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Abstract 
 

Corrosion evaluation of API-X100 pipeline steel was performed in simulated carbon 

dioxide corrosion conditions from selected electrochemical perspectives. Preliminary 

studies were devoted for studying the effect of the content of bicarbonate species; in 

aerated and in argon-purged deoxygenated conditions. On a separate scheme, the 

investigations were then pursued in 1-bar-CO2-saturated media. The effect of temperature, 

salinity, acetic acid, and oil content were considered at specific ranges to reveal fairly the 

environmental effects on corrosion kinetics, passivation, and interfacial mechanisms. 

Chronological Open Circuit Potential (OCP) variations, polarization potentiodynamics, 

Electrochemical Impedance Spectroscopy (EIS) were utilized for the electrochemical 

studies. The corrosion rates increased with the bicarbonate content, higher temperature, 

upon aeration, upon anodically sensitive chloride addition, and with increased acetic acid 

content. In bicarbonate solutions, effective passivation was established with broad 

potential ranges, more facilitated with lower temperature, and in chloride free 

deoxygenated conditions. Low crude oil amounts were introduced, suppressing corrosion 

rates, acting dependently on temperature as an anodic and cathodic inhibitor, and 

influencing passivity with a better efficiency at lower temperatures and with less chloride 

content. A proposed model for electrochemically driven passivity in oil containing 

deoxygenated bicarbonate is discussed and selected thermodynamic characteristics for oil 

adsorption in CO2-saturated media are presented. At the end of this study, weight loss 

measurements in autoclave-based 50-psi-CO2-saturated media at 100 
o
C simulating 

stratified flows are discussed in brief.  
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Chapter 1: General introduction and objectives 

 

 Transportation pipelines are the vital industrial facilities by which the continuous 

demand for oil and gas is achieved reliably over long distances. They are manufactured 

with variant diameters and wall thicknesses laid down to transport hydrocarbons at high 

flow rates and high operation pressures. They, in fact, introduce an important economic 

feasibility for oil and gas transportation, limiting the dependence on other costly means 

such as land or sea tankers.   

 In nowadays energy markets, there is an increased trend for higher hydrocarbon 

consumption rates making the oil plants to adopt upgraded strategies in operation and 

design. In that context, the necessity for high strength steels becomes more important 

especially, if possible, reduced material amounts are preferably considered for high 

pressures. New generations of High Strength Low Alloy (HSLA) steels are being 

developed for better structural integrity and enhanced long-term reliability. The greater 

strength is achieved by adding controlled alloying contents to the base steels, but 

however, corrosion becomes more susceptible and yet not easily predicted or controlled. 

In addition, factors induced from the materials selection add to the already complex 

interrelational factors that control the corrosion behavior with respect to the 

environmental variations.  

 The interest in this study is exclusively devoted for investigating the corrosion 

behavior of a new generation pipeline steel; API-X100 in conditions where the dissolved 

carbon dioxide necessarily governs the corrosion reactions. 

From the failure susceptibility perspective, carbon dioxide corrosion is one of the most 

common degradations that pipelines are nowadays prone to [Nesic, 2007]. It was reported 
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that almost 60 % of oil pipeline corrosion failures in USA are sufficiently attributable to 

an inadequate understanding of the corrosive capabilities that the dissolved carbon 

carrying species have against pipeline steels [Kermani, 1997].  Many pipeline failures 

and disastrous fire explosions were mainly explained by the inner localized thinning of 

pipeline sections, controlled, especially at low flow rates, by the electrochemical 

dissolution [Xia, 1989].  

 Carbon dioxide gas dissolves in the multiphase pipeline flows at different extents, 

depending on temperature and pressure, producing the corrosive carbon carrying species. 

These species, besides the conventional salinity, include the weak carbonic acid (H2CO3), 

bicarbonate ( -

3HCO ), and carbonate ( -2

3CO ) driving the corrosion reactions in different 

fashions depending on their concentrations and on pH levels [Kermani, 2003]. The 

problem is basically associated with the increasing water content with time in the 

multiphase flows transported from aging oil wells. In these conditions, carbon dioxide 

gas has a greater potential to dissolve in the water phase wetting the pipeline walls. As 

the wetting surface increases and gets more stable, corrosion rates consequently are 

accelerated resulting in significant damages. Therefore, in simultaneous multiphase flows 

comprising oil, water, and miscellaneous gases, corrosion is restricted as far as the 

amount of water is low. Water cuts in these conditions become usually entrained in the 

oil continuum as small droplets or as dispersed slugs in the pipeline flows and oil then 

acts as a natural barrier against corrosion [Lotz, 1990]. However, when the amount of oil 

decreases, the stability of the emulsified oil-water interfaces becomes a critical factor 

especially if the flow rate is low [Smart, 1993]. Paraffin containing crude oils were 

evaluated in carbon dioxide corrosion environments and they were found to act as 
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effective inhibitors [Morales, 2000]. The corrosion rates decreased significantly with the 

increased oil amounts in a range from 70 to 90 wt% depending on the flow rates. In a 

detailed work, phase wetting maps for three crude oils were constructed to evaluate the 

corrosion inhibition in flow emulsions containing water cuts from 2 to 99 % [Tang, 2007]. 

In conditions where stable oil wetting was achieved, no corrosion attack occurred but in 

the intermittent water/oil wetting or comprehensive water wetting, the corrosion rates 

were high. Specific oil constituents were studied with respect to the corrosion behavior as 

performed by Hemandez et al. when statistical approaches were adopted to evaluate the 

corrosion inhibition capabilities for specific constituents in six Venezuelan crude oils 

[Hernandez, 2002].  

 There were many experimental works devoted for corrosion evaluation in low-oil 

containing emulsions in autoclaves and flow loops such as in [Masamura, 1984], 

[Villarreal, 2006], and [Efird, 1989], but however; the corrosion behaviors in similar 

conditions dominated exclusively by bicarbonate were not studied. Therefore, the interest 

in this study is to provide a fairly comprehensive view on the corrosion behavior in two 

separate cases encountered in oil pipelines simulated in glass test cells. The objectives 

from performing the electrochemical evaluations in the mildly alkaline bicarbonate-

dominated and in the acidic carbonic acid-dominated media can be summarized as 

follows:     

1. To evaluate corrosion kinetics in naturally aerated and deoxygenated bicarbonate 

solutions, as well as in CO2-saturated solutions considering bicarbonate 

concentration, temperature, as well as salinity variations. 
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2. To evaluate the passivation behavior with respect to the potential ranges and the 

associated current densities in the aerated chloride free, and low chloride 

containing deoxygenated bicarbonate solutions.  

3. To investigate the inhibitive capabilities of crude oil existing with low amounts on 

the anodic and cathodic reactions as well as possible roles acted during 

passivation in deoxygenated bicarbonate and CO2-saturated solutions.  
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Chapter 2: Literature review 
 

2.1. Chemistry of carbon dioxide saturated media 

 
 Carbon dioxide gas corrosion significance in the aqueous media is associated to 

its solubility where the aggressive species are produced with different concentrations. 

Carbon dioxide solubility is basically dependant on temperature (T) and on the partial 

pressure (PCO2). In conditions where the partial pressure of carbon dioxide is 1 bar, the 

solubility, expressed with mole fraction (y) in a range of temperature from 273 to 353 K 

[Palmer, 1983] as: 

R ln(y) = a + b T
-1

 + c ln (T) + d T              (1.1) 

 The factors a, b, c, and d are assigned to specific pressures but for 1-bar-CO2-

saturated media, they are expressed as: a = -1327.8 J/K.mol, b = 72611.6 J/mol, c = 180 

J/K.mol and d = -0.009 J/K
2
.mol. R is the universal gas constant and equals 8.314 

J/mol.K. The above relation is plotted in Figure 2.1 showing the decreasing mole 

fractions of the dissolved carbon dioxide with the higher temperature. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.1. Mole fraction variations of carbon dioxide from 273 to 353 K in 1 bar CO2 

saturated aqueous media 



6 

2.2. Mechanisms of carbon dioxide corrosion 
 
 Corrosion of pipeline steels in CO2-saturated media was reported in many studies 

as a complex phenomenon requiring great research efforts to investigate its mechanisms 

and the associated determining steps.  Many views were proposed, but however, they 

were for describing the corrosion reactions in specific cases and they were not also 

widely recognized [Kermani, 2003]. Basically, CO2 corrosion is an electrochemical 

process of a multistep nature between the corrosive species resulting from CO2 

dissolution and the dissolvable phases in the steel. A great effort has been devoted to 

determine the governing anodic and cathodic reactions and to determine the key species 

involved.  

 In literature, there is an agreement on three simultaneously occurring processes 

which are the anodic dissolution of iron to ferrous ions, cathodic reduction of carbon 

carrying species producing hydrogen, and the formation of effectively stable solid 

corrosion products; summarized as: 

Fe + CO2 + H2O � FeCO3 + H2        (1.2)     

 These processes were employed to provide an understanding on the possible 

governing mechanism(s) as performed in [Nesic, 2007], [Zhang, 2006], [Paolinelli, 2008], 

[Heuer, 1999], and [Lopez, 2003].  

 Most models proposed take primarily into account the chemical equilibrium 

among the reducible species resulting from carbon dioxide dissolution as: 

CO2(g) � CO2(aq)                       

2

2

CO

CO

H
P

C
K =                (1.3) 
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CO2(aq) + H2O � H2CO3          

2

22

CO

COH

o
C

C
K =              (1.4) 

H2CO3  � H
+
 + -

3HCO              

32

-
3

COH

HHCO

1
C

CC
K

+

=          (1.5)   

-

3HCO  � H
+
 + -2

3CO                 
-
3

-2
3

HCO

HCO

2
C

CC
K

+

=         (1.6)  

H2O � H
+
 + OH

-    
                   −+=

OHH
CCKw

             
(1.7) 

 Except with slight differences on reporting the importance of these species with 

respect to their ability to drive the corrosion reactions upon temperature or pressure 

variations, it was almost widely agreed that the cathodic reactions govern the overall 

process.    

 In a compiled synopsis by Burke, it was indicated that hydrogen evolution in the 

deoxygenated CO2-saturated environments is the controlling process in the corrosion 

reactions [Burke, 1984]. In that early effort published, it was also reported from other 3 

works that the limiting cathodic currents were higher in CO2-saturated solutions of 

adjusted pH levels of 4, than those in CO2-free solutions of the same pH level.  

 Schmitt confirmed the dependence of the uniform corrosion kinetics on hydrogen 

evolution where the process involves the heterogeneous hydration of chemisorbed CO2 as 

the rate determining step [Schmitt, 1984]. However, this process was found to be 

necessarily temperature dependent in conditions where adherent corrosion product 

formations are not facilitated; at temperatures above 60 
o
C the permeability and/or 

solubility of iron carbonate (FeCO3) formed more effectively controlled the corrosion 

reactions.  
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 Hydrogen evolution is preceded by multistep reduction reactions of carbonic acid, 

bicarbonate, and hydrogen protons at extents depending fundamentally on pH levels 

making the reactions to occur near to interface or upon adsorption.   

In one electrochemical chain, hydrogen protons resulting from carbonic acid dissociation 

diffuse to the steel surface where they get reduced [Schmitt, 1984] as: 

CO2(sol) + H2O � H2CO3                                            (1.8)       

H2CO3(sol) + H2O � +
(sol)3OH  + -

3(sol)HCO                   (1.9)   

+
(sol)3OH  � +OH 3                                 (1.10) 

+OH 3  + e
- 
 � H(ads) + H2O                                       (1.11) 

 Alternatively, carbon dioxide was proposed to get adsorbed and then hydrated 

producing adsorbed carbonic acid molecules where they get reduced directly, as proposed 

in [De Waard, 1975], or serving as sources for hydrogen protons as:  

CO2(sol) � CO2(ads)                                                                               (1.12) 

CO2(ads)  + H2O  � H2CO3(ads)                                                     (1.13) 

H2CO3(ads) + e
-
  � H(ad) + -

3HCO                             (1.14) 

H2CO3(ads) + H2O  �  +OH3  + -

3HCO                       (1.15) 

+OH3  + e 
-
 � H2CO3(ads) + H2O                               (1.16) 

 At higher pH levels, carbonic acid can dissociate further producing bicarbonate 

species driving the cathodic reactions as proposed by Ogundle and White [Ogundle, 

1987] as: 

-

3HCO  + e
- 
� H(ads) + -2

3CO                                      (1.17) 

-

3HCO  + H(ads) + e
- 
� H2 + -2

3CO                              (1.18) 
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 The anodic reaction is widely represented by the direct dissolution of iron to 

ferrous ions as: 

Fe � Fe
2+

 + 2e
-                                                                                     

(1.19) 

 The corrosion products involving for example iron carbonate (pKsp = 10.54 at 25 

o
C [Tong, 2008]) form by the direct combination with carbonate or via reaction 

intermediates as [Heuer, 1999]: 

Fe
2+ 

+ -2

3CO  � FeCO3                                                               (1.20) 

Fe
2+ 

+ 2 -

3HCO  � Fe(HCO3)2                                 (1.21) 

Fe (HCO3)2 � FeCO3 + 2CO + H2O                    (1.22) 

 The possible reactions governing the formation of iron carbonate and other iron 

oxides such as (Fe2O3) and (Fe3O4) are discussed in detail with respect to the anodic 

peaks and passivation regimes discussed in Chapters III and IV.   

 

2.3. Environmental factors influencing CO2 corrosion   

2.3.1. Effect of temperature  

 It is widely recognized that the uniform CO2 corrosion rates are accelerated with 

the higher temperature where the governing kinetics are enhanced and the associated 

transport processes are accelerated. In addition, the tendency and rate of formation of the 

corrosion products, whose characteristics can control the corrosion reactions, are also 

temperature dependent [Kermani, 2003].   

 In that respect of corrosion kinetics and products, it was reported that the 

corrosion rate was proportional with temperature in a range from 25 to 60°C, but it 
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stabilized within the higher temperature range from 90 to 125°C attributing that to the 

physical factors induced by the corrosion products [Gray, 1990]. Similarly, the 

temperature dependence of the corrosion rates was preserved in CO2-saturated media 

containing 1 mass% chloride as the corrosion rates increased from 1 to 3 mm/yr, when 

the temperature increased from 20 to 80 
o
C respectively [Nesic, 1996]. In bicarbonate 

solutions, the electrochemical studies revealed that both anodic and cathodic reactions get 

accelerated with the higher temperature [Li, 2008]. Additionally, corrosion reactions at 

the low temperature 22 
o
C were under charge transfer controlled while they were mass 

transfer limit controlled at the higher temperatures, 40 and 80 
o
C. Electrochemical 

Impedance Spectroscopy (EIS) was utilized to investigate the protective capabilities of 

the corrosion products with respect to temperature variations [Kinsella, 1998]. The 

greater Nyquist semicircles depicted the increased corrosion resistance over time but the 

corrosion mechanisms did not show significant changes. Effect of temperature and the 

localized corrosion susceptibility were studied in saline deoxygenated bicarbonate 

solutions [Jelinek, 1980]. In that experimental work, it was found that raising the 

temperature to 90 
o
C restricted passivation breakdown in solutions containing less than 

130 ppm. However, raising the temperature further made the breakdown more facilitated 

when the chloride concentration was above that threshold amount. Similarly, critical pH 

levels and chloride contents showed a dependence on temperature by which the 

susceptibility for corrosion attack changed from being localized to be a general type 

[Brossia, 2000].  
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2.3.2. Effect of carbon dioxide partial pressure 

 CO2 partial pressure is the key factor that controls the concentrations of the 

corrosive species, pH levels, the corrosive significance of many physical and chemical 

factors, and consequently the corrosion rates [Kermani, 2003] and [Wang, 2004].  

 In conditions where the formation of corrosion products is not favored; for 

example at localized low-pH gradients, the corrosion rates were expectedly proportional 

with the partial pressure. Electrochemically, the accelerated cathodic reductions, which 

are described in section 2.2., were responsible for the greater metal dissolution [Nesic, 

2004].  

 De Waard et al. and others reported the power dependence of the corrosion rates 

on PCO2 where the increased corrosion rates were correlated in relations with exponential 

powers ranging from 0.5 to 0.8 [De Waard, 1993] and [Dugstad, 1994].  

McIntire et al. studied the corrosion behavior with respect to the partial pressure of 

carbon dioxide in the presence of oxygen. It was found that the significance of the 

protective corrosion products decreased, where the corrosion products dissolved 

attributing that to the catalytic action of carbonic acid [McIntire, 1990]. In addition, with 

respect to the corrosion types or surfaces, it was reported that corrosion was more 

susceptible to be of pitting type with greater carbon dioxide partial pressures [Crolet, 

1994].  

2.3.3. Effect of dissolved oxygen 

 Although that most CO2 corrosion investigations are performed in deoxygenated 

media, the presence of trace amounts of oxygen getting leaked into the pipeline flows in 

the early stages of transportation represents a considerable corrosion significance [Lyons, 
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2005]. Oxygen or even appreciable aeration adds to the oxidizing power that carbon 

dioxide corrosion environment already has against pipeline steels even upon existence 

with a few amount of 0.006 M at 25 
o
C reported in [Tomashov, 1966].  Oxygen induces 

noticeable changes on the passivation and corrosion products whose properties depend on 

PCO2 where different oxide phases could exist with variant proportions [Butler, 1966]. For 

example, dissolved oxygen can contribute in forming a multi-layer type of passive films 

incorporating stable and/or transformable hydrous oxides such as (FeO.nH2O), (Fe(OH)2), 

and (Fe(OH)3) [Ahmed, 2006] and as going to be discussed in Chapter III.   

 

2.3.4. Effect of pH level 

 pH level is an important environmental factor considered in the corrosion 

mechanisms and other associated physical processes controlling CO2 corrosion reactions. 

