That system (AMI Codes of SWAN, Fig. 3-8 

(b)) is based on DPD (N, N-diethyl-p-phenylendiamine) method (according to ISO 7393-2). 

The seawater reacts with N, N-diethyl-p-phenylenediamine in the presence of a suitable 

buffer (Potassium Citrate). The indicator, buffer, and potassium iodide are added to the 

seawater. Chloramines, chlorine and hypochlorites all react to produce a pink color, and this 

species is then measured by a spectrophotometer. In the range 0.1 – 1 mg/L of total residual 

oxidant in the water, the responses of the two on-line devices are in good agreement (Fig. 3-

8(a)). 
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3.2.4 OTHER PHYSICO-CHEMICAL PARAMETERS 

Other physico-chemical parameters, such as temperature, turbidity, corrosion 

potential and seawater redox potential, were also measured. 

Temperature was acquired using a PT100 sensor (1310/TH AMEL; temperature 

range: from -10 to 120ºC with a 0.1ºC resolution). The operating principle is to measure the 

resistance of a platinum element; the PT100 has a resistance of 100 Ω at 0 ° C, and 138.4 Ω 

at 100 ° C. 

Turbidity increases as a result of suspended solids in the water that reduce the 

transmission of light (suspended solids are clay, silt, and plankton). The intensity of light 

reflected by suspended solids, in the range of 0-100 Nephelometric Turbidity Units (NTU), 

and with a resolution of 0.2 NTU was measured by a nephelometer (346/TU AMEL).  

The redox potential (Eo) is used in plant mainly to establish whether aerobic or 

anaerobic conditions are developing in water, or oxidant biocides are present in the solution. 

It is a measurement of the ability of one chemical species to oxidize a second one. Under 

conditions of low oxygen content or when hydrogen sulfide is present, organic compounds 

dissolved in the water may have to be considered. A high red-ox potential suggests that  

bacteria are mainly aerobic but the corrosion of a metallic material exposed to the same 

environment can occur under a thick biofilm, at the bottom of which a prevailing anaerobic 

bacteria population may be present due to total consumption of dissolved oxygen. The redox 

potential was directly measured using a silver chloride electrode Ag/AgCl (AMEL 1310/RDX). 

Open circuit potential may give information about the passive layer formed on metallic 

materials and the thermodynamic risk of corrosion. It can be used together with Pourbaix 

diagrams and can provide a useful indication of active or passive behavior of the system. It 

was measured with the probe previously described in section 2.2.1.1.2.  

3.3 RESULTS OF THE MONITORING CAMPAIGN 

3.3.1 70CU-30NI ALLOY – ONLINE MEASUREMENTS 

The free corrosion potential corrE , measured for three different 70Cu-30Ni samples vs 

a Zn reference electrode (-0.762 V vs SHE), is plotted as function of time (in days) in Figure 

3-9. Old sample corresponds to a 70Cu-30Ni tube immersed for more than one year in 

TNSW, and new samples are new 70Cu-30Ni tubes just immersed. 



CHAPTER 3.  COPPER ALLOYS IN REAL INDUSTRIAL CONDITIONS: CORROSION AND MICROBIOLOGY 

M.L.CARVALHO   87 

 

During the first days of immersion, the corrosion potential corrE  increases till reaching 

a base-line value of ~ -0.24 V vs SCE for the new sample exposed to TNSW. The peaks are 

associated with chlorination treatments. With time, due to the formation of an oxide film, the 

amplitude of these peaks becomes lower.  

NSW induces a more anodic corrE  value of ~ -0.04 V vs SCE. This increase of the 

corrosion potential can be correlated with the formation of a biofilm and/or oxide film on the 

metallic surface. When the copper oxide film reaches a relatively steady state, the partial 

anodic current and, therefore, corrE  also reaches a relatively stable value. It can be seen in 

Figure 3-9 that corrE for the old sample presents a value of ~ -0.30 to -0.25 V vs SCE. 

The corrE  of new samples exposed to TNSW show in Figure 3-9 present some peaks 

that are in coincidence with the dosages of chlorine. With time, the amplitude of these peaks 

becomes less pronounced, but still detectable. After a long time exposure to TNSW (Old 

sample in Figure 3-9) the peaks corresponding to chlorination treatments are barely visible. 

When compared with other materials such as high alloyed stainless steels, for which 

corrosion potential can vary by several hundreds of mV during chlorination treatments (0-100 

mV variation for 0.1-0.2 ppm free chlorine to 500-700 mV variation for 0.5-1.0 ppm free 

chlorine), the range of potential variations for 70Cu-30Ni alloy is narrower, revealing a 

behavior with significantly reduced sensitivity towards free chlorine. Therefore, the risk of 

localized corrosion is reduced compared to high alloyed materials.  

 

 

Figure 3-9: Corrosion potential ( corrE ) vs SCE of three 70Cu-30Ni samples (new and old) exposed to 

natural seawater (NSW) or treated natural seawater (TNSW) for a period of 210 days. 
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General corrosion rate (Vcorr) was measured by the LPR probe (Figure 2-9) in NSW 

and TNSW. Figure 3-10(a) shows the acquired data of new 70Cu-30Ni specimens at the 

beginning of exposure to seawater in both test lines, when a new biofilm starts growing. The 

effectiveness of the chlorination treatment is clearly shown by the low value of Vcorr  (< 20 

μm/year) for the sample exposed to TNSW, also by the difference in Vcorr value between the 

samples exposed to NSW and to TNSW. Large variations of corrosion rates calculated from 

the continuous measurements in NSW are also visible (maximum value of Vcorr of ~ 80 

μm/year and minimum value of ~ 20 μm/year). This difference between the maximum and 

the minimum values is believed to be due to the presence of localized corrosion. 

Interruptions in graphs are due to electricity shut down in the power plant or, in the 

case of chlorine concentration, to chemicals depletion. 

 

 

(a) 

 

(b) 

Figure 3-10: Monitoring system results. (a) Corrosion rate (Vcorr) of 70Cu-30Ni exposed to the 

chlorinated seawater (Treated line) and non-chlorinated seawater (Control line), and (b) BIOX signal 

(left side scale) and chlorine concentration (right side scale) for the 70Cu-30Ni/TNSW system in the 

period 22 August – 30 November 2010. 
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The BIOX signal increase together with the decrease of chlorine treatment is visible in 

Figure 3-10(b). The trend of the BIOX signal and the amplitude of the peaks shows how it is 

difficult to maintain a constant concentration of residual oxidant in the water and to get a total 

control of biofilm activity, in spite of the constant dosing of chlorine. Indeed, the chlorine 

demand of the water (mainly due to its reactions with the dissolved organic matter) can 

change during the same day, and this may explain the variability of the oxidant concentration 

at the surface of the BIOX probe metallic electrode. 

Figure 3.11 shows the monitoring data for the period from January to March 2011.  

 

 

(a) 

 

(b) 

Figure 3-11: Monitoring system results. (a) Corrosion rate (Vcorr) (left side scale) and BIOX signal 

(right side scale) of 70Cu-30Ni exposed to chlorinated seawater in the period January-March 2011, 

and (b) BIOX signal (left side scale) and chlorine concentration (right side scale). 

 

This is a critical period in which the biological activity, after the winter break, is higher. 

A peak can be observed on the Vcorr, together with the increase of the BIOX signal, due to 

the growth of biofilm on the probe (Figure 3-11(a)). The peaks on the BIOX signal indicate 
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that the antifouling treatment was performed regularly, as in the winter period but it is not 

perfectly adjusted to the increase of biological activity. Figures 3-11(a) and (b) shows that 

higher concentrations of chlorine were sufficient to lower the corrosion rate of the probe, 

although the treatment is not effective enough to destroy the biological activity on the BIOX 

probe (BIOX signal remains high). 

The monitoring data for the period from April to June 2011 are reported in Figure 3-

12(a). Around the 20th of May, the electrodes of the corrosion probe were replaced by other 

samples that were previously exposed to treated seawater and chemically cleaned for weight 

lost measurements. Even in this case, the graph shows the effectiveness of the chlorination 

treatment (low corrosion rates for samples exposed to treated seawater). 

 

 

(a) 

 

(b) 

Figure 3-12: Monitoring system results. Corrosion rate (Vcorr) of 70Cu-30Ni exposed to chlorinated 

seawater (Treated Line) and non-chlorinated seawater (Control Line) in the period (a) April-June 2011 

and (b) October-December 2011. 
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Figure 3-12(b) shows the monitoring data covering the period from late September to 

December 2011 (after the summer stop). The static conditions in the lines during the summer 

stop caused the increase of the corrosion rate in both lines, although limited in the treated 

line. The biofilm is particularly aggressive and grows very rapidly in static conditions. In 

stagnant waters or at very low flow rates, the oxygen can be quickly consumed by the biofilm 

and anoxic conditions (partial or total absence of oxygen) can occur. The pH lowers, due to 

microorganisms activity, and local conditions become particularly aggressive, which can lead 

more quickly to the puncture of the tubes. 

The correlation between the BIOX signal and seawater red-ox potential is reported on 

Figure 3-13. Both probes were affected by the chlorination treatment (peaks), but at the end 

of the chloride dosage, the seawater red-ox potential is not able to return to the baseline 

value, unlike the BIOX signal. The low BIOX base-line signal indicates that the antifouling 

treatment was effective enough to destroy the biological activity on the BIOX probe. 

 

 

 

 

Figure 3-13: BIOX signal (left side scale) and chlorinated seawater (Treated Line) red-ox potential 

(right side scale) from end December 2011 to end February 2012.  
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Natural seawater red-ox potential base line is below 0.4 V (Figure 3-14(a)), to be 

compared to the value > 0.8 V obtained in TNSW. If we look at the BIOX signal in the two 

solutions, during the same period, a constant saturation of the signal can be observed in the 

control line, indicating fouling conditions. 

 

 

(a) 

 

(b) 

Figure 3-14: Monitoring system results. (a) Seawater red-ox potential in the treated line (left side 

scale) and in the control line (right side scale); (b) BIOX signal for the treated line (left side scale) and 

for the control line (right side scale), from end December 2011 to middle March 2012.  

 

Temperature is also an important parameter to be considered. Figure 3-15(a) shows 

the temperature data for the two lines during the pre-spring period. In the treated line the 

temperature is raised, due to the passage through the heat exchanger (compared with the 

control line). During the winter month of February, a small increase of the BIOX signal was 

detected in FNSW (Fig. 3-13), together with an increase of the temperature (Fig 3-15(a)), 

and incoming slime (detected by the Nephelometer; Fig. 3-15(b)), indicating fouling 

conditions. In March, the flow disturbance in the control line is emphasized by the variation of 

temperature between day and night, due to static conditions inside the pipes. The increase of 
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the turbidity signal with time can be explained by the fouling of the sensor, and the peaks are 

due to occasions of real turbidity. 

 

 

(a) 

 

(b) 

Figure 3-15: Monitoring system results. (a) seawater temperature in the treated line (left side scale) 

and in the control line (right side scale); (b) seawater turbidity for the treated line. Period from the end 

December 2011 to middle March 2012. 

 

3.3.2 AL BRASS – ONLINE MEASUREMENTS 

The major corrosion problems associated with aluminum brass are general corrosion, 

flow-accelerated corrosion (FAC) and stress-corrosion cracking [160]. However, it presents 

an excellent corrosion protection behavior due to the formation of a thin, dense and adherent 

shielding film which forms naturally and quickly on exposure to clean seawater. This film is 

complex and consists predominantly of cupric and cuprous oxides [161], which form a 

“barrier” between the alloy surface and the seawater. FAC and erosion corrosion (EC) are 

frequently used interchangeably to describe analogous material degradation processes. The 

differences between both are related to the mechanism by which the protective film is 

removed from the metal surface. In the EC process, the oxide film is mechanically removed 
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from a metallic substrate, whereas in the FAC process, the protective oxide film is not 

mechanically removed but dissolved or banned from forming, allowing corrosion of the 

unprotected surface. EC is a common water-side phenomenon encountered with aluminum 

brass condenser tubes [160]. It occurs in areas where the turbulence intensity at the metallic 

surface is high enough to cause mechanical or electrochemical disruption of the protective 

oxide film. Turbulence increases as the flow velocity increases, and it is greatly influenced by 

the geometry of the tubes. Usually, the turbulence intensity is much higher at the tube inlets; 

therefore, if erosion-corrosion is a problem, it is commonly found in the first 25 cm length of 

the tubes.  

Ferrous salt is a normal and recommended corrosion inhibitor for Al brass [109]. It 

promotes the formation of a ferric oxide layer in the form of lepidocrocite (FeO·OH), that 

provides a good protection for this copper alloy. Turbulent water flow conditions can cause 

local erosion of the protective films and result in localized deep attack by a combination of 

corrosive and erosive action. To know if oxidizing treatments associated with ferrous ions 

treatments are effective if corrosion-erosion of Al brass occurs, it is very important to monitor, 

control and study, case by case, the effectiveness of the antifouling and anticorrosive 

treatments.  

Smooth and stepped Al brass specimens (Figure 3-16), with steps of ~ 0.3 mm depth 

and 1 mm width, 60 mm length and 20 mm diameter, were inserted in a test line with the 

same characteristics as the one previously described (Figure 3-2). The steps were dug with 

the aim to stress the turbulence on the metallic surface. 

 

 

Figure 3-16: Longitudinal view of Al brass stepped specimens. 
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At the end of November 2010, in addition to the antifouling treatment applied in this 

plant, discontinuous treatments with FeSO4 started, with a concentration of 0.3-0.5 mg.L-1 

Fe2+ at outlet, lasting one hour every two days (ClO2 dosages suspended during FeSO4 

treatments). Examples of monitoring of antifouling and anticorrosive treatments, carried out 

with the BIOX and corrosion probes made of Al brass, are reported in Figure 3-17.  

 

 

(a) 

 

(b) 

Figure 3-17: Monitoring results in treated natural seawater (TNSW). (a) Antifouling treatment 

monitored by the BIOX probe and (b) Al brass corrosion rate (Vcorr), estimated with two probes: probe 

1 with smooth specimens; probe 2 with smooth and stepped specimens. 

 

Up to April 29, the ClO2 treatment did not work correctly, due to lacks in the dosage 

system. As a consequence of the ClO2 deficiency, the BIOX signal (mV) reached the 
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saturation value (> 1000 mV), indicating the presence of biofilm covering the electrode 

surface. When the regular treatment was recovered, the signal drop to a baseline of ~ 700 

mV indicated the deactivation of the biofilm. The periodic decrease of the signal close to this 

baseline was due the temporary interruption of the ClO2 treatment for the dosage of ferrous 

ions. The complete destruction of the biofilm was reached at the end of June, when the ClO2 

treatment was stopped again for few days and the BIOX signal stayed close to the baseline. 

Figure 3-17(b) shows the monitoring of the corrosion rate with two Al brass probes: probe 1 

with not stepped specimens; probe 2 with stepped specimens. Probe 1 shows lower Vcorr 

values, indicating that in the stepped specimens, besides the antifouling treatment, the oxide 

film is less protective. 

Figure 3-18 presents the behavior of a non stepped passivated Al brass specimen 

(old), together with a stepped, not passivated specimen (new), during the period from 

September to December 2010. The graph clearly shows the low and steady-state corrosion 

rate of the old specimen in comparison with the high and instable corrosion rate of the new 

one. 

 

 
Figure 3-18: Monitoring results. Corrosion rate trends of Al brass specimens in treated natural 

seawater: non stepped specimen (old) and stepped specimen (new). 

 

At the end of December 2010, the corrosion probes were substituted by new ones 

and the FeSO4 dosages (1 h/day) were increased in order to have a residual concentration of 

Fe2+ of 0.5 mg.L-1 as total residual oxidant concentration in the water at the condenser tube 

outlet. Only one month was enough for reaching a good passivation of the specimens (Figure 

3-19). The Vcorr of stepped and smoothed samples is similar, indicating that the FeSO4 

dosages were enough to passivate also the stepped specimens (controlled turbulence 

effect). 
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Figure 3-19: Corrosion rate trend of new Al brass stepped and smoothed (not stepped) specimens 

immersed in natural sweater with FeSO4 dosages (0.5 mg.L
-1

 Fe
2+

, 1 h/day). 

 

In March 2010, other new electrodes (smoothed + stepped) were exposed to flowing 

seawater treated with Fe2+ (0.5 mg.L-1, 1 h/day plus 1 mg.L-1 1 h/week). Passivation was 

reached within about 15 days, as shown in Figure 3-20. 

 

 

Figure 3-20: Corrosion rate trend of new Al brass stepped and smoothed (not stepped) specimens 

with FeSO4 dosages (0.5 mg.L
-1

 Fe
2+

, 1 h/day + 1 mg.L
-1

 Fe
2+

, 1 h/week). 

 

3.3.3 70CU-30NI ALLOY AND AL BRASS - OFF-LINE MEASUREMENTS 

3.3.3.1 VISUAL OBSERVATIONS 

Figure 3-21 reports morphological observations of different 70Cu-30Ni samples: A24 

and A9 samples were immersed in chlorinated seawater (TNSW) and A1 and T16 samples in 

natural seawater (NSW) for a period of 80 days (same water and treatment as reported in 

Fe2+ 
0.5 mg.L-1 
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sections 2.1.2.1.1 and 2.1.2.1.2). The surface of the samples exposed to TNSW are covered 

by a protective uniform brown/green oxide film, whereas samples exposed exhibit localized 

corrosion. Shining metal appears inside the attack points (after acidic cleaning; Figs. 3-21(b, 

d)) and the presence of non-protective red oxides is clearly visible.  

Copper alloys tend to suffer pitting attack and some forms of pitting are specifically 

associated to biofilm, both in aerobic or anaerobic conditions [162]. Occluded pits contain red 

cuprous oxide crystals and the metallic surface is overlaid with exfoliating crusty corrosion 

products changing in color from deep green to purplish black [163]. In anaerobic condition, 

the pits take the form of sulfide-rich “pepper-pot” tubercles. 

 

  

(a) (b) 

  

(c) (d) 

Figure 3-21: 70Cu-30Ni samples extracted from the hydraulic lines after 80 days of operation: A24 

and A9 samples were exposed to TNSW, and A1 and T16 ones to NSW. (a,c) Before and (b, d) after 

acidic cleaning. 

 

3.3.3.2 WEIGHT LOSS MEASUREMENTS 

Gravimetric measurements were performed with a few specimens following the 

procedure exposed in section 2.2.1.2.1. Tables 3-1 and 3-2 present the results of weight loss 

measurements performed with samples at different exposure times. Figure 3-22 shows the 

pictures of the corrosion probes after 405 days of operation in TNSW or NSW.  
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Corrosion rates (Cr) presented in Tables 3-1 and 3-2 were calculated from weight 

losses by application of Faraday’s law Eq. 2-5.  

The small amounts of deposit (difference between “initial weight” and weight after 

cleaning only with water, in order to remove mud and debris) indicate the absence of 

significant precipitation of mud and corrosion products on the samples. Weight losses and 

the corresponding corrosion rates are also presented in Tables 3-1 and 3-2. The continuous 

decrease of the corrosion rate in NSW over time indicates the tendency of the alloy to create 

a protective surface layer.  In TNSW, Cr  is similar for the different exposure times. 

 

Table 3-1: Off-line measurements. Weight loss measurements performed with 70Cu-30Ni samples 

exposed to treated natural sweater. 

Sample 
Exposure 

time  
Length 
(cm) 

Deposit 
(mg.cm-2) 

Weight loss 
(mg.cm-2) 

Cr 
(μm/year) 

A9 80 6 0.036 0.322 6.018 

A24 80 6 0.038 0.443 6.811 

A27 164 6 0.061 0.417 4.643 

A15 164 6 0.055 0.438 4.339 

A6 290 6 0.073 1.979 5.251 

A19 290 6 0.144 1.727 7.248 

A21 290 6 0.263 1.022 10.167 

Corrosion 
probe 

T10 405 6 0.140 3.785 7.201 

T34 405 4 0.133 1.342 6.128 

T14 405 6 0.255 0.948 7.030 

T33 405 4 0.101 2.110 5.764 

T13 405 6 0.166 3.266 7.286 

 

Table 3-2: Off-line measurements. Weight loss measurements performed with 70Cu-30Ni samples 

exposed to natural sweater. 

Sample 
Exposure 

time 
Length 
(cm) 

Deposit 
(mg.cm-2) 

Weight lost 
(mg.cm-2) 

Cr 
(μm/year) 

A1 80 6 0.742 1.300 159.944 

T16 80 6 0.589 0.900 111.138 

A2 164 6 3.094 1.499 95.588 

A3 164 6 7.213 1.034 78.772 

A5 290 6 3.600 0.915 35.464 

A10 290 6 7.716 1.206 50.988 

Corrosion 
probe 

T9 405 6 1.080 1.033 25.654 

T35 405 4 3.445 0.690 28.130 

T23 405 6 4.242 0.994 27.962 

T36 405 4 1.401 0.660 24.968 

T19 405 6 5.765 0.849 22.952 
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The values obtained are in agreement with the electrochemical data, from the 

corrosion probes that were used to estimate the corrosion rate by the LPR technique, and 

show a much lower corrosion rate for samples exposed to TNSW.  

 

   

  

Figure 3-22: Off-line measurements. 70Cu-30Ni corrosion probes extracted from the hydraulic lines 

after 405 days of operation in treated natural sweater (TNSW) or natural seawater (NSW). 

 

3.3.3.3 MICROBIOLOGICAL ANALYSES 

For bacteria identification (by genetic analyses) at different stages of biofilm growth, 

condenser tubes samples (6-cm long) have been inserted in the hydraulic loop. A set of 9 

70Cu-30Ni and Al brass samples exposed for one year to NSW (long time) or TNSW (low, 

stable BIOX base line and low corrosion rate) and for 2 days to NSW (high corrosion rate 

and low BIOX signal). 

Deoxyribonucleic acid (DNA) is a molecule responsible for preserving genetic 

information across species and across time. It consists of a meaningful arrangement of 

chemicals called nucleotides that are symbolized by A (adenine), T (thymine), C (cytosine) 

and G (guanine). These arrangements express the story of each organism or individual, in 

that the code they produce, represent a detailed instruction book for that organism or 

individual.  

TNSW NSW 

TNSW NSW             
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Molecular biology approach is a fingerprinting methodology. First, DNA fragments 

from a sample containing multiple organisms are amplified (production of millions of copies of 

a specific DNA sequence) using the polymerase chain reaction (PCR). These amplified 

products generally entail sequences that are well conserved from organism to organism – for 

example, sequences for the 16S rDNA are a common choice. This collection of fragments is 

then subjected to the Denaturing Gradient Gel Electrophoresis (DGGE) component of the 

procedure. DGGE is a particular type of gel electrophoresis where DNA, which is negatively 

charged, is attracted by the positive electrode and forced to migrate through the pores of a 

polyacrylamide gel. Once it reaches the concentration of denaturing reagents at which it 

unwinds, it is said to have melted. This determines the melting domains, which are defined 

as stretches of base pairs with an identical melting temperature. In other words, base pairs 

formed by nucleotides A, T, C and G are chemically melted apart. 

Among these 9 samples, 8 of them were positive for DNA as revealed by nanodrop 

spectroscopy and bacteria 16S PCR amplification using 341F+GC and 907R primers.  

DGGE analysis of the samples indicate 24 visible bands (Figure 3-23). Attempts were 

made to incise all visible bands but, only a representative was acquired. 

From the DNA extracted from 70Cu-30Ni and Al Brass samples, sequencing results 

reveal the presence of bacteria species belonging to gammaproteobacteria, such as 

Marinobacter adhaerens (99%§), Alteromonas macleodii (99%), and Pseudomonas spp. 

(90%). 

Genus of Pseudomonas are known to produce extracellular polymeric substances 

(EPS) which contribute to the mechanical stability of biofilms, mediate their adhesion to 

surfaces and form a cohesive, three-dimensional polymer network that interconnects and 

transiently immobilizes biofilm cells [164]. These species have been shown to colonize the 

copper surface [82] and accelerate corrosion of copper and copper alloys [83]. 

In the global oceans, one of the most ever-present and assumed to have significant 

impact in a variety of biogeochemical cycles is the genus of Marinobacter [165]. 

The metal binding ability of bacterial EPS is very well known [170]. Alteromonas 

macleodii produces EPS with a high metal-binding ability [166] and uronic acid-rich 

extracellular polysaccharides [167-169]. EPS extracted from Marinobacter species [171] is 

widely employed in bioremediation of heavy metals such as Ni and Cu [171, 172]. 

 

                                                           
§
 99% indicates how similar the sequence is to the one saved in database of recognized strains. 
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Figure 3-23: Six percent DGGE gel showing biodiversity data from 70Cu30Ni and Al brass samples 

exposed to LTTNSW (long time (one year) to treated natural seawater), LTNSW (long time to natural 

seawater) and 2DNSW (2 days to natural seawater). Lanes 1 and 2: 70Cu30Ni/LTNSW; lanes 3, 4 

and 5: 70Cu30Ni/LTTNSW; lanes 6 and 7: Al brass/2DNSW; lane 8: Al brass/LTNSW; and lane 9 

70Cu30 Ni 2D/NSW. 

 

From the agarose gel shown in Figure 3-24, it is observed that 70Cu-30Ni and Al 

brass samples in lanes 1 and 2 (70Cu-30Ni exposed for long time (one year) to NSW), 6 (Al 

brass exposed for 2 days to NSW) and 8 (Al brass exposed for long time to NSW) were 

negative to the presence of bacteria. 70Cu-30Ni and Al brass samples exposed for long time 

to TNSW showed biodiversity (totality of genes, species, and ecosystems of a region) if 

compared to the polyacrylamide denaturing gel (DGGE Figure 3-23); similarities are 

observed in the representatives of microbial communities in the sample. Although on the 

polyacrylamide gel, the diversity is more in samples 3 and 5.  
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Figure 3-24: Bacterial 16S rRNA gene (550 bp); 70Cu30Ni and Al brass samples on 0.9% agarose 

gel exposed previously to LTTNSW (long time (one year) to treated natural seawater), LTNSW (long 

time to natural seawater) and 2DNSW (2 days to natural seawater). Lanes 1 and 2: 

70Cu30Ni/LTNSW; lanes 3, 4 and 5: 70Cu30Ni/LTTNSW; lanes 6 and 7: Al brass/2DNSW; lane 8 Al 

brass/LTNSW; lane 9 70Cu30Ni/2DNSW; lane 10 D. alaskensis (positive control); lane 11 negative 

control (PCR water); and lane 12 100 bp DNA ladder. 

 

From the results above, it can be drawn that while the cooling lines were treated, 

overtime, organisms grow in the systems. This could result from the depletion of the 

treatment in the system or the selection of more resistant bacterial populations. 

3.4 CONCLUSIONS 

The results are in agreement with previous monitoring campaigns [152], where the 

relevant role of biofouling against the formation of protective oxide layers on the surfaces of 

copper alloys exposed to seawater and, the positive influence of chlorination treatments on 

the formation of these protective oxide layers were confirmed. 

For 70Cu-30Ni alloy: 

 When biofilm starts growing on new samples exposed to seawater, it can be 

observed: 

o with chlorination: a quite constant and low value of the corrosion rate; 

o without chlorination: high values of the corrosion rate. 

 The quite stable base line value of the BIOX signal confirms that chlorination 

treatments were enough to strictly control the biofilm growth. 
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 The corrosion rates monitored with the LPR probe were in agreement with 

weight loss measurements. 

 

For aluminum brass: 

 When operating at high flow rates (up to 1.8 m.s-1), Al brass could suffer from 

corrosion-erosion problems. Periodical dosages of ferrous ions with a 

concentration of 0.5 – 1 mg.L-1 to inhibit the corrosion of Al brass are 

recommended. When increasing the Fe2+ concentration, the time required for 

reaching passivity (Vcorr  < 20 μm/y) is reduced to few weeks. 

 

For both alloys: 

Microbiological and molecular analysis of 70Cu-30Ni and Al brass samples indicated 

the bacteria species found in biofilms formed on copper alloys exposed to seawater; these 

species where: Marinobacter, Alteromonas and Pseudomonas. Similar bacteria can be found 

in waters of different parts of the world. This fact can underline an important influence of 

metallic substrate chemical composition on bacteria selection. Furthermore, a biodiversity 

was found in samples that were exposed for long period to treated seawater. 

 

Copper alloys condenser tubes suffer from biofouling problems that can result in 

serious damages. Biofouling is a consequence of biofilm formation. There are two opposite 

goals for the control of microbial adhesion and biofilm formation: one is the prevention of 

biofilms, and the other one is their promotion. Controlling the adsorption of biomolecules, 

which is the first step in biofilm formation, by modifying the surface properties of the material 

may represent a good strategy for inhibiting microbial growth. For this reason, in the next 

chapter, the influence of solution (FNSW vs ASW) and biomolecule concentration 

(biomolecules naturally present in seawater vs BSA) on the electrochemical behavior and the 

surface chemical composition of 70Cu-30Ni alloy in seawater, in static conditions is 

presented.  
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CHAPTER 4 – EFFECT OF SOLUTION AND BIOMOLECULE 

CONCENTRATION 

Copper alloys often used in cooling circuits of industrial plants can be affected by 

biocorrosion induced by biofilm formation. The objective of this chapter was to study the 

influence of solution (FNSW vs ASW) and biomolecule concentration (biomolecules naturally 

present in seawater vs BSA) on the electrochemical behavior and the surface chemical 

composition of 70Cu-30Ni alloy in seawater, in static conditions. For that purpose, 

electrochemical measurements performed after 1 h of immersion were combined to surface 

analyses.  