At low pH levels less than 4, corrosion mechanisms in the completely CO2-saturated 

media are temperature-independent and controlled dominantly by the direct reduction of 

hydrogen protons [Nesic, 1996]. In addition, at low pH levels, the corrosion rates are 

expectedly high and the pipeline corrosion surfaces tend not to contain localized damages 

[Dugstad, 2000]. However, in conditions at higher pH levels greater than 5, the corrosive 

environment becomes, by pH-changing speciation, dominated by carbonic acid where it 

can contribute in the electrochemical reactions [Lopez, 2003]. Furthermore, the 

disassociation of carbonic acid occurs more readily to produce bicarbonate species at 

mildly alkaline pH levels, where as discussed previously, they can get involved in both 

anodic and cathodic reactions. From corrosion product adherence and stability 
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perspectives, it was reported that the formation of effective compact corrosion products 

was necessarily associated with higher pH levels [Kermani, 1994]. 

2.3.5. Effect of bicarbonate concentration 

 The corrosion rates were found proportional with the greater bicarbonate content 

[Xu, 1996] and the shapes of polarization curves showed changes accordingly [Mao, 

1994]. In 0.5 and 1 M deoxygenated bicarbonate solutions, a unique anodic peak 

appeared at -600 mVSCE. The passivation ranges were shorter as the bicarbonate content 

was as low as 0.05 and 0.1 M, and a second anodic peak appeared at -300 mVSCE in these 

low bicarbonate containing solutions. Passivation was also studied by potentiodynamic 

polarization means in quite dilute bicarbonate solutions of 0.005 and 0.01 M in [Torres-

Islas, 2008]. It was found that the potential at which the passivation starts (Epass) was 

nobler as the bicarbonate content was less. The other associated electrochemical 

passivation characteristics showed a dependence on the heat treatment applied to the 

pipeline steels investigated.  

 In a similar scope, the current densities in the active anodic regions were 

noticeably accelerated with the bicarbonate content and anodic peaks appeared in 0.1 and 

0.5 M solutions [Videm, 1993]. In addition, it was indicated that the passivation process 

comprising the multilayer oxide mixtures formed, upon the gradual decrease of the 

passive current density with the higher overpotenatial within a range exceeding 200 mV. 

 Zhang et al. studied the corrosion performance in simulated formation waters 

containing different bicarbonate contents at high temperatures utilizing polarization 

means. After analyzing the corrosion products, it was found that the better compactness 

and the consequent enhanced protectiveness were associated with the greater bicarbonate 
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Figure 2.2. Flow regimes in oil pipelines at different liquid 

and gas velocities [Lyons, 2005]. 

content [Zhang, 2006]. In addition, the pH levels were monitored and their variations 

with respect to the bicarbonate content indicating the protectiveness of the corrosion 

products lowering corrosion rates. In a separates scheme, investigating the significance of 

miscellaneous anionic specie, the greater susceptibility for pitting in CO2-saturated media 

was greatly associated with the presence of bicarbonate [Schmitt, 2000].     

2.3.6. Effect of flow regimes 

 Oil and gas pipeline flows are transported with different regimes where upon the 

variations in the partial velocities and the corresponding phase amounts, oil, water, and 

gases interact to produce slugs, bubbles, and other hydrodynamic continuums. These 

regimes induce significant changes on the corrosion reactions especially with the velocity 

variations where the transfer of corrosive species or dissolution of protective corrosion 

scales get necessarily accelerated [Nesic, 2001]. Most of the corrosion evaluation studies 

performed in different flow regimes were comparatively reported on the variations of the 

partial velocities of liquid and gases as shown below in Figure 2.2 representing the 

common pipeline flow regimes.   
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 From the field observations on the failure susceptibility perspectives with respect 

to the flow regime variations, topline pipeline sections are generally vulnerable to 

localized corrosion attacks while the lower sections readily suffer from general 

dissolution especially during slug flow modes [Jepson, 1996]. Palacios et al. reported an 

experimental work considering the effect of multiphase flow regimes on the corrosion 

behavior [Palacios, 1993].  In addition, the changes of morphological characteristics of 

the corrosion products with the same respect were also discussed indicating the enhanced 

protectiveness achieved at lower velocities. When the flow velocities are low and/or 

comprised of single phases, the corrosion susceptibility is significantly less than that in 

multiphase flows. Hydrodynamically, the vertical component of velocity of the single 

phase flows approaches zero near pipe walls while in multiphase flows; significant forces 

are induced on the steel surfaces and/or on the corrosion products leading to greater 

corrosion rates. The mass transfer of corrosive species and the dissolution of corrosion 

products become critical factors in evaluating the corrosion behaviors especially when 

the liquid phase exist in form of small droplets or extended slugs [Heuer, 1998]. Sun et al. 

studied the corrosion performance of X65 and C1018 in stratified flow conditions of 

superficial liquid velocity of 0.1 m/s and superficial gas velocity of 10 m/s at high 

pressure and temperature [Sun, 2003]. pH levels showed an appreciable increase as well 

as did ferrous ions concentration with time. Linear polarization resistance technique was 

employed to study the corrosion rates which were high at the early time periods of the 

experiments. The corrosion products formed in these conditions and they were effectively 

protective in lowering the corrosion rates interestingly in these specific multiphase flow 
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conditions. Both pipeline steel coupons exhibited well spreaded corrosion attacks but 

with slight variations on the corrosion surfaces.   

Ruzic et al. reported the significance of single phase flows on the stability of the 

corrosion products proposing a mechanism describing the deterioration of protective 

corrosion products and the consequent corrosion behavior [Ruzic, 2006]. The 

supersaturation of iron carbonate decreased with the higher velocities making the 

corrosion products less protective. It was proposed that corrosion product removal in 

single-phase flows results from hydrodynamic factors acting in subsequent steps. They 

include the vertical cracking of the corrosion products driven by the intense localized 

vortices followed by crack propagation in different fashions ending with accelerated 

widening. Full or partial corrosion product detachment from the steel surface 

consequently occurs. The partial removal of corrosion products leads to an establishment 

of galvanic cells comprised of dispersed covered and exposed surface areas making the 

corrosion attacks be more localized. 

2.4. Corrosion products formed in CO2 corrosion conditions 
 

 The performance of the developed pipeline steels in carbon dioxide corrosion 

environments comparatively depends on the tendency of formation and on the properties 

of the corrosion products precipitating upon saturation and/or electrochemical reactions.  

Stability, adherence, compactness as well as the compositional characteristics were of a 

great research interest when considering long term corrosion reactions or when proposing 

mechanisms or predicting dissolution rates [Gao, 2008]. Besides the environmental 

factors, the chemical composition of the corrosion products varying upon the long term 
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interactions were reported to influence the nature of corrosion attacks and/or corrosion 

surfaces [John, 1998].  

Iron carbonate (FeCO3) is the most predominant corrosion products that form in CO2-

saturated environments. It has protective capabilities depending on its thickness and 

compactness [Nesic, 2002] and, differently from iron sulfide (FeS), it is not conductive. 

The formation upon the achieved supersaturation is conventionally described by:   

-2

3

2 COFe ++  � FeCO3 (s)                  (1.23) 

The precipitation of iron carbonate occurs when the solubility limit is exceeded. It is the 

multiplication of concentrations of +2Fe and -2

3CO . The concentration of carbonate is 

dependent on the local pH levels and the supersaturation is achieved more effectively at 

higher pH levels [Van Hunnik, 1996]. When the multiplication of ferrous and carbonate 

concentrations exceeds unity, the precipitation occurs expressed mathematically in 

relation to the solubility product as:  

Supersaturation = 
[ ][ ]

SP

-2

3

2

K

CO Fe +

         (1.24) 

Precipitation rate depends therefore on supersaturation limit and on temperature leading 

to the formation of possibly stable corrosion products decelerating the corrosion rates and 

acting as natural barriers intervening the transport processes of the corrosion species.   

 

2.5. Carbon dioxide corrosion models 

 
 Some models were proposed from 1970’s for predicting corrosion rates in CO2 

saturated media considering the partial pressure of carbon dioxide and temperature. There 

was a model received a wide recognition among experts community with respect to those 
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two physical factors mentioned. It was proposed by De Waard and Milliams [De Waard, 

1975]. Depending on the laboratory corrosion measurements performed on selected 

pipeline steels, the theoretical basis of that model was provided on the cathodic 

prevalence of (H2CO3) reduction on the corrosion behavior. The corrosion rate expressed 

as metal loss in millimeters per year; was mathematically represented as:    

 P log 0.67  T 10   5.55 -
273T

2320
 - 7.96  CR log

2CO

3- +×
+

=        (1.25) 

 

 Temperature and partial pressure of carbon dioxide are expressed in this relation 

by (
o
C) and (bar) respectively in conditions saturated with carbon dioxide, free of salinity, 

and with pH levels less than 4.  The model was repeatedly corrected to provide an 

appreciable extensive reliability in accounting for other physical and chemical factors 

influencing the corrosion behavior such as higher pH levels, total pressures, flow velocity, 

oil wetting, as well as inhibitors as performed in [De Waard, 1995] and [De Waard, 1993]. 

The proposed corrections to the early proposed models resulted in contradictories making 

the assumptions valid but for increasingly limited conditions. Therefore, the proposed 

models generally became more to be semi-empirical rather than being purely mechanistic 

achieving good reliability at least with selected field conditions. Additionally, the 

empirical relations were being modified and calibrated by extensive laboratory 

investigations taking into account the possibly forming corrosion products at higher 

temperatures [Franco, 2010]. In literature, there is still a considerable recognition for a 

mechanistic model proposed by Gray et al. for prediction CO2 corrosion rates with 

respect to the variations in temperature, PCO2, as well as pH levels. However, there are 

some drawbacks with the applicability of this model to some cases especially in reference 
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to the wide range of pH levels from 2 to 11 that this model can handle with no well 

corrected factors [Gray, 1990].    

 

2.6. Mitigation and control techniques 

 
 Mitigation and inhibition methods for carbon dioxide corrosion problems in 

pipelines were based on fundamental concepts considered for decelerating corrosion 

reactions. In most cases, mitigation techniques are dealt with the possibly exposed anodic 

and/or cathodic regions, the corrosive medium, or with the electronic field by which the 

anodically released electrons are conducted through; the pipeline steel. In oil and gas 

industry, where the corrosion problems occur in complex environments of multi-

interrelated variables, inhibition and corrosion management strategies are based on 

achieving effective and long-term corrosion suppression. The common mitigation 

methodologies include chemical inhibition, protective coatings, and cathodic protection. 

Alternatively, when a better understanding on the significance of corrosive media is 

attained, proper selection of materials of greater corrosion resistance can provide 

extended reliability and save fortunes on maintenance and replacements.   

 

2.6.1. Chemical inhibition 

 Chemical inhibitors injection is one of the most conventional methods utilized for 

corrosion control in oil and gas industry from 1940’s.  Inhibitors interfere with the 

dissolution processes at the corroding metal/environment interfaces decreasing the 

corrosion rates by as much as 10 times [Heidersbach, 2011]. Inhibitors act on the steel 

surfaces with different fashions decreasing the anodic or the cathodic reactions depending 
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on their functional groups and/or the environmental conditions such as temperature. 

Organic inhibitors such as amine-based and other associate derivatives comprised in long 

dipolar chain organic surfactants are utilized widely for decelerating the corrosion 

reactions.  In conditions where the environmental factors influencing the corrosion 

reactions are easily controlled, inorganic inhibitors are also considered [Hedges, 2000].  

Corrosion inhibition is achieved, depending on the chemical characteristics, by direct 

physical adsorption or chemisorption reducing the corrosion rates with efficiencies 

directly proportional with the fractional active surfaces covered [Nesic, 2007]. Inhibitors 

injection in the field can be performed continuously during operation with the corrosive 

media or intermittently depending on the environmental factors or depending on the 

extent of other natural barriers in reducing the corrosion rates such as the corrosion 

products.  As discussed in chapters V, VI, and VII, crude oil can act as a natural inhibitor 

decreasing the corrosion rates upon existence with few proportions of 10, 20, and 30 

vol%.   

2.6.2. Coatings 

 Coatings of different types provide a very good protective mean against CO2 

corrosion especially in conditions when the flow effects such as erosion or other 

hydrodynamic forces are induced along with those of pure electrochemical dissolution 

[Garverick, 1994].  They play a very good role in extending the expected life time of the 

important mega structures such as pipelines or tankers containing low-pH-level 

multiphase CO2-saturated media. The basic effect is impeding the transfer processes of 

the species involved in the corrosion reactions going to or out of the corroding interfaces. 

Lots of research efforts were performed, whose results are not reported in this context, in 
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investigating the corrosion behavior [Naiming, 2010] with respect to the coating types 

and the associated environmental hazards and/or effects. In some cases, cathodic 

protection is considered to support the protective coatings in extremely corrosive media 

such as acidic low-pH level ones.       

2.6.3. Cathodic protection 

 Cathodic protection techniques are generally applied for large structures requiring 

continuous protections. A controlled impressed potential is applied across the steel-

environment interface to spread electrons readily participating in the cathodic reactions 

not driven necessarily by the anodic dissolution. In other conditions when the corrosive 

media is extremely acidic, sacrificial anodes are utilized to provide enhanced 

protectiveness which could be supplemented by inhibitors injection or by coating. 

 

2.7. High Strength Low Alloy (HSLA) steels 
 

 High Strength Low Alloy (HSLA) steels are exclusively developed for achieving 

better structural integrity and strength towards greater operation pressures in oil and gas 

pipelines. Conventionally, alloying elements are added with controlled proportions by 

mass to the steel where the enhanced mechanical properties and corrosion resistance are 

achieved. (HSLA) pipeline steels are produced by rolling and accelerated cooling 

methods and they contain low carbon contents in a range from 0.05 to 0.25 wt% in 

consideration with the extent of formability and weldability required.    

American Petroleum Institute (API) issued some standards for categorizing high strength 

pipeline steels which are conventionally called API X-series. These standards are 

worldwide and they are recognized for materials selection and design practices in oil and 
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gas industry. Additionally, these pipeline steels are treated with respect to their yield 

strength, microstructure, as well as the chemical composition which is shown in Table 1.1 

for selected pipeline steels.    

Table1.1. Chemical composition of selected API- series pipeline steels [Wang, 2009] 

Composition (wt%) 
Pipeline Steel 

C Mn Si S P Others 

API X-52 0.12 1.25 - 0.02 0.025 - 

API X-60 0.13 1.5 - 0.05 0.02 - 

API X-65 0.15 1.5 0.26 0.0046 0.017 <0.1 

API X-70 0.04 1.46 0.24 0.0025 0.0084 <0.1 

API X-80 0.07 1.86 0.27 0.001 0.015 <0.1 

API X-100 0.09 1.6 0.35 <0.001 <0.002 <0.1 

 

 In these classifications, the higher the grade, the higher the yield strength and the 

lower the toughness are. In the early oil and gas steel structures, API X-52 was quite 

conventionally considered as a low-grade pipeline steel, selected for its low price and 

good weldability. However, the greater demand for higher production rates delivered by 

greater operation pressures lead to develop higher grade steels such as X-65, X-80, and 

X-100. These newly developed generations of pipeline steels allowed for optimizing the 

material amounts required for higher pressures leading to achieve economic and 

environmental benefits. API-X100, which is the subject material in this study, has 

exceptional strength properties and it is exclusively utilized for some pipeline networks in 

Canada. Comparatively, with X-65, the required thickness considered for the same 

pressure in certain operation conditions can be minimized by as much as 10 times with 

greater reliability and good cost effectiveness. It is shown in Figure 2.3 a graphical 

representation of the historical development of the pipeline steels with respect to the yield 

strength attained.     
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Figure 2.3. Evolution of yield strength of pipeline API steels [Asahi, 2004] 

 

 

 

 

 

 

 

 

 

 

 The possible reductions in the steel weight are apparently significant when 

considering higher grade steels as depicted below from Figure 2.4. The total reduction 

can be as much as almost 25% when considering X100 instead of X70; which is in fact a 

high strength steel of a very good reliability, but in terms of total weight, X100 is very 

beneficial.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Possible material savings bythe use of high strength steels [Graf, 

2003] 
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Figure 2.5. Relative effect of increased microalloying elements on the corrosion rates 

[Kermani, 2003] 

 The small amounts of the alloying elements; chromium, niobium, vanadium, and 

molybdenum can contribute to, beside the enhanced strength, a better corrosion resistance. 

It is widely recognized that the addition of chromium in a range from 0.5 to 3 wt% to the 

carbon steels promotes the corrosion resistance. In that context, the stability of the 

protective corrosion products was attributed to the formation of chromium oxide films 

forming at greater proportions as reported in [Nyborg, 1997]. Kermani et al. reported a 

detailed study on the effect of the compositional content of many pipeline steels on the 

corrosion behavior (or resistance) and on the subsequent corrosion products and their 

properties [Kermani, 2001]. V, Ti, and Nb are strong carbide forming elements in normal 

conditions leading to preserve Cr and Mo uncombined to contribute in forming protective 

corrosion products during ferrite dissolution. Nb and Si achieve the required strength and 

compensate for the lowered carbon content.  It is shown below in Figure 2.5 a schematic 

representation showing the relative effect of alloying elements in decreasing the 

corrosion rates. 
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2.8. Potentiodynamic polarization  

 
2.8.1. Technique and parameters 

 
 Potentiodynamic polarization is a direct electrochemical measurement utilized for 

investigating the corrosion performance. In that technique, corrosion current density and 

potential are extrapolated from the polarization profiles scanned across the cathodic and 

anodic regimes. With respect to the selected polarization ranges and potential scan rates, 

the characteristic performance of the tested material is revealed in a specific 

environmental condition as an electrochemical fingerprint. Potentiodynamic polarization 

can provide a better understanding on the possible multi-step anodic dissolutions, as 

discussed in Chapters V and VI, from the variations in the potential/current slopes in the 

prepassivation ranges. Additionally, it indicates the significance of the environmental 

conditions on the passivation from the potential ranges, anodic peaks, as well as the 

transpassivation and from the associated accelerated and/or decelerated current densities. 

As discussed also in Chapter VII, the total cathodic reactions controlling hydrogen 

evolution can be remarkably discerned as the mass-transfer-limited reduction of (H2CO3) 

is separably identified out from the charge-transfer-controlled reduction of (H2O). In 

addition, this technique, as discussed in detail in Chapters V and VI, helped in identifying 

the inhibition characteristics of a tested crude oil. From the variations of the corrosion 

potentials along with the decelerated corrosion current densities, it was found that oil can 

act as an anodic or a cathodic inhibitor with respect to temperature variations, and from 

the sudden acceleration in the anodic current densities at high overpotentials, important 

hints on the oil adsorption were revealed accordingly. In this study, the passive current 

densities were numerically integrated with the elapsed time to calculate the overall charge 
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Figure 2.6. Typical potentiodynamic polarization profile  

transfer released from which a model for passivation incorporating oil in bicarbonate 

solutions was proposed as explained in Chapter V.            

 To illustrate a typical potentiodyanmic polarization response, it is shown below in 

Figure 2.6. a polarization profile considered for investigating the anodic part of a 

polarized solid material. The polarization conventionally starts from a potential 

appreciably below the corrosion potential which is assigned with number 1. The 

polarization is then swept with a constant scan rate (mV/sec) in the direction of positive 

overpotential passing through the characteristic regions until it is terminated at point 2.      

 

 

 

 

 

 

 

 

 

 

 

 

 In the anodic region (A), the current density shows a considerable acceleration 

with the higher overpotential where the polarization within a relatively short range of 

potential reveals the pure active response. The slopes of potential-current correlations can 
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reveal hints on the prepassivation behavior or can reflect any electrochemical roles of 

introduced inhibitors. Consequently, in cases where effective corrosion-decelerating 

passive films formed, the current densities show an anodic peak corresponding to the 

onset of that effective formation of stable passivation. In that “critical” condition where 

the polarization response dramatically changes, assigned with point (B), the potential and 

the corresponding current density are denoted as passivation potential (Epp) and critical 

current density (ic) respectively.  The current density then shows a slow gradual decrease 

as the passive film covers greater active areas or thickens to incorporate mixture of metal 

oxides or multilayered film acting as effective physical barriers between the surface and 

the corrosive medium.  These processes with respect to the gradual decrease of current 

density before the existence of a stable passive film are designated electrochemically in 

region (C).  In region (D), the passivation governs the polarization response at which the 

developed physical barrier becomes stable within an identifiable range of potential and at 

which the current density shows a relative stability (ipass). When the applied potential is 

sufficiently high, the current density shows a sudden, active-like, acceleration as depicted 

from region (E). The potential at which the onset of current acceleration is detected 

corresponds to transpassivation potential (Etranspass) at which local deterioration to the 

passive film occurs accompanied, in some cases, by oxygen evolution.    

 Cathodic reactions can also be investigated by potentiodynamic polarization with 

the same scan rates sweeping from low negative overpotentials to the corrosion potential 

as performed in Chapters V, VI, and VII. Cathodic reduction from the mass-transfer 

limits, mixed controlled, to the purely kinetic controlled conditions can provide a wide 

understanding on the capabilities of the reducible species in generating for example 
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 Figure 2.7. Typical cathodic potentiodynamic polarization profile  

hydrogen. A typical cathodic polarization profile produced with that respect is shown 

below in Figure 2.7. where the polarization is performed from point 1 and terminated to 

point 2.   

    

 

 

 

 

 

 

 

 

 

 

 

2.8.2. Potentiodynamics for CO2 corrosion evaluation  
 

 Potentiodynaimc polarization was utilized widely for investigating many aspects 

of carbon dioxide corrosion behavior of pipeline steels at different environmental 

conditions [Liu, 2009], and [Zheng, 2008], and [Ren, 2005]. As shown in Figure 2.8, 

potentiodynamic profiles are presented with respect to the effect of temperature on the 

polarization behavior at 22, 40, and 80 
o
C in CO2-saturated media. The corrosion rates 

showed expected increase with the higher temperature and the effect on the cathodic 

branches was apparent on both (H2CO3) and (H2O) reduction reactions at lower 

overpotentials. The collective plots indicated the prevalent anodic influence in 

accelerating the corrosion rates as the corrosion potentials were more negative.       
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 The retardations in the anodic regimes were considered in respect to the 

preliminary physical changes introduced at the corroding interfaces before the effective 

passivation. These retardations, as shown below in Figure 2.9, indicate the multi-step 

oxidation reactions leading to form inner hydroxide layers contributing to the subsequent 

passivation reactions.   

 

 

 

      

 

 

 

 

 
 

Figure 2.8. Potentiodynamic polarization profiles produced from polarized API 

X-65 steel static electrodes in continuously CO2 purged conditions [Nesic, 2007] 

Figure 2.9.Polarization curves of X70 steel in the solution with different CO2 partial 

pressures [Zhang, 2009 (B)] 
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Figure 2.10. Potentiodyanmic polarization profiles produced from (a) 1 M and 0.5 M, 

(b) 0.1 M and 0.05 M [Mao, 1994] 

Figure 2.11. Potentiodynamic polarization profiles of API X-70 steel at 25 and 45
o
C 

in 0.1, 0.5, and 1 M bicarbonate solutions [Mohorich, 2010] 

 In conditions, when the corrosive media is dominantly governed by bicarbonate, 

effective passivation with relatively broad ranges is established. Mao et al. considered 

different amounts of bicarbonate in deoxygenated solutions, but the multiple anodic 

peaks presented were attributed to new oxide phases formed as depicted below from 

Figure 2.10. 

 

 

 

 

 

 

 

 In a similar work, potentiodyanmic polarization technique provided a better 

understanding on the effect of the bicarbonate content, temperature, as well as silicate 

and chloride contents. In addition, the anodic peaks and the associated potential ranges, 

which are selectively shown in Figure 2.11, were correlated to the basic characteristics of 

the passive films.    
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Figure 2.12. Potentiodynamic polarization profiles produced from polarized P110 steel 

at 90
o
C and 2.5 MPa during 2h and 240h [Guo-xian, 2009] 

 Interestingly, there are few works utilizing the polarization techniques to measure, 

electrochemically, the significance of the corrosion products formed with time as shown 

below in Figure 2.12.  The basic morphological and compositional characteristics as well 

as compactness were also studied in relation to the electrochemical results discerned from 

the anodic and/or cathodic branches.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.9. Electrochemical Impedance Spectroscopy (EIS) 

 
2.9.1. Technique  

 
 Electrochemical Impedance Spectroscopy (EIS) is a direct electrochemical 

technique utilized for investigating the possible interactions at the corroding interfaces 

depending on the surface sensitivity towards alternating currents.  From the early 

investigations on the corrosion phenomena, and although of the difficulties and 

ambiguities associated, that technique achieved a very good reliability in analyzing 
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corrosion mechanisms and the associated processes [Kinsella, 1998] and [Keddam, 1981]. 

In addition, EIS is recently being utilized for investigating the mitigation methods such as 

coatings and inhibitors providing a reliable electrochemical mean at which equivalent 

circuits can also be proposed [Jovancicevic, 1999]. 

EIS provides specific impedance plots produced in relative to the resistance and 

capacitance exhibited across the double layer, passive films, and the outer regimes at 

which the transport and diffusion occur. In addition, equivalent electrochemical circuits 

are proposed with respect to the experimental data to indicate the significance of the 

corrosion processes.  

 

2.9.2. EIS for CO2 corrosion evaluation  
 

 In many corrosion studies investigating the performance in CO2-saturated media, 

EIS was utilized to monitor the electrochemical changes exhibited by the corroding steel 

over a considerable elapsed time of testing. The changes in the corrosion resistance as 

well in corrosion mechanisms are monitored to evaluate the significance of the corrosive, 

H2CO3 containing media and that of the developing adherent corrosion products. As 

shown, for example, in Figure 2.13, the impedance profiles produced on the left; denoted 

as Nyquist plots are comprised of fairly depressed semicircles getting larger with time. 

These impedance changes, which are detected from corroding G10350 steel immersed in 

CO2-saturated, 3 wt% NaCl containing autoclave conditions, indicated the greater 

corrosion resistance over time as well as the same persistent mechanisms governing the 

dissolutions. Interestingly, the alternate impedance diagrams produced at the right; 

designated as impedance phase bode plots, showed a multi-time constant impedance 
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Figure 2.13. Nyquist and phase bode impedance profiles in 3 wt% NaCl containing, 

CO2-saturated media at 70 
o
C produced after 2, 24, 48, and 72 hr [Kinsella, 1998] 

response. That referred to the double peaks exhibited getting more discernible with time 

as the second-high-frequency peaks was shifting to the right over the test time. This 

indicated the enhanced protectiveness that the corrosion products acquired over time 

resulting in at least two-time-constant based impedance response in reference to 

impedance across the double layer and passivation respectively.          

 

 

 

 

 

 

 

 

 In other cases of carbon dioxide corrosion environments dominated by 

bicarbonate species at almost mildly alkaline pH levels, the electrochemical 

investigations performed by EIS revealed important hints on role of bicarbonate 

adsorption in driving the corrosion reactions.  As discussed in detail in chapters IV and V, 

the adsorption fields established by the reduced bicarbonate species influenced noticeably 

the impedance response. As shown in Figure 2.14, impedance at low frequency was 

characterized by appreciably overlapped semicircles representing adsorption and/or 

relaxation of the intermediate carbon carrying species. In these conditions, the 

significance of adsorption is necessarily associated with the size of the capacitive loops 

exhibited modeled by nested equivalent circuits.  Although that in similar conditions at 
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Figure 2.14. Nyquist impedance representations at different concentrations of  

bicarbonate where the the greatest loop corresponds to the lowest bicarbonate 

concentration [Li, 1999] 

higher temperatures where the response could be multi-time-time-constant based where 

the formation of passive films is more facilitated, but the presence of single phase peaks 

at intermediate peaks makes adsorption elements impeded within those of double layer.  
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Chapter 3: Test material and experimental details 

 
3.1 Test material and corrosion test coupons preparation 

 
 API-X100 is the test material developed for providing the greater strength 

integrity of pipelines at high pressure. The chemical composition analysis on weight 

percent basis was performed using Inductive Coupled Plasma (ICP) and LECO carbon 

analysis. The summarized results for the compositional content are shown below in Table 

3.1 and the microstructural characteristics investigated under the optical microscopy, are 

shown in Figure 3.1. 

Table 3.1. The chemical composition and carbon equivalent of the working electrode 

 

Composition (wt. %) 

C Mn Mo Ni Al Cu Ti Nb Cr V C.E. 

0.10 1.67 0.21 0.13 0.02 0.25 0.01 0.043 0.016 0.003 0.47 

 

 Prior to the microstructural analysis, the mounted specimens were wet ground up 

to 1200 grit silicon carbide finish and then polished with 6 and 1 µm diamond 

suspensions. The steel sample was etched by 2% nital (2 ml nitric acid + 98 ml ethyl 

alcohol) and then treated with alcohol swapping and finally dried by air stream. The 

material shows a complex microstructure consisting of acicular ferrite and dispersed 

bainite colonies with localized variations in color referring possibly to localized 

variations in the compositional content.  

 Corrosion test samples prepared for the electrochemical investigation were cut out 

of a pipeline segment manufactured from API-X100 steel. They were machined to be 

proper rectangular coupons of nominal dimensions of 15 mm by 10 mm and they were 

soldered to copper wires by a conductive silver paste. Afterwards, they were mounted in 
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Figure 3.1. Optical micrograph of API-X100 steel microstructure 

special hard cold-curing epoxy resins. Prior to each corrosion test, they were sequentially 

wet ground by silicon carbide emery papers of 120, 320, and 600 grit. Afterwards, they 

were degreased ultrasonically with ethyl alcohol for 10 minutes and then were rinsed 

with distilled water and finally dried in a cool air stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Corrosion test setups 

 
 The experimental test setups were considered to simulate selected CO2 corrosion 

conditions commonly encountered in the field. The glass jacket test cell was convenient 

for performing the corrosion investigations in naturally aerated and deoxygenated 
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Figure 3.2. Corrosion test setup for electrochemical measurements, Standard glass test 

cell 

bicarbonate solutions as well as in oil free and oil containing CO2-saturated brines. An 

autoclave was utilized to perform the weight loss measurements in the low oil containing 

CO2-saturated stratified flows.  

  

3.2.1. Standard three-electrode jacket cell 

 The electrochemical measurements were first performed in a standard three-

electrode jacket cell of a total volume capacity of 1 L. The working electrode was the 

studied pipeline material, the counter electrode was a graphite rod, and the reference 

electrode was a Saturated Calomel Electrode (SCE) of +0.241 VSHE. The electrochemical 

contact between the reference electrode and the working electrode was achieved by a 

Luggin capillary tube whose Vycor frit was appreciably close to the steel surface. The 

cell was connected to a heater manufactured by Cole-Parmer and equipped with a digital 

controller to provide accurate temperature measurements. The test setup is shown below 

in Figure 3.2.  
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 The deoxygenated and CO2-saturated corrosion tests were performed in the same 

setup but a special gas bubbler was properly inserted and sealed to the test cell. The gas 

flow was regulated by a mass flow meter to ensure a sufficient positive pressure inside 

the cell to prevent strictly oxygen contamination whose level was continuously detected 

by a dissolved-oxygen sensor probe (OMEGA DOB21 accuracy = 12 ppb). In addition, 

the test solutions were stirred magnetically throughout the test time periods to maintain 

the effective mixing between the test solutions and the emulsified oil.  

The three electrodes were connected to a Princeton Applied Research (PAR) Versastat 4 

potentiostat/galvanostat controlled by VersaStudio v1.50.3712 software. The produced 

free potential variations with time, potentiodynamic polarization responses as well as 

Electrochemical Impedance Spectroscopy (EIS) results were processed, presented, and 

then analyzed to reveal the environmental effects on the electrochemical corrosion 

behaviors.  

 

3.2.2. High pressure 4383 PARR autoclave 
 

 The corrosion behavior was further studied in a high pressure/temperature 

titanium autoclave with a capacity of 1.8 L. The autoclave is manufactured by Parr © and 

is controlled by a digital interface at which pressure, temperature and rotation speed are 

controlled and their values are presented. The functional description of the autoclave is 

shown in Figure 3.3 showing the reactor, gas line connections, sample holder, and the 

shaft.  

 The rectangular test samples were fitted by teflon screws to a teflon sample holder 

installed on the autoclave shaft as shown in Figure 3.4. The samples were numbered and 
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Figure 3.4: Autoclave sample holder 

fitted at the specified places on the shaft were the corresponding numbers are sculptured. 

Carbon dioxide gas line was connected to the reactor allowing the regulated gas flow to 

be continuously fed during the test time periods. Operation temperature and pressure of 

the autoclave were set to be as 100 
o
C and 50 psi, respectively. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Schematic diagram illustrating the functional description of the autoclave 

utilized for weight loss tests 
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3.3. Experimental procedures 

3.3.1. Electrochemical tests  

 In both aerated and deoxygenated conditions, when the working temperatures 

were reached, pH levels were measured, when applicable, and then the electrochemical 

tests were performed. Open circuit potential variations with time were first monitored. 

The relatively stable OCP values with small fluctuations of about ± 0.1 mV/sec were 

attained after in time periods generally not less than 4000 seconds. Consequently, 

Electrochemical Impedance Spectroscopy (EIS) technique was utilized to study the 

interfacial interactions more thoroughly at the OCP conditions. The frequency range was 

from 0.01 to 10,000 Hz with a sampling rate of 10 points per decade. Afterwards, the 

potentiodynamic polarization sweep measurements were performed at a scan rate of 0.50 

mVSCE/sec within potential ranges at which the key kinetic characteristics at the anodic 

and cathodic branches were fairly revealed. Cathodic polarization measurements were 

performed separately to investigate the charge transfer and mass transport controlled 

cathodic reactions in the deoxygenated bicarbonate and CO2-saturated solutions.  Prior to 

the electrochemical tests, the experimental setup and procedures were validated by the 

practices ASTM Standard G 5-94 [ASTM, 2004].  

 

3.3.2. Weight loss measurements 

 The test coupons were weighed with a high precision balance before the autoclave 

immersion tests taking three measurements and then considering the mean value. Based 

on an experimental schedule, the autoclave was shut down at regularly spaces time 

periods to take out the corrosion samples and the operation was resumed. Three samples 
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were taken at each run and then cleaned with hot water and acetone before being weighed 

to measure the weight loss. The corrosion rates over the test time periods were calculated 

and the corrosion surfaces were examined by the Scanning Electron Microscopy (SEM). 
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Chapter 4:  Results and discussion of the electrochemical 

investigations in naturally aerated bicarbonate                                                                                                                                                                                                                                      

solutions 

 

4.1. Test solutions 

 

 The corrosion behaviour is studied in naturally aerated solutions synthesized from 

analytical grade Fisher procured reagent of sodium bicarbonate (NaHCO3) added with 0.1, 

0.5, and 0.8 M concentration in double distilled deionized water. 3 wt% chloride was 

added to the same bicarbonate conditions investigating the effect of chloride in a separate 

scheme. Although that such a high concentration of bicarbonate of 0.8 M is seldom 

reached in typical oil pipeline flows, but to be compliant with the considerations stated in 

the introduction part of this paper, the study was set to be performed with an extended 

range of bicarbonate concentrations. The test temperatures were selected to be 20, 40, and 

60 
o
C and maintained within ±  1 

o
C. 

 

4.2. Open Circuit Potential (OCP) measurements  
 

 OCP variations were monitored to account first for the changes that mixed 

potentials could show before other electrochemical aspects are investigated. OCP profiles 

were taken within test time periods of about 7100 seconds at which relatively stable 

OCP’s are achieved with minimal fluctuations. OCP in chloride free bicarbonate 

solutions at the corresponding temperatures are shown in Figure 4.1.  
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 Apparently, OCP exhibited an increase with the bicarbonate content at all 

temperatures. As discussed in the polarization test results section, the accelerated 

bicarbonate content – dependent cathodic reactions could be greatly responsible for that 

behaviour where the higher temperatures exerted also the same influence in these mildly 

alkaline media. In addition, this temperature-dependent behaviour suggests that the 

cathodic reactions, rather than the anodic ones, are more sensitive to the higher 

temperatures as previously argued in [Brossia, 2000].  Interestingly, the band of variation 

between the highest and lowest OCP values at 0.1 and 0.8 M respectively broadened with 

the higher temperatures.  