In order to study biomolecule concentration, results obtained in ASW and FNSW were 

compared with those obtained in ASW with 20 mg.L-1 of BSA (ASW + BSA). BSA is a model 

protein often used to study the protein-surface interactions due to its low cost and to a good 

knowledge of its properties [145, 173, 174]. 

4.1 RESULTS 

4.1.1 ELECTROCHEMICAL MEASUREMENTS 

4.1.1.1 CORROSION POTENTIAL (ECORR) VS TIME 

Natural seawater was collected at the inlet of a condenser (Italian thermal power 

plant) and filtered with 1 μm filter paper. Although filtration removes most of the organic 

matter, including bacteria, some biomolecules still remain in FNSW, but at low concentration.  

Before each experiment, the corrosion potential was followed as a function of time 

( corrE  vs time). During the first hour of immersion, the corrosion potential corrE  decreases till 

reaching a steady-state value of -0.230 ± 0.009 V vs SCE in ASW. The corrE  value in FNSW 

is -0.231 ± 0.013 V vs SCE. Therefore, the corrE  values obtained in ASW are comparable to 

those obtained in FNSW. BSA induces a more anodic corrosion potential; thus, after 1 h of 

immersion, its value is equal to -0.203 ± 0.005 V vs SCE (difference of ~ 30 mV with the 

value found in FNSW and in ASW without protein).  

4.1.1.2  CATHODIC AND ANODIC POLARIZATION CURVES 

Figure 4-1(a) shows the cathodic polarization curves obtained in FNSW, and in ASW 

without and with 20 mg.L-1 of BSA. Two current plateaus, illustrating pure mass transport 



CHAPTER 4 – EFFECT OF SOLUTION AND BIOMOLECULE CONCENTRATION 

M.L.CARVALHO   106 

 

limitation, can be clearly observed in all cases. The short plateau at around -0.30 V vs SCE 

(|j| ~ 10 μA.cm-2) illustrates the first step of dissolved oxygen reduction with production of 

H2O2, that can be written at pH = 8.0 as follows [127, 175]: 

O2 + 2H2O + 2 e- → H2O2 + 2OH-  (4.1)  

The wide plateau observed for potentials ranging from -0.40 down to -1.00 V vs SCE 

corresponds to the second step of dissolved oxygen reduction with transfer of 4 electrons, 

that can be written at pH = 8.0 as follows: 

O2 + 2H2O + 4 e- → 4OH-  (4.2)  

The ratio between the two plateau current densities is comprised between 2 and 3 

(theoretical value : 2). This observation is consistent with the presence on the alloy surface of 

a layer composed of reducible products (oxides) in the oxygen reduction domain. 

If comparing ASW and ASW + BSA, the second plateau current density is divided by 

2 in the presence of the protein (|j| ~ 40 μA.cm-2 without BSA to be compared to |j| ~ 20 

μA.cm-2 with BSA). This difference in plateau current is not necessarily due to the BSA but 

may also be induced by a difference in natural convection from one experiment to another. 

  

(a) (b) 

Figure 4-1: (a) Cathodic and (b) anodic polarization curves of 70Cu-30Ni after 1 h of immersion at 

Ecorr in static aerated filtered natural seawater (FNSW), artificial seawater (ASW) without BSA and with 

20 mg.L
-1

 of BSA. Scan rate: 0.5 mV.s
-1

. 

 

The second plateau current density for the oxygen reduction reaction in FNSW (|j| ~ 

30 μA.cm-2) is divided by 1.33 if compared to that in ASW (|j| ~ 40 μA.cm-2). The same ratio is 

observed for the first plateau current densities. Although the natural seawater was filtered, 

not all the organic matter was removed from the solution; therefore, FNSW contains some 
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biomolecules. The lower first and second plateau current densities may be due to the 

presence of these biomolecules, but may also be induced by a difference in natural 

convection from one experiment to another.  

The current increase (in absolute value) observed below -1.00 V vs SCE illustrates 

water reduction (hydrogen evolution reaction). 

The anodic polarization curves obtained in the three solutions are presented in figure 

4-1(b). In FNSW and ASW without BSA, the curves are very similar and show very high 

dissolution currents. In particular, a pseudo-plateau, corresponding to a current density of ~ 

2.5 mA.cm-2, can be observed at around 0.4 V vs SCE; therefore, this high current density 

indicates poor passivity, and hence the oxide film formed on the surface is not a good 

protecting barrier-type film. Moreover, visual observation of the electrode surface after an 

anodic scan shows a green layer, the thickness of which increases with the end anodic 

potential. This green layer corresponding to high anodic currents may be formed by 

redeposition due to the saturation of the solution in copper ions. In the presence of BSA, 

lower current densities can be observed near corrE , for potentials lower than 0.0 V vs SCE; 

this difference in current densities is partly due to the difference in corrE  values without and 

with BSA. Above 0.0 V vs SCE, the two anodic polarization curves overlap. Thus, only a 

slight influence of the protein on the anodic electrochemical behavior can be seen. Moreover, 

after the anodic polarization scan, the green color is not observed in ASW with BSA. 

4.1.1.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Figure 4-2 shows the impedance diagrams in the complex plane (Nyquist diagrams) 

plotted at corrE  after 1 h of immersion in FNSW, and in ASW without and with 20 mg.L-1 of 

BSA. The diagrams exhibit two capacitive loops: one high frequency (HF) depressed semi-

circle, and a low frequency (LF) loop. The size of the HF loop is similar in ASW and FNSW, 

whereas it is slightly higher in the presence of BSA. It can be concluded that the 

electrochemical behavior of the alloy in ASW (BSA-free) is comparable to that observed in 

FNSW.   

As mentioned before, the impedance diagrams were plotted at the corrosion potential, 

which is not the same without (ASW, FNSW) and with BSA (ASW+BSA). Therefore, the 

analysis of data must take into account the effect of potential. 

After impedance measurement at corrE , there is no sign of pitting corrosion on the 

electrode surface whatever the solution is. 
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Figure 4-2: Experimental impedance diagrams in the complex plane (Nyquist diagrams) of 70Cu-30Ni 

plotted at Ecorr after 1 h of immersion in static aerated filtered natural seawater (FNSW), artificial 

seawater (ASW) without and with 20 mg.L
-1

 of BSA. 

 

4.1.2 SURFACE ANALYSIS 

4.1.2.1 EQUATIONS NECESSARY FOR XPS DATA PROCESSING 

As indicated in chapter 2, from SEM micrographs it is possible to observe a 

homogeneous distribution of Cu and Ni along the 70Cu-30Ni sample surface.  

If a continuous mixed oxide layer covering the metallic alloy is assumed (Figure 4-3), 

the composition and the equivalent thickness of the oxide layer ( oxd ) can be calculated from 

XPS data using the following system of equations, in which the intensities of copper and 

nickel in the metallic substrate and in the oxide layer are considered: 
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Metallic nickel (Nim) 
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where: 

 k is the spectrometer specific constant; 

Cu , Ni   are the photo-ionization cross-sections of Cu and Ni, respectively;  

ox

Ni

m

Ni

ox

Cu

m

Cu  ,,,
 

are the inelastic mean free paths (IMFP) of the photoelectrons 

emitted by the Cu and Ni core levels in the metallic alloy and in the oxide, respectively;  

TCu, TNi are the transmission functions for elements Cu and Ni, respectively;  

ox

Ni

m

Ni

ox

Cu

m

Cu DDDD ,,,
 
are the densities of elements Cu and Ni in the metallic alloy and in 

the oxide, respectively. 

In this work, the take-off angle of the photoelectrons with respect to the sample 

surface is equal to 90°. 

 

 
Figure 4-3: Layer model assumed for the analysis of XPS data (mixed oxide layer covering the 

metallic substrate). 

 

Considering that:  

1 m

Ni

m

Cu DD   (4.7) 

1 ox

Ni

ox

Cu DD   (4.8) 

the concentrations of copper and nickel in the oxide layer and beneath the oxide 

layer, as well as the oxide layer thickness can be calculated by solving the system of six 

equations (Eqs. (4.3) to (4.8)) with six unknowns ( ox

ox

Ni

ox

Cu

m

Ni

m

Cu dDDDD ,,,,  and k ). 
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The calculated values for the transmission function T are listed in Table 4-1. 

 

Table 4-1: Transmission functions T(Ekin) of the Escalab 250 energy analyzer, provided by Thermo 

Electron Corporation. 

T(Ekin) 

Cu Auger line 
L3M45M45 

Cu 2p3/2 Ni 2p3/2 

3492 4265 4062 

 

As mentioned in Chapter 2, the inelastic mean free path (λ) values were taken from 

the QUASES-IMFP-TPP2M, a database for calculation of IMFPs by the TPP2M-formula, 

which is part of the QUASES-Tougaard method. These values are listed in Table 4-2. 

 

Table 4-2: Inelastic mean free paths λ in nm – Taken from the QUASES-IMFP-TPP2M. 

λ (nm) 

2

232

Cu

pCu  
Cu

pCu 232  
m

pCu 232  
Cu

AugerCu

  
m

AugerCu

  2

232

Ni

pNi  
m

pNi 232  

1.19 1.23 1.01 1.76 1.46 1.31 1.11 

 

The photoionization cross-section σX values are presented in Table 4-3.  

 

Table 4-3: Photo-ionization cross sections σX at 1486.6 eV. 

 Cu Auger line L3M45M45* Cu 2p3/2 Ni 2p3/2 

σX 5.4 16.73 14.61 

*Value calculated by: 
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  , using the known intensity values 

m

pCuI
232  and 

m

AugerCu

I   of the 70Cu-30Ni alloy after polishing and sputtering (removal of oxides from the 

surface). 

 

Although with the previous equations, it is possible to calculate the equivalent 

thickness and the composition of the oxide layer formed on the 70Cu-30Ni alloy, the 

decomposition of the Cu 2p3/2 XPS peak presents an important difficulty. Indeed, the binding 

energy of Cu0 and Cu+ are located at the same position as shown in Table 4-4, in which the 

binding energy of the Cu 2p3/2 core level and the kinetic energy of the L3M45M45 Cu Auger line 

are presented for different Cu species. This difficulty is overcome by making use of the Cu 
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Auger line (L3M45M45), helpful for distinguishing these two species. Furthermore, the Cu 

Auger line was used to obtain information about the relative contributions of Cu2O, CuO and 

metallic Cu. For that purpose, the decomposition was performed with the software “CASA”, 

using the reference spectra of Cu2O, CuO and metallic Cu. The results provide the relative 

proportions of these compounds on the alloy surface, considering that no other species is 

present. However, this is not fully correct, due to the fact that other Cu species may be part 

of the surface film, such as Cu(OH)2, CuSO4 or other Cu complexes, leading to an 

overestimation of the percentages of Cu+ and Cu2+ in the Auger line (L3M45M45).  

 

Table 4-4: Binding energy of Cu 2p3/2 XPS peak and kinetic energy of L3M45M45 Cu Auger line for 

different Cu species [176-182]. 

Compound 
Cu 2p3/2  

binding energy / eV 

L3M45M45 Cu Auger line 
 kinetic energy / eV 

Cu 932.5  0.2 918.7  0.3 

Cu2O 932.4  0.2 917.0  0.4 

CuO 933.4  0.2 917.9  0.2 

Cu(OH)2 934.5  0.4 916.4  0.2 

CuSO4 935.4  0.3 916.0  0.1 

Cu2S 932.6  0.3 917.4  0.7 

CuCl 932.0  0.7 915.5  0.3 

CuCl2 934.6  0.6 915.5  0.3 

 

As it was not possible to know precisely what other compounds (different from Cu2O 

and CuO) were involved in the formation of the oxide film, and as Auger line L3M45M45 

references could be obtained for all the involved copper compounds, only the intensity of Cu0 

obtained from the decomposition of the Cu Auger line (L3M45M45) was taken into account. 

Therefore, the intensity of Cu0 in the Auger line (
0Cu
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I ) was calculated from the total 

intensity of the Cu Auger, and this value was converted into a 
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The intensity of Cu+ ( 
Cu

pCuI
232 ) was then calculated from 

m

pCuI
232   by:  

m

pCu

eV

pCu

Cu

pCu III
232323 2

932

22 


  (4.10) 

where 
eV

pCuI 932

2 23
 corresponds to the intensity of the peak located at 932 eV in the Cu 

2p3/2 core level spectrum corresponding to Cu+ and/or Cu0. 

The intensities 
Cu

pCuI
232  and 

m

pCuI
232 can be used to solve the system of equations that 

will allow to calculate the equivalent thickness of the oxide layer, and the composition of the 

oxide film and of the substrate beneath the oxide film. 

For experiments performed in ASW + BSA and in FNSW, the composition and the 

equivalent thickness of the oxide layer ( oxd ) formed in the presence of biomolecules were 

calculated from XPS data, using the system of equations previously presented (Eqs: (4.3) to 

(4.8)) and considering the intensities of copper and nickel in the metallic substrate and in the 

mixed oxide layer formed on the alloy surface (the presence of biomolecules leads to mixed 

oxide layers, as will be shown later). Figure 4-4 illustrates the layer model used for the 

analysis of XPS data of 70Cu-30Ni alloy after immersion in a solution containing 

biomolecules (ASW + BSA or FNSW) that adsorb on the surface, forming an organic film on 

top of the oxide layer, with an equivalent thickness dBSA (for ASW + BSA) or dorg (for FNSW). 

 

 

Figure 4-4: Layer model assumed for the analysis of XPS data (organic layer covering the mixed 

oxide layer formed on the metallic substrate). 

 

The thickness dBSA can be calculated from the 
ox

Cu

BSA

N

I

I
 ratio. The nitrogen signal comes 

only from the protein and is therefore a fingerprint of the adsorbed protein. The N 1s intensity 

emitted by the adsorbed BSA is given by: 
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The Cu 2p3/2 intensity emitted by the oxide layer and attenuated by the adsorbed 

protein layer is given by: 
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  (4.13) 

The calculated value for the transmission function T(Ekin) of the Escalab 250 energy 

analyzer for nitrogen (N 1s) is 3233.4, and the photo-ionization cross-section of N 1s is 1.8. 

The values for the inelastic mean free path are presented in Table 4-5. 

 

Table 4-5: Inelastic mean free paths λ in nm – Taken from the QUASES-IMFP-TPP2M. 

λ (nm) 
BSA

pCu 232  
BSA

pNi 232  BSA

sN1  

1.94 2.13 3.39 

 

The values of the different parameters for Cu and Ni are given in Tables 4-1 to 4-3. 

4.1.2.2 RESULTS 

During the XPS measurements, the following core levels were recorded: Cu 2p (and 

Auger line), Ni 2p, O 1s, C 1s, and N 1s. Only the Cu 2p3/2 and Ni 2p3/2 peaks were used in 

the decomposition and analysis of XPS data. 

The XPS Cu 2p3/2 core level spectrum of the 70Cu-30Ni alloy sample just after 

polishing shows the presence of a first peak at 932.2 eV corresponding to Cu+ and/or Cu0, 

and a second peak at 933.7 eV with a satellite at higher binding energy (943.2 eV) 

corresponding to Cu2+ (Figure 4-5(a)). The position of the Auger line (L3M45M45) at a kinetic 

energy of 919.1 eV indicates a major contribution of Cu0 (Figure 4-5(b)). On the other hand, 

the Ni 2p3/2 core level spectrum shows a peak at a binding energy of 852.2 eV characteristic 
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of Ni0, and another peak at 855.6 eV with a satellite at 860.9 eV corresponding to nickel 

hydroxide (Ni(OH)2) (Figure 4-6). The calculated thickness of the oxide layer is ~ 1.5 nm and 

its atomic composition is: 27 at. % Cu2O + 42 at. % Cu2+ (CuO and Cu(OH)2) + 31 at. % 

Ni(OH)2. Enrichment in copper of the alloy beneath the oxide layer is also detected (75 at. % 

Cu + 25 at. % Ni to be compared to 68 at. % Cu + 32 at. % Ni for the bulk alloy). 

After immersion in ASW, the XPS Cu 2p3/2 core level peak with a binding energy 

located at 932.2 eV (Figure 4-5(a)) and the Cu Auger line (L3M45M45) at a kinetic energy of 

916.8 eV (Figure 4-5(b)) demonstrate, according to Table 4-4, the presence of Cu+ instead of 

Cu0 as observed for the sample after polishing. In the case of FNSW, the Cu 2p3/2 core level 

spectrum exhibits the a first peak at  ~ 932.2 eV corresponding to Cu+ and/or Cu0, and a 

second peak at higher binding energy (~ 934 eV) with a satellite at ~ 944 eV corresponding 

to Cu2+ (Figure 4-4(a)). The position of the Auger line (L3M45M45) at a kinetic energy of 916.7 

eV (Figure 4-4(b)) shows the presence of Cu+, similarly to what is observed in ASW.  

 

  

(a) (b) 

Figure 4-5: (a) X-ray photoelectron spectroscopy (XPS) Cu 2p3/2 core level spectra and (b) Cu 

L3M45M45 Auger lines of 70Cu-30Ni after polishing and after 1 h of immersion at Ecorr in static aerated 

filtered natural seawater (FNSW) and artificial seawater (ASW) without and with 20 mg.L
-1

 of BSA. The 

intensity is expressed in arbitrary unit (a.u.). 

 

The XPS Ni 2p3/2 core level spectrum of the 70Cu-30Ni alloy sample just after 

polishing shows the presence of a first peak at ~ 852.4 eV corresponding to Ni0, and a 

second peak at ~ 856.0 eV with a satellite at higher binding energy (862 eV) corresponding 

to Ni(OH)2 (Figure 4-6) [183]. From the XPS Ni 2p3/2 core level spectra, the presence of 

Ni(OH)2 in the surface layer is demonstrated, after immersion in ASW as well as in FNSW, by 

a peak located at ~ 856.0 eV and the corresponding satellite at ~862 eV, (Figure 4-6) [183].  
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The XPS Cl 2p core level spectra, of the alloy exposed to ASW and FNSW (not 

presented here), show a peak centered at 198.6 eV. Using the intensity of the Cl 2p signal, 

the amount of Cl- can be calculated; a value of ~ 0.2% is found after immersion in ASW and 

of ~ 0.8% after immersion in FNSW. 

The atomic composition of the oxide layer calculated from XPS data for 70Cu-Ni alloy 

after 1 h of exposure to ASW (93 at. % Cu2O + 7 at. % Ni(OH)2) indicates an enrichment in 

Cu2O compared to the sample just after polishing; no Cu2+ compounds are detected in the 

oxide layer. After immersion in FNSW, the oxide layer also exhibits an enrichment in Cu+, but 

Cu2+ compounds are found in the oxide layer as well as Ni(OH)2 (55 at. % Cu+ + 16 at. % 

Cu2+ + 29 at. % Ni2+). The depth analyzed by XPS is about 10 nm. No metallic contribution is 

observed in the Cu 2p3/2 and Ni 2p3/2 core level spectra, which means that the oxide film is 

thicker than 10 nm; therefore, the thickness of the oxide film cannot be calculated from XPS 

data.  

After immersion in the BSA-containing solution, the XPS Cu 2p3/2 core level spectrum 

exhibits three peaks (Figure 4-5(a)): one located at 932.3 eV attributed to Cu0 and/or Cu+, 

another one with a binding energy of 933.9 eV and the corresponding satellite at higher 

binding energy attributed to Cu2+. Moreover, the Cu Auger line at a binding energy of 916.6 

eV (Figure 4-5(b)) shows the presence of Cu+. The XPS Ni 2p3/2 core level spectrum 

recorded in the presence of BSA exhibits the same features as without protein: a peak at a 

binding energy of 856.0 eV and the corresponding satellite at 861.7 eV showing the 

presence of Ni(OH)2 in the surface layer (Figure 4-6). From these XPS data, it can be 

concluded that the presence of BSA leads to a mixed copper oxides (Cu+ and Cu2+) and 

nickel hydroxide layer, with the following atomic composition: 16 at. % Cu+ + 33 at. % Cu2+ + 

51 at. % Ni(OH)2. A lower amount of Cu+ and higher amounts of Cu2+ and Ni(OH)2 are 

detected compared to the results obtained in ASW without BSA. 
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Figure 4-6: X-ray photoelectron spectroscopy (XPS) Ni 2p3/2 core level spectra of 70Cu-30Ni after 1 h 

of immersion at Ecorr in static aerated filtered natural seawater (FNSW) and artificial seawater (ASW) 

without and with 20 mg.L
-1

 of BSA. The intensity is expressed in arbitrary unit (a.u.). 

 

A characteristic ToF-SIMS depth profile (negative ions) obtained with 70Cu-30Ni alloy 

immersed during 1 h at corrE  in ASW is presented in Figure 4-7. This profile evidences a 

stratification of the oxide film covering the metallic surfaces. Three regions can be observed. 

The first one extends from 0 to 200 s of sputtering, characterized by an intense 9563CuO2
- 

signal. As one probes deeper into this first region, a progressive increase of the 9058NiO2
- 

signal is observed, indicating that the outer surface layer is mainly composed of copper 

oxide, with the presence of some Ni oxide and/or hydroxide, in agreement with XPS data. In 

the second region that extends from 200 s to 290 s, a sharp decrease of the 9563CuO2
- signal 

is observed, whereas 9058NiO2
- signal reaches its maximum intensity. This second region is 

assigned to a nickel oxide and/or hydroxide inner layer in which the presence of oxidized 

copper cannot be excluded. Finally, after 290 s of sputtering, one enters the third region 

characterized by a sharp decrease of all oxidized signals (1818O-, 9563CuO2
- and 9058NiO2

-) 

and a constant and intense plateau for the 11658Ni2
- signal which is characteristic of the 

metallic substrate. It is noticeable that Cl species (represented by the 35Cl- signal on the 

profile) are present essentially in the outer part of the oxide layer (copper oxide). Thus, the 

oxide film formed on 70Cu-30Ni alloy in ASW exhibits a duplex structure with (a) a 20 nm-

thick outer layer mainly composed of copper oxide and (b) a 10 nm-thick inner layer mainly 

composed of oxidized nickel. The possible presence of Ni hydroxide in the inner layer can be 

explained by the fact that the outer layer is, in fact, redeposition of copper oxide on the 

surface. 
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Figure 4-7: Characteristic time-of-flight secondary ions mass spectrometry (ToF-SIMS) negative depth 

profile of 70Cu-30Ni after 1 h of immersion at Ecorr in static aerated artificial seawater (ASW). 

 

Figure 4-8 exhibit the negative depth profile recorded after 1 h of immersion at corrE  

in FNSW. This profile, as the one obtained in ASW, allows evidencing a possible stratification 

of the different compounds on the alloy surface. Three main regions can be identified. In the 

first region, from 0 s to 32 s of sputtering, all signals increase, particularly the 26CN-, 32S-, 

63PO2
-, 9058NiO2

- signals, which reach a maximum value and subsequently sharply 

decrease. The 9563CuO2
-, 1818O- signals start to slowly decrease at the end of this first 

region, whereas the 11658Ni2
- signal keeps increasing. The second region, which goes from 

32 up to 187 s of sputtering, is characterized by a new increase of the 26CN-, 32S-, 63PO2
-, 

9058NiO2
- signals. The 11658Ni2

- signal slightly increase until form a plateau at ~ 187 s, when 

all the signals representing the oxidized components sharply decrease; at this point, the 

interface Cu oxide/oxidized Ni has been reached. The first region can be probably due to the 

presence of some islands of oxidized Ni and Cu on the oxide layer, covering an oxidized Ni 

oxide layer, represented by region 2. The signal 35Cl- holds its high intensity value up to 82 s 

of sputtering, which indicate the presence of Cl- along the oxide layer. The 32S- signal follows 

the same trend as the 9058NiO2
- signal, indicating the presence of sulfur throughout the inner 

layer. The global thickness estimated by ToF-SIMS was of ~ 23 nm. 
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Figure 4-8: Characteristic time-of-flight secondary ions mass spectrometry (ToF-SIMS) negative depth 

profile of 70Cu-30Ni after 1 h of immersion at Ecorr in static aerated filtered natural seawater (FNSW). 

 

Figure 4-9 shows the ToF-SIMS negative depth profile obtained with 70Cu-30Ni after 

1 h of immersion in ASW with 20 mg.L-1 of BSA. In this figure, it is possible to distinguish 

mainly four regions. The first region that goes from 0 to 10 s shows an increase of all the 

signals, and it is characterized by a maximum intensity in the 35Cl- and 26CN- (characteristic 

signal of proteins -peptidic link-) signals. From 10 s up to 25 s of sputtering the second region 

is observed, where the 9563CuO2
-, 1818O- and 9058NiO2

- signals reach their maximum value, 

and the 35Cl- signal and the 26CN- one sharply decrease. This region corresponds to the 

oxide layer beneath the BSA layer. The third region starts from 25 up to 64 s of sputtering, 

when the 9563CuO2
-, 1818O-, 35Cl- and the 9058NiO2

- signals exhibit an inflection point, slightly 

increasing forming a shoulder; whereas the 26CN- signals keeps sharply decreasing and the 

11658Ni2
- signal gradually increase. This third region evidences an oxide layer non-cover by 

the BSA. Finally after ~ 64 s of sputtering, oxides signal presents a sharp decrease, and the 

11658Ni2
- signal form a plateau indicating that the alloy/oxide interface is reached. 

By ToF-SIMS, it is not possible to identify a stratification of the different compounds 

on the alloy surface in the presence of the protein. Therefore, the depth profiles show one 

mixed oxide layer (oxidized copper and nickel) with a thickness of ~ 10 nm, being three times 

lower than that in the absence of the protein, and partly cover by the BSA layer. 
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Figure 4-9: Characteristic time-of-flight secondary ions mass spectrometry (ToF-SIMS) negative depth 

profile of 70Cu-30Ni after 1 h of immersion at Ecorr in static aerated artificial seawater with 20 mg.L
-1

 of 

BSA. 

 

The N 1s spectrum recorded after immersion in ASW with BSA (Figure 4-10 (a)) 

exhibits a major symmetric peak, centered at 400.2 eV, as expected for the amine or amide 

groups of BSA [184]. In the case of ASW, there is no protein adsorbed on the surface, and 

low amount of adsorbed proteins are adsorbed in FNSW. The C 1s signal obtained in the 

same conditions is shown in Figure 4-10 (b). It can be fitted with three contributions 

corresponding to well identified carbon bonds present in the BSA molecule: C1, at a binding 

energy of 285.0 eV, assigned to C-C and C-H; C2, at a binding energy of 286.4 eV, attributed 

to C-N and C-O single bonds; and C3, at a binding energy of 288.3 eV, assigned to O=C-O 

and O=C-N (peptide bonds) bonds [145]. 

From the N 1s and C 1s signals, it is possible to calculate different “nitrogen/carbon” 

or “carbon/carbon” atomic ratios. The values of these ratios obtained for the 70Cu-30Ni alloy 

immersed in static ASW without and with BSA and in FNSW, as well as those estimated in 

previous studies for the BSA powder [15, 146] are presented in Table 4-6. The good 

agreement between the values for the sample exposed to BSA and the BSA powder 

provides a fingerprint for the protein, and allows us to conclude that the protein is present on 

the surface. The thickness estimated from XPS data for this adsorbed layer is ~ 3 nm which, 

according to the size of the BSA molecule [174], corresponds to one monolayer. 
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(a) (b) 

Figure 4-10: (a) N 1s core level spectra of 70Cu-30Ni after 1 h of immersion at Ecorr in static aerated 

filtered natural seawater (FNSW) and artificial seawater (ASW) without and with 20 mg.L
-1

 of BSA, and 

(b) C 1s core level spectra of 70Cu-30Ni after 1 h of immersion at Ecorr in static aerated artificial 

seawater with 20 mg.L
-1

 of BSA. Solid line: experimental spectra; dashed line: peak decomposition. 

The intensity is expressed in counts per second (CPS). 

 

Table 4-6: Atomic ratios calculated from the XPS N 1s and C 1s core level spectra recorded for the 

BSA powder and for 70Cu-30Ni after 1 h of immersion at Ecorr in static aerated artificial seawater 

without and with 20 mg.L
-1

 of BSA and filtered natural seawater. 

 N/Ctotal
* N/(C2+C3)

 * C1/Ctotal
* C2/Ctotal

* C3/Ctotal
* 

BSA powder 0.22 0.48 0.54 0.26 0.20 

ASW+BSA 0.20 0.45 0.56 0.22 0.22 

ASW 0.03 0.14 0.78 0.13 0.09 

FNSW 0.04 0.13 0.65 0.11 0.24 

 

(a)
The atomic ratio X/Y is given by:  

X
BSA
XXYY

BSA
YYX TI/TIY/X   

where IX,Y is the intensity of the peak (peak surface area) associated to element X or Y (X and Y equal 

to N or C), 
BSA

Y,X  the attenuation length of photoelectrons emitted by the X or Y core level in the BSA 

layer, σX,Y the photoionisation cross-section of X or Y, and TX,Y the transmission factor of X or Y. The 

C 1s signal is fitted with three contributions C1, C2 and C3, corresponding to well identified carbon 

bonds present in the BSA molecule. 

 

In FNSW the “nitrogen/carbon” ratios are similar to those obtained in ASW, but the 

ratios “carbon/carbon” are slightly different, especially C3/Ctotal, assigned to O=C-O and O=C-

N (peptide bonds) bonds. This can mean that FNSW, besides filtered, still have some protein 

compounds on its composition. 
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4.2 DISCUSSION 

4.2.1 SURFACE LAYERS MODELS (COMBINED XPS AND TOF-SIMS) 

Figure 4-11 illustrates the surface layer model deduced from the surface analysis of 

the 70Cu-30Ni alloy just after polishing. In this model, one mixed oxide layer, made up of 

Cu+, Cu2+ and Ni2+ compounds, covers the surface. The thickness of the oxide layer is about 

1.5 nm. 

 

 
Figure 4-11: Model of the surface layers deduced from combined X-ray photoelectron spectroscopy 

(XPS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS) results for 70Cu-30Ni just 

after polishing. 

 

The surface layer model deduced from combined XPS and ToF-SIMS data for 70Cu-

30Ni alloy after short-term immersion (1 h of exposure) at corrE  in static ASW is shown in 

Figure 4-12(a). This model shows two oxidized layers: an outer layer mainly composed of 

cuprous oxide (Cu2O) and an inner layer mainly composed of oxidized nickel; no Cu2+ 

compounds were found. A similar model with two oxidized layers is deduced for 70Cu-30Ni 

alloy after 1 h of immersion in static FNSW (Figure 4-12(b)). However, in this case, Cu2+ and 

Cu+ compounds were detected on the surface, and the oxidized Cu/oxidized Ni ratio in the 

outer oxide layer is lower than that observed in ASW.  

The duplex structure observed after 1 h of immersion in static ASW and in FNSW, 

with a cuprous oxide-rich outer layer and an oxidized Ni-rich (NiO and/or Ni(OH2) inner layer, 

has already been observed by Souchet et al. for the early stages (1-2 h) of low temperature 

(100-200°C) air oxidation of CuNi alloys [185,186] but this result is not well-known for the 

oxidation of such alloys in aqueous solution. 

The Cl- ToF-SIMS signal, visible throughout the outer layer in static ASW and FNSW, 

could be related to the formation of CuCl, as taken into account in the impedance model (see 

section 4.2.4). However, the amount of chlorides detected by XPS is lower than 1% (at. %) 
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after immersion in both solutions. This is because the limit of detection of ToF-SIMS is lower 

than that of XPS. Therefore, the main Cu+ compound formed on the surface layer is Cu2O. 

The oxide layer composition estimated from XPS data for the 70Cu-30Ni alloy after 

short-term immersion (1 h of exposure) at corrE  in ASW with 20 mg.L-1 of BSA is summarized 

in Figure 4-14(c). The presence of BSA induces the formation of a mixed oxide layer 

composed of Cu+, Cu2+ and Ni2+ compounds, but with a lower Cu2O content, a higher 

Ni(OH)2, as well as a lower oxide layer thickness (if compared with ASW without BSA and 

FNSW). 

There are basically two mechanisms of de-alloying for binary alloys proposed in the 

literature [127]: 

i. simultaneous dissolution of both components of the alloy followed by redeposition of 

one component (usually the more noble one), 

ii. selective dissolution of one element from the alloy. 

Beccaria and Crousier studied the de-alloying of Cu-Ni alloys exposed to natural 

seawater for 660 h and found simultaneous dissolution of both components with possible 

redeposition of copper for nickel contents lower than 50 %, whereas for nickel concentrations 

higher than 50% selective dissolution of copper took place [187]. Results obtained by 

Mansfeld et al. for long-term exposure (1-3 months) in natural seawater suggest that de-

alloying of 70Cu-30Ni is initially due to simultaneous dissolution of copper and nickel and 

subsequent redeposition of copper in agreement with the results of Beccaria and Crousier 

[127]. 

Our results obtained for short-term exposure to ASW are in agreement with the 

conclusions drawn by Beccaria and Crousier, and Mansfeld et al.; the cuprous oxide Cu2O 

detected on the surface by XPS and ToF-SIMS is formed by redeposition of dissolved 

copper. 
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(a) (b) 

 

(c) 

Figure 4-12: Models of the surface layers deduced from combined X-ray photoelectron spectroscopy 

(XPS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS) results for 70Cu-30Ni after 1 h 

of immersion at Ecorr in static (a) ASW, (b) FNSW and c) ASW with 20 mg.L
-1

 of BSA (ASW + BSA). 

 

4.2.2 COMPOSITION OF THE ORGANIC LAYERS (XPS)  

Correlations between spectral XPS data (C 1s, N 1s and O 1s) were used to generate 

information about the organic layer formed in FNSW and in ASW in the presence of BSA 

[142, 188]. As mentioned before, the C 1s peak was decomposed into three contributions 

(Figure 4-10). In Table 4-7 are summarized the binding energies of carbon, oxygen and 

nitrogen in chemical functions of biochemical compounds. 
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Table 4-7: Binding energy of elements in chemical functions of biochemical compounds [142]. 

 
Element and 

function 
Position 

(eV) 
Reference compound 

C
A

R
B

O
N

 

C-(C,H) 284.8/285.0 
Hydrocarbon, adventitious 

contamination 

C-N, O=C-N-C 286.1 Amine; amide, peptidic link 

C-O 286.3 Alcohol 

C-C-O 286.7 Polysaccharide 

O=C-O-C 286.8 Ester 

C=O, O-C-O 287.8 Aldehyde, (hemi)acetal 

O=C-N-C, O=C-O- 288.0 Amide, peptidic link; carboxylate 

C-O-C-O 288.1 Polysaccharide 

O=C-O-C 289.0 Ester 

O=C-OH 289.0 Carboxylic acid 

O
X

Y
G

E
N

 

O=C-O- 531.1 Carboxylate 

O=C-N-C 531.3 Amide, peptidic link 

O=C-OH 531.8 Carboxylic acid 

O=C-O-C 531.9 Ester 

C-OH, C-O-C-O-C 532.6 Alcohol, (hemi)acetal 

C-C-O 532.9 Polysaccharide 

O=C-O-C 533.4 Ester 

O=C-OH 533.4 Carboxylic acid 

C-O-C-O 533.5 Polysaccharide 

N
IT

R
O

G
E

N
 C-NH2 399.3 Amine 

O=C-NH 399.8 Amide, peptidic link 

C-NH3
+ 401.3 Protonated amine 

 

 Figure 4-13(a) presents the plot of the molar concentration of carbon responsible for 

the C3 component, located at 288.3 eV (O=C-N-C, or C-O-C-O or O=C-O-), as a function of 

the molar concentration of total organic nitrogen, Norg. A 1:1 relation is expected for the 

amide function (HC-NH-(C=O)) forming the backbone of proteins (peptidic link). A deviation 

from this 1:1 line would indicate the presence of polysaccharides or any oxidized carbon of 

contaminants. As expected, the data are close to the 1:1 relation after 1 h of immersion of 

70Cu-30Ni alloy in ASW with BSA in static conditions, evidencing the presence of adsorbed 

proteins on the surface. However, the organic layer after immersion in FNSW seem to 

contain other compounds than proteins. 
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(a) (b) 

  

(c) (d) 

Figure 4-13: Plot of molar concentrations determined by XPS: (a) C3288.3 vs Norg, (b) C2286.4 vs Norg, c) 

O533 vs C2286.4 - Norg, and d) C1285.0 vs Ctot - 2*Norg. 70Cu-30Ni samples immersed 1 h at Ecorr, in static 

aerated ASW with 20 mg.L
-1

 of BSA (ASW + BSA) and FNSW. Dashed lines: 1:1 relation. 

 

In Figure 4-13(b), the molar concentration of the carbon component located at a 

binding energy of 286.4 eV (C2 peak), which is due to carbon making a single bond with 

oxygen (in alcohol, polysaccharides, ester or ether) or nitrogen (in amine or amide), is plotted 

as a function of Norg. In this figure, the sample after immersion in FNSW presents high 

deviation from the 1:1 relation, which may be attributed to the presence of polysaccharides or 

oxygen-containing organic contaminants. 

Figure 4-13(c) illustrates the O 1s near 533 eV (not shown in this manuscript), due to 

oxygen making one or two bonds with carbon, therefore, oxygen in polysaccharides, ester, 

alcohol or carboxyl groups, as a function of the difference between C2 and Norg (C2 - Norg). 

The total organic N is subtracted from C2 in order to remove the contribution of amide 

functions related to the presence of proteins. Therefore, 1:1 a relation is expected for alcohol, 



CHAPTER 4 – EFFECT OF SOLUTION AND BIOMOLECULE CONCENTRATION 

M.L.CARVALHO   126 

 

ester and polysaccharides groups. For ASW+BSA, the experimental data are close to the 1:1 

line. In the case of FNSW, the observed deviation may be due to the relatively low nitrogen 

concentration.  

Figures 4-13(a) and 4-13(b) allow evidencing the presence of the amide function on 

the surface in ASW+BSA, but for FNSW other functions are present on the surface. This 

amide function is considered as a marker of proteins. However, the presence of other 

functional groups that can be associated to other biomolecules, such as polysaccharides or 

hydrocarbons (typical of lipids) is also evidenced. Polysaccharides frequently contain N-

acetylated aminosugars in which nitrogen is also in the form of amide. Considering that all 

the Norg is in the form of amide (HC-NH-(C=O)), the carbon which is not in the form of amide 

can be calculated by subtracting 2*Norg from the total carbon (Ctot - 2*Norg) [142, 188-190]. In 

Figure 4-13(d), the C1 carbon component, due to carbon only bound to carbon and hydrogen 

(hydrocarbon function, typical of lipids) is plotted as a function of the total carbon which is not 

in the form of amide (Ctot - 2*Norg). The deviations from the 1:1 relation reflect the 

concentration of carbon which is neither in the form of hydrocarbon functions, nor in the form 

of amide. The sample after immersion in FNSW presents significant deviation from this 1:1 

line. 

Defining the composition of the organic adlayers is difficult due to the complexity of 

the biochemical compounds and the presence of organic contaminants on the surface. 

However, as shown in previous figures, the main biomolecules contributions can be 

distinguished and, therefore, the composition can be estimated in terms of these main 

components. In this work, the composition of the adsorbed layers is expressed in terms of 4 

chemical entities: amide (HC-NH-(C=O)) quantified by Norg, CH2 quantified by the C1 

component of the C 1s core level spectra, additional oxidized carbon quantified by Cadd = Cox 

- 2Norg and additional organic oxygen quantified by Oadd = Oorg – Norg = Cox – 2Norg [143, 189], 

where Cox is the oxidized carbon equal to: 

Cox = C2 + C3 = Ctot – C1  (4.14) 

and Oorg  is the organic oxygen which can be approximated by: 

   Oorg = Cox + Norg  (4.15)  

since for many organic functions (alcohol, primary amide or amine, ester, aldehyde, 

ketone), and mostly for those which are relevant in biosystems, Cox = Oorg + Norg (exceptions 

are the cases of ether, carboxylic acid or carboxylate functions). 

Thus, Cadd is the oxidized carbon in addition to the one present in the form of amide 

and Oadd the organic oxygen in addition to the one present in the form of amide. 
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The elemental molar concentrations, obtained from XPS spectra, were converted into 

weight percentages of these chemical entities (g/100 g of adlayer), as explained in Annex A. 

Figure 4-14 illustrates the XPS results after conversion into weight percentages in the form of 

a ternary composition diagram. The corners of this triangle represent 100 wt % of amide, 100 

wt % of CH2 and 100 wt % of additional carbon and oxygen (Cadd + Oadd) [189]. This figure is 

convenient to represent the composition of surfaces and adlayers with respect to an amide 

pole, shared by proteins and N-acetylated functions of polysaccharides, a hydrocarbon pole, 

typical of lipids, and a pole representative of oxidized organic compounds, including 

polysaccharide moieties. 

 

 

Figure 4-14: Composition of the biomolecules adsorbed on surface. Relative mass concentration of 

amide (HC-NH-(C=O)), hydrocarbon CH2, and other-oxygen-containing molecules (Cadd + Oadd), 

including polysaccharides. 70Cu-30Ni samples immersed 1 h at Ecorr, in static aerated ASW with 20 

mg.L
-1

 of BSA (ASW + BSA) and FNSW. 

 

The ternary diagram has proved that proteins are the main compounds adsorbed on 

the surface after immersion in static ASW+BSA. This result is in agreement with the 

composition calculated by Y. Yang according to the aminoacid composition of BSA (70% 

amide + 30% CH2) [189]. After immersion in FNSW, the surface shows low protein 

concentration (10 % amide), but equal contribution of hydrocarbon (45 % CH2) and additional 

carbon and oxygen (45 % Cadd + Oadd).  
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4.2.3 CORROSION MECHANISM  

It is accepted by many authors that the corrosion of pure Cu is controlled by mass 

transport processes to and from corroding surfaces, involving O2, Cl-, OH-, Cu+ and CuCl-2 

species affecting both the anodic and the cathodic partial reactions [46, 127]. 

Four regions have been identified on the anodic polarization curve of pure Cu in 

acidic and neutral chloride solution for different rotation speeds: an active dissolution region 

close to the corrosion potential (apparent Tafel region) followed by a limiting-current region 

(current plateau), then a mixed-kinetics region appears up to a second limiting current region. 

The first two regions (active dissolution and first plateau) are attributed to the formation of 

Cu+ species, and the current increase beyond the first plateau accounts for copper 

dissolution as Cu2+ [191,192]. 

In the region of active dissolution close to the open circuit potential, the current is 

partially controlled by mass transport (mixed kinetics). Most of the authors agree that the 

anodic dissolution of Cu in chloride media occurs through a two-step sequence where CuCl 

is an insoluble specie [46,191,192]: 

Cu + Cl- 
1

1

k

k

  CuCl + e–     (4.16)  

CuCl + Cl- 
2

2

k

k

  CuCl2
-       (4.17)  

In this mechanism the soluble cuprous complex CuCl2
- is the diffusing species and 

CuCl is the blocking species which is electrochemically formed in a first step (Eq. (4.16)) and 

chemically dissolved in a second step (Eq. (4.17)). 

Therefore, in the anodic range, Cu is dissolved most likely as CuCl2
- at low current 

densities and at sufficiently low chloride concentrations (< 1 M) [193]. The mass 

transport/diffusion control of Cu electrodissolution has been ascribed by different authors 

either to the transport of Cl- to the surface, or to the transport of CuCl2
- from the surface to the 

bulk solution. 

Deslouis et al. developed an expression (Eq. (4.18)) for low anodic current densities 

considering that: i) the first step (Eq. (4.16)) is no longer at quasi-equilibrium; ii) the coverage 

by CuCl is small; and iii) mass transport control is only due to CuCl2
- diffusion from the 

surface [192]. 
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On the other hand, the cathodic behavior of pure Cu is ascribed, in addition to O2 

reduction in aerated solution, to CuCl reduction and to Cu2O reduction. It has been 

established that on the cathodic plateau (transfer of 4 electrons) Cu2O  does not interfere 

with O2 reduction, and the interface may be considered as uniformly accessible for oxygen 

reduction. However, at less negative potentials (where some CuCl is also likely to be 

present), the cathodic partial reaction could be controlled by diffusion through a layer (Cu2O  

and/or CuCl) [46,192].  

According to Pourbaix diagrams, insoluble corrosion products are expected to be 

formed on pure Cu surfaces at pH > 5.5. The presence of surface layers in neutral medium 

introduces additional complexity with respect to Cu corrosion in acidic chloride solution 

where corrosion products are soluble (oxide-free surface). Surface layers may partially block 

the metallic surface and/or may influence mass transport of either dissolved oxygen or 

oxidized Cu species [46,191].  

Except for the effect of a surface layer, the model for the anodic electrodissolution 

may also explain qualitatively the behavior of Cu at the corrosion potential. At least, two 

different insoluble corrosion products are formed at corrE , i.e. CuCl and Cu2O. At immersion 

times higher than 1 h, the surface layer consists mainly of Cu2O formed by hydrolysis of Cu+ 

species. This hydrolytic reaction is competitive with the complexation of CuCl by Cl- and the 

removal of the produced CuCl2
- by mass transport [192]. Cu2O can also be formed from 

CuCl2
- as follows: 

2CuCl2
- + 2OH- → Cu2O + H2O + 4Cl-     (4.19)  

For pure Cu, only an effect of Cu2O as an insoluble product was claimed for low 

anodic currents, and the effect of the Cu2O layer on mass transport was considered. Thus, 

for the calculation of the corrosion current, corrI , the anodic partial reaction was considered 

to be partially limited by the diffusion of CuCl2
- through both the Cu2O layer and the 

electrolyte (mixed control), while the cathodic partial reaction (oxygen reduction) was 

considered to be purely kinetic.  
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Two difficulties arise when comparing the corrosion behavior of Cu in acidic solution 

and that of 70Cu-30Ni alloy in seawater environments: a) the alloy is not pure Cu; and b) at 

pH 8, the alloy is covered by a corrosion product layer and, hence, there is a possible effect 

of the surface layers on the cathodic and the anodic mass transport. 

Furthermore, it has been shown that the anodic behavior of 70Cu-30Ni alloy is 

predominated by that of copper (results not shown here).  

From the mechanism shown for pure copper dissolution in chloride media at low 

anodic potential and in order to take into account the presence of an oxide layer as shown by 

surface analysis, a modified mechanism can be drawn for the anodic partial reaction of 

70Cu-30Ni alloy at corrE  in ASW without and with biomolecules: 


 eCuCu  oxidation at the alloy/oxide interface 

(4.20) 
 




so lu tio n/o x id eo x id e/allo y
CuCu  solid-state mass transport (4.21) 

 

OCuads
2

CuClClCu 


 
adsorption at the oxide/solution interface 

(4.22) 
 




2OCuads
CuClClCuCl

2

 
dissolution at the oxide/solution interface (4.23) 

 
This mechanism involves four steps: 1) oxidation of Cu as Cu+ at the alloy/oxide 

interface, 2) mass transport of Cu+ by diffusion and migration in the solid phase from the 

alloy/oxide interface to the oxide/solution interface, 3) adsorption of chloride on a Cu+ surface 

site of the Cu2O oxide at the oxide/solution interface, and 4) dissolution of copper as CuCl2
– 

at the oxide/solution interface, followed by mass transport of CuCl2
– by diffusion in the liquid 

phase from the oxide/solution interface to the bulk solution. 

In aerated solution, the cathodic partial reaction is the reduction of dissolved oxygen 

that takes place at the oxide/solution interface. 

4.2.4 IMPEDANCE MODEL FOR 70CU-30NI AND EIS DATA FITTING  

At corrE , the anodic and the cathodic currents have the same magnitude and the net 

current is equal to zero. By principles of summation of currents, the Faradaic anodic and 

cathodic impedances must be in parallel (Figure 2-21). Both the anodic and the cathodic 

reactions are affected by mass transport. Therefore, the anodic Faradaic impedance can be 

depicted by a charge transfer resistance (
a

tR ) in series with an impedance that illustrates 

Cu+ and or CuCl2
- mass transport and possible partial blocking effect by adsorbed species 

such as CuCl (
a

DZ , ); whereas, the cathodic impedance can be depicted by a charge 
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transfer resistance ( c

tR ) in series with an impedance that illustrates O2 mass transport 

(
c

DZ , ). A double layer capacitance dlC  is added in parallel with the anodic and the cathodic 

impedances. As the impedance response for electrochemical systems often reflects a 

distribution of reactivity that is commonly represented in equivalent electrical circuits as a 

constant-phase-element (CPE), dlC  is replaced here by dlCPE  which is a constant-phase-

element related to the double layer. The CPE impedance equation is presented in Chapter 2, 

Eq. (2.20). 

Thus, in a first approach, the 70Cu-30Ni/ASW and 70Cu-30Ni/FNSW systems can be 

modeled by the general equivalent electrical circuit illustrated in Figure 4-15(a), where eR  is 

the electrolyte resistance. 

As the first current plateau for the reduction of dissolved oxygen is observed close to 

corrE  (Figure 4-1(a)), one hypothesis is that this plateau can be extrapolated down to corrE  

(pure mass transport limitation for the cathodic partial reaction); thus,  c

tR  can be neglected 

and the cathodic mass transport impedance is a Warburg impedance ( cW ) given by Eq. 

(2.25), presented in Chapter 2, with ck  expressed in s0.5.Ω-1.cm-2. Taking into account 

experimental cathodic polarization curves, the 70Cu-30Ni/ASW and 70Cu-30Ni/FNSW 

systems can be modeled by the simplified circuit presented in Figure 4-15(b). 

 

 

 

 

  

(a) (b) (c) 

Figure 4-15: Equivalent electrical circuits to model the 70Cu-30Ni/ASW and 70Cu-30Ni/FNSW 

systems: (a) general circuit, (b) simplified circuit taking into account experimental cathodic polarization 

curves, and (c) circuit used to analyze the HF loop of experimental impedance diagrams. Re is the 

electrolyte resistance, CPEdl a constant-phase-element related to the double layer, Rt
a
 the anodic 

charge transfer resistance, Z,D
a
 an impedance that illustrates anodic mass transport and partial 

blocking effect by CuCl, Rt
c
 the cathodic charge transfer resistance, ZD

c
 a cathodic impedance that 

illustrates O2 mass transport, and Wc the cathodic Warburg impedance. 
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For the same experimental impedance data as those presented in Figure 4-2 in the 

complex plane, the absolute value of the imaginary part of the impedance (|Z”|) was plotted 

as a function of the frequency in logarithmic coordinates (Figure 4-16) [140]. 

 
Figure 4-16: Experimental impedance data (imaginary part of the impedance as a function of 

frequency) of 70Cu-30Ni alloy obtained at Ecorr after 1 h of immersion in static aerated artificial 

seawater (ASW) without and with BSA (20 mg.L
-1

), and filtered natural seawater (FNSW). Same data 

as in Figure 4-2.  

 

In the HF range, a pseudo-straight line with a slope lower than 1 in absolute value but 

varying slightly with the frequency can be observed. This slope value lower than 1 suggests 

a CPE-like behavior (it should be equal to 1 in case of pure capacitive behavior). The CPE 

parameters  and Q can be graphically obtained in the case of a R//CPE circuit, following the 

method presented by Orazem et al. [140]. The parameter  is calculated from the slope of 

the log│Z’’│ vs log f curve in the HF range: 

fd

fZd

log

)(''log


                                                

at HF     (4.24)  

and Q is obtained from  as follows: 











2
sin

)2)((''

1 

 ffZ
Q

                          

at HF     (4.25)  

However, as the slope varies with the frequency, the HF loop of the impedance 

diagrams cannot be represented by a R//CPE circuit, and  cannot be determined from 

Figure 4-16. To better visualize a possible constant value of the slope in a narrow frequency 

range, the fdZd log''log  vs log f curves were calculated from those presented in Figure 
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4-16 (derivative curves; Fig. 4-17). In the case of a R//CPE circuit, a plateau would be 

observed at HF corresponding to a value of -. In Figure 4-17, no plateau is clearly visible, in 

particular, at very HF, and again the value of  cannot be graphically obtained. It can be 

concluded from Figure 4-17 that the HF loop of the experimental impedance diagrams 

cannot be modeled by a R//CPE circuit, and therefore that the CPE parameters  and Q 

cannot be graphically estimated. 

 
Figure 4-17: Experimental impedance data (derivative curves calculated from Figure 4-16) of 70Cu-

30Ni alloy obtained at Ecorr after 1 h of immersion in static aerated artificial seawater (ASW) without 

and with BSA (20 mg.L
-1

), and filtered natural seawater (FNSW). Same data as in Figure 4-2. 

 

In conclusion, the HF loop of experimental impedance diagrams corresponds to the 

c

a

tdl WRCPE ////  equivalent circuit (Figure 4-15(c)); thus, it illustrates mainly the anodic 

charge transfer (diameter equal to 
a

tR ), and its depressed shape is partly due to the CPE 

and partly due to the cathodic Warburg impedance in parallel. In all cases, since no plateau 

is clearly visible at very HF in Figure 4-17, the effect of cW  is not negligible compared to that 

of dlCPE  even at 104 Hz, and there is no clear frequency domain specifically assigned to 

each process.  

The LF loop is related to the anodic mass transport and partial blocking effect by 

adsorbed species such as CuCl (
a

DZ , ). 

In the case of 70Cu-30Ni alloy, the impedance data show a minor effect of anodic 

mass transport and blocking effect by CuCl (LF loop of impedance diagrams described only 

by a few points). Indeed, the amount of CuCl which is formed on the surface depends on 
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potential and at corrE  this amount is low. This is in agreement with a very low amount of Cl- 

compound evidenced by ToF-SIMS. 

The circuits of Figure 4-15 take into account the presence of an oxide layer, as shown 

by surface analysis, through 
a

DZ ,  that partly illustrates Cu+ mass transport within that layer.  

As the LF loop of impedance diagrams is not well defined, the single HF loop was 

analyzed by regression of the equivalent circuit presented in Figure 4-15(c), in which dlCPE , 

a

tR  and cW  are in parallel, using Simad® software developed at Laboratoire Interfaces et 

Systèmes Electrochimiques. The regression results are presented in Table 4-8 and Figure 4-

18. The corresponding impedance equation is written as follows: 

  


jkjQ
R

RZ

ca

t

e




1

1
     (4.26)  

The experimental frequency range taken into account for the regression is indicated 

in Table 4-8, but the fitted curves in Figure 4-18 are shown in the whole frequency range 

(0.003-105 Hz), with parameters values corresponding to those given in Table 4-8. 

If the CPE behavior is assumed to be associated with surface distributed time 

constants for charge-transfer reactions (time-constant distribution along the electrode 

surface), then it is possible to apply the equation derived by Brug et al., (Eq. (2.22)), to 

calculate the effective capacitance associated with the CPE [138,139]. The capacitance 

values calculated from the impedance diagrams shown in Figure 4-18, taking for eR  and 
a

tR  

the values extracted from the regression procedure (Table 4-8), are given in Table 4-8. 

These capacitance values are of the order of several tens of µF.cm-2 in all cases; such 

values are typical of those for a double layer capacitance, which validates the equivalent 

electrical circuits proposed in Figure 4-15. Therefore, the HF loop illustrates mainly the 

anodic charge transfer and its diameter is equal to 
a

tR . 
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(a) (b) 

 

(c) 

Figure 4-18: High frequency loops of Nyquist diagrams obtained for 70Cu-30Ni at Ecorr after 1 h of 

immersion in static aerated: (a) ASW, (b) ASW with 20 mg.L
-1

 of BSA, and (c) FNSW. Experimental 

curves and fit of the impedance model presented in Figure 4-15(c) to the data. Same data as in 

Figures 4-2. 

 

 

Table 4-8: Experimental frequency range taken into account for the regression, parameters values 

(electrolyte resistance Re, anodic charge transfer resistance Rt
a
, constant of the cathodic Warburg 

impedance kc, and CPE parameters α and Q obtained from the regression of the equivalent circuit 

presented in Figure 4-15(c) to experimental impedance data shown in Figures 4-2, and effective 

capacitance Ceff associated with the CPE calculated from Eq. (2.22) presented in Chapter 2. 

 Frequency range  Re  Rt
a  kc  

α 
Q  Ceff  

 Hz Ω.cm2 Ω.cm2 s0.5.Ω-1.cm-2 F.cm-2.s(α-1) μF.cm-2 

ASW 105-5.610-2 12 1390 2.510-04 0.78 1.9910-04 37 

ASW + BSA 105-1.110-1 12 1690 1.210-04 0.76 2.0310-04 30 

FNSW 105-7.810-2 12 1310 3.510-04 0.76 2.9010-04 50 
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The effC  value in the presence of 20 mg.L-1 of BSA (30 μF.cm2) is lower than those 

calculated without protein (ASW) or with small amount of proteins (FNSW) (mean value: 42 

μF.cm2). This may be explained by a blocking effect by the adsorbed proteins which 

decrease the active surface area ( actS ) where the electron transfer occurs. Thus, the 

effC ratio without and with biomolecules would be equal to the active surface ratio: 

with

act

without

act

with

eff

without

eff

S

S

C

C
      (4.27)  

The mean value for this ratio is about 1.35. 

Similar values are obtained for a

tR  in ASW and in FNSW, and a

tR  is ~ 22% higher in 

the presence of BSA.  

The anodic charge-transfer resistance for a reaction dependent on potential and 

mass transport is defined in terms of kinetic parameters to be: 

bV

a

t
eKbc

R
0

1
   (4.28) 

where 0bV
zFkeK


  and 

RT

zF
b


   

with 0c  the surface concentration of the diffusing species (CuCl2
-), z the number of 

transferred electrons, k the rate constant for the reaction, α the symmetry factor, V the 

interfacial potential, and 0V  the interfacial equilibrium potential. 

Thus, mass transport influences charge transfer by means of the surface 

concentration. 

In static conditions, changes in 
a

tR  value can be explained by three different effects: 

1) a potential effect (V in Eq. (4.28)), 2) a kinetic effect (K in Eq. (4.28)), and 3) a blocking of 

surface effect induced by the adsorbed biomolecules. If we assume constant b and constant 

surface concentration of the diffusing species 0c  without and with biomolecules, then Eq. 

(4.28) becomes: 

 
with

act

without

actEEb

with

without

without
a

t

with
a

t

S

S
e

K

K

R

R with
corr

without
corr 


  (4.29) 
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where a

tR  is expressed in Ω. Given Eq. (4.27), Eq. (4.29) can be written as: 

 
without

eff

with

effEEb

without
a

t

with
a

t

with

without

C

C
e

R

R

K

K without
corr

with
corr 


  (4.30) 

The anodic partial reaction of 70Cu-30Ni alloy immersed at corrE  in seawater involves 

the dissolution of Cu as Cu+ species (modified mechanism drawn from that for pure copper 

dissolution in chloride media at low anodic potential; Eqs. (4.20) to (4.23)). Then, the number 

of transferred electrons z can be taken as 1. Moreover, α is comprised between 0 and 1, and 

is usually assumed to be equal to 0.5. Therefore, 
RT

zF
b


  ≈ 20 and the numeral application 

of Eq. (4.30) gives   7.1BSA
k

k
with

without

. The result Kwithout > Kwith means that the anodic 

reaction is slown down by the BSA and the effect of potential is compensated by a strong 

kinetic effect. Indeed, as corrE  is more anodic in the presence of BSA, a single effect of the 

potential would induce a decrease of 
a

tR  (Eq. (4.28)). 