OCP in all bicarbonate solutions was lower upon the chloride addition as shown in Figure 

4.2., as expectedly in accelerating the anodic reactions [Fang, 2006], and confirming with 

Figure 4.1. Open Circuit Potential (OCP) variations in chloride free bicarbonate test 

solutions. 
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Figure 4.2. Open Circuit Potential (OCP) variations as a function of bicarbonate 

content at 20, 40, and 60 
o
C in chloride free and chloride containing test solutions. 

the polarization test results, the accelerated corrosion rates were accompanied by lower 

corrosion potentials when chloride was introduced.  

 

 

 

 

 

 

 

 

 

 

 

 The effect of chloride on OCP was more prevalent at higher temperatures and in 

dilute bicarbonate conditions. The anodic dissolutions are proposed to involve hydroxyl 

(OH
-
) forming iron (II) hydroxide (Fe(OH)2) [Ahmed, 2006] as: 

−+→+ e2Fe(OH)2OHFe 2

-           (4.1)           

The cathodic branch is considered to involve the simultaneous reduction of bicarbonate 

and dissolved oxygen, represented by equation (10). Bicarbonate is reduced substantially 

in these conditions [Paolinelli, 2008] and [Veawab, 2002] which is represented as:  

 

2

-2

3

--

3 1/2H  CO e  HCO +→+        (4.2) 
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ads

-2

3

--

3 H  CO e  HCO +→+           (4.3) 

 
--

22 2OH 2e  OH  O 1/2 →++        (4.4) 

 

 

The standard half cell potentials are calculated from the standard Gibbs free energy 

[Dean, 2000] of the involved species and, by utilizing Nernst equation [33], the 

theoretical anodic and cathodic potential limits are calculated taking into account 

temperature, pH, and bicarbonate concentration. OCP variations and the associated 

theoretical potential limits are selectively presented for chloride free and chloride 

containing solutions at 20 and 60 
o
C respectively in Table 4.1.  

Table 4.1. Open Circuit Potentials (OCP) and the calculated half cell equilibrium 

potentials of the expectedly associated anodic and cathodic reactions for the chloride free 

and chloride containing conditions at 20 and 60 
o
C respectively. 

 
 

Apart from the specific potential theoreticals, the accelerated bicarbonate content-

dependent cathodic reactions seemed to make OCP more sensitive to the cathodic 

reduction of dissolved oxygen, existing appreciably with the same amount in these 

bicarbonate solutions, with the absence and presence of chloride [Vaidya, 2007].        

 

4.3. Potentiodynamic polarization measurements in chloride free 

bicarbonate solutions 
 

 

 The potentiodynamic polarization profiles at 20 
o
C, are shown in Figure 4.3a for 

0.1, 0.5, and 0.8 M bicarbonate conditions. Similar polarization behaviours were 
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exhibited at 40 and 60 
o
C at the characteristic regions. It is apparent that the anodic and 

cathodic current densities accelerated with the increased bicarbonate contents. 

 Kinetically, corrosion current density (icorr), and anodic and cathodic Tafel slopes (βa), 

(βc) are iteratively, with the best fit with the experimental data, calculated from Butler-

Erdey-Volmer (BEV) equation for the purely charge-transfer controlled polarization 

[Stansbury, 2000] as: 



















−








=

c

s

a

s
corr

β

2.3η-
exp 

β

2.3η
exp i  i       (4.5) 

 The corrosion rate, or (icorr), was proportional with the bicarbonate content and 

confirming with OCP findings, the corrosion potential (Ecorr) increased accordingly at all 

temperatures as illustrated in Table 4.2. These two preliminary trends suggest the strong 

sensitivity of the corrosion reactions to the cathodic evolution of hydrogen generated 

from electrochemical bicarbonate consumption.  

Interestingly, the higher temperatures seemed to induce a similar electrochemical 

influence where the corrosion rates progressively increased as did the corrosion potentials 

accompanied by a noticeable decrease of ( cβ ) with slightly appreciable changes in ( aβ ).  

 Additionally, the influence of bicarbonate content on the accelerated corrosion 

reactions was less significant as the temperature increased from 20 to 60 
o
C where the 

acceleration factor was almost 4:1 respectively.  

Starting with the active dissolution regime, an evidence for a multi-step corrosion 

mechanism appeared where two anodic slopes resulted, more noticeably with the 

concentrated bicarbonate solutions, in the pre-passivation range.  
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Figure 4.3. Potentiodynamic polarization in 0.1, 0.5, and 0.8 M bicarbonate solutions 

at 20 
o
C in a) chloride free and b) chloride containing conditions. 
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 Dissolution reactions showed a retardation at an anodic transition overpotential of 

about -750 mVSCE appreciably irrespective from temperature where the consecutive pre-

passive slopes increased. This behaviour, in these mildly alkaline media, is very 

attributable to an introduced physical influence at the active corrosion interface [Talbot, 

1998]. Hydroxyl (OH
-
) species, getting involved in the dissolution mechanism, could 

contribute to this  active behaviour in our case where a defective iron hydroxide passive 

film resulted. Despite of the possibly defective nature [Zhang, 2009 (B)] of this hydrous 

film, it was capable to interfere with a decreased rate of anodic dissolution.  

Table 4.2. Potentiodynamic polarization test results in chloride free conditions 

  

 The formation of such a hydroxide-based film [Castro, 1991] within a short range 

of potential in Pourbiax diagram of Fe-H-C-O [Hirnyi, 2001] is illustrated as: 

-

ads

- FeOH  OH  Fe ↔+                                                        (4.6) 

-

ads

-

ads e  FeOH FeOH +→                                                  (4.7) 

-

adsads e FeOH  FeOH +→ +                                                  (4.8) 

[ ]22

-

ads Fe(OH) Hydrous Fe(OH)  OH  FeOH →→++        (4.9) 

 Iron carbonate (FeCO3) can be consequently incorporated with the preliminary 

formed film with sufficient bicarbonate contents but at a different transition point where 
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the electrochemical retardation became temporary at potentials, in our case, between 100 

to 150 mV above the first retardation. 

 Iron carbonate formation results in a double-layered film where iron hydroxide 

becomes a distinct inner layer at this oxidation stage as pointed out by detailed 

voltammetric investigations [Castro, 1986]. In our case, the relatively continuous 

acceleration of the current densities could be explained by the bicarbonate-based-partial 

removal of iron hydroxide film as [Moiseeva, 2005]:  

OH  Fe  OH  CO   HCO Fe(OH) 2

2--2

3

-

32 +++→+ +               (4.10) 

 The second transition was not very evident in low bicarbonate conditions and at 

higher temperatures where the active dissolution was quite prevalent on the polarization 

performance. At the onset of passivation, distinct anodic peaks appeared with intensities 

proportional to the bicarbonate content, at overpotentials more positive with the 

bicarbonate content where the accordingly dependent dissolution delayed the onset of 

effective passivation.  

 Depending on ( -

3HCO ) content and on the associated pH level, (FeCO3) 

formation, before that of iron oxides, is facilitated via carbon carrying complexes 

including [ -

3FeHCO ]ads, [
+
3FeHCO ]ads, and [ -FeOH ] [Moiseeva, 2005]. 

The adsorption of these intermediates, for example [ −
3FeHCO ]ads, is part of the dissolution 

mechanism as: 

 FeHCO  HCO Fe 3

-

3

−↔+                            (4.11) 

 e  FeHCO  FeHCO -

3

-

3 +→                         (4.12) 

 e OH  FeCO OH  FeHCO -

23

-

3 ++→+     (4.13) 
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 The gradual structure of the passive films could comprise miscellaneous oxides 

such as (Fe3O4) and (Fe2O3) via reaction complexes along with (OH
-
) contribution [Alves, 

2002 (A)].  

(FeCO3) contribute to the formation of iron oxides [Lu, 2006] as: 

  2e OH  3HCO  OFe OH5  3FeCO -

2

-

343

-

3 +++→+     (4.14) 

 2e OH  2HCO  OFe OH4  3FeCO -

2

-

332

-

3 +++→+      (4.15) 

 From our polarization results, it is evident that more effective passivity is 

facilitated at lower temperatures where passive current density (ipass) was lower 

accordingly and where, as shown in Table 4.2; (Epass) was nobler also.  In the same 

proposed context, two distinct anodic peaks appeared exclusively at 20 
o
C for 0.1 and 0.5 

M solutions referring possibly to purely chemical oxidation of the already formed 

products as [Zhang, 2009 (A)]:     

+++⇒++ H4HCO4O2FeOH4OFeCO4 -

332223         (4.16) 

+++⇒++ H6HCO6O2FeOH6OFeCO6 -

343223              (4.17) 

OH4O2FeOFe(OH)4 23222 +⇒+                                   (4.18) 

 It is observed that, at all temperatures, the transpassivation in these chloride free 

media occurred at a high overpotential of about 1 VSCE appreciably irrespective from the 

bicarbonate content. This behaviour is subject for future investigations where the 

electrochemistry of oxygen at this high overpotential can be further investigated in 

bicarbonate solutions. 

 Bicarbonate content-dependent accelerated cathodic reactions in 0.8 M conditions 

seemed to prevail over the cathodic reduction of water, at least at the charge-transfer 
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and/or mixed control mass and charge transfer regions, which appeared at lower 

bicarbonate containing conditions at about -0.89 VSCE.   

4.4. Potentiodynamic polarization measurements in chloride free 

bicarbonate solutions 
 

 Potentiodynamic polarization profiles at 20 
o
C are shown in Figure 4.3b for 3 

wt% containing, 0.1, 0.5, and 0.8 M bicarbonate solutions. Chloride introduced 

significant kinetic changes in the polarization performance in all bicarbonate solutions 

where the corrosion rates increased. In comparison to the chloride free solutions, that 

kinetic behaviour was accompanied by more negative corrosion potentials suggesting in 

turn the anodic sensitivity towards chloride as discussed previously in [Jelinek, 1980].  

Even though, the increased bicarbonate content induced the same cathodic influence in 

making (Ecorr) nobler as the corrosion rates increased accordingly as shown in Table 4.3. 

The anodic reactions proceeded continuously with no clear evidence for temporary-

retardation, or for multistep dissolution. The higher conductive chloride containing 

environments prevented effective formation of stable prepassivation films where the 

behaviour in that region was quite active [Al-Kharafi, 2002].  

Table 4.3. Potentiodynamic polarization test results in chloride containing conditions 
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 At higher temperatures, 40 and 60 
o
C, the anodic behaviour was similar to that at 

20 
o
C where it was very active and the corrosion rates were higher and the chances for 

effective passivation or for anodic peaks to appear were inconsiderable. Differently from 

the cases of chloride free conditions, the sensitivity for (Ecorr) towards higher temperature 

was less, especially in the dilute bicarbonate solutions of 0.1 M where both anodic and 

cathodic reactions could show comparable kinetic responses [El-Naggar, 2006]. The 

effect of chloride in our bicarbonate solutions seemed to be more associated with the 

activated autocatalytic generation of cation/oxygen pairs across the unstable pre-passive 

films [Li, 2007]. Across the interfacial fields where the corrosion processes were 

occurring, the significant localized pH gradients accelerated the anodic processes and the 

pitting susceptibility could be consequently higher [REn, 2010].     

 

 

4.5. Electrochemical Impedance Spectroscopy (EIS) 

measurements in chloride free bicarbonate solutions 
 

 The electrochemical interactions at the free open circuit potentials were further 

studied by Electrochemical Impedance Spectroscopy (EIS) where a better insight is 

achieved from the governing interaction mechanisms [Cottis, 1999]. The significance of 

the environmental factors in aerated chloride free and chloride containing 0.1, 0.5, and 

0.8 M bicarbonate solutions at 20, 40, and 60 
o
C could be appropriately understood in 

terms of the charge transfer and the diffusion processes across the adsorption fields and 

the developing passive films.  

 Nyquist impedance representation plots for chloride free test solutions are shown 

in Figure 4.4 for all bicarbonate and temperature conditions established. The relatively 
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Figure.4.4. Nyquist impedance representation in chloride free bicarbonate test 

solutions 

similar profiles seemed to indicate the significance of kinetics as well as parallel 

diffusion-limited processes across fairly effective passive films.  

 

 

 

 

 

 

 

 

 

 

 

 

 More specifically, the high-frequency capacitive arc expanded at different extents, 

in greater association with the bicarbonate content, to produce a second capacitive 

semicircle. The other part at low and medium-frequency regions flattened to indicate a 

diffusion-influenced process of the parameter (YW). In comparison with the polarization 

results, Nyquist semicircles achieved an agreement in terms of temperature effect where 

the charge transfer resistance and the other associated resistances were higher at lower 

temperatures; i.e. with larger Nyquist semicircles. The medium-frequency capacitive arcs, 

produced where the charge transformation of electrochemical process is controlled in 

parallel with other diffusion-limited process are related in most cases to localized active 



54 

sites where the corrosion rates were high [Mu, 2010]. Although that in conditions where 

carbon carrying species dominating the electrochemical processes could induce a separate 

time constant where the significance of adsorption is specified for [Castro, 1986], 

adsorption and/or relaxation of reaction intermediates of these species were excluded. 

The passive film formation, which was facilitated with greater amounts of bicarbonate, 

induced the prevalent electrochemical influence over any other associated processes 

which might occur when no effective passivation is established. Therefore, the similar 

electrochemical interactions seemed to be fundamentally a function of the passive film 

compactness whose properties are, for example, intrinsically related to temperature.  

Impedance is represented in bode plots to elucidate the complimentary understanding on 

the possible electrode/electrolyte interfaces established as shown in Figure 4.5a at 20 
o
C. 

Impedance moduli IZI in 0.5 and 0.8 M conditions followed quite similar dependence on 

frequency at all regions where kinetics and diffusion significances appear. Additionally, 

in these two bicarbonate conditions, IZI was noticeably higher than that in 0.1 M. These 

profiles showed a slight inflection at about 1 Hz where the rate of dependence on 

frequency changed; i.e. where the overall mechanism could show a transitional 

dependence on other processes [Ma, 1998]. Bode phase peaks were considerably broad in 

all bicarbonate conditions and they showed a shift with greater bicarbonate contents as 

well discernible peaks  appeared at high frequencies while the phase values were still 

high at lower frequencies.  The associated processes occurring outside the double layer 

are related to that impedance behavior as the passive films were developing. At 40 and 60 

o
C, relatively similar trends and behaviors were exhibited but the character of multi-time 

constant based impedance response seemed to be more apparent. Especially, that 
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occurred in the dilute bicarbonate solutions of 0.1 M where the diffusion component 

seemed to be more compliant in a second time constant as shown in Figure 4.5b.             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.5. Bode impedance representation plots in 0.1, 0.5, and 0.8 M chloride free 

bicarbonate solutions at a) 20 
o
C and b) 40 

o
C. 
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Figure.4.6. Equivalent circuits proposed for the electrochemical impedance response 

in chloride free bicarbonate test solutions 

 The proposed equivalent circuit for the electrochemical impedance response in the 

chloride free conditions is shown in Figure 4.6 where the contribution of the double layer 

and the parallel processes are considered in two separate time constants. As explained 

previously, the applicability for nested equivalent circuits of the configurations of  

 

 

 

 

 

 

 

 

{R(Q(R(Q(RW))))} or {R(C(R(Q(RW))))} was quite limited although of the 

consideration of  diffusion-limited processes occurring in the active areas, but such 

configurations were more compliant to adsorption fields rather than to effective 

passivation  [Guo-xian, 2009].  Although of the arguments that are usually raised on 

those two equivalent circuits utilizable for similar passivation conditions [Chen, 1999] 

and [Liang, 2009], but the perfect fitting to the experimental data in our case seemed to 

be very achievable if Nyquist representations showed two depressed partial semicircles or 

at least a discernible semicircle with a diffusion character in the low frequency.  

The electrochemical configuration attempted for the chloride free conditions considered 

is {R(QR)(Q(RW))}. A Constant Phase Element (CPE) was utilized for the double layer 
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(Qdl) to account for the surface heterogeneity and it is expressed by equation (4.19) as: 

[ ] 1n

CPE )Q(jZ
−

= ω         (4.19) 

( ω ) represents frequency, (j) equals to 1− , and (n) is (CPE) exponent. The electrical 

parameters of concern are calculated after the perfect fitting is achieved with the 

experimental data and their values are shown in Table 4.4.  

Table 4.4. Electrochemical Impedance Spectroscopy (EIS) component values in chloride 

free bicarbonate solutions at 20, 40, and 60 
o
C 

 Charge transfer (Rct) decreased with higher temperatures, confirming with the 

polarization results where the corrosion rate increased accordingly. In addition, it was 

proportional with the bicarbonate content in conditions where the effectiveness of passive 

films seemed to be linearly proportional with the bicarbonate content. Interestingly, and 

confirming with anticipated capacitive nature, (Qdl) exhibited an opposite trend with the 

greater bicarbonate content at all temperatures and the capacitive character was less also 

as revealed from the trend of (ndl). Resistance across the passive films (Rf) decreased to 

about an order of magnitude at higher temperatures and it followed the trend of the that of 

(Rct) with the bicarbonate content indicating clearly the better passivation as indicated  in 

[Liu, 1995] with the bicarbonate content at the free open circuit potentials. To support 

that concept, the decreasing (Rf) trends with lower bicarbonate contents and with higher 

temperatures were accompanied by a greater diffusion parameter (Yw) indicating the 

greater mobility of the active corrosion species through the increasing transfer channels 
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Figure 4.7. Experimental and calculated bode representations of impedance 

for selected chloride free bicarbonate test solutions. 

in the passive films [Li, 2007]. It should be noted that a three time constant-based 

equivalent circuit was attempted to fir our results where the absorption and/or insertion 

phenomena [Hamadou, 2005] occurring at an auxiliary deposit layer could induce an 

effect on the impedance performance. However, no satisfactory agreement was achieved 

suggesting that such a model is more applicable to higher temperatures, or in conditions 

where carbonic acid drives the corrosion reactions; i.e. at low pH levels. The perfect 

applicability of the proposed equivalent circuit is exclusively presented for 20 
o
C 

conditions where the electrochemical interactions at this low temperature show the 

distinct changes with bicarbonate as shown in Figure 4.7.       

 

 

 

 

 

 

 

   

4.6. Electrochemical Impedance Spectroscopy (EIS) 

measurements in chloride containing bicarbonate solutions 

 
Nyquist representations in 3wt% chloride containing bicarbonate solutions at 20, 40, and  

60 
o
C are shown in Figures 4.8a, b, and c respectively.    Introduction of chloride changed 

noticeably associated processes of adsorption and/or passive film formation.  
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Figure 4.8. Nyquist impedance representation in chloride containing bicarbonate test 

solutions at a) 20 
o
C, b) 40 

o
C, and c) 60 

o
C. 
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 At 20 
o
C, although of the still relatively large impedance semi-circles produced, it 

seemed that the possibility for effective diffusible passive films to form was quite limited. 

In all bicarbonate solutions at this low temperature, the chloride-influenced interactions 

resulted in two fairly overlapped depressed semicircles at medium-to-high and low 

frequency regions respectively. In a proportional manner, and similarly to the chloride 

free conditions, the profiles were larger with the bicarbonate content and the significance 

of the new electrochemical influence was more apparent accordingly. In these conditions, 

it is reasonable to refer that to the adsorption of bicarbonate species getting involved in 

the cathodic regime or more possibly to the relaxation of the intermediate species in the 

dissolution mechanisms in more concentrated bicarbonate conditions [Wu, 2004]. As 

shown in Figure 4.9a, this is confirmed by the appearance of single phase peaks of 

intensities proportional to the bicarbonate content at 10 Hz reflecting the adsorption 

significance but not necessarily in a multi-time constant based equivalent circuit. 

The equivalent circuit proposed at 20 
o
C is shown in Figure 4.10a, comprising the (CPE) 

at the double layer and at a special adsorption field of bicarbonate driving the charge 

transfer reactions on fairly active steel surfaces. 

 It is of the configuration of {R(Q(R(QR)))} and it achieved a very good fit with 

the experimental data. At 40 
o
C, at which the corrosion behaviour in our bicarbonate 

conditions could be electrochemically transferable as previously found in other harsher 

corrosion CO2 systems [Lin, 2006].  As shown in Figure 4.8b, the presence of chloride 

made bicarbonate influence the electrochemical interactions differently depending 

exclusively on its content. In 0.1 M condition, the influence of chloride was significant in 

facilitating inductive adsorption fields as already found in [Moiseeva, 2005]. 
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Figure 4.9. Bode impedance representation plots in 0.1, 0.5, and 0.8 M chloride 

containing bicarbonate solutions at a) 20 
o
C, b) 40 

o
C, & c) 60 

o
C 

c 

b 

a 
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 The proposed equivalent circuit for this special system is shown in Figure 10b and 

it is of the configuration of {R(Q(R(RL)))}. The new elements (L) and (RL) represent 

adsorption resistance and adsorption inductance respectively and the model achieved a 

perfect fitting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 However, in an increased bicarbonate content of 0.5 M, the behavior changed to 

be similar to that at 20 
o
C and finally the competitive passive film formation process 

resulted in the two-time constant impedance response in 0.8 M condition. The behavior 

achieved the expected applicability to the circuit proposed for chloride free conditions in 

Figure 4.6. As shown in Figure 4.9b, the bode phase peaks were broader with the 

bicarbonate content, and they showed a shift to appear at a frequency ranging from 60 to 

Figure. 4.10. Equivalent circuits proposed for the electrochemical impedance response 

at a) 20 
o
C and at 40 

o
C in 0.5 M chloride containing bicarbonate test solutions and b) 

at 40 
o
C in 0.1 M chloride containing bicarbonate test solution. 



63 

80 Hz. At 60 
o
C, the mechanisms seemed to be irrespective from the bicarbonate content 

and they all showed the significance of diffusion-influenced processes. Following the 

model proposed in figure 7, the passive films seemed to show, and in a proportional 

manner with the bicarbonate content at this high temperature, a greater tendency to be 

more effective or at least to exhibit the diffusion character more apparently. As shown in 

Tables 4.5, 6, and 7, charge transfer (Rct) resistances were noticeably lower than those in 

chloride free conditions, and they decreased with higher temperature and oppositely 

behaved with higher bicarbonate content but reflecting also the decaying effect of 

chloride with greater bicarbonate content. (Qdl) seemed to be more capacitive in the 

chloride containing conditions at it showed an opposite trend of that of (Rct)
 
and 

interestingly, the associated (Rf) and (Ra) along with the CPE’s followed the same trends 

across either the adsorption fields and passive films. 

Table 4.5. Electrochemical Impedance Spectroscopy (EIS) component values in chloride 

containing bicarbonate solutions at 20
o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 

Figure 4.11. Experimental and calculated bode representations of impedance for 

selected chloride containing bicarbonate test solutions. 

Table 4.6. Electrochemical Impedance Spectroscopy (EIS) component values in chloride 

containing bicarbonate solutions at 40
o
C 

 

Table 4.7. Electrochemical Impedance Spectroscopy (EIS) component values in chloride 

containing bicarbonate solutions at 60
o
C 

 

 The confirmative fitting between the proposed models and some selected experimental 

data are shown in Figure 4.11.  
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Chapter 5:  Results and discussion of the electrochemical 

investigations in deoxygenated low oil containing 

bicarbonate solutions   

 

5.1. Test solutions 

 The electrochemical tests were performed in test solutions simulating the carbon 

dioxide corrosion conditions in transportation pipelines containing high water cuts and 

decreasing oil amounts. In addition, bicarbonate was considered to be the predominant 

species resulting from carbon dioxide dissolution in alkaline media [19]. Therefore, the 

deoxygenated solutions were synthesized to contain 0, 10, 20, and 30 vol% oil mixed 

with double distilled deionized water electrolytes containing 0.05, 0.1, 0.5, and 1 M 

bicarbonate and 30 ppm of chloride. The present amount of chloride is one of the typical 

levels in pipeline oil emulsions after being desalted in oil processing facilities [20].    

Analytical grade Fisher procured reagent of sodium bicarbonate (NaHCO3) was utilized 

for synthesizing the test electrolytes. Dioctyl sulfosuccinate sodium (C20H37NaO7S) salt, 

an anionic surfactant, was added with 0.2 wt% to maintain the homogeneity of 

bicarbonate oil emulsions. Selected physical and chemical properties of the emulsified oil 

are shown in Table 5.1. According to the classification criteria for crude oils in [21], our 

oil is a medium-weight type containing a complex mixture of hydrocarbons with carbon 

numbers ranging from C9 to C25. The test temperatures were set to be 30 and 70 
o
C.  

Selected physical and chemical properties of the considered hydrocarbon in the 

deoxygenated bicarbonate and CO2 saturated solutions are shown below in Table 5.1.   
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Table 5.1. Selected chemical and physical properties of the hydrocarbon considered 
 

Property Details 

Appearance  Pale Yellow 

Carbon number C3-C12 

Initial Boiling Point (°C) 25 

Boiling Range (°C) 25 - 170 

Flash point (°C) >10 

Lower / upper Flammability (V) 1 - 6 % 

Auto-ignition temperature  (°C) > 250  

Vapor pressure (kPa)  < 38 at 20 °C 

Density (g/cm
3
) 0.63 at 15 °C 

 

 

5.2. Open Circuit Potential (OCP) measurements at 30 
o
C 

 

 OCP variations with time were monitored in oil free bicarbonate solutions of 0.05, 

0.1, 0.5, and 1 M concentration and then they were monitored also in 10, 20, and 30 vol% 

oil containing conditions. The influence of bicarbonate content on the mixed potentials 

was apparent as shown in Figure 5.1a and 1b for oil free and 10 vol% oil containing 

conditions.  

 OCP profiles were in a band of variation between -0.818 to -0.855 VSCE, and it 

was evident that OCP decreased with greater bicarbonate content in the oil free 

conditions. The reason for this behaviour can be related, as discussed in the polarization 

tests part, to the accelerated anodic reactions. The anodic reaction is proposed to involve 

bicarbonate and hydroxyl species to form iron carbonate (FeCO3) in mildly alkaline 

solutions of pH levels around 8 as represented by equation (1) [Moiseeva, 2003] and 

[Neshati, 2007] as:  

-

23

--

3 2e  OH  FeCO  OH  HCO  Fe ++→++           (5.1) 
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Figure 5.1. Open Circuit Potential (OCP) variations in oil free bicarbonate solutions at 

30 
o
C in a)oil free and b)10vol% oil containing conditions 
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 Bicarbonate is involved also in the cathodic reactions [Paolinelli, 2008] and 

[Veawab, 2002]. This is represented by equation (2) or equation (3) as:  

2

-2

3

--

3 1/2H  CO e  HCO +→+        (5.2) 

ads

-2

3

--

3 H  CO e  HCO +→+           (5.3) 

 The standard half cell potentials are calculated utilizing Gibbs free energies of 

chemical species listed in [Dean, 2000]. Additionally, the theoretical equilibrium half cell 

potential limits of anodic and cathodic reactions are calculated taking into account 

temperature, pH, and bicarbonate concentration using Nernst equation [Ahmed, 2006].  

OCP values were well bounded by the theoretical limits as revealed in Table 5.2.  

 In low bicarbonate containing solutions of 0.05 and 0.1 M solutions, the mixed 

potentials seemed to be more influenced by the cathodic reduction of bicarbonate. 

However, with higher bicarbonate amounts of 0.5 and 1 M, OCP decreased as the 

influence of the accelerated anodic reactions became greater.  

This suggests that the accelerated anodic reactions dominate the mixed potentials, 

especially in conditions where bicarbonate content is high. In addition, this supports the 

idea that bicarbonate could be involved in the basic dissolution mechanism of steel at 

different extents depending on its concentration and pH level. 

 OCP values in oil containing solutions were all nobler than those in oil free ones 

and the significance of oil was quite pronounced in low bicarbonate containing solutions 

of 0.05 and 0.1 M. OCP data and calculations at 30 
o
C are shown exclusively for the oil 

containing conditions of 20 vol% in Table 5.2 where similar trends were exhibited in the 

other oil conditions.  
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Table 5.2. Open Circuit Potentials (OCP) and the calculated half cell equilibrium 

potentials at 30 and 70 
o
C at selected oil conditions 

 

 As shown in Figure 5.2, the effect of oil in changing the active state of steel 

surfaces in 0.5 M bicarbonate solutions started to diminish and in 1 M conditions, the 

OCP values were stable irrespectively from the oil content. Bicarbonate and oil act 

synergistically on the steel surfaces, and as the former played an electrochemical role, the 

latter got adsorbed at different extents depending on bicarbonate concentration. From the 

physical observations where the conditions of effective miscibility are facilitated, oil was 

less miscible in highly concentrated bicarbonate solutions. The nobler OCP values are 

associated to the inhibited anodic reactions where the stable organic films were partially 

or fully covering steel surfaces. The greater the amount of oil, greater surface areas were 

more effectively covered as already indicated in [Cook, 1951], and consequently the OCP 

showed quite noticeable variations in the low bicarbonate containing solutions. In 

additions, as discussed in the polarization tests part, the current densities showed a 

noticeable retardation at the anodic branches and the corrosion potentials became nobler.  
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Figure 5.2. Open Circuit Potential (OCP) variations with oil content and with respect 

to the bicarbonate content at 30 
o
C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3. Open Circuit Potential (OCP) measurements at 70 
o
C 

 

 OCP variations were also monitored at the high temperature 70 
o
C in the same 

bicarbonate and oil conditions established at 30 
o
C. OCP profiles in all oil free 

bicarbonate solutions were more negative than those at 30 
o
C, and showing the same 

trend with the bicarbonate content. The potential variation band between the maximum 

and minimum OCP was about 40 mV which was comparable to that at 30 
o
C. The 

theoretical anodic and cathodic reaction potentials were calculated taking into account the 

high temperature, bicarbonate concentration and the calculated pH level. A corrected 

Nernst equation from Maxwell equation in thermodynamics was considered [Brett, 1993]  
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as: 

S
T

∆G O

∆−=
∂

∂
     (5.4) 

 O∆G and S∆  are the standard Gibbs free energy and the entropy changes 

respectively. Assuming a small confined variation of temperature, the entropy change is 

assumed to be constant; S∆ = C. The equilibrium potential is therefore expressed as: 

298)-T(
nF

∆S
EE oo

T +=      (5.5) 

 Entropy variations with temperature were taken from [Dean, 2000] for the 

different species. pH levels were calculated at the high temperature, 70 
o
C considering 

the dissociation constant of water, Kw = 21.2×10
-14

 [Dean, 2000], and the equilibrium 

constant, Kb = 4.55× 10
-7

 [Dean, 2000], for bicarbonate protonation according to the 

equation: 

-

322

-

3 OH  COH OH HCO +→+         (5.6) 

 The effects of the few amounts of chloride added with 30 ppm as well as that of 

oil were assumed to be negligible in pH calculations. OCP values were well bounded by 

the theoretical anodic and cathodic limits, but differently from the case of 30 
o
C, the 

mixed potentials in all bicarbonate conditions in oil free conditions were apparently 

closer to those of the cathodic reactions as shown in Table 5.2.  

OCP profiles exhibited similar trends, as found at 30 
o
C, with the bicarbonate content in 0, 

10, 20 and 30 vol% oil containing solutions.  From the physical observations, oil films 

were showed a relative stability on the steel surfaces, but differently from the conditions 

at 30 
o
C, OCP decreased upon the addition of oil in a proportional fashion with the oil 

content as shown in Figure 5.3. This suggests that the inhibition mechanism of oil is 
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Figure 5.3. Open Circuit Potential (OCP) variations with oil content and with respect 

to the bicarbonate content at 70 
o
C. 

 

temperature dependent. That is; oil inhibits the cathodic reactions at elevated 

temperatures but its role can be predominately anodic at low temperatures.  

Interestingly, significance of oil addition at 70 
o
C was apparent in all bicarbonate 

solutions, while at 30 
o
C, only at low bicarbonate containing solutions, OCP showed a 

change. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4. Potentiodynamic polarization measurements at 30 
o
C 

 

 Potentiodynamic polarization test profiles at 30 
o
C in bicarbonate oil free, 10, 20, 

and 30 vol% solutions are shown in Figure 5.4 a, b, c, and d respectively. The effect of 

bicarbonate content of 0.05, 0.1, 0.5, and 1 M as well as that of bicarbonate free 

conditions were studied in the three oil conditions. In oil free conditions, which are 
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presented in Figure 5.4 a, it is evident that both anodic and cathodic reactions were 

accelerated in a proportional fashion with the bicarbonate content. The kinetic parameters, 

corrosion current density  (icorr), and anodic and cathodic Tafel slopes (βa), (βc) are 

calculated from Butler-Erdey-Volmer (BEV) equation utilized for the purely kinetic 

controlled polarization as [Ahmed, 2006]: 



















−








=

c

s

a

s
corr

β

2.3η-
exp 

β

2.3η
exp i  i       (5.7) 

 The parameters are iteratively calculated with the best fit with the experimental 

data. The corrosion rate increased with bicarbonate content and confirming with the OCP 

test results, the corrosion potential (Ecorr) decreased accordingly suggesting the prevalent 

anodic role of bicarbonate in increasing the corrosion rate as already found with the static 

electrode measurements performed in [Parkins, 1997]. The corrosion rate in bicarbonate 

free-oil free condition was almost one order of magnitude less than that in the least 

bicarbonate content of 0.05 M condition. The potentiodynamic profiles in the active 

anodic dissolution region exhibited two anodic slopes corresponding to different stages of 

pre-passivation. The two stages from kinetic perspective were well discernable in greater 

bicarbonate containing conditions of 0.5 and 1 M. The anodic dissolution rates were 

retarded at a transition point of about -880 mVSCE. This change in the kinetic 

performance is related to the onset of a passive barrier formation involving hydroxyl 

(OH
-
) species in these mildly alkaline oil free test solutions [Talbot, 1998]. 

Despite of the defective nature of the hydrous iron hydroxide film studied by EIS means 

in [Zhang, 2009 (B)], it was evident that it can reduce the anodic dissolution rates.  
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Figure 5.4: Potentiodynamic polarization profiles at 30 
o
C in bicarbonate solutions of 

0, 0.05, 0.1, 0.5, and 1 M in a) oil free, b) 10, c) 20, and d) 30 vol% oil containing 

conditions. 
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 A considerable formation of a hydrous passive film [Castro, 1991] in a short 

range of potential, as illustrated in the Pourbiax diagram of Fe-H-C-O system generated 

in [Hirnyi, 2001], could be described with the following mechanism: 

-

ads

- FeOH  OH  Fe ↔+                                                       (5.8) 

-

ads

-

ads e  FeOH FeOH +→                                                  (5.9) 

-

adsads e FeOH  FeOH +→ +                                                  (5.10) 

[ ]22

-

ads Fe(OH) Hydrous Fe(OH)  OH  FeOH →→++        (5.11) 

 The early incorporation of iron carbonate (FeCO3) with the deposit iron hydroxide 

layer by sufficient bicarbonate contents of 0.5 and 1 M made the anodic current densities 

to accelerate after a temporary retardation at about -817 mVSCE. The formation of iron 

carbonate at this new transition point makes iron hydroxide to be a distinct inner layer at 

this oxidation stage as studied by the voltammetric techniques in [Castro, 1986]. In our 

case, the current densities showed a continuous acceleration with the higher 

overpotentials which could be explained by the partial removal of iron hydroxide film 

described by equation (11) as [Niu, 2007]:  

OH  Fe  OH  CO   HCO Fe(OH) 2

2--2

3

-

32 +++→+ +               (5.12) 

 In conditions of low bicarbonate contents of 0.05 and 0.1 M as well as in 

bicarbonate free condition, the anodic dissolution did not show a second distinct 

transition point at the same potential of -817 mVSCE.  