At the corrosion potential, corrE , the overall current is equal to zero and the corrosion 

current density corri  is given by:  

cacorr iii    (4.31) 

where ai  is the anodic current density corresponding to the anodic partial reaction, 

and ci  is the cathodic current density corresponding to the cathodic partial reaction ( 0ci ). 

Under assumption of Tafel kinetics (pure kinetic control) for the anodic partial 

reaction, corri  is related to 
a

tR  and the anodic Tafel slope βa by: 

a

t

a

corr
R

i
303.2


   (4.32) 

with  
zF

RT
a




303.2
  

The assumption of minor effect of anodic mass transport is reasonable since the LF 

loop related to the anodic mass transport (and partial blocking effect by CuCl) is described 

only by a few points. 
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Grubitsch et al. calculated corri  as:  

p

corr
R

B
i    (4.33) 

where B = 0.019 V and 
PR  is the polarization resistance [194]. The numerical value 

of the constant B was obtained by assuming a pure activation mechanism for both the anodic 

and the cathodic reactions (anodic and cathodic Tafel kinetics).  

As mentioned before, the anodic partial reaction involves the dissolution of Cu as Cu+ 

species (Eqs. (4.20) to (4.23)). Therefore, z in Eq. (4.32) can be taken as 1. 

Corrosion current densities were calculated from Eq. 4.32, with z = 1 and α = 0.5, and 

from Eq. (4.33) with a

tP RR  .  

The calculated corri  values are given in Table 4-9 and are compared to those 

deduced graphically from the cathodic polarization curves ( corri  being equal to the first 

plateau current density). 

 

Table 4-9: Comparison of the corrosion current density values obtained from Rt
a
, by application of 

Eqs. (4.32) and (4.33), and from the cathodic polarization curves (first plateau current density). 

 Rt
a / Ω.cm2 

icorr  / μA.cm-2 

Eq. (4.32) Eq. (4.33) Cathodic polarization curve 

ASW 1390 36 14 12 

ASW + BSA 1690 30 11 12 

FNSW 1310 39 14 8 

 

If comparing the corrosion current densities obtained from Eq. (4.32) to those 

deduced graphically from the cathodic polarization curves, there is a ratio of about 3-5 

between the values that may be partly explained by a value of α different from 0.5 and partly 

explained by the fact that polarization curves were plotted with a scan rate of 0.5 mV.s-1 (non 

steady-state curves). 
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Figure 4-19 allows to better visualize the differences in corrosion current density 

calculated from Eq. (4.32) (with z = 1 and α = 0.5), for the different solutions in static 

conditions. 

In static conditions, the corrosion current density of 70Cu-30Ni alloy is similar in ASW 

and in FNSW, and is slightly lower with BSA. In FNSW, the biomolecules concentration is not 

high enough to induce any corrosion inhibition effect. Therefore, these results show a small 

beneficial effect i.e. a small corrosion inhibition effect in the presence of BSA. 

 

 
Figure 4-19: Comparison of the corrosion current density values calculated from Eq. (4.32) with z = 1 

and α = 0.5 for 70Cu-30Ni alloy after 1 h of immersion in static aerated ASW without and with 20 mg.L
-

1
 of BSA, and filtered natural seawater (FNSW). 

 

4.3 CONCLUSIONS 

The objective of this chapter was to study the influence of solution (FNSW vs ASW) 

and biomolecules (naturally present in seawater) concentration vs BSA on the 

electrochemical behavior and the surface chemical composition of 70Cu-30Ni alloy in 

seawater, in static conditions. For that purpose, electrochemical measurements performed 

after 1 h of immersion were combined to surface analyses.  

From polarization curves, high anodic dissolution currents are shown (no passive 

current). A model is proposed to analyze electrochemical impedance data obtained at corrE . 

The HF loop of the experimental diagrams illustrates mainly the anodic charge transfer, and 

its depressed shape is partly due to the CPE and partly due to the cathodic Warburg 

impedance in parallel; whereas, the LF loop is related to the anodic mass transport and 

partial blocking effect by adsorbed species such as CuCl. The BSA has a slight effect on the 
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electrochemical behavior of 70Cu-30Ni alloy. Thus, corrE  value after 1 h of immersion is ~ 30 

mV more anodic with BSA, and EIS results indicate a small corrosion inhibition effect 

induced by the protein (decrease of the corrosion current density of ≈ 20%). 

From XPS and ToF-SIMS analyses, different surface chemical compositions of 70Cu-

30Ni are shown in ASW without and with BSA, and in FNSW. In ASW without BSA, two 

oxidized layers can be observed: an outer layer mainly composed of copper oxide (Cu2O 

redeposited layer) and an inner layer mainly composed of oxidized nickel, with a global 

thickness of ~ 30 nm. In ASW with BSA, the protein is detected on the surface and the 

thickness of the adsorbed layer is ~ 3 nm, corresponding to one monolayer. The presence of 

BSA leads to a mixed oxide layer (CuO, Cu2O, and Ni(OH)2) with a lower thickness (~ 10 

nm). 

The thick duplex oxide layer is also observed in static FNSW, nevertheless, the 

oxidized Cu/oxidized Ni ratio is lower than in static ASW. 

The combination of electrochemical measurements and surface analysis allows us to 

conclude that, in static conditions, the BSA induces a decrease of the dissolution rate at 

corrE , and hence a decrease of the amount of redeposited Cu2O and of the oxide layer 

thickness. 

Similar electrochemical behavior and surface chemical composition of 70Cu-30Ni 

alloy are obtained in ASW and in FNSW, due to the low biomolecule concentration in FNSW. 

As the water of cooling circuits is typically under flow and as the corrosion of copper 

is controlled by mass transport processes to and from corroding surfaces, electrochemical 

measurements in well-controlled hydrodynamics conditions, using a rotating electrode, have 

been performed. These experiments, which clarify the role of mass transport on the 

electrochemical behavior and strengthen the proposed impedance model, are the purpose of 

the next chapter. 
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CHAPTER 5 – EFFECT OF HYDRODYNAMICS 

This chapter is focused on the study of the effect of hydrodynamics on the corrosion 

behavior of 70Cu-30Ni and Al brass alloys after 1 h of immersion in aerated artificial 

seawater (ASW) and filtered natural seawater (FNSW). For that purpose, electrochemical 

measurements in static conditions, under flow and stirring, and in well-controlled 

hydrodynamic conditions, were combined to surface analysis (after immersion in static 

conditions and under flow and stirring). Two models deduced from a general one are 

proposed to analyze impedance data obtained with both alloys. 

5.1 STATIC CONDITIONS VS UNDER FLOW AND STIRRING - RESULTS 

As the water of cooling circuits is typically under flow and as the corrosion of copper 

in aerated solution is known to be controlled by mass transport processes to and from 

corroding surfaces [46], hydrodynamics is an important parameter to be studied. Therefore, 

in order to avoid the redeposition of Cu2O (see Chapter 4) and to keep the same samples as 

in static conditions (disc electrodes), the effect of flow and stirring on the electrochemical 

behavior and the surface chemical composition of 70Cu-30Ni alloy was first investigated. For 

that, a volume 10 times higher than in static conditions was used inside the electrochemical 

cell (1 L instead of 100 mL); the solution was continuously renewed using a peristaltic pump, 

with a flow rate of ~ 0.27 mL.s-1, and the electrolyte inside the cell was stirred using a 

magnetic stirrer. 

5.1.1 ELECTROCHEMICAL MEASUREMENTS 

After 1 hour of immersion in aerated artificial seawater, the corrosion potential corrE  

reaches a steady-state value of -0.215 ± 0.007 V vs SCE. Thus, flow and stirring induce 

more anodic values compared to those found in static conditions (-0.230 ± 0.009 V vs SCE).  

The anodic behavior of 70Cu-30Ni alloy after 1h of immersion at corrE  in ASW under 

flow and stirring is compared to that obtained in static conditions in Figure 5-1. The shape of 

the anodic polarization curve is the same in both cases, showing very high dissolution 

currents, with a pseudo-plateau current density of ~ 2.5 mA.cm-2 at around 0.4 V vs SCE. 

The two curves overlap at intermediate anodic potentials and small differences can be 

observed at high anodic potentials. Therefore, the anodic behavior does not depend strongly 

on hydrodynamics.  
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Figure 5-1: Anodic polarization curves of 70Cu-30Ni after 1 h of immersion at Ecorr in aerated artificial 

seawater, in static conditions and under flow and stirring. Scan rate: 0.5 mV.s
-1

. 

 

Impedance diagrams in the complex plane, plotted at corrE  after 1 h of immersion in 

aerated artificial seawater, in static conditions and under flow and stirring, are presented in 

Figure 5-2. In both cases, the diagrams exhibit two capacitive loops: one high frequency (HF) 

depressed semi-circle, and a low frequency (LF) loop. The size of the HF loop is 2.5 times 

lower under flow and stirring. The decrease of the size of the high frequency loop when 

moving from static conditions to under flow and stirring (same electrode geometry) can be 

explained by additional mass transport and potential effects. 

 

 

Figure 5-2: Experimental impedance diagrams in the complex plane (Nyquist diagrams) of 70Cu-30Ni 

plotted at Ecorr after 1 h of immersion in aerated artificial seawater, in static conditions and under flow 

and stirring. 
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5.1.2 SURFACE ANALYSIS 

Figure 5-3(a) illustrates the Cu 2p3/2 core level spectrum for 70Cu-30Ni alloy in three 

different conditions: a) after polishing, b) in static ASW, and c) in ASW under flow and 

stirring. The Cu 2p3/2 core level spectrum after immersion in ASW under flow and stirring 

indicates the presence of a first peak at a binding energy of 932.2 eV corresponding to Cu0 

and/or Cu+, and a second peak at a binding energy of 934.4 eV and the satellite at 943.4 eV 

associated to the presence of Cu2+.  

The Cu Auger line (L3M45M45) of 70Cu-30Ni alloy in ASW under flow and stirring 

(Figure 5-3(b)), located at a kinetic energy of 918.5 eV, demonstrates the presence of Cu0 as 

for the sample after polishing. This result allows us to conclude that the oxide layer formed 

on top of the alloy is very thin (compared to static conditions). Its thickness can be calculated 

from XPS data (see below). 

 

  

(a) (b) 

Figure 5-3: (a) X-ray photoelectron spectroscopy (XPS) Cu 2p3/2 core level spectra, and (b) Cu 

L3M45M45 Auger lines of 70Cu-30Ni after polishing, after 1 h of immersion at Ecorr in aerated artificial 

seawater in static conditions and under flow and stirring. The intensity is expressed in arbitrary unit 

(a.u.). 

 

The Ni 2p3/2 core level spectra obtained for 70Cu-30Ni alloy under flow and stirring 

exhibit one peak at 852.3 eV corresponding to Ni0, which confirms that the oxide film formed 

on the surface is very thin. Another peak is observed at a binding energy of 855.7 eV as well 

as the satellite at 861.4 eV corresponding to Ni(OH)2 (Figure 5-4).  
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Figure 5-4: XPS Ni 2p3/2 core level spectra of 70Cu-30Ni alloy after polishing, after 1 h of immersion 

at Ecorr in aerated artificial seawater in static conditions and under flow and stirring. The intensity is 

expressed in arbitrary unit (a.u.). 

 

The oxide layer is composed of 42 at. % Cu+, 28 at. % Cu2+, and 30 at. % Ni(OH)2 

and its thickness, calculated from XPS data, is ~ 1.4 nm. The composition of the alloy 

beneath the oxide layer is 67 at. % Cu and 33 at. % Ni. The atomic composition and the 

equivalent thickness of the oxide layer was calculated from XPS data for 70Cu-Ni alloy using 

the system of equations previously presented in Chapter 4 (Equations: (4.3) to (4.8)) and 

considering the intensities of copper and nickel in the metallic substrate.  

Figure 5-5 shows a depth profile of 70Cu-30Ni alloy (negative ions) after 1h of 

immersion at corrE  in ASW under flow and stirring. This profile was obtained in the same 

conditions as the ones in static conditions (same sputtering rate and analysis area). 

In this figure, two regions can be distinguished. In the first region, from 4 to ~ 13 s, the 

35Cl-, 9058NiO2
-, 9563CuO2

- and 1818O- signals show their maximum intensity, and the 

11658Ni2
- signal continue increasing. At 13 s, the second region can be distinguished, where 

the 9058NiO2
-, 9563CuO2

- and 1818O- signals sharply decrease and the 11658Ni2
- signal shows 

an intense and constant intensity. Therefore, the first zone corresponds to the oxide covering 

the alloy, whereas the second region corresponds to the metallic substrate. It should be 

noticed that between 13 s and 62 s, the 35Cl-, 9058NiO2
-, 9563CuO2

- and 32O2
- signals show 

an inflexion point forming a shoulder and subsequently decreasing, and the 11658Ni2
- signal 

remains constant. This indicates that under the alloy/oxide interface, oxides are detected, 

which may result from the preparation of the samples (disk cut from real condenser tubes, 

and then flattened). 
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Figure 5-5: Characteristic time-of-flight secondary ions mass spectrometry (ToF-SIMS) negative depth 

profile of 70Cu-30Ni after 1 h of immersion at Ecorr in aerated artificial seawater under flow and stirring. 

 

If comparing the depth profiles after immersion in ASW in static conditions (previously 

presented in Chapter 4) and under flow and stirring, both profiles are different and the oxide 

layer is much thinner under flow and stirring. The profile under flow and stirring is more 

similar to the one obtained for the sample just after polishing, which confirms that flow and 

stirring avoid the redeposition of Cu2O. 

5.1.2.1 SURFACE LAYERS MODELS (COMBINED XPS AND TOF-SIMS) 

Figure 5-6 shows the surface layer model derived for the alloy after 1 h of immersion 

in ASW under flow and stirring. In this case, the oxide layer formed on top of the alloy is very 

thin and comparable to that obtained for the sample just after polishing (mixed oxide layer; 

see Figure 4-12(a)). Additionally, the amount of Cu2O in the oxide layer is lower than that in 

static ASW but higher than that for the sample after polishing. This could indicate that both 

components are rarely dissolved; nevertheless, there is a preferential dissolution of Cu+. 
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Figure 5-6: Model of the surface layers deduced from combined X-ray photoelectron spectroscopy 

(XPS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS) results for 70Cu-30Ni after 1 h 

of immersion at Ecorr in ASW under flow and stirring. 

 

5.2 ELECTROCHEMICAL MEASUREMENTS USING A RRE 

Electrochemical measurements in well-controlled hydrodynamic conditions were 

performed using a rotating ring electrode (RRE) at three different rotation speeds (40, 160, 

and 640 rpm). 

5.2.1 THEORY FOR A ROTATING RING ELECTRODE 

The first mathematical treatment of convection and diffusion towards a rotating 

electrode was given by Levich. The general mass transport equation for the flux of species 

j , jJ , is given by: 

 jjj

j

jjj CCD
RT

Fz
CDJ    (5.1) 

where:  

jD  is the diffusion coefficient of the solution species j (cm2.s-1); 

jC  is the molar concentration of species j (mol.cm-3); 

  is the electrostatic potential; 

jz  is the number of transferred electrons; 

   is the hydrodynamic velocity vector and represents the motion of the solution; and 

  is the vector of partial derivatives that defines the gradient operators. 
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The term jj CD   represents diffusion,  jj

j
CD

RT

Fz
 represents migration, and 

jC  represents convection. For solutions containing an excess of supporting electrolyte, the 

ionic migration term can be neglected.  

The variation of jC  with time is given by: 

j

j
J

t

C





  (5.2) 

Therefore, the general convective-diffusion equation is obtained by combining Eqs. 

(5.1) and (5.2), assuming that migration is absent and that jD  is not a function of the 

position: 

jjj

j
CCD

t

C





2

  (5.3) 

Under steady-state conditions ( 0




t

C j
), the convective-diffusion equation written in 

terms of cylindrical coordinates becomes: 
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r    (5.4) 

where: 

r  is the radial flow direction;  

y  is the flow direction normal to the surface ;  

r  is the component of the velocity in the radial direction; and 

y  is the component of the velocity normal to the electrode surface. 

Let us consider a ring electrode with inner radius r1 and outer radius r2 (surface area = 

π  2

1

2

2 rr  ). When this electrode is rotated with an angular velocity (rotation speed),  , then 

the steady-state, convective-diffusion equation that must be solved is: 

2
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   (5.5) 
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Where mass transport by diffusion in the radial direction, represented by the terms 






















r

C

rr

C
D

jj

j

1
2

2

, is, for usual flow rates, small compared to mass transport by 

convection in the radial direction ( 














r

C j

r ), so that these terms can be neglected. The 

boundary conditions for the limiting ring current are: 

*

jj CC   for y   where 
*

jC  is the bulk concentration of species j ; 

0jC  at 0y  for 21 rrr  ; 

0




y

jC
 at 0y  for 1rr  ; 

*

jj CC   at 0y  for 1rr  ; 

 When the values of r  and y  velocities are introduced, Eq. (5.5) becomes: 
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where 2

1

2

3

51.0'


 NB  and N  is the kinematic viscosity (10-2 cm2.s-1). 

For the reduction reaction RneO  
, the current at the ring electrode is given by: 
















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2

1 0
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r

r y

O
OO drr

y

C
zFDi    (5.7) 

The solution to this equation yields the Levich expression for the cathodic limiting 

current: 

  2161323

1

3

2

32

0

*

0, 62.0  NrrDCzFi LO    (5.8) 

where: 

F  is the Faraday constant (96500 C.mol-1);  

*

OC  is the bulk concentration of the oxidizing species O (mol.cm-3);  

OD  is the diffusion coefficient of the oxidizing species O (cm2.s-1); and 

   is the rotation speed (s-1). 
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This equation is comparable to the Levich equation presented by Tribollet [195] for 

the diffusion limiting current for a Newtonian fluid considering a thin ring (   112 rrr  ): 

    2132

12

34

1

6132

0

*

0

31

0, 3

3

4












  rrrNDCa
F

zi LO


  (5.9) 

with 893.0
3

4









 , n = 1, and  a0 = 0.51021599. 

5.2.2 RESULTS 

5.2.2.1 70CU-30NI 

5.2.2.1.1 CORROSION POTENTIAL (ECORR) VS TIME 

The corrosion potential as a function of time ( corrE  vs time) was followed for 1 h. In 

Table 5-1, the corrosion potential values obtained with the RRE in two different solutions 

(ASW and FNSW) are presented and compared with the values recorded in static conditions 

using a disc electrode. When using the rotating ring electrode, the corrosion potential ( corrE ) 

decreases when the rotation speed increases in the two solutions. However, in static ASW 

the corrosion potential values are similar to the ones obtained at 160 rpm. 

 

Table 5-1: Corrosion potential values for 70Cu-30Ni alloy after 1 h of immersion in artificial seawater 

(ASW), and filtered natural seawater (FNSW), in static conditions and using a RRE at three different 

rotation speeds (40, 160 and 640 rpm). 

 Ecorr / V vs SCE 

ASW static conditions -0.230  0.009 

ASW 40 rpm -0.217  0.005 

ASW 160 rpm -0.233  0.006 

ASW 640 rpm -0.248  0.004 

FNSW static conditions -0.231 ± 0.013 

FNSW 40 rpm -0.216  0.005 

FNSW 160 rpm -0.223  0.001 

FNSW 640 rpm -0.252  0.005 
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5.2.2.1.2 CATHODIC POLARIZATION CURVES 

The cathodic polarization curves of 70Cu-30Ni in artificial seawater plotted with the 

rotating ring electrode using a scan rate of 0.5 mV.s-1 are presented in Figure 5-7(a) and are 

compared to the curve obtained in static conditions. In static conditions, two cathodic 

plateaus can be observed, corresponding to the 2 steps of dissolved oxygen reduction, with 

a transfer of 2 or 4 electrons; the first plateau is observed close to corrE . 

The current densities in static conditions are lower than the current densities obtained 

with the rotating ring electrode. Furthermore, using the RRE, only one cathodic plateau 

(transfer of 4 electrons) is clearly visible and the plateau current density increases in 

absolute value with the rotation speed. This first current plateau observed close to corrE  in 

static conditions is replaced by an inflexion point. 

Steady-state curves are reported in Figure 5-7(b). The curves plotted in steady-state 

conditions and with a scan rate of 0.5 mV.s-1 show similar shape and similar current 

densities. 

 

  

(a) (b) 

Figure 5-7: Cathodic polarization curves of 70Cu-30Ni after 1 h of immersion at Ecorr, in aerated 

artificial seawater, in static conditions and using the rotating ring electrode at 40, 160 and 640 rpm: (a) 

Scan rate: 0.5 mV.s
-1 

and (b) steady-state curves. 

 

In Table 5-2 the limiting current density values at -0.75 V vs SCE, corresponding to 

the second plateau for the oxygen reduction reaction, are compared to the theoretical values 

calculated using Eq. (5.9). For that, the oxygen concentration in the solution was considered 

to be equal to 8 ppm (2.5x10-5 mol.cm-3) [175], and its diffusion coefficient equal to 2x10-5 

cm2.s-1 at 25°C [3-5]. 
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Table 5-2: Comparison between the limiting current densities at -0.75 V vs SCE (corresponding to the 

second step of dissolved oxygen reduction with transfer of 4 electrons), and 0.5 mV.s
-1

, taken from 

Figure 5-7, and the theoretical values calculated from Eq. (5.9). 

 
 

The experimental limiting current densities recorded at 0.5 mV.s-1 are slightly higher 

than those recorded in steady-state conditions. However, all experimental limiting current 

densities are in good agreement with the theoretical ones. The differences between 

experimental and theoretical values can be explained by an oxygen bulk concentration 

slightly different from 8 ppm (
*

OC  depends on salts concentrations and temperature) and/or 

by an oxygen diffusion coefficient comprised between 1.87x10-5 and 2.60x10-5 cm2.s-1 at 25 

°C [8]. 

To better compare steady-state and non-steady-state curves, the two curves, 

recorded in ASW at 160 rpm are superimposed in Figure 5-8, together with, the two curves 

obtained in FNSW at 160 rpm. The results show similar shape and current densities in the 

second plateau potential domain in all cases. However, the plateau current density in steady-

state conditions is slightly lower compared to that recorded at 0.5 mV.s-1. Moreover, some 

differences can be observed close to corrE : the steady-state curve in ASW exhibits higher 

current densities than the curve plotted at 0.5 mV.s-1 in ASW. 

It can be concluded from these curves that the cathodic behavior of 70Cu-30Ni alloy 

is the same in ASW and in FNSW. 

 

Limiting current densities (µA.cm-2) 

 
Experimental values 

taken from Figure 5-7(a) 
(0.5 mV.s-1) 

Experimental values 
taken from Figure 5-7(b) 

(steady-state) 

Theoretical values 
calculated from Eq. (5.9) 

Static 
conditions 

39 - - 

R
R

E
 40 rpm 330 300 388 

160 rpm 662 600 777 

640 rpm 1314 1000 1554 
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Figure 5-8: Cathodic polarization curves of 70Cu-30Ni rotating ring electrode at 160 rpm, after 1 h of 

immersion at Ecorr in: i) aerated artificial seawater (scan rate: 0.5 mV.s
-1

), ii) aerated artificial seawater 

(steady-state curve), iii) filtered natural seawater (steady-state curve), and iv) filtered natural seawater 

(scan rate: 0.5 mV.s
-1

). 

 

5.2.2.1.3 LEVICH AND KOUTECKY-LEVICH CURVES 

From Figures 5-7 and 5-8, a limiting current plateau can be observed between -0.6 

and ~ -1.1 V vs SCE, where the oxygen reduction is under pure mass-transport control. In 

order to better understand what happens in that potential region, the steady-state limiting 

current density vs the square root of the RRE angular velocity was plotted at -0.8 V vs SCE 

(Figure 5-9(a)).  

  

(a) (b) 

Figure 5-9: (a) Levich and (b) Koutecky-Levich curves of 70Cu-30Ni in aerated artificial seawater at -

0.80 V vs SCE. 
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The Levich curve doesn’t pass through zero and exhibits a slight curvature at high 

rotation speed, which shows a small contribution of a side reduction reaction of the solvent 

(corresponding to a non-diffusional current j0, independent of Ω) and the reaction of O2 

reduction not totally limited by mass transport, respectively. In that case, the Koutecky-Levich 

curve must be plotted ((j-j0)
-1 vs Ω-1/2; Fig. 5-9(b)). The obtained curve is a straight line nearly 

passing through zero which demonstrates that the electronic transfer current is very high (O2 

reduction is almost totally limited by mass transport). 

From the slope of the Koutecky-Levich curve (C = 
1

Lcs  with Lcs  given by Eq. (2.10)), 

in aerated artificial seawater, at room temperature, DO was found to be equal to 1.1x10-5 

cm2s-1. This value is in agreement with that in the literature: DO = 1.4x10-5 cm2s-1 [7]. 

5.2.2.1.4 ANODIC POLARIZATION CURVES 

Figure 5-10 illustrates the anodic behavior of the alloy after 1 h of immersion in ASW 

and in FNSW (static conditions and using the RRE, at three different rotation speeds). The 

anodic polarization curves plotted in ASW with the rotating ring electrode present certain 

dissimilarities if compared to the curve obtained in static conditions (Figure 5-10(a)). Firstly, a 

current peak followed by a minimum current are observed between -0.15 and 0.05 V vs SCE 

with the RRE; this feature, which is not present in static conditions, becomes more evident 

with the increase of the rotation speed. Secondly, the current density is lower in static 

conditions than using the RRE at potentials higher than 0.05 V vs SCE. Furthermore, the 

wide plateau observed between 0.3 and 0.5 V vs SCE in static conditions is not well defined 

with the RRE. There is an influence of the rotation speed on the anodic polarization curves 

for potentials lower than 0.05 V vs SCE. However, the curves exhibit no anodic plateau at 

intermediate anodic potential (close to corrE ) unlike pure copper in acidic or neutral chloride 

solution for which a limiting-current region can be observed around 0 V vs SCE [8, 9]. These 

results show partial mass transport limitation (i.e. mixed kinetics) for the anodic reactions. 

Figure 5-10(b) illustrates the anodic polarization curves in FNSW. The current peak, 

followed by a minimum current observed with the RRE close to the corrosion potential in 

ASW, are also visible in FNSW; however, this feature is the same whatever the rotation 

speed of the RRE. Between 0.05 and 0.3 V vs SCE, there are significant changes of the 

current density with the rotation speed. Again the results show partial mass transport 

limitation (i.e. mixed kinetics) for the anodic reactions. 
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(a) 

 

(b) 

Figure 5-10: Anodic polarization curves of 70Cu-30Ni rotating ring electrode at three different rotation 

speeds (40, 160 and 640 rpm), after 1 h of immersion at Ecorr in: (a) aerated artificial seawater, and (b) 

aerated filtered natural seawater. Scan rate: 0.5 mV.s
-1

. 

 

The anodic polarization curves plotted in ASW and FNSW at 160 rpm with a scan rate 

of 0.5 mV.s-1 were compared to steady-state curves obtained in both solutions at 160 rpm 

(Fig. 5-11(a)). The results show that the anodic behavior of 70Cu-30Ni alloy is the same in 

ASW and FNSW in steady-state conditions. The steady-state curves plotted in ASW at three 

different rotation speeds are presented in Figure 5-11(b). Contrary to what is observed in non 

steady-state conditions (Figure 5-10(a)); the effect of mass transport on the steady-state 

anodic behavior is small. From all these anodic polarization curves, it can be concluded that 

the anodic reactions of 70Cu-30Ni alloy in seawater environments are under mixed-kinetic 

control, but with a minor effect of mass transport.  
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(a) 

 

(b) 

Figure 5-11: Anodic polarization curves of 70Cu-30Ni rotating ring electrode, after 1 h of immersion 

time at Ecorr in: (a) aerated artificial seawater and filtered natural seawater, at 160 rpm, in steady-state 

conditions and with a scan rate of 0.5 mV.s
-1

 and (b) aerated artificial seawater in steady-state 

conditions at three different rotation speeds (10, 160 and 640 rpm). 

 

5.2.2.1.5 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Impedance diagrams were recorded at corrE  using the RRE at three different rotation 

speeds, and the results were compared to those obtained in static conditions (disk electrode) 

(Figure 5-12). The shape remains similar but the magnitude of the impedance, in particular 

the size of the high frequency loop depends on the hydrodynamic conditions. The low 

frequency loop is better defined in static conditions. 



CHAPTER 5.EFFECT OF HYDRODYNAMICS  

M.L.CARVALHO   156 

 

In ASW (Figure 5-12(a)), the size of the high frequency loop in static conditions is 

considerably higher than with the RRE. Nevertheless, comparing only the impedance 

diagrams obtained with the RRE, the magnitude of the high frequency loop increases with 

increasing rotation speed. Similar results are observed in FNSW (Figure 5-12(b)), but the 

variation with the rotation speed is less pronounced. Thus, there is an effect of 

hydrodynamics which is more important in ASW than in FNSW, which is in agreement with 

the anodic polarization curves (Figure 5-10). 