 With the elevated anodic overpotentials, a distinct anodic peak appeared at -700 

mVSCE in all bicarbonate containing conditions but with different intensities increasing 

proportionally with the bicarbonate content. Depending on pH and -2

3

-

3 CO/ HCO  
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concentration, the formation of iron carbonate layer as a preliminary adherent compound 

is facilitated before the formation of iron oxides. Iron carbonate is formed via iron 

complexes such as +
3FeHCO  which exist in the simultaneous equilibrium as [Himyi, 

2001]:  

-

3

-

3 e 2  FeHCO    HCO Fe +→+ +     (5.13) 

-

3

2

3 HCO  Fe  FeHCO +↔ ++             (5.14) 

 Alternatively, −
3FeHCO  could be involved in FeCO3 formation according to the 

proposed mechanism: 

 FeHCO  HCO Fe 3

-

3

−↔+                            (5.15) 

 e  FeHCO  FeHCO -

3

-

3 +→                         (5.16) 

 e OH  FeCO OH  FeHCO -

23

-

3 ++→+     (5.17) 

 Complex passive films comprised from a mixture of iron oxides such as (Fe3O4) 

and (Fe2O3) are then formed via iron complexes in the presence of (OH
-
) species [Alves, 

2002 (B)]. It was proposed in [Lu, 2006] that iron carbonate can contribute to the 

formation of iron oxides according to the equations: 

  2e OH  3HCO  OFe OH5  3FeCO -

2

-

343

-

3 +++→+     (5.18) 

 2e OH  2HCO  OFe OH4  3FeCO -

2

-

332

-

3 +++→+      (5.19) 

 When effective passivation states were established, the transpassivation occurred 

at lower potentials in less bicarbonate containing solutions. Additionally, passivation 

current density (ipass) in 0.05 and 0.1 M solutions was about two times less than that in 0.5 

and 1 M solutions. There was no clear evidence for effective passivation to occur in 

bicarbonate free-oil free condition.  
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 The addition of oil resulted in changes in both active and passive states at 

different extents depending on the oil content. Polarization profiles in bicarbonate 10 

vol% oil containing solutions are shown in Figure 5.4b. (icorr) in all bicarbonate solutions 

was less than that in oil free conditions. The effect of oil was very pronounced in low 

bicarbonate containing solutions of 0.05 and 0.1 M and in bicarbonate free solution 

where it was almost three times less than that in oil free conditions. Additionally, (Ecorr) 

values were nobler than those in oil free conditions indicating the inhibitive influence of 

oil on the anodic reactions [Mendez, 2001]. The adsorbed oil on the polarized steel 

surfaces altered the passivation states where the solubility of the species involved in 

passive film formations is changed in the emulsified aqueous layers adjacent to the steel 

surfaces [Castillo, 2000]. Comparing the passivation potential (Epass) values in 10 vol% 

conditions with those in oil free ones, the adsorbed oil layers seemed to delay the 

formation of effective passive films where (Epass) was higher in these conditions. 

Additionally, the passivation in 0.05 and 0.1 M solutions was noticeably disturbed and a 

short passivation range resulted, for example, in 0.1 M condition followed by an 

extensive dissolution. In 0.5 M solution, the transpassivation potential (Etranpass), was 

about 500 mV lower than that in oil free condition although the onset of passivation was 

almost identical. The passivation state in 1 M condition did not exhibit a significant 

change upon the addition of oil. The passive current density (ipass) in all bicarbonate 

conditions was greatly less than that in oil free conditions, indicating that effective 

hydrocarbons were involved noticeably in the passivation state. The greater amount of oil 

of 20 vol% caused further changes. The corrosion current density (icorr) was further 

reduced accompanied by nobler corrosion potential (Ecorr). The anodic dissolution was 
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proportional with the bicarbonate content but the onsets of passivation were variant, 

differently from the cases of oil free and 10 vol% conditions as shown in Figure 5.4c. The 

increased amount of oil in these conditions enhanced the passive film structures and 

(Etranpass) values were higher than those in 10 vol% condition. Anodic and cathodic 

current densities in 30 vol% oil containing conditions followed the same trends found 

previously. The greater oil contents had a better chance to cover greater areas of the 

polarized steel surfaces leading to accordingly to further reduced corrosion current 

densities. In addition, confirming with the OCP test results, (Ecorr) was nobler where the 

anodic current densities decreased further. Interestingly, in 30 vol% oil containing 

conditions, passivation disturbance was quite diminished where the anodic peaks 

occurred at close passivation potentials (Epass) and the passivation in all bicarbonate 

containing conditions was enhanced as shown in Figure 5.4d.  (ipass) was noticeably 

reduced indicating that by increasing the oil content, oil could get involved in forming 

more effective passive films. Tafel anodic slopes (βa) were in general low in low 

bicarbonate containing solutions but in conditions where they showed an increase with 

greater bicarbonate contents in certain conditions, better passivation could be facilitated 

as discussed in [Glass, 1986]. The summary of kinetic data obtained in all selected 

bicarbonate and oil conditions at 30 
o
C is shown in Table 5.3.  

 The passivation characteristics are studied further to elucidate the synergistic 

contributions of both bicarbonate and oil during passive film formation. The consequent 

electrochemical influence is studied from the charge transfer density perspective where 

ambiguities associated with the variations in the passivation and transpassivation 

potentials as well as passive current densities are resolved. 
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Figure 5.5. Charge transfer during passivation at 30 
o
C for 0.05, 0.1, 0.5, and 1 M 

bicarbonate solutions as a function of oil content. 

 The current density measured from the onset of passivation till the 

transpassivation is numerically integrated with the time elapsed during the passivation 

process to calculate the charge density in Columb/cm
2
. 

Table 5.3. Selected Potentiodynamic polarization results at 30 and 70 
o
C 

 

 The significance of oil during passivation, as previously found with the anodic 

dissolution, is more pronounced with small bicarbonate amounts. In 0.05 M solutions, the 

addition of oil disturbed the passivation process where oil had the best chance for direct 

adsorption even during passive film formations.  
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 Therefore, as shown in Figure 5.5, the charge transfer increased noticeably by the 

addition of 10 vol% oil and then decreased gradually with the increased amounts of oil of 

20 and 30 vol%.  

 This can be explained by the impeded growth of passive films in the partially 

covered surface areas by oil resulting in greater charge transfer but it decreased with 

greater amounts of oil where it became incorporated in the passive film structure. In the 

more discernible short passivation ranges in 20 and 30 vol% conditions, the passive film 

structures were possibly improved as illustrated in the schematic proposed in Figure 5.6a.   

Although the passivation in 0.1 and 0.5 M conditions is not as greatly disturbed as in 0.05 

M conditions, the reduced adsorption effect of oil with greater bicarbonate contents 

resulted in reduced charge density release with greater oil contents. In these conditions, 

the charge density decreased steadily while the greater amounts of oil got adsorbed on the 

passive films or getting involved in passive film layering as explained in Figure 5.6b. Oil 

seemed not to alter significantly the passivation states in 1 M conditions where the role of 

bicarbonate was more prevalent than that of oil.  

 The cathodic characteristics were evaluated in the same environments established 

in the anodic polarization test part to evaluate the cathodic capabilities of bicarbonate 

represented by equations (2) and (3). The cathodic polarization sweeps were performed 

from -2 VSCE to the corrosion potential. It was clearly evident from the cathodic 

polarization profiles presented that cathodic reduction rates of bicarbonate were directly 

proportional to the bicarbonate content. In oil free conditions as shown in Figure 5.7a, 

cathodic current densities in the mass transfer region were noticeably separated within an 

overpotential range of about 800 mV.  
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Figure 5.6.  Passive films structures formation in oil free(a), 10(b), 20(c), and 30(d) 

vol% oil containing solutions at 30 
o
C in a) 0.05 and b) 0.1, 0.5, 1 M bicarbonate 

solutions. 
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 The current densities in the mixed mass transfer/charge transfer region were 

closer and the charge transfer influence became more prevalent at lower overpotentials. 

In this context, limiting current densities (iL), which are shown in Table 5.2, in oil free 

conditions were three orders of magnitude greater than (icorr) in all bicarbonate conditions. 

The corrosion behaviour, considering the proportional increase of both corrosion and 

limiting current densities, is under both charge and mass transfer control. Tafel cathodic 

(βc) slopes, which are shown in Table 5.3, were in general lower with increased 

bicarbonate content indicating the sensitivity of charge transfer cathodic reactions 

towards bicarbonate content.   

 The adsorption of oil induced changes in the cathodic responses as shown in 

Figure 5.7b representing 10 vol% oil containing bicarbonate conditions. Cathodic 

reaction rates exhibited the same trend found in oil free conditions where the cathodic 

current densities were proportional with the bicarbonate content. Nevertheless, due to the 

reduced solubility of bicarbonate diffusing through the emulsified interface, the limiting 

current densities were less than those in oil free conditions. The addition of oil improved 

the cathodic shoulders in low bicarbonate containing emulsions of 0.05 and 0.1 M where 

the cathodic reactions became more mass transfer influenced. These behaviours reflected 

the greater adsorption efficiency of oil with less bicarbonate contents where the surface 

tensions between oil and water with steel are altered noticeably with respect to the 

concentrations of carbon carrying species in carbon dioxide saturated environments 

[Danielson, 2006].  The effect of oil in reducing the mass flux of bicarbonate species 

during high cathodic overpotnetials in 0.5 and 1 M solutions was less.  
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Figure 5.7. Cathodic polarization profiles at 30 

o
C in bicarbonate solutions of 

0.05, 0.1, 0.5, and 1 M in a) oil free, and b) 10 vol% oil containing conditions. 
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 Due to the greater agglomerative hydrogen evolution in these two conditions, the 

adsorbed oil layer was disturbed showing considerable fluctuations in the mass transfer 

region. The cathodic currents were slightly reduced with greater oil contents of 20 and 30 

vol% and they showed similar behaviours in the cathodic reduction stages. Tafel cathodic 

slopes (βc) in oil containing solutions were generally higher with increased oil contents 

especially with low bicarbonate containing solutions showing the effectiveness of oil in 

reducing the charge transfer reactions. Due to the reduced solubility of ferrous ions (Fe
2+

) 

in the adsorbed oil layers as already reported in [Tian, 2008], the physical significance of 

possibly formed passive films in affecting the cathodic charge transfer was not taken into 

account.  

5.5. Potentiodynamic polarization measurements at 70 
o
C 

 

 The corrosion performance is investigated at a higher temperature, 70 
o
C in the 

same corrosion environments established.  The potentiodynamic profiles in bicarbonate 

oil free, 10, 20, and 30 vol% oil containing solutions are shown in Figure 5.8 a, b, c, and 

d respectively. The polarization features were similar to those exhibited at 30 
o
C, but with 

considerable changes in the active dissolution and passivation regions. In oil free 

conditions, as shown in Figure 5.8a, (icorr) was almost two times greater with the higher 

temperature.  

 Additionally, the corrosion potentials (Ecorr) in low bicarbonate containing 

solutions of 0.05 and 0.1 M was higher than those at 30 
o
C, while they were relatively 

comparable in 0.5 and 1 M solutions. That reflects the sensitivity of corrosion reactions to 

the cathodic reduction of bicarbonate if it exists with low concentrations in high 

temperature media.  
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Figure 5.8. Potentiodynamic polarization profiles at 70 
o
C in bicarbonate solutions of 

0, 0.05, 0.1, 0.5, and 1 M in a) oil free, b) 10, c) 20, and d) 30 vol% oil containing 

conditions. 
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 Corrosion potentials (Ecorr) decreased accordingly with greater bicarbonate 

contents as a result of the dominant influence of the accelerated anodic reactions in 

increasing the corrosion current density confirming the experimental findings in [Mu, 

2010]. The anodic dissolution seemed to proceed proportionally with the bicarbonate 

content but with similar mechanisms where the multi slopes exhibited at 30 
o
C were not 

apparently discernable in 70 
o
C polarization profiles. In the active region, steel 

dissolution resulted in ferrous ions adsorbed at the interface according to the basic 

equation: 

-2

ads e 2 Fe    Fe +→ +             (5.20) 

 The dissolution mechanism could involve hydroxyl and bicarbonate as illustrated 

in the mechanisms in section 3.2.1. Iron bicarbonate formation is further facilitated with 

the higher temperature as visualized on the steel surfaces covered with white silver-like 

products at the end of polarization tests.  

 Similarly to the conditions at 30 
o
C, anodic peaks appeared at almost identical 

potentials of about -720 VSCE decreasing slightly with the bicarbonate content. Although 

that the onset of passivation was almost independent from temperature in oil free 

conditions but the stability of the passive films formed deteriorated with the higher 

temperature. Transpassivation potential (Etranspass) markedly varied and it appeared to be 

proportional to the bicarbonate content. Additionally, (ipass) was significantly high in high 

bicarbonate containing solutions. As found in other experimental work in [Li, 2007], the 

donor densities of the passive films comprising Fe2O3/FeO increased with temperature 

where the tendency for of the oxidation reaction Fe
2+

/Fe
3+

 become greater leading to 

reduced protectiveness. In bicarbonate free- oil free condition, an indication of stable 
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passivation appeared in a short range with no distinct peak and with a passive current 

density very close to that in 0.05 M condition.  

 The addition of oil decreased the corrosion rates effectively at this high 

temperature in all bicarbonate solutions. Corrosion potentials (Ecorr) with the addition of 

10 vol% oil were less than those at 30 
o
C indicating the accelerated temperature-

influenced anodic current densities. Confirming with the OCP test results, the corrosion 

potentials were all less than those in oil free conditions indicating the inhibitive effect of 

oil active compounds on the cathodic reactions [Schmitt, 1998]. The onset of passivation 

in oil containing solutions occurred at a lower potential of about -800 mVSCE and the 

range of passivation in low bicarbonate containing solutions of 0.05 and 0.1 M was 

identifiable and was not as greatly disturbed as in 30 
o
C as shown in Figure 5.8b. 

Although the passive current densities were still high, the adsorbed oil could facilitate the 

formation of adherent passive films at this high temperature. With greater bicarbonate 

content, 0.5 M, the passivation range extended and the passive current density in 1 M 

solution was slightly less than that in oil free condition. The corrosion rates in 20 and 30 

vol% oil containing condition were further reduced and the corrosion potentials 

decreased with greater oil contents. The passivation range in 0.05 and 0.1 M solutions 

increased and the passivation state in 0.5 and 1 M solutions enhanced where the passive 

current densities decreased in comparison with the lower oil containing condition of 10 

vol% as shown in Figure 5.8c and 5.8d.  The potentiodynamic data related to the anodic 

dissolution and the passivation characteristics are shown selectively in Table 5.3. 

Charge transfer density at this high temperature was greater and the effect of oil was 

different in terms of stability and protectiveness of passive films. In 1 M bicarbonate 
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solutions, the increased amounts of oil decreased the charge density release, as shown in 

Figure 5.9, as a result of an effective absorption on the passive films or by the direct 

involvement in their formations in a mechanism similar to that proposed in Figure 5.5b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 As previously illustrated, the passivation ranges extended and the passive current 

densities decreased with greater oil contents in 1 M solutions. In 0.5 and 0.1 M solutions, 

oil had a better chance for relatively stable adsorption on the steel surfaces where the 

effective contribution of oil in enhancing the passive film structures, not from the 

potential range perspective only, but in decreasing the current density was delayed. The 

charge density started to decrease when the oil amount was 20 vol% in 0.5 M conditions, 

and when the oil amount was 30 vol% in 0.1 M conditions. Charge density showed a 

Figure 5.9. Charge transfer during passivation at 70 
o
C for 0.05, 0.1, 0.5, and 1 M 

bicarbonate solutions as a function of oil content. 
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steady increase with greater oil contents in 0.05 M conditions with no indication for 

effective passivation of better protectiveness although of the increased passivation range. 

Cathodic polarization measurement features in the high temperature conditions were 

similar to those at 30 
o
C, but the rates of reduction of bicarbonate and water were 

accelerated as shown in Figure 5.10a representing the oil free conditions. The greater 

diffusion coefficients (D) and the reduced viscosity of the bicarbonate solutions at 70 
o
C 

increased the cathodic current densities as previously found in [Nesic, 1996].  

The greater limiting current densities (iL) in the mass transfer controlled regions suffered 

from excessive fluctuations for relatively broad overpotential ranges where the measured 

current densities interfered with the hydrogen gas evolutions. The mass transfer processes 

of bicarbonate in the deoxygenated oil free conditions can be further characterized in a 

separate future work utilizing the viscosity and hydrodynamic data at different 

temperatures. The charge transfer controlled reactions were accelerated when the 

temperature is increased leading to shorter potential range for mixed mass transefer-

controlled and charge-transfer controlled regions.  The addition of oil decreased 

considerably the cathodic current densities at the different stages where effective oil 

adsorption occurred at this high temperature as shown in Figure 5.10b representing the 10 

vol% containing solutions. The limiting current densities decreased but they were still 

higher than those at 30 
o
C. The effect of oil in inhibiting the cathodic reactions decreased 

when the temperature was higher and the mixed transfer control region was shorter. The 

intensity of current fluctuations was appreciably limited with the addition of oil.  
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a 

Figure 5.10. Cathodic polarization profiles at 70 
o
C in bicarbonate solutions of 

0.05, 0.1, 0.5, and 1 M in a) oil free, and b) 10 vol% oil containing conditions. 

b 
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 It seemed that hydrogen evolution occurred in a fashion with no significant 

disturbance with the adsorbed oil as already indicated in the low temperature high 

bicarbonate containing solutions. This could be attributed to the limited adsorption of oil 

on the polarized steel surfaces especially at higher temperatures with greater bicarbonate 

contents.  The increased amounts of oil of 20 and 30 vol% induced similar changes on the 

cathodic polarizations and they are not shown here. Selected cathodic polarization data 

are presented in table 5.3.  