 

  

(a) (b) 

Figure 5-12: Experimental impedance diagrams in the complex plane (Nyquist diagrams) of 70Cu-

30Ni rotating ring electrode at three different rotation speeds (40, 160 and 640 rpm), after 1 h of 

immersion at Ecorr in: (a) aerated artificial seawater, and (b) aerated filtered natural seawater. 

 

5.2.2.1.6 EIS DATA FITTING 

In Chapter 4, an impedance model for 70Cu-30Ni alloy at corrE  in ASW and FNSW 

was developed. The bases of this model are the following: 

a) the anodic partial reaction involves the dissolution of Cu as Cu+ species; a modified 

mechanism from that for pure copper dissolution in chloride media at low anodic potential 

was proposed, in order to take into account the presence of an oxide layer (Eqs. (4.20) to 

(4.23)); 

b) the cathodic partial reaction is the oxygen reduction reaction (aerated solutions); 
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c) the anodic and the cathodic partial reactions are affected by mass transport, with 

pure mass transport limitation for the cathodic partial reaction, and mixed kinetic control for 

the anodic partial reaction;  

d) the anodic partial current is limited by mass transport of Cu+ in the solid phase and 

of CuCl2
- in the electrolyte. 

Figure 5-13 shows the absolute value of the imaginary part of the impedance (|Z”|) 

plotted as a function of the frequency in logarithmic coordinates for the same experimental 

impedance data as those presented in Figure 5-12 [10]. 

 

  

(a) (b) 

Figure 5-13: Experimental impedance data (imaginary part of the impedance as a function of 

frequency) of 70Cu-30Ni alloy obtained at Ecorr after 1 h of immersion in aerated: (a) artificial seawater, 

and (b) filtered natural seawater, in static conditions and using the rotating ring electrode at three 

different rotation speeds (40, 160 and 640 rpm). Same data as in Figure 5-12. 

 

In all cases, a pseudo-straight line with a slope lower than 1 in absolute value can be 

observed in the HF range. As this slope varies slightly with the frequency, α cannot be 

determined graphically from Figure 5-13. Therefore, to better visualize a possible constant 

value of the slope in a narrow frequency range, the fdZd log''log
 
vs log f curves were 

calculated from those presented in Figure 5-13 (derivative curves; Figure 5-14). In Figure 5-

14 (a) i.e. for the 70Cu-30Ni/ASW system, no plateau is visible at very HF, and again the 

value of α cannot be graphically obtained. In Figure 5-14 (b) ) i.e. for the 70Cu-30Ni/FNSW 

system, a very narrow plateau can be distinguished at very HF (~103 Hz) in static conditions, 

corresponding to a slope of -0.76; using the RRE, a plateau is visible at very HF, 

corresponding to a slope of -0.87 V for the three rotation speeds. Therefore, for the latter 
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system, the value of α can be graphically estimated (α = 0.76 in static conditions and α = 

0.87 with the RRE), and the effect of Wc is negligible compared to that of CPEdl at very HF. 

The HF loop of the experimental impedance diagrams can be modelled by the 

CPEdl//Rt
a//Wc equivalent circuit (Figure 4-15(c)), and the LF loop is related to the anodic 

mass transport and partial blocking effect by adsorbed species such as CuCl (
a

DZ , ). 

 

  

(a) (b) 

Figure 5-14: Experimental impedance data (derivative curves calculated from Figure 5-13) of 70Cu-

30Ni alloy obtained at Ecorr after 1 h of immersion in aerated: (a) artificial seawater, and (b) filtered 

natural seawater, in static conditions and using the rotating ring electrode at three different rotation 

speeds (40, 160 and 640 rpm). Same data as in Figure 5-12.   

 

As only few points describe the LF loop, the single HF loop was analyzed by 

regression of the equivalent circuit presented in Figure 4-15(c), using Simad® software. The 

regression results are presented in Figure 5-15 and in Table 5-3. The experimental 

frequency range taken into account for the regression is indicated in Table 5-3 for each data 

set, but the fitted curves in Figure 5-15 are shown in the whole frequency range (0.003-105 

Hz), with parameters values corresponding to those given in Table 5-3. 
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Table 5-3: Experimental frequency range taken into account for the regression, parameters values (electrolyte resistance Re, anodic charge transfer 

resistance Rt
a
, constant of the cathodic Warburg impedance kc, and CPE parameters α and Q) obtained from the regression of the equivalent circuit presented 

in Figure 4-15 (c) to experimental impedance data shown in Figure 5-12, and effective capacitance Ceff associated with the CPE calculated from Eq. (2.22). 

 
Frequency range Re Rt

a kc 
α 

Q Ceff 

Hz Ω.cm2 Ω.cm2 s0.5.Ω-1.cm-2 F.cm-2.s(α-1) μF.cm-2 

ASW static 105-5.610-2 12 1390 2.510-4 0.78 1.9910-4 37 

FNSW static 105-7.810-2 12 1310 3.510-4 0.76 2.9010-4 50 

ASW RRE 40 rpm 105-1.5210-1 4 590 7.510-4 0.85 1.5410-4 42 

ASW RRE 160 rpm 105-2.9810-1 3 650 3.110-4 0.82 2.2110-4 45 

ASW RRE 640 rpm 105-1.5210-1 4 660 0.410-4 0.83 1.9210-4 44 

FNSW RRE 40 rpm 105-7.810-2 4 900 5.410-4 0.87 1.3410-4 42 

FNSW RRE 160 rpm 105-1.0810-1 3 810 2.010-4 0.84 1.7810-4 42 

FNSW RRE 640 rpm 105-7.810-2 4 830 0.510-4 0.85 1.3610-4 37 

 



CHAPTER 5. EFFECT OF HYDRODYNAMICS  

M.L.CARVALHO   160 

 

  

(a) (e) 

  

(b) (f) 

  

(c) (g) 

  

(d) (h) 

Figure 5-15: High frequency loops of Nyquist diagrams obtained for 70Cu-30Ni at Ecorr after 1 h of 

immersion in aerated: (a) ASW in static conditions, (b) ASW with the RRE at 40 rpm, (c) ASW with the 

RRE at 160 rpm, (d) ASW with the RRE at 640 rpm, (e) FNSW in static conditions, (f) FNSW with the 

RRE at 40 rpm, (g) FNSW with the RRE at 160 rpm, and (h) FNSW with the RRE at 640 rpm. 

Experimental curves and fit of the impedance model presented in Figure 4-15 (c). Same data as in 

Figure 5-12. 
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When moving from static disk to the RRE, the apparent electrolyte resistance value 

changes from 12 to 3-4 Ω.cm2. This variation of Re is not linked to a change of solution 

conductivity but to a change of electrode geometry. 

The effective capacitance values calculated by the application of the equation derived 

by Brug et al. (Eq. (2.22)), taking for Re and Rt
a the values extracted from the regression 

procedure (Table 5-3), are given in Table 5-3. These capacitance values are similar in all 

cases and are of the order of several tens of μF.cm-2; typical of those for a double layer 

capacitance. In particular, Ceff is independent of the rotation speed, which confirms that it is a 

double layer capacitance. 

Hence, the HF loop illustrates mainly the anodic charge transfer and its diameter is 

equal to Rt
a.  

In order to explain the variations of Rt
a value when moving from the static disk to the 

RRE and when increasing the rotation speed of the RRE, theoretical considerations about Rt
a 

must be detailed. 

The anodic charge-transfer resistance for a reaction dependent on potential and 

mass transport is given by Eq. (4.28). Thus, mass transport influences charge transfer by 

means of the surface concentration of the diffusing species c0. 

The anodic polarization curves plotted in static conditions and with the RRE show 

partial mass transport limitation. For mixed kinetics, the steady-state anodic current density 

can be written as: 

bVeKci 0   (5.10) 

According to first Fick’s law and assuming a linear concentration gradient in the 

diffusion layer of thickness δ, the steady-state anodic current density can also be written as: 


0cc

nFDi


    (5.11) 

with D the diffusion coefficient of the diffusing species (CuCl2
-), and c∞ the bulk 

concentration of the diffusing species. 

By Eqs. (5.10) and Eq. (5.11), the surface concentration of the diffusing species can 

be obtained: 
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  (5.12) 
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If comparing static disk and RRE, the electrode geometry (disk/ring) as well as the 

hydrodynamics of the solution are changed. The diffusion layer is thinner for a ring than for a 

disk, and its thickness is higher in static conditions than under rotation of the electrode.  

Therefore, when moving from the static disk to the RRE at constant potential, the 

diffusion layer thickness decreases, which induces an increase of the surface concentration 

(Eq. (5.12)) and hence a decrease of the charge transfer resistance (Eq. (4.28)). On the 

other hand, a potential increase induces a decrease of Rt
a (Eq. (4.28)). Experimentally, when 

moving from the static disk to the RRE at 40 rpm in ASW as well as in FNSW, the corrosion 

potential increases (see Table 5-1) and Rt
a decreases (see Table 5-3). This decrease of Rt

a 

can be explained by additional mass transport (c0) effect and potential effect. 

Experimentally, when increasing the rotation speed of the RRE from 40 to 640 rpm, 

the corrosion potential decreases in ASW as well as in FNSW (see Table 5-1) and Rt
a slightly 

increases in ASW and keeps constant in FNSW (see Figure 5-12 and Table 5-3). As the 

diffusion layer thickness is inversely proportional to the square root of the electrode rotation 

speed Ω (δ  Ω-1/2), increase of Ω would induce a decrease of δ and hence a decrease of 

Rt
a (Eqs. (4.28) and (5.12)). Moreover, a decrease of the potential at constant Ω would 

induce an increase of Rt
a (Eq. (4.28)). Therefore, the increase of Rt

a in ASW can be 

explained by a major effect of the potential, and the constant value of Rt
a in FNSW is due to 

compensated potential and mass transport effects. 

Corrosion currents, corri , were calculated from Eqs. (4.32) and (4.33), assuming Tafel 

kinetics (pure kinetic control) for the anodic partial reaction, and using z = 1 (dissolution of Cu 

as Cu+ species) and α = 0.5 in Eq. (4.32), and 
a

tP RR   in Eq. (4.33). 

Table 5-4 compares the calculated corri  values to those deduced graphically from the 

cathodic polarization curves, taking into account the first plateau current density in some 

cases or an extrapolation of the cathodic straight line down to corrE  in other cases. corri  

cannot be estimated graphically from the anodic polarization curves because they do not 

exhibit Tafel behavior (except in static ASW) or any current plateau. If comparing the 

corrosion current densities obtained from Eq. (4.32) to those deduced graphically from the 

cathodic polarization curves, there is a ratio of about 2-5 between the values that may be 

partly explained by a value of α different from 0.5 and partly explained by the fact that 

polarization curves were plotted with a scan rate of 0.5 mV.s-1 (non steady-state curves). 

Thus, for the RRE at 160 rpm in ASW, the steady-state cathodic polarization curve yields a 
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first plateau current density of about 50 μA.cm-2 (see Figure 5-8), which is much closer to the 

value of 78 μA.cm-2 calculated from Rt
a (Eq. (4.32)). 

Figure 5-16 allows to better visualize the differences in corrosion current density 

calculated from Eq. (4.32) (with z = 1 and α = 0.5), for the two different solutions in static 

conditions and using the rotating ring electrode. In static conditions, the corrosion current 

density is similar in ASW and in FNSW. On the other hand, corri  in ASW and FNSW is higher 

with the RRE than in static conditions (maximum ratio of 2). When increasing the rotation 

speed of the RRE, the corrosion current density slightly decreases in ASW and keeps 

constant in FNSW. As discussed before for Rt
a values, these results can be explained by 

combined potential and mass transport effect. 

 

 

Figure 5-16: Comparison of the corrosion current density values calculated from Eq. (4.32) with z = 1 

and α = 0.5, for 70Cu-30Ni alloy after 1h of immersion in ASW or FNSW, in static conditions and using 

the rotating ring electrode.  
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Table 5-4: Comparison of the corrosion current values obtained from Rt
a
, by application of Eqs. (4.32) 

(with Z = 1 and α = 0.5) and (4.33), and from the non steady-state cathodic polarization curves (first 

plateau current density or extrapolation to Ecorr of the cathodic straight line). 

 Rt
a / Ω.cm2 

icorr  / μA.cm-2 

Eq. (4.32) Eq. (4.33) 
Cathodic 

polarization 
curve 

ASW static 1390 36 14 12 

FNSW static 1310 39 14 8 

ASW RRE 40 rpm 590 86 32 26 

ASW RRE 160 rpm 650 78 29 18 

ASW RRE 640 rpm 660 76 29 20 

FNSW RRE 40 rpm 900 56 21 - 

FNSW RRE 160 rpm 810 62 23 30 

FNSW RRE 640 rpm 830 61 23 - 

 

5.2.2.2 AL BRASS 

5.2.2.2.1 CORROSION POTENTIAL (ECORR) VS TIME 

The corrosion potential as a function of time ( corrE  vs time) was followed for 1 h. In 

Table 5-5, the corrosion potential values obtained with the RRE in FNSW are presented and 

compared with the value recorded in static conditions using a disk electrode. When using the 

rotating ring electrode, the corrosion potential ( corrE ) decreases when the rotation speed 

increases (as observed for 70Cu-30Ni alloy).  

 
Table 5-5: Corrosion potential values for Al brass alloy after 1 h of immersion in filtered natural 

seawater (FNSW), in static conditions and using a RRE at three different rotation speeds (40, 160 and 

640 rpm). 

 Ecorr / V vs SCE 

FNSW static conditions -0.247 ± 0.002  

FNSW 40 rpm -0.301  0.009  

FNSW 160 rpm -0.299  0.016  

FNSW 640 rpm -0.325  0.001  
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5.2.2.2.2 CATHODIC AND ANODIC POLARIZATION CURVES 

The steady-state cathodic polarization curve of Al brass plotted in FNSW with the 

rotating ring electrode at 160 rpm is presented in Figure 5-17 (a) and is compared to that 

obtained in static conditions with a scan rate of 0.5 mV.s-1. In static conditions and using the 

RRE, only one cathodic plateau is clearly visible, corresponding to the reduction of dissolved 

oxygen with transfer of 4 electrons. Close to corrE , the steady-state curve exhibits Tafel 

behavior (i.e. pure charge transfer limitation), in the case of Al brass whereas a current 

plateau (i.e. pure mass transport limitation) can be observed in the case of 70Cu-30Ni (see 

Figure 5-8). Therefore, the kinetics of oxygen reduction depends on the alloying element (Zn 

or Ni). 

  

(a) (b) 

Figure 5-17: (a) Cathodic and (b) anodic polarization curves of Al brass after 1 h of immersion at Ecorr 

in filtered natural seawater. RRE at 160 rpm in steady-state conditions and static conditions with a 

scan rate of 0.5 mV.s
-1

. 

 

 The anodic behavior of the alloy after 1 h of immersion at corrE  in FNSW, in static 

conditions and using the RRE at 160 rpm is shown in Figure 5-17 (b). Both curves are very 

similar.  

Figure 5-18 presents the anodic polarization curves of the two copper alloys used in 

this PhD, 70Cu-30Ni alloy and Al brass, obtained after 1 h of immersion at corrE  in FNSW in 

static conditions with a scan rate of 0.5 mV.s-1 and using a rotating ring electrode at 160 rpm 

in steady-state conditions. The similarity of the curves obtained for both alloys suggests that 

their anodic behavior is dominated by that of pure copper. This observation is in agreement 

with the work of Petetin et al. [11], who compared the anodic polarization curves of pure Cu, 
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pure Ni and 70Cu-30Ni alloy after 10 min of immersion at corrE  in a 3% NaCl solution; they 

showed that the anodic behavior of the alloy was more similar to that of pure Cu than to that 

of pure Ni. 

However, if comparing the steady-state curves (Figure 5-18 (b)), the anodic behavior 

below 0.1 V vs SCE seems to depend on the alloying element (Ni or Zn): current peak 

followed by a pseudo-plateau for 70Cu-30Ni and continuous current increase for Al brass.  

  

(a) (b) 

Figure 5-18: Anodic polarization curves of Al brass and 70Cu-30Ni alloy after 1 h of immersion at Ecorr 

in FNSW. (a) Static conditions with a scan rate of 0.5 mV.s
-1

 and (b) rotating ring electrode at 160 rpm 

in steady-state conditions. 

 

5.2.2.2.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Impedance diagrams of Al brass in FNSW were recorded at corrE  with the RRE at 

three different rotation speeds, and the results were compared to those obtained in static 

conditions (disk electrode) (Figure 5-19). The diagrams exhibit one single capacitive loop 

using the RRE whereas, in static conditions, two capacitive loops can be observed, similarly 

to what is found for 70Cu-30Ni. The LF linear region observed in static conditions disappears 

under rotation, indicating that this loop can be ascribed to mass transport phenomena. 

Similar results were obtained by Feng et al. with Cu at pH 5, in static conditions or with a 

rotating disk electrode (at 300, 1000 and 3000 rpm) [12]. 
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Figure 5-19: Experimental impedance diagrams in the complex plane (Nyquist diagrams) of Al brass 

plotted at Ecorr after 1 h of immersion in aerated filtered natural seawater in static conditions and with a 

rotating ring electrode at three different rotation speeds (40, 160 and 640 rpm). 

 

5.2.2.2.4 IMPEDANCE MODEL FOR AL BRASS AND EIS DATA FITTING 

For the same experimental impedance data as those presented in Figure 5-19, the 

absolute value of the imaginary part of the impedance (|Z’’|) was plotted as a function of the 

frequency in logarithmic coordinates (Figure 5-20(a)). In the HF range, a pseudo-straight line 

with a slope lower than 1 in absolute value, but varying slightly with the frequency, can be 

observed. This slope value lower than 1 suggests a CPE-like behavior. However, as the 

slope varies slightly with the frequency, the CPE parameter α cannot be graphically 

estimated from Figure 5-20(a). 

To better visualize a possible constant value of the slope in a narrow frequency 

range, the fdZd log''log  vs log f curves were calculated from those presented in Figure 

5-20 (a) (derivative curves; Figure 5-20(b)). In all cases, a plateau is visible at very HF (103 < 

f < 104.5 Hz), and the value of α can be graphically estimated. The CPE parameters,  and Q, 

deduced from Figure 5-20(b) and from Eq. (4.21), respectively, are presented in Table 5-6. 
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(a) (b) 

Figure 5-20: Experimental impedance data of Al brass obtained at Ecorr after 1 h of immersion in 

aerated filtered natural seawater in static conditions and with a rotating ring electrode at three different 

rotation speeds (40, 160 and 640 rpm). (a) Imaginary part of the impedance as a function of 

frequency, and (b) derivative curves calculated from Figure 5-20(a) ( fdZd log''log vs flog ).  

 

Table 5-6: Electrolyte resistance Re, and CPE parameters, α and Q, obtained graphically from 

experimental impedance data, and effective capacitance Ceff associated with the CPE calculated from 

Brug’s formula for a blocking electrode (Eq. (2.23)). 

 Re 

α 
Q Ceff 

 Ω.cm2 Ω-1.cm-2.sα μF.cm-2 

Static 12 0.73 2.33x10-4 27 

RRE 40 rpm 4 0.91 4.68x10-5 20 

RRE 160 rpm 4 0.92 4.25x10-5 20 

RRE 640 rpm 4 0.92 4.98x10-5 24 

 

In static conditions, the Al brass/seawater system is very similar to the 70Cu-

30Ni/seawater one. In particular, a pseudo-plateau can be observed close to corrE  on the 

cathodic polarization curve (Figure 5-17(a)). Therefore, the impedance model for Al brass in 

static seawater is the same as for 70Cu-30Ni in seawater (Figure 4-15(b) recalled in Figure 

5-21(b)). Using the RRE, the impedance model for Al brass in FNSW is deduced from the 

same general model as for 70Cu-30Ni/seawater system (Figure 4-15 (a) recalled in Figure 5-

21(a)). In the case of the Al brass RRE, the steady-state cathodic polarization curve shows 

Tafel behavior close to corrE  (Figure 5-17(a)), which corresponds to a very high value of Rt
c. 

Therefore, the cathodic branch in Figure 5-21(c) can be neglected with respect to the anodic 



CHAPTER 5. EFFECT OF HYDRODYNAMICS  

M.L.CARVALHO   169 

 

one. In the anodic branch, 
a

DZ , , illustrating mass transport and partial blocking effect by 

adsorbed CuCl is replaced by be a capacitance C in parallel with a resistance R (R//C circuit) 

as for pure copper in chorine media (see Annex B). Therefore, the Al brass/seawater system 

can be modeled by the simplified circuit presented in Figure 5-21(c). Thus, the single 

capacitive loop of experimental diagrams illustrates both the anodic charge transfer and the 

anodic mass transport. 

 

 

 

 

 

 

(a) (b) (c) 

Figure 5-21: Simplified equivalent electrical circuits to model the Al brass/FNSW system: (a) general 

circuit, (b) simplified circuit in static conditions, and (c) simplified circuit using the RRE. Re is the 

electrolyte resistance, CPEdl a constant phase element related to the double layer, Rt
a
 the anodic 

charge transfer resistance, ZD
c
 a cathodic impedance that illustrates O2 mass transport, and Wc the 

cathodic Warburg impedance, Z,D
a
 an impedance that illustrates anodic mass transport and partial 

blocking effect by CuCl shown to be a capacitance C in parallel with a resistance R, Rt
c
 the cathodic 

charge transfer resistance. 

 

In static conditions and as for the 70Cu-30Ni/seawater system, the single HF loop 

was analyzed by regression of the equivalent circuit presented in figure 4-15(c), using 

Simad® software developed at Laboratoire Interfaces et Systèmes Electrochimiques.  

Experimental diagrams were first analyzed by regression of the general circuit with both the 

anodic and cathodic branches, i.e. circuit of Figure 5-21(a) in which 
a

DZ ,  is replaced by 

R//C (results not presented here).  

For experiments carried out with the RRE, the single loop was analyzed by regression 

of the equivalent circuit presented in figure 5-21(c) using Simad® software. In this circuit, 

only the anodic branch is taken into account. 

The regression results are presented in Table 5-7 and in Figure 5-22. In static 

conditions, the corresponding impedance equation is given by Eq. (4.22), and for the RRE it 

is written as follows: 
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The experimental frequency range taken into account for the regression of each data 

set is indicated in Table 5-7, but the fitted curves in Figure 5-22 are shown in the whole 

frequency range (10-3-105 Hz), with parameters values corresponding to those given in Table 

5-7.  

 

Table 5-7: Regression results for the Al brass/FNSW system. Experimental frequency range taken 

into account for the regression, parameters values (electrolyte resistance Re, anodic charge transfer 

resistance Rt
a
, constant of the cathodic Warburg impedance kc, resistance R, capacitance C, and CPE 

parameters α and Q), obtained from the regression of the equivalent circuit presented in Figure 4-

15(c) (static conditions) or 5-30(c) (RRE) to experimental impedance data shown in Figure 5-19, and 

effective capacitance Ceff associated with the CPE calculated from Eq. (2.22). 

 
Frequency Range / Re / Rt

a / kc / R / C / 
α 

Q / Ceff / 

Hz Ω.cm2 Ω.cm2 s0.5.Ω-1.cm-2 Ω.cm2 μF.cm-2 F.cm-2.s(α-1) μF.cm-2 

Static 105-5.810-1 12 1800 6.1x10-4 - - 0.93 2.5x10-5 14 

RRE 40 rpm 105-2.0410-2 3 820 - 1640 144 0.82 1.01x10-4 18 

RRE 160 rpm 105-5.5610-2 4 740 - 1440 58 0.86 7.2x10-5 19 

RRE 640 rpm 105-1.110-3 4 770 - 1010 39 0.89 6.7x10-5 24 

 

The effective capacitance values calculated from the impedance diagrams shown in 

Figure 5-22, taking for Re and Rt
a the values extracted from the regression procedure (Table 

5-7), are also given in Table 5-7. As for 70Cu-30Ni is seawater, these Ceff values, are typical 

of those for a double layer capacitance, and do not depend on the rotation speed. 
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(a) (b) 

  

(c) (d) 

Figure 5-22: Nyquist diagrams obtained for Al brass at Ecorr after 1 h of immersion in aerated filtered 

natural seawater: (a) in static conditions, (b) with the RRE at 40 rpm, (c) with the RRE at 160 rpm, and 

(d) with the RRE at 640 rpm. Experimental curves and fit of the impedance model presented in Figure 

4-15(c) (static conditions) or 5-30(c) (RRE) to the data. Same data as in Figure 5-19. 

 

As for 70Cu-30Ni in FNSW, corrE  decreases (Table 5-5) and Rt
a remains constant 

(Table 5-7) when increasing the rotation speed of the RRE from 40 to 640 rpm. This constant 

value of Rt
a and hence of icorr is due to compensated potential and mass transport effects. 

The application of Eq. (4-32) at 160 rpm, with z = 1 and α = 0.5, yields jcorr = 68 μA.cm-2. 

Unlike 70Cu-30Ni in FNSW, these values are not in agreement with that deduced graphically 

from the steady-state cathodic polarization curve plotted at 160 rpm; indeed, the 

extrapolation of the Tafel straight line down to corrE  yields icorr = 5-6 μA.cm-2 (Figure 5-17(a)). 

This ratio of about 12 between both values may be explained by the fact that the cathodic 

polarization curve plotted in Figure 5-17(a) is not a real steady-state curve near to the 
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corrosion potential due to the presence of an oxide layer (a longer time should have been 

waited at each point close to corrE ). 

When increasing the rotation speed i.e. when decreasing corrE  value, C value 

decreases and RxC varies as Ω-1/2. These results are in agreement with the theoretical 

equations demonstrated for pure copper in chloride media (see the Annex B, Eqs. (5.34) and 

(5.35)). 

If considering the RRE and comparing both copper alloys, the effect of mass transport 

on the anodic partial reaction is more important in the case of Al brass since the single 

capacitive loop illustrates both the anodic charge transfer and the anodic mass transport; 

whereas, in the case of 70Cu-30Ni, the HF loop illustrates mainly the anodic charge transfer 

and the LF loop of impedance diagrams, which is related to the anodic mass transport, is 

defined only by a few points. 

5.3 CONCLUSIONS 

In this chapter, the corrosion behavior of two copper alloys, 70Cu-30Ni alloy and Al 

brass were studied after short-term immersion in ASW and/or FNSW in different 

hydrodynamic conditions (static, under flow and stirring, using a RRE), by combined 

electrochemical measurements and surface analysis.  

Surface analysis by XPS and ToF-SIMS performed with 70Cu-30Ni alloy after 1 h of 

immersion in static ASW shows the formation of a thick duplex oxide layer, with an outer 

layer mainly composed of Cu2O. However, under flow and stirring, this thick duplex oxide 

layer is no longer observed; a mixed oxide layer is obtained, with a thickness similar to that 

for the sample just after polishing. The Cu2O-rich outer layer formed in static ASW is formed 

by redeposition due to the saturation of the solution in Cu+ ions. The thick duplex oxide layer 

is also observed in static FNSW, nevertheless the oxidized Cu/oxidized Ni ratio is lower than 

in static ASW. 

From Levich and Koutecky-Levich curves, the oxygen diffusion coefficient in aerated 

filtered natural seawater was calculated and found to be equal to 1.1×10-5 cm2.s-1 (at room 

temperature). 

For 70Cu-30Ni, the experimental impedance diagrams exhibit two capacitive loops: 

one HF depressed semi-circle, and a not well defined LF loop; whereas for Al brass, one 

single capacitive loop is observed. 
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The same impedance model can be used for the two copper alloys immersed at the 

corrosion potential in seawater. This model assumes for the anodic branch the same 

mechanism as that for pure copper dissolution in chloride media at low anodic potential. At 

corrE , the kinetic parameters of the cathodic partial reaction are different for the two alloys. In 

the case of 70Cu-30Ni, the cathodic polarization curves show pure mass transport limitation 

and the cathodic impedance is represented by a Warburg impedance; whereas in the case of 

Al brass, Tafel behavior is evidenced and the cathodic impedance which is very large can be 

neglected with respect to the anodic one. In the case of 70Cu-30Ni, the HF loop of 

experimental impedance diagrams corresponds to the CPEdl//Rt
a//Wc equivalent circuit and 

illustrates mainly the anodic charge transfer (diameter equal to the anodic charge transfer 

resistance Rt
a); its depressed shape is partly due to the CPE and partly due to the cathodic 

Warburg impedance in parallel. The LF loop is related to the anodic mass transport and 

partial blocking effect by adsorbed species such as CuCl. In the case of Al brass, the single 

experimental loop illustrates both anodic charge transfer and anodic mass transport plus 

partial blocking effect. The impedance that illustrates anodic mass transport and partial 

blocking effect, 
a

DZ , , can be approximated by an R//C circuit, as for pure copper in chloride 

media. 

The anodic polarization curves and impedance diagrams show mixed kinetics for the 

anodic partial reaction, with major effect of mass transport for Al brass and minor effect of 

mass transport for 70Cu-30Ni. 

The Rt
a values were used to calculate the corrosion current icorr, assuming Tafel 

kinetics for the anodic partial reaction. For both alloys in FNSW, Rt
a and hence icorr are 

independent of the rotation speed, due to compensated potential and mass transport effects. 
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CHAPTER 6 – EFFECT OF PH 

In the absence of biofilms, waters with low pH may increase the solubility of the 

protective layer formed on internal copper pipe surfaces [202]. When MIC occurs, 

microorganisms cause a decrease of the pH at the copper/solution interface, increasing the 

dissolution of the protective layer [203]. The decrease of pH at the copper/solution interface 

is the main factor controlling MIC of copper [204].  

The effect of pH on the electrochemical behavior of 70Cu-30Ni and Al brass alloys in 

filtered natural seawater (FNSW) at different pH (ranging from 3.7 to 8.0, adding HCL (0.1 

M)), and on the surface chemical composition of oxide layers is presented in this chapter.  

For that purpose, electrochemical measurements, performed after 1 h of immersion, 

were combined to surface analysis. 

6.1 70CU-30NI 

6.1.1 ELECTROCHEMICAL MEASUREMENTS 

Electrochemical measurements presented here, were performed in static conditions. 

6.1.1.1 CORROSION POTENTIAL (ECORR) VS TIME 

Before each experiment, the corrosion potential was followed as a function of time 

( corrE  vs time). During the first hour of immersion, the corrosion potential decreases till 

reaching a steady-state value of -0.231 ± 0.013 V vs SCE for pH 8.0,  -0.220 ± 0.010 V vs 

SCE for pH 6.0 and -0.224 ± 0.007 V vs SCE for pH 3.7. 

There is no significant change in corrE  value with pH. This is in agreement with King’s 

results who studied the dependence of copper corrosion potential in 0.5 mol.L-1 chloride 

solution as a function of pH [58]. According to this study, below ~ pH 8, corrE  is independent 

of pH and is determined by the relative reaction rates of the anodic dissolution of Cu as 

CuCl2
- ions and of O2 reduction. 

6.1.1.2 CATHODIC POLARIZATION CURVES 

Figure 6-1(a) shows the cathodic polarization curves obtained in static FNSW for the 

three different pH values. Two current plateaus, illustrating mass transport limited reactions, 

can be clearly observed for all curves. The short plateau at around -0.30 V vs SCE (|j| ~ 10 
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μA.cm-2) illustrates the first step of dissolved oxygen reduction with production of H2O2. The 

second plateau current density seems to be lower at pH 3.7 but this may also be induced by 

a difference in natural convection from one experiment to another. The wide plateau 

observed for potentials ranging from -0.40 down to -1.00 V vs SCE corresponds to the 

second step of dissolved oxygen reduction with transfer of 4 electrons. The current increase 

(in absolute value) observed below -1.00 V vs SCE illustrates water reduction (hydrogen 

evolution reaction).  

  

(a) (b) 

Figure 6-1: (a) Cathodic and (b) anodic polarization curves of 70Cu-30Ni after 1 h of immersion at 

Ecorr in static aerated filtered natural seawater at three different pH values: 8.0, 6.0 and 3.7. Scan rate: 

0.5 mV.s
-1

. 

 

6.1.1.3 ANODIC POLARIZATION CURVES 

The anodic polarization curves obtained in static FNSW for the three different pH 

values are presented in Figure 6-1(b). These curves show very high dissolution currents. In 

particular, a pseudo-plateau, corresponding to a current density of ~ 2.5 mA.cm-2, can be 

observed at around 0.4 V vs SCE; therefore, this plateau current is not a passive current, 

and hence the oxide film formed on the surface is not a passive layer. The pH has no effect 

on the anodic polarization curves. 

6.1.1.4 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Figure 6-2 shows the impedance diagrams in the complex plane (Nyquist diagrams) 

plotted at corrE  after 1 h of immersion in static FNSW for the three different pH values. The 

diagrams exhibit two capacitive loops: one high-frequency (HF) depressed semi-circle, and a 
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not well defined low-frequency (LF) loop. The size of the HF loop is similar at pH 8.0 and 3.7, 

but is higher at pH 6.0. 

After impedance measurements, there is no sign of pitting corrosion on the electrode 

surface. 

 

 

Figure 6-2: Experimental impedance diagrams in the complex plane (Nyquist diagrams) of 70Cu-30Ni 

plotted at Ecorr after 1 h of immersion in static aerated filtered natural seawater at three different pH 

values: 8.0, 6.0 and 3.7. 

 

6.1.1.5 EIS DATA FITTING 

In Chapter 4, an impedance model for 70Cu-30Ni alloy at corrE  in ASW and FNSW 

was developed. The bases of this model are the following: 

a) the anodic partial reaction involves the dissolution of Cu as Cu+ species; modified 

mechanism drawn from that for pure copper dissolution in chloride media at low anodic 

potential, in order to take into account the presence of an oxide layer (Eqs. (4.20) to (4.23)); 

b) the cathodic partial reaction is the oxygen reduction reaction (aerated solutions); 

c) the anodic and the cathodic partial reactions are affected by mass transport, with 

pure mass transport limitation for the cathodic partial reaction, and mixed kinetic control for 

the anodic partial reaction;  

d) the anodic partial current is limited by mass transport of Cu+ in the solid phase and 

of CuCl2
- in the electrolyte. 
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Figure 6-3 shows the absolute value of the imaginary part of the impedance (|Z”|) 

plotted as a function of the frequency in logarithmic coordinates for the same experimental 

impedance data as those presented in Figure 6-2. 

 

 

Figure 6-3: Experimental impedance data (imaginary part of the impedance as a function of 

frequency) of 70Cu-30Ni alloy obtained at Ecorr after 1 h of immersion in static aerated filtered natural 

seawater at three different pH values: 8.0, 6.0 and 3.7. Same data as in Figure 6-2. 

 

In all cases, a pseudo-straight line with a slope lower than 1 in absolute value can be 

observed in the HF range. Similarly to what is observed in ASW (Chapter 4), this slope varies 

with the frequency, and hence α cannot be determined graphically from Figure 6-3. 

Therefore, to better visualize a possible constant value of the slope in a narrow frequency 

range, the fdZd log''log
 
vs log f curves were calculated from those presented in Figure 

6-3 (derivative curves; Figure 6-4).  

At pH 8.0 a very narrow plateau can be distinguished at very HF (~103 Hz), 

corresponding to a slope of -0.74. For the other pH values, a plateau is visible at HF, 

corresponding to a slope of -0.81 at pH 6.0 and of -0.67 at pH 3.7.  
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Figure 6-4: Experimental impedance data (derivative curves calculated from Figure 6-3) of 70Cu-30Ni 

alloy obtained at Ecorr after 1 h of immersion in filtered natural seawater at three different pH values: 

8.0, 6.0 and 3.7. Same data as in Figure 6-2.  

 

The HF loop of the experimental impedance diagrams can be modelled by the 

CPEdl//Rt
a//Wc equivalent circuit (Figure 4-15(c)), and the LF loop is related to the anodic 

mass transport and partial blocking effect by adsorbed species such as CuCl (
a

DZ , ). As 

only few points describe the LF loop, the single HF loop was analyzed by regression of the 

equivalent circuit presented in Figure 4-15(c), using Simad® software. The regression results 

are presented in Table 6-1 and in Figure 6-5. 

The experimental frequency range taken into account for the regression is indicated 

in Table 6-1 for each data set, but the fitted curves in Figure 6-5 are shown in the whole 

frequency range (1 mHz -105 Hz), with parameters values corresponding to those given in 

Table 6-1.  
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(a) (b) 

 

(c) 

Figure 6-5: High frequency loops of Nyquist diagrams obtained for 70Cu-30Ni at Ecorr after 1 h of 

immersion in static aerated filtered natural seawater at three different pH values: (a) 8.0, (b) 6.0 and 

(c) 3.7. Experimental curves and fit of the impedance model presented in Figure 4-15(c). Same data 

as in Figure 6-2. 

 

Table 6-1: Experimental frequency range taken into account for the regression, parameters values 

(electrolyte resistance Re, anodic charge transfer resistance Rt
a
, constant of the cathodic Warburg 

impedance kc, and CPE parameters α and Q) obtained from the regression of the equivalent circuit 

presented in Figure 4-15(c) to experimental impedance data shown in Figure 6-2, and effective 

capacitance Ceff associated with the CPE calculated from Eq. (2.22). 

FNSW 
Frequency range Re Rt

a kc 
α 

Q Ceff 

Hz Ω.cm2 Ω.cm2 s0.5.Ω-1.cm-2 F.cm-2.s(α-1) μF.cm-2 

pH 8.0 105-7.810-2 12 1310 3.510-4 0.76 2.9010-4 50 

pH 6.0 105-7.810-2 13 2600 1.910-4 0.83 1.3010-4 40 

pH 3.7 105-4.010-2 12 1370 2.110-4 0.68 7.7010-4 85 
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The capacitance values calculated from the impedance diagrams shown in Figure 6-5 

by application of Brug’s formula (Eq. 2.22)), taking for Re and Rt
a the values extracted from 

the regression procedure (Table 6-1), are given in Table 6-1. These capacitance values, of 

the order of several tens of μF.cm-2, are typical of those for a double layer capacitance. 

Ceff seems to be higher at pH 3.7. Compared to the value obtained at pH 8.0, Rt
a is 

similar at pH 3.7 and is ~100% higher at pH 6.0. 

In static conditions, changes in Rt
a value can be explained by a potential effect, a 

kinetic effect, and a surface effect (see Eq. (4.28)). As corrE  is independent of the pH, the 

application of Eq. (4.30), with Rt
a and Ceff  values obtained at the three pH, yields 

0.8pH
K ~ 

1.6
0.6pH

K , 
0.8pH

K ~ 1.8
7.3pH

K and 
0.6pH

K ~ 1.1
7.3pH

K . Therefore, the rate of the anodic 

reaction is the highest at pH 8.0 and is similar at pH 6.0 and 3.7. In other words, the anodic 

reaction is slow down at acidic pH. 

Corrosion currents, corri , were calculated from Eqs. (4.32) and (4.33), assuming Tafel 

kinetics (pure kinetic control) for the anodic partial reaction, and using z = 1 (dissolution of Cu 

as Cu+ species) and α = 0.5 in Eq. (4.32), and 
a

tP RR   in Eq. (4.33). 

Table 6-2 compares the calculated corri  values to those deduced graphically from the 

cathodic polarization curves ( corri  being equal to the first plateau current density). If 

comparing the corrosion current densities obtained from Eq. (4.32) to those deduced 

graphically, there is a ratio of about 2-5 between the values that may be partly explained by a 

value of α different from 0.5 and partially explained by the fact that polarization curves were 

plotted with a scan rate of 0.5 mV.s-1 (non steady-state curves). From this results, it can be 

concluded that corri  is similar for pH 8.0 and 3.7, and is lower at pH 6.0 (divided by ~ 2). 
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Table 6-2: Comparison of the corrosion current values obtained from Rt
a
, by application of Eqs. (4.32) 

(with z=1 and α=0.5) and (4.33), and from the cathodic polarization curves (first plateau current 

density). 

FNSW 
Rt

a / 
Ω.cm2 

icorr  / μA.cm-2 

Eq. (4.32) Eq. (4.33) Cathodic polarization curve 

pH 8.0 1310 39 14 8 

pH 6.0 2600 19 7 10 

pH 3.7 1370 37 14 10 

 

6.1.2 SURFACE ANALYSIS 

Surface analysis presented here was performed after immersion in FNSW under flow 

and stirring. 

6.1.2.1 RESULTS 

Figure 6-6(a) illustrates the Cu 2p3/2 core level spectra for 70Cu-30Ni alloy after 

polishing and after 1 h immersion at the corrosion potential in FNSW at pH 8.0, pH 6.0 and 

pH 3.7, under flow and stirring.  

 

  

(a) (b) 

Figure 6-6: (a) X-ray photoelectron spectroscopy (XPS) Cu 2p3/2 core level spectra, and (b) Cu 

L3M45M45 Auger lines of 70Cu-30Ni after polishing and after 1 h of immersion at Ecorr in aerated filtered 

natural seawater at pH 8.0, 6.0 and 3.7, under flow and stirring. The intensity is expressed in arbitrary 

unit (a.u.). 
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Results related to the sample after polishing were previously presented in Chapter 4.  

After immersion in FNSW under flow and stirring at different pH values,  the Cu 2p3/2 

core level spectrum indicates the presence of a first peak at a binding energy of 932.3 eV 

corresponding to Cu0 and/or Cu+ (Figure 6-6(a)). A second peak is visible at 933.7 eV with a 

satellite at higher binding energy (943.2 eV) corresponding to Cu2+, however, this Cu2+ 

contribution is very low and can be neglected (Figure 6-6(a)). 

The Cu Auger line (L3M45M45) located at a kinetic energy of 918.9 eV demonstrates 

the presence of Cu0, as previously recorded for the sample after polishing (Figure 6-6(b)). 

Thus, the oxide layer formed on top of the alloy is very thin and its thickness can be 

calculated from XPS data. However, for the four samples, the position of the Auger line 

(L3M45M45) at a kinetic energy of 916.7 eV, also indicates the presence of Cu+.  

The Ni 2p3/2 core level spectra, obtained for 70Cu-30Ni alloy at different pH values, 

exhibit one peak at 852.2 eV, independently of the pH value. This peak corresponds to Ni0, 

which confirms that the oxide film formed on the surfaces is very thin. Another peak is 

observed at a binding energy of 855.7 eV, as well as the satellite at ~ 861.4 eV, 

corresponding to Ni(OH)2 (Figure 6-7).  

 

 

Figure 6-7: X-ray photoelectron spectroscopy (XPS) Ni 2p3/2 core level spectra of 70Cu-30Ni alloy 

after polishing and after 1 h of immersion at Ecorr in aerated filtered natural seawater at pH 8.0, 6.0 and 

3.7, under flow and stirring. The intensity is expressed in arbitrary unit (a.u.). 

 

As previous mentioned in Chapter 4, a major symmetric peak, centered at 400.2 eV 

at the N 1s spectrum is expected for the amine or amide groups of BSA. The N 1s spectrum 
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recorded after immersion in FNSW under flow and stirring at different pH values (Figure 6-

8(a)) exhibits this symmetric peak, thus, for the three different pH values, low amount of 

adsorbed proteins are adsorbed. The C 1s signal obtained in the same conditions is shown 

in Figure 6-8(b). As already mentioned in Chapter 4, it can be fitted with three contributions 

corresponding to well identified carbon bonds present in the BSA molecule. From the N 1s 

and C 1s signals, different “nitrogen/carbon” or “carbon/carbon” atomic ratios were calculated 

and the values obtained for the 70Cu-30Ni alloy immersed in FNSW, under flow and stirring, 

at the three different pH values, are presented in Table 6-3.  

 

  

(a) (b) 

Figure 6-8: (a) N 1s core level spectra, and (b) C 1s core level spectra of 70Cu-30Ni after 1 h of 

immersion at Ecorr, under flow and stirring, in aerated filtered natural seawater at pH 8.0, pH 6.0, and 

pH 3.7. The intensity is expressed in counts per second (CPS). 

 

Table 6-3: Atomic ratios calculated from the XPS N 1s and C 1s core level spectra recorded for 70Cu-

30Ni after 1 h of immersion at Ecorr, under flow and stirring, in aerated filtered natural seawater at pH 

8.0, pH 6.0, and pH 3.7. 

 N/Ctotal
* N/(C2+C3)

 * C1/Ctotal
* C2/Ctotal

* C3/Ctotal
* 

pH 8.0 0.07 0.20 0.66 0.19 0.15 

pH 6.0 0.02 0.06 0.67 0.18 0.10 

pH 3.7 0.02 0.10 0.75 0.20 0.06 

 

(a)
The atomic ratio X/Y is given by:  

X
BSA
XXYY

BSA
YYX TI/TIY/X   

where IX,Y is the intensity of the peak (peak surface area) associated to element X or Y (X and Y equal 

to N or C), 
BSA

Y,X  the attenuation length of photoelectrons emitted by the X or Y core level in the BSA 
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layer, σX,Y the photoionisation cross-section of X or Y, and TX,Y the transmission factor of X or Y. The 

C 1s signal is fitted with three contributions C1, C2 and C3, corresponding to well identified carbon 

bonds present in the BSA molecule. 

 

The “nitrogen/carbon” and “carbon/carbon” ratios are similar at the different pH 

values. The C1/Ctotal ratio is very high at the 3 pH values, illustrating the high amount of 

hydrocarbons present on the surface. Moreover, the N/(C2+C3) ratio is low compared to the 

theoretical value of 0.5 corresponding to the peptidic link (HC-NH-(C=O)), showing that the 

amount of adsorbed proteins is low whatever the pH. However, that amount of proteins is 

higher at pH 8 (N/(C2+C3) = 0.20) than at acidic pH (N/(C2+C3) = 0.06 to 0.10). 

The atomic composition and the equivalent thickness of the oxide layers were 

calculated from XPS data, using the system of equations previously presented in Chapter 4 

(Eqs. (4.3) to (4.8)) and considering the intensities of copper and nickel in the metallic 

substrate and in the mixed oxide layer formed on the alloy. These data are presented in 

Table 6-4.  

 

Table 6-4: Atomic composition of the oxide layer and equivalent thickness of the surface layers 

calculated from XPS data for 70Cu-Ni alloy after 1 h of exposure at Ecorr to FNSW at three different pH 

values (8.0, 6.0 and 3.7). 

 
pH 

8.0 6.0 3.7 

O
x

id
e
 

la
y
e

r 
 

(a
t.

 %
) Cu+ 21.9 11.8 9.4 

Ni2+ 78.1 88.2 90.6 

S
u

rf
a

c
e
 l
a

y
e

r 

th
ic

k
n

e
s
s
  

(n
m

) 

Oxide layer 0.8 1.0 1.5 

Organic 
layer 

0.6 0.3 0.4 

 

The results show an enrichment in Ni in the oxide layer that increases with 

decreasing pH, and an increase of the oxide film thickness with the pH decrease. Cu+ 

content decreases and Ni2+ content increases with decreasing pH. This enrichment in Ni in 

the oxide layer can be explained by an increased dissolution of Cu and passivating 

properties of Ni in acidic electrolytes [206]. Thus, Cu follows the predictions of the Pourbaix 

diagram (Figure 1-5); its passive behavior is determined by the solubility of its oxide, i.e. 
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exclusively by thermodynamic data. Contrary to Cu, Ni shows also passivity in strongly acidic 

electrolytes, which is controlled by the extremely slow dissolution rate of its oxide or 

hydroxide layers, i.e. by its kinetic characteristics. From XPS results, it seems that the oxide 

layer thickness increases with decreasing pH (about two times higher at pH 3.7 compared to 

pH 8.0). 

The organic layer equivalent thickness, calculated from the 
ox

Cu

org

N

I

I
 ratio (Eq. 4.13)), is 

very thin (few Å) and similar for the different pH values (Table 6-4). In fact, the amount of 

nitrogen-containing molecules (including proteins) on the surface is very low and the surface 

layer formed on the top of the oxide layer is mainly composed of hydrocarbons, 

corresponding to the carbonaceous contamination layer (C1 peak at 285.0 eV; Figure 6-8(b)). 

The evolution with pH of the organic layer equivalent thickness seems to follow that of the 

N/(C2+C3) atomic ratio, i.e. it is higher at pH 8 than at acidic pH, but with a lower amplitude of 

variation. 

A characteristic ToF-SIMS (negative ions) depth profile obtained with 70Cu-30Ni alloy 

immersed during 1 h at corrE  in FNSW at pH 8.0 is presented in Figure 6-9(a). This profile 

allows evidencing a possible stratification of the different compounds on the alloy surface. It 

shows four regions. A first one that extends from 0 s to 3 s of sputtering characterized by an 

increase of all signals and corresponding to the time necessary to reach a steady-state. After 

3 s, one enters the second region that extends up to 7 s of sputtering. In this region, the 

35Cl-, 9058NiO2
-, 9563CuO2

- and 1818O- signals, that are at their maximums, decrease sharply, 

and the 11658Ni2
- signal increases, indicating a compact oxide layer covering the whole 

surface. In the second region, the 26CN- signal, characteristic of organic compounds, is at 

maximum value; this may suggest that the surface of the oxide layer is partly covered by an 

organic film. In fact, it seems that the oxide film is very thin and that the thickness is not 

homogeneous on the whole surface. After 7 s, the metallic surface has been reached. 

However, from 7 to 40 s, a third region can be distinguished for which the 35Cl-, 9058NiO2
-, 

9563CuO2
- and 1818O- signals present a shoulder. This could be assigned to an oxide film non 

covered by the organic layer. As the organic layer is very thin and due to the fact that we 

sputtered with a "sufficiently high" current to go through the oxide film thickness in an 

appropriate time, it could be possible that we cannot distinguish the organic layer of the oxide 

film (the peaks on the 9563CuO2
-, 9058NiO2, 26CN- and 35Cl- are over imposed in the 3-10s 

region). Thus, from this point, it is also possible that the organic layer covers the whole oxide 

layer and not only the thickest part of the oxide. The fourth region starts at 40 s, when 35Cl-, 

9058NiO2
-, 9563CuO2

- and 1818O- signals decrease again and the 11658Ni2
- signal reaches its 
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maximum intensity, describing a plateau. This indicates that the alloy/oxide interface is 

reached. The depth profiles show one mixed oxide layer (oxidized copper and nickel) with a 

thickness of ~ 1.5 nm. 

A similar behavior is observed for the samples immersed in FNSW at pH 6.0 (Figure 

6-8(b)) and pH 3.7 (Figure 6-8(c)). Moreover, the thickness of the oxide film (regions 2+3) 

seems independent of the pH, contrary to what is concluded from XPS data. One explanation 

would be the difficulty of estimating low surface layer thickness from ToF-SIMS data. 

 

  

(a) (b) 

 

(c) 

Figure 6-9: Characteristic time-of-flight secondary ions mass spectrometry (ToF-SIMS) negative depth 

profiles of 70Cu-30Ni after 1 h of immersion at Ecorr, under flow and stirring, in aerated filtered natural 

seawater at (a) pH 8.0, (b) pH 6.0, and (c) pH 3.7. 
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6.1.2.2 SURFACE LAYERS MODELS (COMBINED XPS AND TOF-SIMS) 

The surface layer model deduced from combined XPS and ToF-SIMS data for 70Cu-

30Ni alloy after 1 h of immersion at corrE , under flow and stirring, in FNSW at pH 8.0, 6.0 and 

3.7 is shown in Figure 6-10. This model shows that the oxide layer formed on top of the alloy 

is very thin and presents heterogeneous thickness (maximum thickness ~ 1.5 nm). An 

organic layer with a thickness of ~ 0.5 nm covers the whole oxide layer. 

. 

  

Figure 6-10: Model of the surface layers deduced from combined X-ray photoelectron spectroscopy 

(XPS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS) results for 70Cu-30Ni after 1 h 

of immersion at Ecorr, under flow and stirring, in FNSW at pH 8.0, 6.0 and 3.7. 

 

6.1.2.3 COMPOSITION OF THE ORGANIC LAYERS (XPS) 

Within seconds, surfaces immersed in water become covered by macromolecules, 

such as polysaccharides and proteins, which are present in natural seawater. As in chapter 

4, correlations between spectral XPS data (C 1s, N 1s and O 1s) were used to generate 

information about the organic layer formed in FNSW at different pH values. As for the 

analysis of data in Chapter 4, the C 1s peak was decomposed into three contributions. 

 Figure 6-11(a) presents the plot of the molar concentration of carbon responsible for 

the C3 component, located at 288.3 eV (O=C-N-C, O=C-O or C-O-C-O), as a function of the 

molar concentration of total organic nitrogen, Norg. A 1:1 relation is expected for the amide 

function (HC-NH-(C=O)) forming the backbone of proteins (peptidic link). A deviation from 

this 1:1 line would indicate the presence of polysaccharides or any oxidized carbon of 

contaminants. This graph indicates that the organic layers after immersion in FNSW (pH 8.0, 

6.0 and 3.7) seem to contain other compounds than proteins. 
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(a) (b) 

  

(c) (d) 

Figure 6-11: Plot of molar concentrations determined by XPS: (a) C3288.3 vs Norg, (b) C2286.4 vs Norg, c) 

O533 vs C2286.4 - Norg, and d) C1285.0 vs Ctot - 2*Norg. 70Cu-30Ni samples immersed 1 h at Ecorr, under 

flow and stirring,  in FNSW at pH 8.0, 6.0 and 3.7. Dashed lines: 1:1 relation. 

 

In Figure 6-11(b), the molar concentration of the carbon component located at a 

binding energy of 286.4 eV (C2 peak), which is due to carbon making a single bond with 

oxygen (in alcohol, polysaccharides, ester or ether) or nitrogen (in amine or amide), is plotted 

as a function of Norg. In this figure, all samples after immersion in FNSW at different pH 

values present high deviation from the 1:1 relation, which may be attributed to the presence 

of polysaccharides or oxygen-containing organic contaminants. 

Figure 6-11(c) illustrates the O 1s at 533.4 eV, due to oxygen in ester or ether groups 

or in polysaccharides, as a function of the difference between C2 and Norg (C2 - Norg). The 

total organic N is subtracted from C2 in order to remove the contribution of amide functions 

related to the presence of proteins. Therefore, a 1:1 relation is expected for esters and 

polysaccharides. In the case of FNSW, at pH 3.7, the experimental data are close to the 1:1 

line, but at pH 8.0 and 6.0, this is not true. This means that at pH 3.7 esters and or 
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polysaccharides are detected on the surface but at more alkaline pH, other species can be 

found (more oxidized species at pH 8.0 and more carbonated species at pH 6.0). 

Figures 6-11(a) and 6-11(b) allow evidencing low content of the amide function on the 

surface in FNSW (at different pH values). This amide function is considered as a marker of 

proteins. However, the presence of other functional groups that can be associated to other 

biomolecules, such as polysaccharides or hydrocarbons (typical of lipids) is also evidenced. 

Polysaccharides frequently contain N-acetylated aminosugars in which nitrogen is also in the 

form of amide. Considering that all the Norg is in the form of amide (HC-NH-(C=O)), the 

carbon which is not in the form of amide can be calculated by subtracting 2*Norg from the total 

carbon (Ctot - 2*Norg). In Figure 6-11(d), the C1 carbon component, due to carbon only bound 

to carbon and hydrogen (hydrocarbon function, typical of lipids) is plotted as a function of the 

total carbon which is not in the form of amide (Ctot - 2*Norg). The deviations from the 1:1 

relation reflect the concentration of carbon which is neither in the form of hydrocarbon 

functions, nor in the form of amide. All samples after immersion in FNSW, independently of 

pH, present significant deviations from this 1:1 line. 

Defining the composition of the organic adlayers is difficult due to the complexity of 

the biochemical compounds and the presence of organic contaminants on the surface. 

However, as shown in previous figures, the main biomolecules contributions can be 

distinguished and, therefore, the composition can be estimated in terms of these main 

components. The elemental molar concentrations, obtained from XPS spectra, were 

converted into weight percentages of these chemical entities (g/100 g of adlayer), as 

explained in Annex A of Chapter 4. Figure 6-12 illustrates the XPS results after conversion 

into weight percentages in the form of a ternary composition diagram. The corners of this 

triangle represent 100 wt % of amide, 100 wt % of CH2 and 100 wt % of additional carbon 

and oxygen (Cadd + Oadd). This figure is convenient to represent the composition of surface 

layers and adlayers with respect to an amide pole, shared by proteins and N-acetylated 

functions of polysaccharides, a hydrocarbon pole, typical of lipids, and a pole representative 

of oxidized organic compounds, including polysaccharide moieties. 
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Figure 6-12: Composition of adsorbed biomolecules on the surface. Relative mass concentration of 

amide (HC-NH-(C=O)), hydrocarbon CH2, and other oxygen-containing molecules (Cadd + Oadd), 

including polysaccharides. 70Cu-30Ni samples immersed 1 h at Ecorr, under flow and stirring, in FNSW 

at pH 8.0, 6.0 and 3.7. 

 

After 1 h immersion in FNSW at pH 8.0, the surface show low protein concentration 

(22 % amide), 45 % of hydrocarbon (CH2) and 33 % of additional carbon and oxygen (Cadd + 

Oadd). At pH 6.0 and 3.7, the surface show lower protein concentration (5 % and 8 % amide 

respectively), higher hydrocarbon contribution (50 % and 59 % respectively), and higher or 

equal contribution of additional carbon and oxygen (45% and 33% Cadd + Oadd, respectivelly). 

Whatever the pH value, the organic layer is mainly composed of hydrocarbon and the 

quantity of proteins is low. This result confirms that, in fact, what is called “organic layer” is 

mainly the carbonaceous contamination layer. 

Proteins are small biomolecules composed by a number of amino acids. Due to the 

great variety of physical and chemical properties among the amino acids, including charge, 

hydrophobicity, and acid/base character, proteins also exhibit great variation in physical and 

chemical characteristics. The environment in which the amino acids are present plays a key 

role. In particular, the pH is an important parameter [205]. Amino acids are characterized by 

the presence of both acidic (carboxylic acid) and basic (amine) functional groups. These 

groups undergo the same type of equilibrium reactions that all weak acids and bases 

undergo, and the relative amount of each form can be altered by adjusting the pH of the 

solution. This could explain the decrease of protein concentration with the decrease of pH 

from 8.0 to 6.0 (22 % to 5 %), or from 8.0 to 3.7 (22% to 8%), but not from 6.0 to 3.7 (5 % to 

8 %). Our results indicate that pH is not the key parameter in protein adsorption. 
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6.2 AL BRASS 

6.2.1 ELECTROCHEMICAL MEASUREMENTS 

Electrochemical measurements presented here were performed in static conditions. 

6.2.1.1 CORROSION POTENTIAL (ECORR) VS TIME 

The corrosion potential as a function of time ( corrE  vs time) was followed for 1 h. corrE  

values obtained in static FNSW, at three different pH values (8.0, 6.0 and 3.7), are presented 

in Table 6-5. As for 70Cu-30Ni there is no significant change in corrE  value with pH.  