 

5.6. Electrochemical Impedance Spectroscopy (EIS) at 30 
o
C 

 

 The electrochemical interactions at the electrode/electrolyte interfaces were 

further investigated from the impedance characteristics exhibited at different conditions 

of bicarbonate and oil. Charge transfer resistance (Rct), double layer capacitance (Cdl), 

mass transfer resistance (Warburg impedance W) and solution resistance (Rs) were 

identified. These elements contribute to the complex impedance behaviour in equivalent 

circuits proposed for simulating the mechanisms and electrochemical kinetics [Cottis, 

1999].  Nyquist plots for oil free conditions containing 0.05, 0.1, 0.5, and 1 M 

bicarbonate are shown in Figure 5.11a at which the imaginary part of impedance is 

displayed as a function of the real part of it at open circuit conditions after 8000-second 

immersion. Typical Nyquist representations were produced with considerable changes in 

shapes and sizes as found with the low bicarbonate containing solutions of 0.05 and 0.1 

M. As expected, and in agreement with the polarization test results, a relatively large 

partial capacitive loop was produced in 0.05 M reflecting the greatest polarization 

resistance. 
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Figure 5.11. Electrochemical Impedance Spectroscopy at 30 
o
C in oil free bicarbonate 

solutions of 0.05, 0.1, 0.5, and 1 M represented in a) Nyquist and b) bode diagrams. 
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 Although of the presence of relatively straight line at an identifiable shoulder at 

about 0.25 Hz, the first impression for the presence of diffusion-influenced process in 

0.05 M was excluded for reasons explained in the following context. Nyquist plot shape 

changed in 0.1 M condition where the first capacitive loop was more identified followed 

by an extension starting from the same frequency of about 0.25 Hz. The polarization 

resistance seemed to decrease with the bicarbonate content where the size of the partial 

semi circles decreased accordingly similarly to the results found in [Louafi, 2010]. In 0.5 

and 1 M conditions, the second capacitive loops seemed to get overlapped with the high 

frequency loop at about 0.25 Hz. The significance of overlapping in these two cases, 

where plentiful amounts of bicarbonate were available, is strongly associated with 

adsorption of bicarbonate as they drive the corrosion reactions [Ma, 1998] and [Wu, 

2004]. Alternatively, overlapping could be associated with the relaxation of adsorbed 

carbon carrying intermediates in the corrosion reactions. The relaxation of these adsorbed 

species which might include [ -

3FeHCO ]ads, [ +
3FeHCO ]ads, and [ -FeOH ]ads induced a 

change in the electrochemical systems resulting in identifiable peaks in the bode phase 

impedance representations as shown in Figure 5.11b. Therefore, the adsorption effect can 

be thought to be more discernible with the increased bicarbonate content where the extent 

of overlapping between low and high frequency portions increased accordingly. In 0.1 M 

condition, the second portion does not indicate diffusion-controlled process where the 

amount of bicarbonate was low and the slope of the linear portion was as small as 0.26. 

Additionally, (n) values, the Constant Phase Element (CPE) exponent,  for 0.05 and 0.1 

M conditions, were closer to represent a second capacitive element rather than a Warburg 

diffusion element. Impedance modules Z  decreased with greater bicarbonate content 
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Figure 5.12. Equivalent circuit proposed for the electrochemical impedance response 

at 30 
o
C in oil free bicarbonate solutions of 0.05, 0.1, 0.5, and 1 M. 

along with the frequency range and their rate of change in the low frequency region were 

less in the high bicarbonate containing solutions. The proposed equivalent circuit for the 

oil free conditions at 30 
o
C is shown in Figure 5.12 showing the elements representing the 

condition at the double layer and explaining the adsorption effect. It should be noted that 

two-time constant based circuit {R(QR)(QR)} was attempted to simulate the 

experimental data as already proposed in [Alves, 2002], but that did not achieve a very 

good fit. Additionally Warburg resistance was included in another proposed 

circuit{R(QR)(Q(RW))} as proposed in [Li, 2008] but no satisfactory agreement was 

obtained especially at low frequencies.  

  

 

 

 

 

 

 

 

 The proposed equivalent circuit for our case was finally of the configuration 

{R(Q(R(QR)))}. A Constant Phase Element (CPE) was considered for the double layer 

(Qdl) to account for the surface heterogeneity at which the capacitive semicircles are 

depressed [Jüttner, 1990]. (CPE) element is expressed by equation below [Chen, 1999] 

as: [ ] 1n

CPE )Q(jZ
−

= ω              (5.21) 
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Table 5.4. Impedance parameters obtained from the corrosion conditions in oil free 

bicarbonate solutions at 30 and 70 
o
C  

( ω ) represents frequency, (j) equals to 1− , and (n) is (CPE) exponent. The electric 

elements and their values are shown in Table 5.4 for the oil free conditions at 30 and 70 

o
C where the corrosion mechanisms were independent from temperature. 

 Charge transfer resistance (Rct) as well as that for solution (Rs) decreased with the 

bicarbonate content confirming with the polarization test results and a capacitive 

behaviour was exhibited at the adsorption field. 

 The addition of oil induced noticeable changes in 0.05 and 0.1 corrosion 

conditions where the influence of oil is significant with low bicarbonate contents. 

Nyquist plots are shown in Figure 5.13a for 10 vol% oil conditions and they seemed 

considerably larger than those in oil free conditions where the charge transfer resistance 

increases as already indicated by EIS means studying corrosion inhibition by crude oil 

compounds in [Hernandez, 2001].  

 

 

 

 

 

 

 

 Although Nyquist features in 0.05 M condition seemed to be similar to that of oil 

free suggesting a similar corrosion mechanism, however, the presence of oil probably 

established a multi-time constant based impedance behaviour. As evident from the bode 
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Figure 5.13. Electrochemical Impedance Spectroscopy at 30 
o
C in 10 vol% oil 

containing bicarbonate solutions of 0.05, 0.1, 0.5, and 1 M represented in a) Nyquist 

and b) bode diagrams. 

diagram for 0.05 M in Figure 5.13b, the bode phase representation seemed to have two 

peaks at about 0.5 and 45 Hz respectively but not sufficiently separated. 
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Figure 5.14. Equivalent circuits proposed for the electrochemical impedance response 

at 30 
o
C in 10, 20, and 30 vol% oil containing bicarbonate solutions of a) 0.05 and b) 

0.1 M. 

 

 Therefore, the electrochemical performance could be affected by the presence of a 

new interface at which bicarbonate adsorption occurred in the oil phase or by the 

presence of oil enriched film. Two-time constant based equivalent circuits {R(CR)(QR)} 

and {R(QR)(QR)} were first attempted but no satisfactory agreement was achieved and 

the same also resulted for Warburg element containing circuits as already suggested for 

similar corrosion conditions [Sridharan, 2009]. The presence of a high-frequency small 

peak at about 800 Hz in the bode phase plot led to attempt a third-time constant based 

equivalent circuit where the adsorption of oil in addition to the presence of the passive 

film are considered. The equivalent circuit, which is shown in Figure 5.14a of the 

configuration {R(QR)(QR)(QR)} was attempted and a perfect fit between the simulation 

and experimental data was then achieved. Similar Nyquist and bode responses were 

obtained for 20 and 30 vol % oil conditions and the corresponding impedance parameters 

are shown in Table 5.5.   
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Table 5.5. Impedance parameters obtained from the corrosion conditions in 10, 20, 

and 30 % oil 0.05 M bicarbonate solutions at 30 and 70 
o
C 

 

 

 

 

 

 

 

 

 In these conditions, charge transfer (Rct) was greater than that in oil free condition. 

The adsorbed oil layers exhibited a capacitive nature where (noil) values were greater than 

0.9. The effect of oil in changing the electrochemical characteristics of 0.05 M conditions 

was quite similar to that caused by imidazoline inhibitor in carbon dioxide corrosion 

environments [Lo´pez, 2005]. 

  Interestingly, the corrosion mechanism changed in 0.1 M bicarbonate solutions to 

exhibit an evidence for diffusion-controlled processes. The capacitive loop was followed 

by a straight line in the low frequency region at about 1.5 Hz and the bode phase peak 

was relatively broad with slight fluctuations. The proposed equivalent circuit for 0.1 M 

conditions involved Warburg impedance (W) in a second-time constant equivalent circuit. 

The equivalent circuit of the configuration {R(QR)(Q(RW))}, which is shown in Figure 

5.14b showed a perfect fit between the simulation and experimental data. In addition, that 

impedance behaviour was quite similar to 20 and 30 vol% oil containing 0.1 M 

bicarbonate solutions. In these conditions, oil had a better chance to develop oil-enriched 

passive films from which diffusion influence became apparent similarly to the conditions 
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studied in [Hong, 2000]. The electrochemical parameters are shown in Table 5.6 and the 

corrosion mechanism was irrespective from the high temperature 70 
o
C.   

Table 5.6. Impedance parameters obtained from the corrosion conditions in 10, 20, and 

30 % oil 0.1 M bicarbonate solutions at 30 and 70 
o
C 

 Charge transfer (Rct) and solution resistance (Rs) in these conditions were higher 

than those of oil free and the passive film resistance (Rp) was also high. As previously 

found with the polarization investigations, the chance for oil of different contents in 0.5 

and 1 M bicarbonate solutions for effective direct adsorption or for involvement in the 

passive film formations was limited. Therefore, from the Nyquist representations as well 

as from the slight changes in the bode diagrams; it seemed that oil did not induce a 

significant change in the corrosion mechanisms in the high bicarbonate oil containing 

solutions. The role of bicarbonate adsorption and/or relaxation of intermediate species 

were prevalent over that of oil. Therefore, the mechanisms were proposed to be quite 

similar to those in oil free conditions and the equivalent circuit shown in figure 13 

achieved a very good agreement with the experimental data. The equivalent circuit 

parameters are shown in Table 5.7 for 0.5 and 1 M conditions at 30 and 70 
o
C.  As 

expected, charge transfer (Rct) in oil containing solutions showed slight changes in both 
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Figure 5.15: Experimental and calculated bode 

representations for selected conditions 

0.5 and 1 M solutions but (Rads) showed considerable decreases indicating the disrupted 

bicarbonate adsorption layers.   

Table 5.7. Impedance parameters obtained from the corrosion conditions in 10, 20, and 

30 % oil 0.5 and 1 M bicarbonate solutions at 30 and 70 
o
C  
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5.7. Electrochemical Impedance Spectroscopy (EIS) at 70 
o
C 

 

 Nyquist impedance representations at 70 
o
C in oil free conditions are shown in 

Figure 5.16a for 0.05, 0.1, 0.5, and 1 M bicarbonate solutions. The mechanism of 

electrochemical interactions seemed not to be greatly affected by the higher temperature 

70 
o
C but rather by bicarbonate contents [Lo´pez, 2003].  

 In addition, Nyquist plots were considerably smaller than those at 30 
o
C, 

reflecting the decreased polarization resistance as well as that associated with the other 

interfaces that might exist at this high temperature. Because of the relative Nyquist 

similarity exhibited for all bicarbonate conditions at both temperatures, adsorption of 

bicarbonate and/or relaxation of the intermediate species mentioned in section 3.3.1 can 

be still believed to influence the corrosion mechanisms. The overlapping between the two 

capacitive loops in 0.5 and 1 M solutions were quite identifiable but occurring at higher 

frequency, 1 Hz. The changes in Nyquist profiles for 0.1 and 0.05 M conditions occurred 

at almost the same frequency.  

Impedance modules Z  decreased with the increased bicarbonate content along with the 

frequency ranges as shown in the bode representations in Figure 5.16b. The same 

behaviour was exhibited in terms of rate of change of Z  in the low frequency range with 

the bicarbonate contents at 30 
o
C and the phase bode peaks in 0.05 and 0.1 M conditions 

appeared at higher frequencies. The previously proposed equivalent circuit in figure 13 

for the oil free conditions at 30 
o
C showed a very good fit with the experimental data and 

the calculated electrochemical parameters were produced with small relative errors.  
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 Figure 5.16. Electrochemical Impedance Spectroscopy at 70 
o
C in oil free 

bicarbonate solutions of 0.05, 0.1, 0.5, and 1 M represented in a) Nyquist 

and b) bode diagrams. 
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 Charge transfer (Rct) resistance decreased markedly with the higher temperature 

and the resistance across the adsorption field decreased also within almost pure 

capacitances as shown in Table 5.6.  

 Oil changed the electrochemical interactions in a fashion similar to that at 30 
o
C 

where effect of oil miscibility and adsorption at the higher temperature in different 

bicarbonate solutions changed. As shown in Figure 5.17a for 10 vol% oil containing 

conditions, Nyquist plots are smaller compared to those produced at 30 
o
C but their 

shapes showed appreciable similarity. Impedance response in 0.05 M condition seemed 

to be two-time constant based of the configuration of {R(QR)(QR)} which is shown in 

Figure 5.18. Differently from the case at 30 
o
C, two fairly discernible two peaks in the 

bode profile appeared as shown in Figure 5.17b with no evidence for another high-

frequency third peak.  

 Although of the possibility for effective oil adsorption in this condition was still 

high, but the attempted equivalent circuit of the configuration of {R(QR)(QR)(QR)} did 

achieve a very good fit. As shown in table 8, charge transfer resistance (Rct) decreased 

about 7 times and the double layer constant phase elements were more capacitive. 

Interestingly, the passive film resistance was high where the compactness was enhanced 

or the oil role was to support the passive film structure rather than to get adsorbed on 

them. Impedance responses in 20 and 30 vol% oil conditions were similar to that shown 

in 10 vol% oil  and their profiles are not shown but the corresponding values with the 

Chi-square values are listed.  

 The impedance response in 0.1 M condition, as that at 30 
o
C, was also diffusion 

controlled where the straight line appeared at relatively higher frequency of about 1.5 Hz. 
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Figure 5.17. Electrochemical Impedance Spectroscopy at 70 
o
C in oil free bicarbonate 

solutions of 0.05, 0.1, 0.5, and 1 M represented in a) Nyquist and b) bode diagrams. 
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Figure 5.18: Equivalent circuit proposed for the electrochemical impedance response 

at 70 
o
C in 10, 20, and 30 vol% oil containing bicarbonate solutions of 0.05 M. 

 

 

 

 

 

 

 

 

 The equivalent of the configuration {R(QR)(Q(RW))} achieved a satisfactory 

agreement with the experimental data. It should be noted also that electrochemical 

characteristics in 0.1 M conditions were almost similar with the different oil contents and 

their charge transfer resistances were lower than those at 30 
o
C as shown in Table 5.6.  

As already indicated from the polarization test results, the oil-enriched passive films were 

deteriorated as the tendency for (Fe
2+

/Fe
3+

) reactions is greater resulting in lower 

resistance (Rp) across the passive films as already indicated in simulated bicarbonate 

solutions [Liang, 2009].  The electrochemical conditions in 0.5 and 1 M solutions, as they 

were unaffected by the oil contents at 30 
o
C, they seemed to show the same response with 

higher temperatures. In these conditions, the adsorption of bicarbonate or the other 

associated adsorption processes of intermediate species at this high temperature were 

more dominant over the adsorption of oil where its miscibility decreases with greater 

bicarbonate content. The proposed mechanism in the equivalent circuit shown in Figure 

5.12 achieved a very good agreement with the experimental data and the calculated 
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Figure 5.19. Experimental and calculated bode representations of impedance response 

for selected bicarbonate and oil containing conditions at 70 
o
C. 

parameters are shown in Table 5.6. As expected, charge transfer resistance showed a 

considerable decrease, and the resistance across the adsorption field changed slightly.    

The simulation data are shown with the experimental results for selected bicarbonate and 

oil conditions at 70 
o
C in Figure 5.19 exhibiting the very good fit with the proposed 

equivalent circuits.   
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Chapter 6:  Results and discussion of the electrochemical 

investigations in low chloride containing  

CO2-saturated media containing low oil 

amounts    

 
6.1. Test solutions 
  

  The electrochemical tests were performed in test solutions simulating the carbon 

dioxide corrosion conditions in transportation pipelines containing high water cuts with 

three amounts of a hydrocarbons added with 10, 20, and 30 vol% in unbuffered 1 bar CO2 

saturated emulsions. Selected physical and chemical properties of the emulsified 

hydrocarbon are shown in Table 6.1.  

Table 6.1. Selected chemical and physical properties of the hydrocarbon considered 

 

 

 According to the classification criteria of crude oil based on the carbon number as 

well as on the density stated in [Lyons, 2005], the hydrocarbon considered is a typical 

medium-weight crude oil. The deoxygenated solutions were synthesized from double 

distilled deionized water electrolytes, chloride free and 2000-ppm chloride containing. 

The present amount of chloride is within a range of typical values in pipeline oil flows 
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after being desalted in oil processing facilities [Manning, 1995 ]. The test temperatures 

were selected to be 20, 50, and 80 
o
C within ±  1 

o
C.  

6.2 Open Circuit Potential (OCP) measurements in oil free 

conditions 

 
 OCP variations with time were monitored first at 20, 50, and 80 

o
C in chloride 

free and in 2000 ppm chloride containing oil free solutions.  OCP profiles for the six 

conditions established are shown in Figure 6.1a where OCP decreased with the higher 

temperature.  

Although that the OCP in chloride free conditions was higher than that in chloride 

containing conditions at each corresponding temperature, the band of variations between 

the maximum and minimum OCP values in both conditions was similar of about 30 mV. 

The resulting decrease in OCP with the addition of chloride suggests that the anodic 

responses became more prevalent during the mixed potential conditions. The anodic 

reaction (1) representing the direct dissolution of ferrite to ferrous ions (Fe
2+

) was 

considered for the theoretical anodic limit as: 

-2 2e Fe   Fe +→ +      (6.1) 

 Additionally from the mechanisms suggested for the carbon dioxide corrosion 

reactions, carbonic acid (H2CO3) is in equilibrium with the dissolved carbon dioxide gas, 

and it can get involved in the anodic dissolution in conditions where pH ≤  5 as 

represented in equation (2) [Moiseeva, 2003] as: 

-

332 e 2 H 2FeCO  COH Fe ++→+ +      (6.2)  
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Figure 6.1. Open Circuit Potential (OCP) variations in a) oil free and b) 30 

vol% containing oil conditions. 