 

Table 6-5: Corrosion potential values for Al brass alloy after 1 h of immersion in static filtered natural 

seawater (FNSW), at three different pH values (8.0, 6.0 and 3.7). 

 Ecorr / V vs SCE 

FNSW pH 8.0 -0.247 ± 0.002  

FNSW pH 6.0 -0.246 ± 0.001 

FNSW pH 3.7 -0.249 ± 0.006 

 

6.2.1.2 CATHODIC POLARIZATION CURVES 

Figure 6-13(a) shows the cathodic polarization curves obtained in static FNSW for the 

three different pH values. Two current plateaus illustrating mass transport limited reactions 

can be observed at pH 6.0 and 3.7, with the short plateau at around -0.30 V vs SCE (|j| ~ 8 

μA.cm-2) illustrating the first step of dissolved oxygen reduction with production of H2O2. This 

first plateau is not clearly visible at pH 8.0. The wide plateau observed for potentials ranging 

from -0.50 down to -1.00 V vs SCE corresponds to the second step of dissolved oxygen 

reduction with a transfer of 4 electrons. The current increase (in absolute value) observed 

below -1.00 V vs SCE illustrates water reduction (hydrogen evolution reaction). The pH does 

not seem to have a great effect on the cathodic polarization curves. 

6.2.1.3 ANODIC POLARIZATION CURVES 

The anodic polarization curves obtained in static FNSW for the three different pH 

values are presented in Figure 6-13(b). Similar anodic behavior is observed for the 3 pH.  
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The electrochemical behavior of Al brass was investigated in both 3.5% NaCl and 

seawater by M.M. Osman [207]. At active potential, the alloy is dissolved directly or through 

an adsorbed metastable CuCl layer. At higher applied anodic potential, the active–passive 

transition leads to the formation of a thicker and more stable CuCl salt layer. With further 

increase of the anodic potential, the formation of CuO and/or Cu(OH)2 will take place. Three 

anodic peaks can be observed on the potentiodynamic polarization curves, corresponding to 

the formation of Cu2O, CuCl and CuO and/or Cu(OH)2 for increasing potential [8]. 

 

  

(a) (b) 

Figure 6-13: (a) Cathodic and (b) anodic polarization curves of Al brass after 1 h of immersion at Ecorr 

in static aerated filtered natural seawater at three different pH values: 8.0, 6.0 and 3.7. Scan rate: 0.5 

mV.s
-1. 

6.2.1.4 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Figure 6-14 shows the impedance diagrams in the complex plane (Nyquist diagrams) 

plotted at corrE  after 1 h of immersion in static FNSW for the three different pH values. The 

diagrams exhibit two loops: one HF capacitive loop and a LF straight line, forming an angle 

with the X-axis lower than 45° (this angle increases with decreasing pH). The HF loop is less 

defined for Al brass compared to 70Cu-30Ni. 
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Figure 6-14: Experimental impedance diagrams in the complex plane (Nyquist diagrams) of Al brass 

plotted at Ecorr after 1 h of immersion in static filtered natural seawater at three different pH values: 8.0, 

6.0 and 3.7. 

6.2.1.5 EIS DATA FITTING  

In Chapter 4, an impedance model for 70Cu-30Ni alloy in ASW and in FNSW was 

developed. On the other hand, in Chapter 5, it was shown that for Al brass/FNSW system 

under static conditions, the impedance model was the same as that for 70Cu-30Ni.  

Figure 6-15 shows the absolute value of the imaginary part of the impedance (|Z”|) 

plotted as a function of the frequency in logarithmic coordinates for the same experimental 

impedance data as those presented in Figure 6-14. 

 

 

Figure 6-15: Experimental impedance data (imaginary part of the impedance as a function of 

frequency) of Al brass alloy obtained at Ecorr after 1 h of immersion in static filtered natural seawater at 

three different pH values: 8.0, 6.0 and 3.7. Same data as in Figure 6-14. 
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Two domains can be distinguished in the HF range (f > 103 Hz) and in the medium 

frequency (MF) range (1 ≤ f ≤ 103 Hz). A straight line with a slope lower than 1 in absolute 

value can be observed in the HF range; this slope value lower than 1 suggests a CPE-like 

behavior. A straight line with a slope equal to -0.5 can be observed in the MF range, 

especially at pH 6.0 and 3.7; this slope equal to -0.5 suggests a Warburg-like behavior. 

In order to better visualize a possible constant value of the slope in a narrow 

frequency range, the fdZd log''log
 

vs log f curves were calculated from those 

presented in Figure 6-15 (derivative curves; Figure 6-16). At pH 8.0, a plateau corresponding 

to a value of about -0.8 can be observed in the very HF range (f > 2000 Hz). This HF plateau 

shows a CPE behavior, with a value of α equal to 0.8. No plateau corresponding to a value of 

about -0.5 is visible in the MF range. At pH 6.0 and 3.7, a plateau corresponding to a value of 

about -0.5 can be observed in the MF range (2 < f < 20 Hz). This MF plateau is in agreement 

with a Warburg-like behavior. No plateau is visible at very high frequency. Therefore, the HF 

loop of the experimental impedance diagrams can be modelled by the CPEdl//Rt
a//Wc 

equivalent circuit (Figure 4-15(c)). At the 3 pH, there is no clear frequency domain 

specifically assigned to each process (charge transfer at very HF and mass transport at MF). 

The LF loop is related to the anodic mass transport and partial blocking effect by CuCl 

(
a

DZ , ). 

 

 

Figure 6-16: Experimental impedance data (derivative curves calculated from Figure 6-14) of Al brass 

alloy obtained at Ecorr after 1 h of immersion in static filtered natural seawater at three different pH 

values: 8.0, 6.0 and 3.7. Same data as in Figure 6-14.  
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As only few points describe the LF loop, the single HF loop was analyzed by 

regression of the equivalent circuit presented in Figure 4-15(c), using Simad® software. The 

regression results are presented in Figure 6-17 and in Table 6-6. 

The experimental frequency range taken into account for the regression is indicated 

in Table 6-6 for each data set, but the fitted curves in Figure 6-16 are shown in the whole 

frequency range (1 mHz - 105 Hz), with parameters values corresponding to those given in 

Table 6-6.  

 

  

(a) (b) 

 

(c) 

Figure 6-17: High frequency loops of Nyquist diagrams obtained for Al brass at Ecorr after 1 h of 

immersion in static filtered natural seawater at three different pH values: (a) 8.0, (b) 6.0 and (c) 3.7. 

Experimental curves and fit of the impedance model presented in Figure 4-15(c). Same data as in 

Figure 6-14. 
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Table 6-6: Regression results for the Al brass/FNSW system, in static conditions, at three different pH. 

Experimental frequency range taken into account for the regression, parameters values (electrolyte 

resistance Re, anodic charge transfer resistance Rt
a
, constant of the cathodic Warburg impedance kc, 

and CPE parameters α and Q) obtained from the regression of the equivalent circuit presented in 

Figure 4-15(c) to experimental impedance data shown in Figure 6-14, and effective capacitance Ceff 

associated with the CPE calculated from Eq. (2.22). 

FNSW 
Frequency range Re Rt

a kc 
α 

Q Ceff 

Hz Ω.cm2 Ω.cm2 s0.5.Ω-1.cm-2 F.cm-2.s(α-1) μF.cm-2 

pH 8.0 105-5.810-1 12 1800 6.1x10-4 0.93 2.5x10-5 14 

pH 6.0 105-1.510-1 12 2530 1.3x10-3 0.99 2.0x10-5 20 

pH 3.7 105-2.910-2 12 3880 1.7x10-3 0.94 3.1x10-5 19 

 

The effective capacitance values calculated from the impedance diagrams shown in 

Figure 6-17, taking for Re and Rt
a the values extracted from the regression procedure (Table 

6-6), are given in Table 6-6. These capacitance values are similar for all pH values and are 

typical of those for a double layer capacitance.  

Rt
a increases with decreasing pH; compared to the value obtained at pH 8.0, Rt

a is ~ 

1.4 higher at pH 6.0 and ~ 2.2 higher at pH 3.7. Changes in Rt
a value can be explained by a 

potential effect, a kinetic effect, and a surface effect (see Eq. (4.28)). As corrE  is independent 

of the pH, the application of Eq. (4.30), with Rt
a and Ceff  values obtained at the three pH, 

yields 
0.8pH

K ~ 2.0 
0.6pH

K , 
0.8pH

K ~ 2.9 
7.3pH

K and 
0.6pH

K ~ 1.4 
7.3pH

K . Therefore, for the 

Al brass/FNSW system, the more acidic the pH, the slower the anodic reaction. 

Corrosion currents, corri , were calculated from Eqs. (4.32) and (4.33), assuming Tafel 

kinetics (pure kinetic control) for the anodic partial reaction, and using z = 1 (dissolution of Cu 

as Cu+ species) and α = 0.5 in Eq. (4.32), and 
a

tP RR   in Eq. (4.33). The corri  values are 

presented in Table 6-7. For pH 6.0 and 3.7, Table 6-7 compares the calculated  corri  values 

to those deduced graphically from the cathodic polarization curves ( corri  being equal to the 

first plateau current density). For pH 8.0, it was impossible to extract corri  value from the 

cathodic polarization curve. If comparing the corrosion current densities obtained from Eq. 

(4.32) to those deduced graphically, there is a ratio of ~ 2-2.5 between the values that may 

be partly explained by a value of α different from 0.5 and partly explained by the fact that 

polarization curves were plotted with a scan rate of 0.5 mV.s-1 (non steady-state curves). 
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From these results, it can be concluded that the corrosion current density decreases 

with decreasing the pH, and is of the same order of magnitude as that calculated for the 

70Cu-30Ni/FNSW system. 

 

Table 6-7: Comparison of the corrosion current values obtained from Rt
a
, by application of Eqs. (4.32) 

and (4.33) and from the cathodic polarization curves (first plateau current density). 

FNSW Rt
a / Ω.cm2 

icorr  / μA.cm-2 

Eq. (4.32) Eq. (4.33) Cathodic polarization curve 

pH 8.0 1800 28 11 - 

pH 6.0 2530 20 8 8 

pH 3.7 3880 13 5 7 

 

6.2.2 SURFACE ANALYSIS 

Surface analysis presented here was performed after immersion in FNSW under flow 

and stirring. 

6.2.2.1 INTRODUCTION 

As indicated in Chapter 2, from SEM micrographs it is possible to observe a 

homogeneous distribution of Cu, Zn and Al along the Al brass sample surface.  

If a continuous mixed oxide layer covering the metallic alloy is assumed (Figure 6-18), 

the composition and the equivalent thickness of the oxide layer (dox) can be calculated from 

XPS data using the following system of equations, in which the intensities of copper, zinc and 

aluminum in the metallic substrate and in the oxide layer are considered: 

Metallic copper (Cum) 




























ox

Cu

ox
Cu

m

Cu

m

CuCu

m

Cu

d
TDkI


 exp  (6.1)

 

Copper oxide (Cuox) 




























ox

Cu

ox
Cu

ox

Cu

ox

CuCu

ox

Cu

d
TDkI


 exp1  (6.2)
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Metallic zinc (Znm) 




























ox

Zn

ox
Zn

m

Zn

m

ZnZn

m

Zn

d
TDkI


 exp  (6.3)

 

Zinc oxide (Znox) 




























ox

Zn

ox
Zn

ox

Zn

ox

ZnZn

ox
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TDkI


 exp1  (6.4)

 

Metallic aluminum (Alm) 





















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ox
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ox
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Aluminum oxide (Alox) 




























ox

Al

ox
Al

ox

Al

ox

AlAl

ox
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
 exp1  (6.6)

 

 where: 

   is the take-off angle of the photoelectrons with respect to the sample surface. It is 

90° in this work; 

k is the spectrometer specific constant;  

Cu , Zn , Al  are the photo-ionization cross-sections of Cu, Zn and Al, respectively;  

ox

Al

m

Al

ox

Zn

m

Zn

ox

Cu

m

Cu  ,,,,,
 

are the inelastic mean free paths (IMFP) of the 

photoelectrons emitted by the Cu core level in the metallic alloy and in the oxide, by the Zn 

core level in the metallic alloy and in the oxide and by the Al core level in the metallic alloy 

and in the oxide, respectively;  

TCu, TZn, TAl are the transmission functions for elements Cu, Zn and Al, respectively;  

ox

Al

m

Al

ox

Zn

m

Zn

ox

Cu

m

Cu DDDDDD ,,,,,
  

are the densities of element Cu in the metallic alloy and 

in the oxide, Zn in the metallic alloy and in the oxide and Al in the metallic alloy and in the 

oxide.  

 

 

Figure 6-18: Layer model assumed for the analysis of XPS data (mixed oxide layer covering the 

metallic substrate). 
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Considering that:  

1 m

Al

m

Zn

m

Cu DDD   (6.7) 

1 ox

Al

ox

Zn

ox

Cu DDD   (6.8) 

the concentrations of copper, zinc and aluminum in the oxide layer and beneath the 

oxide layer, as well as the oxide layer thickness can be calculated by solving the system of 

eight equations (Eqs. (6.1) to (6.8)) with eight unknowns ( oxide

ox

Al

ox

Zn

ox

Cu

m

Al

m

Zn

m

Cu dDDDDDD ,,,,,,  

and k ). 

The calculated values for the transmission function T are listed in Table 6-8. 

 

Table 6-8: Transmission functions T(Ekin) of the Escalab 250 energy analyzer, provided by Thermo 

Electron Corporation. 

T(Ekin) 

Cu Auger line 
L3M45M45 

Cu 2p3/2 Zn 2p3/2 
Zn Auger line 

L3M45M45 
Al 2p3/2 

3492 4265 4523 3372 2832 

 

As mentioned in Chapter 2, the inelastic mean free path (λ) values were taken from 

the QUASES-IMFP-TPP2M, a database for calculation of IMFPs by the TPP2M-formula, 

which is part of the QUASES-Tougaard method. For Cu, these values are listed in Table 4-2 

and for Zn and Al they are presented in Table 6-9. 

 

Table 6-9: Inelastic mean free paths λ in nm – Taken from the QUASES-IMFP-TPP2M. 

λ (nm) 
Albrass

AugerCu

  
ox

AugerCu

  Albrass

Al  
2

2

32

Al

pAl  
Albrass

AugerZn

  
ox

AugerZn

  

15.0 23.6 20.7 32.8 15.8 25.0 

 

The photo-ionization cross-section σX at 1486.6 eV for Al 2p3/2 is equal to 0.5371. 

Although with the previous equations, it is possible to calculate the equivalent 

thickness and the composition of the oxide layer formed on the Al brass alloy, the 

decomposition of the Cu 2p3/2 and Zn 2p3/2   XPS peaks presents an important difficulty. The 

approach adopted for Cu and previously described in Chapter 4 was also applied for Zn. 

Thus, the Zn Auger line was used to obtain information about the relative contributions of 

ZnO and metallic Zn. For that purpose, the decomposition was performed with the software 

“CASA”, using the reference spectra of ZnO and metallic Zn. The results provide the relative 
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proportions of these compounds at the alloy surface, considering that only these species are 

present. However, this is not fully correct, due to the fact that other Zn species may be part of 

the surface film, such as Zn(OH)2, 3Zn(OH)2.2ZnCO3 or other Zn complexes, leading to an 

overestimation of the percentages of Zn in the Auger line (L3M45M45). 

The decomposition of the Al 2p3/2 peaks also presents an important difficulty. When 

using the standard aluminum X-ray anodes, the only aluminum photoelectric peaks available 

for measuring the amount of aluminum in the sample are Al 2s and Al 2p. Both aluminum 

peaks (Al 2s = 118 eV and Al 2p = 73 eV) appear at almost the same binding energies as the 

Cu 3s and Cu 3p peaks (Cu 3 s = 123 eV; Cu 3p1/2 = 77 eV and Cu 3p3/2 = 75 eV).  

 

Table 6-10: Binding energy and kinetic energy of Zn 2p3/2 XPS peak and Auger line, respectively, for 

Zn species. 

Compound 
Zn 2p3/2  L3M45M45 Zn Auger line  

binding energy / eV kinetic energy / eV 

Zn 1022.0  0.1 991.9  0.1 

ZnO 1021.5  0.1 988.6  0.1 

Zn(OH)2 1022.1  0.1 987.7  0.1 

 

For experiments performed with FNSW, the composition and the equivalent thickness 

of the oxide layer ( oxd ) formed in the presence of biomolecules were calculated from XPS 

data, using the system of equations previously presented (Eqs: (6.1) to (6.8)) and 

considering the intensities of copper, zinc and aluminum in the metallic substrate and in the 

mixed oxide layer formed on the alloy. In case of a continuous organic layer, each equation 

(Eqs. (6.1) to (6.8)) is multiplied by a term: 















org

AlZnCu

orgd

,,

exp


. Figure 6-19 illustrates the 

layer model used for the analysis of XPS data of a metallic material after immersion in a 

solution containing biomolecules that adsorb on the surface, forming a continuous organic 

film on top of the oxide layer, with an equivalent thickness orgd . 
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Figure 6-19: Layer model assumed for the analysis of XPS data (organic layer covering the mixed 

oxide layer formed on the metallic substrate). 

 

The thickness orgd  can be calculated from the   
O x i d e

Cu

org

N

I

I
 intensity ratio, as previously 

explained in Chapter 4.  

During the XPS measurements, the following core levels were recorded: Cu 2p (and 

Auger lines), Zn 2p (and Auger lines), Al 2p,  O 1s, C 1s, and N 1s.  

6.2.2.2 RESULTS 

Figure 6-20(a) illustrates the Cu 2p3/2 core level spectra for Al brass after polishing 

and after 1 h immersion at the corrosion potential, under flow and stirring conditions, in 

FNSW at pH 8.0, pH 6.0, and pH 3.7.  

 

  

(a) (b) 

Figure 6-20: (a) X-ray photoelectron spectroscopy (XPS) Cu 2p3/2 core level spectra, and (b) Cu 

L3M45M45 Auger lines of Al brass after polishing and after 1 h of immersion at Ecorr in aerated filtered 

natural seawater at pH 8.0, 6.0 and 3.7, under flow and stirring. The intensity is expressed in arbitrary 

unit (a.u.). 
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The XPS Cu 2p3/2 core level peak with a binding energy located at 932.2 eV (pH 8.0) 

and 932.4 (pH 6.0 and 3.7) (Figure 6-20(a)) and the Cu Auger line (L3M45M45) at a kinetic 

energy of 918.8 eV (all pH values) (Figure 6-20(b)) demonstrate the presence of Cu0, also 

observed for the sample after polishing and for 70Cu-30Ni alloy in the same conditions. A 

second peak is visible at 933.7 eV with a satellite at higher binding energy (943.2 eV) 

corresponding to Cu2+, for the sample after polishing. However, this Cu2+ contribution is very 

low and can be neglected (Figure 6-20(a)). 

The Cu Auger line (L3M45M45) located at a kinetic energy of 918.9 eV demonstrates 

the presence of Cu0 (Figure 6-20(b)). Thus, the oxide layer formed on top of the alloy is very 

thin and its thickness can be calculated from XPS data. However, for the four samples, the 

position of the Auger line (L3M45M45) at a kinetic energy of 916.7 eV, also indicates the 

presence of Cu+.  

The Zn 2p3/2 core level spectra, obtained for Al brass at different pH values and 

presented in figure 6-21(a), exhibit one peak at 1022.0 eV for the polished sample, pH 6.0 

and pH 3.7. A peak at 1021.3 eV is observed for pH 8.0. These peaks are attributed to Zn0 or 

Zn2+. The Zn Auger line (L3M45M45) at a kinetic energy of 992 eV (all pH values) shows the 

presence of Zn0, which confirms that the oxide film formed on the surface is very thin (Figure 

6-21(b)). In XPS measurements, it is difficult to distinguish various chemical states of Zn-

based materials by measuring 2p3/2 line alone due to close binding energy values between 

Zn2+ and Zn0 states. However, the peaks visible in Figure 6-21(b), with corresponding Auger 

peak value of 987.6 eV (Zn(OH)2) and 988.5 eV (ZnO), strongly suggests the existence of 

ZnO and Zn(OH)2 for the samples after polishing and at the 3 pH values.  

For Al XPS spectra (Figure 6-21(c)), only the peak located at ~73 eV was taken in to 

account for metallic Al in Al brass and that at 75.2 eV for Al in the oxide layer. 
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(a) (b) 

 

(c) 

Figure 6-21: X-ray photoelectron spectroscopy (XPS): (a) Zn 2p3/2, (b) Zn L3M45M45 Auger lines and 

(c) Al 2p core level spectra of Al brass after polishing and after 1 h of immersion at Ecorr in aerated 

filtered natural seawater at pH 8.0, 6.0 and 3.7, under flow and stirring. The intensity is expressed in 

arbitrary unit (a.u.). 

 

The N 1s spectrum recorded after immersion in FNSW under flow and stirring at 

different pH values (Figure 6-22(a)) exhibits a major symmetric peak, centered at 400.2 eV, 

thus, for the three different pH values, low amount of proteins are adsorbed. The C 1s signal 

obtained in the same conditions is shown in Figure 6-22(b). From the N 1s and C 1s signals, 

different “nitrogen/carbon” or “carbon/carbon” atomic ratios were calculated and the values 

obtained for the Al brass immersed in FNSW, under flow and stirring, at the three different 

pH values, are presented in Table 6-11.  
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(a) (b) 

Figure 6-22: (a) N 1s core level spectra, and (b) C 1s core level spectra of Al brass after 1 h of 

immersion at Ecorr, under flow and stirring, in aerated filtered natural seawater at pH 8.0, pH 6.0, and 

pH 3.7. The intensity is expressed in counts per second (CPS). 

 

Table 6-11: Atomic ratios calculated from the XPS N 1s and C 1s core level spectra recorded for Al 

brass after 1 h of immersion at Ecorr, under flow and stirring, in aerated filtered natural seawater at pH 

8.0, pH 6.0, and pH 3.7. 

 N/Ctotal
* N/(C2+C3)

 * C1/Ctotal
* C2/Ctotal

* C3/Ctotal
* 

pH 8.0 0.07 0.21 0.69 0.18 0.13 

pH 6.0 0.03 0.16 0.79 0.12 0.08 

pH 3.7 0.05 0.20 0.73 0.16 0.11 

 

(a)
The atomic ratio X/Y is given by:  

X
BSA
XXYY

BSA
YYX TI/TIY/X   

where IX,Y is the intensity of the peak (peak surface area) associated to element X or Y (X and Y equal 

to N or C), 
BSA

Y,X  the attenuation length of photoelectrons emitted by the X or Y core level in the BSA 

layer, σX,Y the photoionisation cross-section of X or Y, and TX,Y the transmission factor of X or Y. The 

C 1s signal is fitted with three contributions C1, C2 and C3, corresponding to well identified carbon 

bonds present in the BSA molecule. 

 

As for the 70Cu-30Ni alloy, the C1/Ctotal ratio is very high at the 3 pH values, 

illustrating the high amount of hydrocarbons present on the surface. Moreover, the N/(C2+C3) 

ratio is low compared to the theoretical value of 0.5 corresponding to the peptidic link (HC-

NH-(C=O)), showing that the amount of adsorbed proteins is low whatever the pH. Contrary 

to the conclusion drawn for 70Cu-30Ni, that amount of proteins is independent of the pH.  
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The atomic composition and the equivalent thickness of the oxide layers were 

calculated from XPS data, using the system of equations previously presented (Eqs. (6.1) to 

(6.8)) and considering the intensities of copper, zinc and aluminum in the metallic substrate 

and in the oxide layer formed on the alloy. These data are presented in Table 6-12.  

 

Table 6-12: Atomic composition of the oxide layer and equivalent thickness of the surface layers 

calculated from XPS data for Al brass after 1 h of exposure at Ecorr to FNSW at three different pH 

values (8.0, 6.0 and 3.7). 

 
pH After 

polishing 8.0 6.0 3.7 

O
x

id
e
 

la
y
e

r 
 

(a
t.

 %
) Cu+ 35.1 84.0 57.6 78.0 

Zn2+ 6.4 6.4 13.1 11.8 

Al3+ 58.5 9.6 29.3 10.2 

S
u

rf
a

c
e
 

la
y
e

r 

th
ic

k
n

e
s
s
 

(n
m

) 

Oxide layer 1.2 1.4 1.6 1.3 

Organic layer 0.1 0.1 0.1 - 

 

These data indicate an enrichment in Al and a decrease of Cu+ concentration in the 

oxide layer for pH 8.0 and 3.7 compared to the sample after polishing. From these results, 

the oxide film is very thin and its thickness seems to be independent of the pH. This very low 

thickness would mean that the oxide layer is not continuous. An organic layer was also 

detected and its thickness is very low (1 Å) and is lower than for the 70Cu-30Ni/FNSW 

system. 

A characteristic ToF-SIMS (negative ions) depth profile obtained with Al brass after 

polishing is presented in Figure 6-23(a). This profile allows evidencing a stratification of the 

different compounds on the alloy surface. It shows three regions. A first one that extends 

from 0 s to ~ 3 s of sputtering characterized by an increase of all signals and corresponding 

to the time necessary to reach a steady-state. After 3 s, one enters the second region that 

extends up to ~ 9 s of sputtering. In this region, the 35Cl-, 7964ZnO2
-,58AlO2

-, 9563CuO2
- and 

1818O- signals reach their maximum intensity. After 9 s of sputtering, all oxidized signals 

sharply decrease, whereas 129Zn2
- and 12563Cu2

- reach a plateau. This indicates that a 

mixed Cu, Al and Zn outer oxide layer covers the metallic substrate (region 3) with a 

thickness of about ~ 2 nm. This result is in agreement with the thickness estimated by XPS 

(see Table 6-12). After closer examination of the oxide signals, one can observe that the 

9563CuO2
- signal reaches its maximum intensity before the 7964ZnO- signal and the later 
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before the 58AlO2
- signal, indicating a stratification of the oxide with the following stack: an 

outer Cu oxide layer, a middle Zn oxide layer and an inner Al oxide layer. 

A characteristic ToF-SIMS negative depth profile obtained with Al brass immersed 

during 1 h at corrE  in FNSW at pH 8.0 is presented in Figure 6-23(b). It shows three regions. 

A first one that extends from 0 s to ~ 3 s of sputtering characterized by an increase of all 

signals and corresponding to the time necessary to reach a steady-state. After 3 s, one 

enters the second region that extends up to ~ 10 s of sputtering. In this region the 35Cl-, 

7964ZnO-, 58AlO2
-, 9563CuO2

- and 1818O- signals reach their maximum intensity. After ~ 10 s 

of sputtering, similarly to the profile obtained after polishing, all the oxidized signals 

decrease, whereas 129Zn2
- and 12563Cu2

- signals reach their maximum intensity, meaning 

that the metal/oxide interface is reached. Thus, a compact oxide layer covers the metallic 

surface with a thickness of about ~ 1 nm. This result is in agreement with the thickness 

estimated by XPS (see Table 6-12). It can also be observed that the intensity of the 26CN- 

signal, characteristic of organic compounds, is maximal from the extreme surface, 

suggesting that the oxide scale is covered by an organic layer with a thickness of about ~ 0.5 

nm. This result is not in agreement with the thickness estimated by XPS, but the difference 

between ToF-SIMS and XPS values can be explained by the fact that the organic layer 

equivalent thickness was calculated from the N 1s XPS signal (
Oxide

Cu

org

N

I

I
 ratio), whereas what is 

called ‘‘organic layer‘‘ is, in fact, the carbonaceous contamination layer. Again, after closer 

examination of the oxide scale, the stratification of the oxide is observed with a Cu oxide 

outer layer covering a Zn oxide middle layer and an Al oxide inner layer. 

The same behavior is observed for the samples immersed in FNSW at pH 6.0 (Figure 

6-23(c)) and pH 3.7 (Figure 6-23(d)).The thickness structure and composition of the oxide 

layer is unmodified whatever the pH, according to the ToF-SIMS profiles. 



CHAPTER 6. EFFECT OF PH 

M.L.CARVALHO   207 

 

 

  

(a) (b) 

  

(c) (d) 

Figure 6-23: Characteristic time-of-flight secondary ions mass spectrometry (ToF-SIMS) negative ions 

depth profiles of Al brass after (a) polishing and after 1 h of immersion at Ecorr, under flow and stirring, 

in aerated filtered natural seawater at (b) pH 8.0, (c) pH 6.0, and (d) pH 3.7. 

 

6.2.2.3 SURFACE LAYERS MODELS (COMBINED XPS AND TOF-SIMS) 

Figure 6-24 illustrates the surface layer models deduced from the surface analysis of 

Al brass just after polishing and after 1 h of immersion at  corrE  in FNSW at pH 8.0, 6.0 and 

3.7.   

For the sample after polishing (Figure 6-24(a)), one compact oxide layer, made up of 

Cu, Zn and Al oxides covers the whole surface. This oxide layer is stratified with a mixed Cu 
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and Zn oxide outer layer covering an Al oxide inner layer. The thickness of the oxide layer is 

~ 2.0 nm.  

Figure 6-24(b)) presents the model for the surface layers formed on the samples after 

1 h of exposure to FNSW at pH 8.0, 6.0 and 3.7. A compact mixed oxide layer, as the one 

observed for the sample after polishing (Figure 6-24(a)) is observed, but, in this case, the 

thickness is lower and is of ~ 1 nm. The oxide scale is covered by a very thin organic layer (~ 

0.1 nm). 

 

 

(a) 

 

(b) 

Figure 6-24: Models of the surface layers deduced from combined X-ray photoelectron spectroscopy 

(XPS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS) results for Al brass (a) after 

polishing and (b) after 1 h immersion at Ecorr, under flow and stirring, in FNSW at pH 8.0, 6.0 and 3.7. 

 

6.3 CONCLUSIONS 

In this chapter, the corrosion behavior of 70Cu-30Ni and Al brass alloy was studied 

after short-term immersion in FNSW at different pH values (8.0, 6.0 and 3.7), by combined 

electrochemical measurements (in static conditions) and surface analysis (under flow and 

stirring).  
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From corrosion potential values and polarization curves recorded for both alloys in 

static conditions, there is no significant difference in electrochemical behavior with seawater 

pH change. Impedance data were fitted with the impedance model previously described for 

the 70Cu-30Ni/seawater system. The Rt
a values were used to calculate the corrosion current 

density icorr, assuming Tafel kinetics for the anodic partial reaction. In the case of 70Cu-30Ni 

alloy, compared to the value obtained at pH 8.0, icorr is similar at pH 3.7 and is ~ 100% lower 

at pH 6.0. The rate constant of the anodic reaction is the highest at pH 8.0 and is similar at 

pH 6.0 and 3.7; in other words, the anodic reaction is slown down at acidic pH (kinetic effect). 

In the case of Al brass, icorr decreases with decreasing pH, i.e. there is a corrosion inhibition 

effect at acidic pH; moreover, the more acidic the pH, the slower the anodic reaction. 

For 70Cu-30Ni, the surface analysis after 1 h of immersion in FNSW, under flow and 

stirring, at different pH values, shows the formation of a mixed oxide layer (oxidized copper 

and nickel) that presents a heterogeneous thickness (maximum thickness = ~ 1.5 nm). An 

organic layer is detected on the surface and the equivalent thickness of the adsorbed layer is 

~ 0.5 nm. For the Al brass sample just after polishing, one compact oxide layer, made up of 

Cu, Zn and Al oxides covers the whole surface. This oxide layer is stratified with a mixed Cu 

and Zn oxide outer layer covering an Al oxide inner layer. The total thickness of the oxide 

layer is ~ 2.0 nm. Independent of FNSW pH value, a compact mixed oxide layer, as the one 

observed for the sample after polishing is observed, but, in this case, the oxide thickness is 

lower (~ 1 nm). The oxide scale is covered by an organic layer with a thickness of about ~ 

0.1 nm.  

In the case of 70Cu-30Ni alloy, the oxide layer thickness increases with decreasing 

pH, whereas for Al brass it is independent of the pH. The atomic composition of the oxide 

layers formed on 70Cu-30Ni samples shows a Cu+ content decrease and a Ni2+ content 

increase with decreasing pH. This Ni enrichment is due to an increased dissolution of Cu and 

passivating properties of Ni in acidic electrolytes. For Al brass samples, the composition at 

pH 6.0 is similar to that of the sample after polishing; at pH 8.0 and 3.7, an enrichment in Al 

and a decrease of Cu+ concentration compared to the sample after polishing can be 

observed.  

For both Cu alloys, the amount of hydrocarbons present on the surface is high and 

that of adsorbed proteins, illustrated by the N/(C2+C3) atomic ratio, is low whatever the pH. In 

fact, what is called the ‘‘organic layer‘‘ is mainly the carbonaceous contamination layer. At pH 

8.0, the N/(C2+C3) ratio is the same for both materials and is equal to ~ 0.2; whereas, at 

acidic pH (6.0 and 3.7), the N/(C2+C3) ratio is about two times lower for 70Cu-30Ni (~ 0.1). 

Therefore, the chemical composition of the oxide layer seems to have an effect on the 
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amount of adsorbed proteins. The calculated organic layer equivalent thickness is very low 

(few Å for 70Cu-30Ni and 1 Å for Al brass); it seems to be higher at pH 8.0 than at acidic pH 

for 70Cu-30Ni alloy, whereas it is independent of pH for Al brass.  
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GENERAL CONCLUSIONS 

Power plants require cooling circuits with seawater or fresh water as the cooling 

agent. Tubes are the basic components of heat exchangers; they provide the heat transfer 

surface between one fluid (liquid or gas) flowing inside the tubes and other fluid (liquid or 

gas) flowing outside the tubes. In marine environments, copper and copper alloys are 

commonly used in condensers and heat exchangers due to their high thermal conductivity, 

and good mechanical workability. However, these materials may be affected by corrosion 

and biocorrosion induced by biofilm formation. 

The main objectives of this work were to study firstly, the corrosion behavior of 70Cu-

30Ni alloy and aluminum brass in seawater environments under real industrial conditions and 

secondly, the influence of different parameters such as solution (filtered natural seawater 

(FNSW) vs artificial seawater (ASW)), biomolecule (biomolecules naturally present in 

seawater vs a model protein, the bovine serum albumin (BSA)) concentration, 

hydrodynamics and pH on the electrochemical behavior and the surface chemical 

composition of these two copper alloys. The experimental work was divided into two parts: 

field experiments and laboratory experiments. 

From field experiments, the relevant role of biofouling against the formation of 

protective oxide layers on the surface of copper alloys exposed to seawater, and the positive 

influence of chlorination treatments on the formation of these protective oxide layers are 

confirmed. For the 70Cu-30Ni alloy, when biofilm starts growing on new samples exposed to 

seawater, a quite constant and low value of the corrosion rate (Vcorr) can be observed with 

chlorination,; whereas, high values of the corrosion rate are recorded without chlorination. 

These corrosion rates monitored with the LPR probe are in agreement with weight loss 

measurements. The quite stable base line value of the BIOX signal confirms that chlorination 

treatments are enough to strictly control the biofilm growth. For aluminum brass, if increasing 

the concentration of ferrous ions in order to promote alloy passivity, the time necessary for 

reaching the passivity (Vcorr < 20 μm/y) is reduced to few weeks. For both alloys, 

microbiological and molecular analysis indicates what kinds of bacterial species can be found 

in biofilms formed on copper alloys exposed to seawater; these species are: Marinobacter, 

Alteromonas and Pseudomonas. 

Controlling the adsorption of biomolecules, which is the first step in biofilm formation, 

by modifying the surface properties of the material may represent a good strategy for 

inhibiting microbial growth. Thus, the first part of the work performed in laboratory was 

focused on the influence of solution (FNSW vs ASW) and biomolecules (naturally present in 
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seawater vs BSA) concentration on the electrochemical behavior and the surface chemical 

composition of 70Cu-30Ni alloy in seawater, in static conditions. Surface analysis after 1 h of 

immersion in static ASW shows the formation of a thick duplex oxide layer (~ 30 nm), with an 

outer layer mainly composed of cuprous oxide (Cu2O) and an inner layer mainly composed of 

oxidized nickel. In ASW with BSA, the protein is detected on the surface and the equivalent 

thickness of the adsorbed layer is ~ 3 nm, corresponding to one monolayer. The presence of 

BSA leads to a mixed oxide layer (CuO, Cu2O, and Ni(OH)2) with a lower thickness (~ 10 

nm). In static FNSW, the thick duplex oxide layer is also observed; nevertheless, the oxidized 

Cu/oxidized Ni ratio is lower than in static ASW. This cuprous oxide-rich outer layer 

evidenced in static conditions is formed by redeposition due to the saturation of the solution 

in copper ions. On the other hand, from the mechanism shown for pure copper dissolution in 

chloride media at low anodic potential and in order to take into account the presence of an 

oxide layer as shown by surface analysis, a modified mechanism is proposed for the anodic 

partial reaction of 70Cu-30Ni alloy at the corrosion potential (Ecorr) in seawater. An 

impedance model is proposed to analyze the impedance data obtained at Ecorr. This model is 

deduced from a general model based on the experimental observation that the 

electrochemical behavior of the alloy is dominated by that of pure copper, and that both the 

anodic and the cathodic partial reactions are affected by mass transport. Pure mass 

transport limitation is considered for the cathodic partial reaction, and mixed kinetics for the 

anodic partial reaction. This impedance model shows that the HF loop of experimental 

impedance diagrams corresponds to the CPEdl//Rt
a//Wc equivalent circuit, with CPEdl the 

constant phase element related to the double layer, Rt
a the anodic charge transfer resistance 

and Wc the cathodic Warburg impedance. Therefore, the HF loop illustrates mainly the 

anodic charge transfer (diameter equal to Rt
a), and its depressed shape is partly due to the 

CPE and partly due to the cathodic Warburg impedance in parallel. The LF loop of 

experimental diagrams is related to the anodic mass transport and partial blocking effect by 

adsorbed species, such as CuCl. Additionally, corrosion currents were calculated from Rt
a 

values and assuming Tafel kinetics for the anodic partial reaction. In static conditions, the 

corrosion current density icorr of 70Cu-30Ni alloy is similar in ASW and in FNSW (icorr ~ 10 

μA.cm-2). The BSA has a slight effect on the electrochemical behavior of 70Cu-30Ni alloy. 

Thus, Ecorr value after 1 h of immersion is ~ 30 mV more anodic with BSA, and EIS results 

indicate a small corrosion inhibition effect induced by the protein (decrease of the corrosion 

current density of ~ 20%).  

As the water of cooling circuits is typically under flow and as the corrosion of copper 

in aerated solution is known to be controlled by mass transport processes to and from 

corroding surfaces, hydrodynamics is an important parameter to be studied. Therefore, the 
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corrosion behavior of 70Cu-30Ni alloy and aluminum brass after short-term immersion in 

ASW and/or FNSW was studied, by combined electrochemical measurements and surface 

analysis, for different hydrodynamic conditions: static conditions, under flow and stirring, and 

in well-controlled hydrodynamic conditions using a rotating ring electrode (RRE). Under flow 

and stirring, the thick duplex oxide layer previously detected with 70Cu-30Ni alloy in static 

ASW is no longer observed; a mixed Cu and Ni oxide layer is obtained, with a thickness 

similar to that for the sample just after polishing (~ 1.5 nm). From Levich and Koutecky-

Levich curves plotted with the RRE, the oxygen diffusion coefficient in aerated FNSW can be 

calculated and is found to be equal to 1.1×10-5 cm2.s-1 (at room temperature). In static 

conditions, the experimental impedance diagrams of 70Cu-30Ni and Al brass immersed at 

the corrosion potential in seawater exhibit two capacitive loops (a HF depressed semi-circle, 

and a not well defined LF loop); the same impedance model, described above, can be used 

for the two copper alloys. Using the RRE, two capacitive loops can be observed for 70Cu-

30Ni alloy, whereas one single capacitive loop is visible for Al brass. The impedance model 

for the Al brass RRE in FNSW is deduced from the same general model as for the 70Cu-

30Ni/seawater system. At Ecorr, the kinetic parameters of the cathodic partial reaction are 

different for the two alloys. In the case of the 70Cu-30Ni RRE, the cathodic polarization 

curves show pure mass transport limitation and the cathodic impedance is represented by a 

Warburg impedance; whereas in the case of the Al brass RRE, Tafel behavior is evidenced 

and the cathodic impedance which is very large can be neglected with respect to the anodic 

one. Moreover, for the Al brass RRE, the impedance in the anodic branch that illustrates 

mass transport and partial blocking effect can be approximated by an R//C circuit, as for pure 

copper in chloride media; thus, the single experimental loop illustrates both anodic charge 

transfer and anodic mass transport plus partial blocking effect. The anodic polarization 

curves and impedance diagrams show mixed kinetics for the anodic partial reaction, with 

major effect of mass transport for Al brass and minor effect of mass transport for 70Cu-30Ni 

(LF loop defined only by a few points). For both alloys, the anodic charge transfer resistance 

and hence the corrosion current are independent of the rotation speed of the RRE, due to 

compensated potential and mass transport effects. 

Since the decrease of pH at the copper/solution interface might be the main factor 

controlling the biocorrosion of copper alloys, the corrosion behavior of 70Cu-30Ni and Al 

brass alloy was studied after short-term immersion in FNSW at different pH values (8.0, 6.0 

and 3.7), by combined electrochemical measurements (in static conditions) and surface 

analysis (under flow and stirring). For 70Cu-30Ni, the surface analysis after 1 h of immersion 

in FNSW, under flow and stirring, at different pH values, shows the formation of a mixed 

oxide layer (oxidized copper and nickel) that presents a heterogeneous thickness (maximum 
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thickness = ~ 1.5 nm). An organic layer is detected on the surface and the equivalent 

thickness of the adsorbed layer is ~ 0.5 nm. For the Al brass sample just after polishing, one 

compact oxide layer, made up of Cu, Zn and Al oxides covers the whole surface. This oxide 

layer is stratified with a mixed Cu and Zn oxide outer layer covering an Al oxide inner layer. 

The total thickness of the oxide layer is ~ 2.0 nm. Independent of FNSW pH value, a 

compact mixed oxide layer, as the one observed for the sample after polishing is observed, 

but, in this case, the oxide thickness is lower (~ 1 nm). The oxide scale is covered by an 

organic layer with a thickness of about ~ 0.1 nm. In the case of 70Cu-30Ni alloy, the oxide 

layer thickness increases with decreasing pH, whereas for Al brass it is independent of the 

pH. The atomic composition of the oxide layers formed on 70Cu-30Ni samples shows a Cu+ 

content decrease and a Ni2+ content increase with decreasing pH. This Ni enrichment is due 

to an increased dissolution of Cu and passivating properties of Ni in acidic electrolytes. For 

Al brass samples, the composition at pH 6.0 is similar to that of the sample after polishing; at 

pH 8.0 and 3.7, an enrichment in Al and a decrease of Cu+ concentration compared to the 

sample after polishing can be observed. For both Cu alloys, the amount of hydrocarbons 

present on the surface is high and that of adsorbed proteins, illustrated by the N/(C2+C3) 

atomic ratio, is low whatever the pH. In fact, what is called the ‘‘organic layer‘‘ is mainly the 

carbonaceous contamination layer. At pH 8.0, the N/(C2+C3) ratio is the same for both 

materials and is equal to ~ 0.2; whereas, at acidic pH (6.0 and 3.7), the N/(C2+C3) ratio is 

about two times lower for 70Cu-30Ni (~ 0.1). Therefore, the chemical composition of the 

oxide layer seems to have an effect on the amount of adsorbed proteins. The calculated 

organic layer equivalent thickness is very low (few Å for 70Cu-30Ni and 1 Å for Al brass); it 

seems to be higher at pH 8.0 than at acidic pH for 70Cu-30Ni alloy, whereas it is 

independent of pH for Al brass. From corrosion potential values and polarization curves 

recorded for both alloys in static conditions, there is no significant difference in 

electrochemical behavior with seawater pH change. Impedance data were fitted with the 

impedance model previously described for the 70Cu-30Ni/seawater system. The Rt
a values 

were used to calculate the corrosion current density icorr, assuming Tafel kinetics for the 

anodic partial reaction. In the case of 70Cu-30Ni alloy, compared to the value obtained at pH 

8.0, icorr is similar at pH 3.7 and is ~ 100% lower at pH 6.0. The rate constant of the anodic 

reaction is the highest at pH 8.0 and is similar at pH 6.0 and 3.7; in other words, the anodic 

reaction is slown down at acidic pH (kinetic effect). In the case of Al brass, icorr decreases 

with decreasing pH, i.e. there is a corrosion inhibition effect at acidic pH; moreover, the more 

acidic the pH, the slower the anodic reaction.  

From field experiments, Marinobacter, Alteromonas and Pseudomonas bacterial 

species were found in biofilms formed on copper alloys exposed to seawater. Studying the 
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interactions of these species with copper alloys is necessary, in order to better understand 

the influence of cell adhesion and biofilm formation on the corrosion behavior of 70Cu-30Ni 

alloy and Al brass in seawater. Tightly bound (TB) and loosely bound (LB) extracellular 

polymeric substances (EPS), that play a fundamental role in the different stages of biofilm 

formation, maturation and maintenance, have already been extracted from Pseudomonas 

NCIMB 2021 marine strain, and their effects on oxide layers developed on 70Cu-30Ni alloy in 

seawater environments have been evaluated [208]. The results show a slow-down of the 

anodic reaction in the presence of TB EPS and LB EPS, and a corrosion inhibition effect by 

LB EPS. No detrimental effect is evidenced with TB EPS. 

In addition, laboratory experiments were performed after short-time immersion in 

seawater environments; future work must aim at testing both copper alloys during long-term 

exposure, in order to better approximate field conditions. 
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ANNEX A – CHAPTER 4 

Table A-1 presents the scheme of the procedure used for converting the elemental 

molar concentrations, obtained by XPS spectra, into weight percentages of chemical entities 

(g/100 g of adlayer). 

 The chemical entities considered were amide [HC-NH-(C=O)] quantified by Norg as a 

marker, CH2 quantified by C285/284.8 component, additional carbon C quantified by [C284.8-2Norg] 

and additional organic oxygen Oorg quantified by [Oorg – Norg = Cox – 2*Norg]. Multiplying the 

molar concentration of marker (X, mol/100 mol) by the molar mass (MM) of the relevant 

model constituent provides its concentration W, in g/100 mol. Dividing W of each compound 

by the sum of W for all compounds (Tot) and multiplying by 100 finally gives the mass 

concentration in % of the constituent in the volume probed by XPS. 

  

Table A-1: Computation scheme used for converting the elemental molar concentrations, obtained by 

XPS spectra, into weight percentages of chemical entities (g/100 g of adlayer). 

Model constituent Marker 

W=X*MM(c) 

W*100/Tot 
constituent 

concentration 
[mass%] 

Nature MM(a) Name and concentration X(b) 

Amide 56.08 Norg ••• ••• 

CH2 14.01 C285/284.8 ••• ••• 

Extra C 12.01 C284.8-2Norg ••• ••• 

Extra Oorg 16.00 Cox-2Norg ••• ••• 

Total - - Tot=••• 100 

(a) Molar mass of constituent 
(b) Name of marker, concentration X deduced from XPS spectra (mole / 100 moles excluding hydrogen) 
(c) In gram of constituent / 100 moles of elements other than hydrogen 

••• From measurements 
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ANNEX B – CHAPTER 5 

As already mentioned in Chapter 4, the mechanism of anodic dissolution of pure 

copper in acidic and neutral chloride solutions is given by the following two-step sequence:  

Cu + Cl- 
1

1

k

k

  CuCl + e–     (5.14)  

CuCl + Cl- 
2

2

k

k

  CuCl2
-       (5.15)  

where CuCl represents an intermediate cuprous chloride species which is adsorbed onto the 

copper electrode surface (surface coverage: δ) and CuCl2
- a soluble cuprous complex which 

is the diffusing species. 

The steady-state faradaic current may be obtained from the equation: 

   
 








 
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 
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RT

FV
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RT

FV
Clk

F

i 





1
expexp1 101   (5.16) 

where  0Cl  is the chloride concentration at the electrode surface and   the total number of 

sites available for adsorption. 

The conservation equation for the adsorbed intermediate yields: 
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     

02202101
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

  (5.17) 

where  
02

CuCl represents the CuCl2
- concentration at the electrode surface.  

As mass transport limitation is due to CuCl2
-,      ClCl 0 in Eqs. (5.16) and (5.17), with 

 Cl  the chloride concentration in bulk solution, the steady-state flux of CuCl2
- at the 

surface is related to the current as follows: 

 


02




CuCl

D
F

i
  (5.18) 

with D and δ the diffusion coefficient and diffusion layer thickness, respectively, of 

CuCl2
-. 
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At steady-state, 0
dt

d
; thus, the combination of Eqs. (5.16), (5.17) and (5.18) 

yields: 

 
FD

i
kClk

F

i 
 22 

    (5.19) 

and finally: 

 







 Clk

D
k

F

i



221   (5.20) 

If it is assumed that << 1, then Eq. (5.16) becomes: 

     bVkbVClk
F

i





expexp

11
   (5.21) 

where 
RT

F
b


 > 0 with α = 0.5. 

The combination of Eqs. (5.20) and (5.21) yields: 
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  (5.22) 

The combination of Eqs. (5.20) and (5.22) finally gives: 
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Under a sinusoidal perturbation, Eqs. (5.21) and (5.17) become: 
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with   )exp()exp(
11

1
bVbkbVbClkFR

t

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
   (5.26) 

Eqs. (5.24) and (5.25) are written in terms of four oscillating variables: 

 
02

~
,~,

~
,

~ lCCuiV  . An additional equation is needed to allow calculation of transfer functions. 

Eq. (5.19) may be expressed as:  
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According to the theory of diffusion impedance: 
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where -1/’(0) is the dimensionless diffusion impedance for CuCl2
– depending only on 

the dimensionless frequency 
D

2 
 [136].  

With Eqs. (5.24), (5.25), (5.27) and (5.28), we have a set of four equations with four 
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and finally: 
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For   , then 0  and hence: 
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For  0 , then   and hence: 
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With a rotating ring electrode (RRE), the diffusion layer thickness is smaller than for a 

rotating disk electrode (RDE); therefore, in the low frequency range, 
D

2 
<< 1 and -1/’(0) 

can be considered as equal to 1 and then independent of the frequency. Thus, Equation 

(5.30) can be written as: 
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 in which the second term corresponds to the impedance of an R//C circuit, with the 

resistance R and the capacitance C given by: 
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  (5.35) 

Thus, the anodic dissolution of pure copper can be modeled by the equivalent circuit 

given in Figure B-1(a), in which C depends on potential only, RC depends on the rotation 

speed only via , and R depends on both potential and rotation speed. As  varies as  for 

a RDE or a RRE [195], RC varies as -1/2 (Eq. (5.34)). The corresponding simulated 

impedance diagrams are shown in Figure B-1(b) for different rotation speeds. These 

diagrams are composed of two semi-circles, the HF one illustrating charge transfer and the 

LF one illustrating mass transport and partial blocking effect by CuCl. 
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Figure B-1: (a) Equivalent electrical circuit for the anodic dissolution of pure copper and (b) 

corresponding simulated impedance diagrams at different rotation speeds, with Cdl = 30 μF.cm
-2

, Rt = 

12 Ω.cm
2
, )exp(1 bVkRt  =100, k2[Cl

–
]∞ = 20, k-2 = 0.2, D/δ = 0.0006×Ω

1/2
. 

 

This simulation is in good agreement with the experimental data presented in Figure 3 

of Ref. [200]. 
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Corrosion d’alliages de cuivre en eau de mer naturelle - Effets de l'hydrodynamique et du pH 
 
Résumé : Cette thèse, réalisée en étroite collaboration avec le partenaire industriel RSE S.p.A (Italie), s’inscrit dans le cadre du 

projet européen BIOCOR ITN. Les alliages de cuivre habituellement utilisés dans les circuits de refroidissement de centrales 
 lectriques peuvent être affect s par la biocorrosion induite par la formation d’un biofilm. L’objectif de ce travail  tait d’ tudier 
the comportement à la corrosion de l’alliage 70Cu-30Ni et d’un laiton contenant 2% d’aluminium en milieu marin, dans des 
conditions industrielles r elles (exp riences sur le terrain) et en laboratoire. L’influence de différents paramètres, tels que la 
solution (eau de mer naturelle filtrée (FNSW) vs eau de mer artificielle (ASW)), la concentration en biomolécules (biomolécules 
naturellement pr sentes dans l’eau de mer vs une prot ine modèle, l’albumine de s rum bovin (BSA)), l’hydrodynamique 
(conditions statiques, sous circulation et agitation, électrode à anneau tournant) et le pH (8,0 ; 6,0 et 3,7), a été évaluée. Sur le 
terrain, le comportement global à la corrosion et les traitements antifouling ont été suivis en utilisant des techniques 
électrochimiques (potentiel de corrosion Ecorr vs temps, LPR), gravimétriques (pertes de masse) et génétiques. En laboratoire, 
des mesures électrochimiques (Ecorr vs temps, courbes de polarisation, spectroscopie d’imp dance  lectrochimique), réalisées 
pendant les toutes premières  tapes de formation des couches d’oxydes (1 h d’immersion), ont  t  combin es à des analyses 
de surface par XPS et ToF-SIMS. A partir des expériences sur le terrain, l’analyse microbiologique et mol culaire des biofilms 
form s sur les deux alliages de cuivre dans l’eau de mer naturelle montre la pr sence des espèces bact riennes Marinobacter, 
Alteromonas et Pseudomonas. A partir des expériences en laboratoire, des modèles sont proposés pour analyser les données 
d’impédance obtenues à Ecorr. Dans le cas de 70Cu-30Ni, la boucle HF illustre principalement le transfert de charge anodique 
(diamètre égal à Rt

a
) ; alors que la boucle BF est liée au transport de matière anodique et au blocage partiel de la surface par 

CuCl. Dans le cas du laiton, la seule boucle expérimentale illustre à la fois le transfert de charge anodique et le transport de 
matière anodique. Le comportement  lectrochimique et la composition chimique de surface de l’alliage 70Cu-30Ni sont 
similaires dans ASW et dans FNSW statiques, du fait de la faible concentration en biomolécules dans FNSW. En comparaison 
de l’alliage 70Cu-30Ni dans ASW statique sans biomolécules, pour lequel une couche duplex épaisse (couche externe de Cu2O 
redéposé et couche interne de nickel oxydé) est montrée, la présence de BSA conduit à une couche mixte d’oxydes de Cu et 
de Ni d’ paisseur plus faible ; les résultats montrent aussi un ralentissement de la réaction anodique et un faible effet 
d’inhibition de la corrosion en pr sence de BSA. Sous circulation et agitation, une couche mixte d’oxydes de Cu et de Ni, de 
très faible épaisseur, est obtenue. Pour les deux alliages dans FNSW, le courant de corrosion icorr estimé à partir de Rt

a
 est 

ind pendant de la vitesse de rotation de l’ lectrode tournante, du fait de la compensation des effets du potentiel et du transport 
de matière. Pour 70Cu-30Ni dans FNSW statique, la réaction anodique est ralentie à pH acide (effet cinétique). Pour le laiton, 
un effet d’inhibition de la corrosion est montré à pH acide, et plus le pH est acide, plus la réaction anodique est lente. Pour 
70Cu-30Ni, l’ paisseur de la couche d'oxyde augmente avec la diminution du pH, dans le cas du laiton il est ind pendante du 
pH. La composition chimique de la couche d'oxyde semble avoir un effet sur la quantité de protéines adsorbées et l'épaisseur 
équivalente calculée de la couche organique est très faible (quelques Å pour 70Cu-30Ni et 1 Å pour laiton). 
 
Mots-clés : alliage 70Cu-30Ni, laiton, eau de mer, biocorrosion, BSA, EIS, XPS, ToF-SIMS 

 

 
Corrosion of copper alloys in natural seawater – Effects of hydrodynamics and pH 

 
Abstract: This thesis was carried out in the frame of the BIOCOR ITN European project, in close collaboration with the 

industrial partner RSE S.p.A. (Italy). Copper alloys commonly used in cooling systems of power plants may be affected by 
biocorrosion induced by biofilm formation. The main objective of this work was to study the corrosion behavior of 70Cu-30Ni 
alloy and aluminum brass in seawater environments, under real industrial conditions (field experiments) and in laboratory. The 
influence of different parameters, such as the solution (filtered natural seawater (FNSW) vs artificial seawater (ASW)), the 
concentration of biomolecules (biomolecules naturally present in seawater vs a model protein, the bovine serum albumin 

(BSA)), hydrodynamics (static conditions, under flow and stirring, rotating ring electrode (RRE)) and pH (8.0, 6.0 and 3.7), was 
evaluated. In field, the overall corrosion behavior and antifouling treatments were monitored using electrochemical (corrosion 
potential Ecorr vs time, LPR), gravimetric (weight losses) and genetic techniques. In lab, electrochemical measurements (Ecorr vs 
time, polarization curves, EIS), performed during the very first steps of oxide layers formation (1 h immersion time), were 
combined to surface analysis by XPS and ToF-SIMS. From field experiments, microbiological and molecular analysis of biofilms 
formed on both copper alloys in natural seawater indicates the presence of Marinobacter, Alteromonas and Pseudomonas 
bacterial species. From lab experiments, models are proposed to analyze impedance data obtained at Ecorr. In the case of 
70Cu-30Ni, the HF loop illustrates mainly the anodic charge transfer (diameter equal to Rt

a
); whereas the LF loop is related to 

the anodic mass transport and partial blocking effect by CuCl. In the case of Al brass, the single experimental loop illustrates 
both anodic charge transfer and anodic mass transport. Similar electrochemical behavior and surface chemical composition of 
70Cu-30Ni alloy are obtained in static ASW and FNSW, due to the low biomolecule concentration in FNSW. Compared to 70Cu-
30Ni in static ASW without biomolecules, for which a thick duplex oxide layer (outer redeposited Cu2O layer and inner oxidized 
nickel layer) is shown, the presence of BSA leads to a mixed Cu and Ni oxide layer with a lower thickness; the results also show 
a slow-down of the anodic reaction and a small corrosion inhibition effect in the presence of BSA. Under flow and stirring, a very 
thin mixed Cu and Ni oxide layer is obtained. For both alloys in FNSW, the corrosion current icorr estimated from Rt

a
 is 

independent of the rotation speed of the RRE, due to compensated potential and mass transport effects. For 70Cu-30Ni in static 
FNSW, the anodic reaction is slown down at acidic pH (kinetic effect). For Al brass, there is a corrosion inhibition effect at acidic 
pH, and the more acidic the pH, the slower the anodic reaction. In the case of 70Cu-30Ni alloy, the oxide layer thickness 
increases with decreasing pH, whereas for Al brass it is independent of the pH. The chemical composition of the oxide layer 
seems to have an effect on the amount of adsorbed proteins and the calculated organic layer equivalent thickness is very low 
(few Å for 70Cu-30Ni and 1 Å for Al brass). 
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