The cathodic reactions are driven by both hydrogen cations and carbonic acid which are 

also in equilibrium expressed from the solubility data [Baraneko, 1990] in aqueous 

solutions continuously purged with carbon dioxide as represented in equation (3) as: 
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-

3322222 HCOHCOH  OHCO  OHCO +↔↔−↔+ +      (6.3)  

 It was suggested in a fundamental work [Schmitt, 1983] that carbonic acid acts as 

a source of hydrogen cations leading to the conventional cathodic reaction (4) as:  

2

 - H e 22H →++      (6.4)   

 In addition, the direct reduction of carbonic acid as proposed by de Waard and 

Milliams [De Waard, 1975] participate in the electrochemical hydrogen evolution on the 

steel surface where carbonic acid acts as a catalyst as proposed in equation (6.5), (6.6), 

and (6.7) as: 

-

3ads

-

32 HCO  H  e  COH +→+     (6.5) 

32

-

3 COH  H  HCO →+ +              (6.6) 

And  

2ads H 2H →                                (6.7) 

 Alternatively the cathodic reduction of carbonic acid could also be represented in 

equation (8) as:  

2

-

3

-

32 H 1/2  HCO  e COH +→+       (6.8) 

  The standard half cell potentials were calculated based on Gibbs free energies of 

formation of the individual species of concern as listed in [Dean, 2000]. The theoretical 

anodic and cathodic limits represent by the half cell reactions, by which the measured 

OCP profiles are confined within, were calculated as functions of temperature and pH of 

1 atm CO2 saturated solutions utilizing Nernst equation [Ahmed, 2006]. For the high 

temperatures 50 and 80 
o
C, the corrected Nernst equation was considered from Maxwell 

relation (9) in thermodynamics [Brett, 1993] as: 
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 S
T

∆G O

∆−=
∂

∂
     (6.9) 

 Where O∆G  is the standard Gibbs free energy and S∆  is the entropy change. 

Assuming a relatively constant difference in entropy within the temperature range of 

concern, the equilibrium potential is expressed in equation (10) and the entropy variations 

with temperature were taken from [Dean, 2005]: 

298)-T(
nF

∆S
EE oo

T +=      (6.10) 

 pH levels at the high temperatures 50 and 80 
o
C were calculated for oil free and 

oil containing chloride free solutions based on the temperature-dependant solubility of 

carbon dioxide purged at 1 bar. The volume fractions of the dissolved carbon dioxide 

were taken from the improved Beattie volume explicit equation of state for carbon 

dioxide considering the compressibility and fugacity at different temperatures. 

 Additionally, the first (ka1) and second dissociation (ka2) constants for the weak 

carbonic acid as well as that dissociation constant (Kw) of water at 50 and 80 
o
C were 

obtained from [21] to calculate pH at the corresponding temperatures.   

 pH levels at 50 and 80 
o
C in 2000 ppm chloride containing solutions were 

obtained from the model proposed in [Li, 2007]. That model achieved a quite satisfactory 

agreement with the other experimental work [Crolet, 1983] performed for H2O-CO2-

NaCl solutions with the maximum deviations of 0.2pH <∆ .  

 OCP levels were well bounded by the proposed theoretical limits as shown in 

Table 6.2 where they were along with the equilibrium potentials showing a decrease with 

the higher temperature.  
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Table 6.2. Open Circuit Potentials (OCP) and the calculated half cell equilibrium 

potentials for oil free conditions 

 

 Additionally, OCP values seemed to be more influenced by the cathodic 

reactions and the influence of the cathodic reduction of carbonic acid with the higher 

temperatures seemed to be more pronounced as already indicated from the 

electrochemical models proposed in [Anderko, 1999]. OCP values in chloride containing 

solutions were lower than those in chloride free conditions and they were closer to the 

anodic potentials. As confirmed with the polarization test results, the accelerated anodic 

reactions upon the addition of chloride could lower the free mixed potentials and where 

the chances for effective passive film formations were excluded [Agrawal, 2004].              

6.3. Open Circuit Potential (OCP) measurements in oil containing 

conditions 

 
 Three proportions of oil of 10, 20, and 30 vol%, were added to the aqueous 

systems considered with the same salinity and temperature conditions.  OCP values 

exhibited the same trend where they decreased with the higher temperatures and by the 

chloride additions. The bands of variation between the maximum and minimum OCP 

values were broader than those in oil free conditions where they were 44 and 40 mV for 

chloride free and chloride containing conditions respectively as shown in Figure 6.1b for 

30 vol% oil containing solutions. Similar OCP trends, within the theoretical limits were 

exhibited with the higher temperature and by the increased oil content as shown in Figure 

6.2.    
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Figure 6.2. Open Circuit Potential (OCP) variations with temperature and oil content in 

chloride free and chloride containing conditions. 

 

 OCP was higher by the addition of oil, and it showed a dependence on oil content 

in elevating OCP values in both chloride free and chloride containing solutions. 

Confirming with the polarization test results discussed in section 3.2.2, it was evident that 

the anodic reactions were inhibited by the stable organic films in a proportional manner 

with the oil content independently from temperature. The consequent nobler free 

potentials reflects the unchanged anodic inhibition capability of oil at low pH-CO2 

purged media, and differently from the results found in [Eliyan, 2011], the cathodic 

reactions could be inhibited upon the temperature variations but in mildly alkaline media.  

The significance of oil amount in changing OCP in chloride free solutions was less 

pronounced as the temperature increased, but the effect of oil in chloride containing 
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solutions was persistent within the full range of temperature, and that is subject for future 

investigations.  

 

6.4. Potentiodynamic polarization measurements in oil free 

conditions 
 

 

 The potentiodynamic polarization test profiles in chloride free and chloride 

containing oil free test solutions at 20, 50, and 80 
o
C are presented in Figure 6.3a.  

Apparently, the reaction rates of the anodic dissolution as well as the cathodic reactions 

showed an increase with temperature. In addition to the expected acceleration of the 

corresponding temperature dependent electrochemical reactions, the transport of species 

involved in the corrosion processes become the dominant step in the dissolution chain 

[Gray, 1990].  Corrosion current density (icorr) increased with temperature and that was 

associated with more negative corrosion potentials (Ecorr) suggesting the prevalence of 

anodic reactions during polarization as already established in [Kirmani, 2006].  The 

addition of chloride increased noticeably the electrochemical sensitivity of both anodic 

and cathodic reactions. The corrosion rates were higher than those in chloride free 

solutions with more negative potentials as shown in Table 6.3.  

 Table 6.3. Potentiodynamic polarization results in oil free conditions 
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Figure 6.3. Potentiodynamic polarization at 20, 50, and 80 
o
C in chloride free and 

chloride containing oil free conditions; a) comprehensive, and b) cathodic profiles 
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 The kinetic parameters, corrosion current density (icorr), and anodic and cathodic 

Tafel slopes (βa), (βc) are calculated from Butler-Erdey-Volmer (BEV) equation utilized 

for the purely kinetic controlled polarization as [Stansbury, 2000]: 
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 The parameters are iteratively calculated with the best fit with the experimental 

data. The decreasing trend of both anodic and cathodic slopes with temperature in 

chloride free and chloride containing solutions confirmed the accelerated charge transfer 

reactions.   

 Although at the high temperature, 80 
o
C, the already high corrosion rate doubled 

upon the addition of chloride, it increased about eight times at low temperature 20 
o
C. 

From the visual observation at the end of the relatively short-ranged polarization for both 

chloride free and chloride containing conditions, a white/silver passive films were intact 

on the steel surfaces similarly to those appeared in [Mao, 1994] incorporating iron 

carbonate (FeCO3). Chloride effect on the accelerated corrosion rates can be greatly 

attributed to the stability of that iron carbonate film and/or to the greater conductivity of 

the aqueous media where the effective passive film formation was not favored [Sun, 

2003]. As proposed from the Mott-Schottky plots generated for the passive films formed 

at different temperatures, the autocatalytic formation of cation/oxygen vacancy pairs in 

the presence of chloride lead to greater donor density in a proportional manner with the 

higher temperature. That behaviour across the passive films can be proposed to cause a 

considerable instability of the passive films and/or greater pitting susceptibility within a 

field where considerable local pH gradients are established [Li, 2007].   
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 The anodic reactions in the active polarization region are represented by the direct 

dissolution of ferrite colonies as described in equation (1) where the dissolution occurred 

continuously with no evidence for multistep slopes as reported in many studies [Yin, 

2009] and [Zhang, 2005]. Conventionally, (FeCO3) in CO2-saturated water precipitates 

on the steel surface where (Fe
2+

) combines with ( -

3HCO ) in the low pH media as 

described in equation (6.12): 

++ +→+ H   FeCO  HCOFe 3

-

3

2              (6.12) 

 Bicarbonate species, not carbonate ones exist more predominantly in pH ranges 

greater than 3.8 [Nazari, 2010] and according to CO2 dissolution mechanism described in 

equation (3), bicarbonate exist in sufficient local concentrations to precipitate as 

described in equation (11), or even in an electrochemical manner as described in equation 

(6.13) [Zhang, 2011] as: 

-

3

-

3

2 e   H   FeCO  HCOFe ++→++              (6.13) 

 (FeCO3) precipitation, which is also temperature sensitive, can be the major 

constituent in a stable passive film growing electrochemically with an equilibrium 

potential of about -650 mVSCE as found in [Zhang, 2009 (A)] at pH 3.8.  

 The characteristics of the cathodic polarization were also investigated in separate 

scheme considering polarization sweeps from -2 VSCE to the corrosion potential as shown 

in Figure 6.3b. The total cathodic reaction rates were quite dependent on temperature in 

both chloride free and chloride containing conditions. In the mass transfer limited region 

in the chloride free conditions, the limiting current density (iL) shown in Table 6.3 was 

within a range of variation of about an order of magnitude between the maximum and 

minimum temperatures. In these conditions, the direct reduction of (H2CO3) became 
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more dominant with the higher temperature over that of (H
+
) [Nesic, 1996], and the 

decreased viscosity and the consequent greater diffusion of the reducible species 

accelerated the hydrogen evolution. At the high temperatures 50 and 80 
o
C at low 

overpotentials, the cathodic reactions might involve a temperature-insensitive chemical 

step, probably hydration of carbon dioxide, leading to quite comparable current densities. 

The current densities at different temperatures were closer in the mixed charge transfer-

mass transfer controlled regions, and the onset for the cathodic reactions to be more mass 

transfer controlled was apparent at the higher temperatures where the cathodic shoulders 

modified.  In chloride containing conditions, the cathodic reactions seemed to follow a 

different mechanism where the changed kinetics at the interface accompanied by low pH 

gradients made the reduction of (H
+
) as well as that of  (H2CO3) greatly accelerated. The 

limiting current density reaching cathodic reactions were intercepted by the cathodic 

reduction of water as: 

2

--

2 H   2OH  e 2  O2H +→+        (6.14) 

 Irrespectively from temperature, the onset of charge transfer controlled reduction 

of water was apparent at about -1 VSCE and where the accelerated reactions became 

dominated by the reduction of water as already indicated in [Zhang, 2007] and [Louafi, 

2010].  

6.5. Potentiodynamic polarization measurements in oil containing 

conditions 
 

 The polarization profiles in 10 vol% oil containing solutions at the same 

conditions established for oil free conditions are shown in Figure 6.4a.  The polarization 

behaviour showed a considerable change upon the addition of oil from many perspectives.  
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Figure 6.4. Potentiodynamic polarization at 20, 50, and 80 
o
C in chloride free and 

chloride containing 10 % oil containing conditions; a) comprehensive, and b) cathodic 

profiles. 

 The anodic polarization in the active region seemed to undergo two well 

discernible steps indicating an electrochemical dependence of oil adsorption on the 

applied potential especially at the low temperature of 20 
o
C.  
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 This behavior encountered was very similar to other polarization studies 

performed in [Zhang, 2001] and [Ortega-Sotelo, 2010], where the inhibitor stability was 

related to the applied potential before the desorption occurs at a characteristic potential 

(Edes). As expected, the anodic branch seemed to be more sensitive to oil addition, and in 

that perspective, the possibility for a multistep anodic dissolution to occur was excluded 

where the active region in the oil free conditions did not show abrupt changes. In 

conditions where oil miscibility was high; i.e. at low temperatures, the polarization 

responses showed a considerable noise where the electrochemical interactions at the 

emulsified oil layer at the steel surfaces were sensitive to oil adsorption.  

Corrosion rates were less upon the addition of oil in a proportional manner with the oil 

content as shown in Table 6.4 independently from the absence or presence of chloride.  

Table 6.4. Potentiodynamic polarization results in oil containing conditions 

 

 The decrease of corrosion rates in both conditions were expressed with inhibition 

efficiency where the performance of oil added with different amounts is compared with 

the situation in oil free conditions as: 
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i

 i - i 
  η oil=          (6.15) 

 (η) is the inhibition efficiency expressed in (%), (i) and (ioil) represent the 

corrosion current density in oil free and oil containing conditions respectively. The 

inhibition efficiency range was wide in the chloride free conditions and it was as high as 

90 % at 20 
o
C and as low as 10 % at 80 

o
C where the corrosion inhibition was strongly 

related to temperature-dependent oil miscibility. Although the inhibition efficiency in 

chloride containing solutions showed the same trend with temperature, it was noticeably 

lower and the range of variation was narrower. Oil adsorption had an appreciable effect 

on the cathodic reactions as depicted from the trend of (βc) in comparison with that of oil 

free conditions.  The effect of oil was, however, more predominant on the anodic 

reactions where (Ecorr) was nobler upon the addition of oil and where the active anodic 

region showed the electrochemical differences. Oil desorption in chloride free solutions 

occurred at higher (Edes) in a range between 30 to 40 mV above (Ecorr) at 20 
o
C but it 

occurred earlier in a range between 10 to 22 mV above (Ecorr) at higher temperature. In 

chloride containing solutions where smaller surface areas were covered by oil as 

indicated in [Gutzeit, 2000], oil desorption occurred at quite lower (Edes) in a range not 

exceeding 13 mV irrespectively from temperature.   

 The cathodic polarization reactions were noticeably inhibited in a proportional 

manner with the oil amount. Oil seemed not to induce a significant electrochemical 

change on the cathodic reactions where the mechanisms in chloride free and chloride 

containing solutions were similar to those in oil free conditions as shown in Figure 6.4b. 

As shown in Table 6.4, the suppressed (iL) values were more sensitive to the introduction 

of oil at low temperatures. Oil adsorption/desorption seemed not be electrochemically 
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influenced in the cathodic branch of our case, but rather, the geometric blocking could be 

attributable to the noticeable inhibited current densities especially at the mixed charge 

transfer- mass transfer controlled regions.   

6.6. Adsorption isotherms and associated thermodynamics 
 

 Oil adsorption and the associated active interactions are further investigated from 

thermodynamic perspectives. Langmuir isotherms, after other attempts to fit the surface 

coverage ( θ ) to different adsorption isotherms, were utilized to evaluate oil adsorption in 

relation to temperature variations in chloride free and chloride containing solutions. In 

our case, oil adsorption, occurring in chemisorption fashion as going to be discussed in 

following context, was greatly possible governed by an aromatic compound sharing its 

p-electron density; it is called 1, 2, 3, 4-tetrahydronaphthalene (C10H12) and its 

chemical structure is shown in Figure 6.5.   

 

 

 

 

 

 

 

 

 

As reported in [Ayello, 2011] where the devotion was for the crude oil chemistry effect 

on the corrosion inhibition, (C10H12) adsorption decreases the corrosion rate and it alters 

Figure 6.5. Chemical structure of 1, 2, 3, 4-tetrahydronaphthalene (C10H12). 
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the interfacial tensions of the emulsified phases at the steel surface. Therefore, and 

according to Langmuir assumptions, it was assumed that there were limited interactions 

between the adsorbed aromatics with the steel surfaces and a homogenous monolayer of 

surface saturation was established [Bard, 2001]. 

Langmuir isotherm for oil adsorption is mathematically represented as [Bard, 2001]:  

C B 
θ-1

θ
=              (6.16) 

 ( θ ) is the fractional coverage of the surface, ( B ) is the energetic coefficient of 

proportionality, and (C) is bulk concentration of emulsified oil active species in (mol/L). 

The concentration of the active adsorbable specie (C10H12) is calculated from its 

molecular weight of 132.2 g/mol from which the average molecular weight of our 

complex hydrocarbon is calculated for of about 231 g/mol according to the estimates 

listed in the United States Environmental Protection Agency (EPA) database [EPA, 2010].    

 The linear relation between ( θ /(1- θ )) and concentration was very evident for 

both chloride free and chloride containing solutions, as shown in Figure 6.6a and b,  with 

linear regression coefficients (R
2
) close to unity.  

 Oil adsorption dependence on temperature was apparent where the ratio 

concerned, as it increased with the oil content, decreased with higher temperatures. In 

chloride containing solutions, the same trend was produced with respect to oil and 

temperature, but it seemed that the enhanced kinetics at the emulsified interface 

minimized the areas for stable oil coverage. ( B ) is related to the free energy of 

adsorption ( adsG∆ ), which are both shown in Table 6.5 and they are mathematically 

related as [Bard, 2001]: 
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Figure 6.6. Langmuir adsorption plots at 20, 50, and 80 
o
C in a) Chloride 

free and b) chloride containing solutions. 








 ∆
=

RT

G -
 exp B ads           (6.17) 
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 (T) is the absolute temperature in (K), and (R) is the universal gas constant equals 

to 8.314 J/K.mol.   

Table 6.5. Adsorption Parameters at 20, 50, and 80 
o
C 

 

 As expected, ( B ) decreased accordingly with the higher temperature and it was 

greater in chloride free solutions than that in chloride containing ones suggesting that the 

gradual replacement of  adsorbed water molecules by oil was impeded by chloride. 

Additionally, ( adsG∆ ) was more negative at lower temperatures and its range of variation 

with respect to temperature in chloride free and chloride containing solutions was 

relatively short. These trends indicate that the spontaneous adsorption studied is governed 

by the formation of donor-acceptor bond between the unpaired electrons and the active 

sites [Brett, 1993].  

 Langmuir adsorption isotherm can be expressed in an alternative expression 

involving enthalpy ( H∆ ) and entropy ( S∆ ) variations [Brett, 1993] as: 








 ∆∆
=

RT

S - H
 - exp C  

θ-1

θ
             (6.18)  

This relation was plotted to produce linear plots, which are not shown here, of  
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(Ln( θ /(1- θ )) as a function of temperature reciprocal (1/T) with (R
2
) close to unity. 

Adsorption enthalpy, calculated from ( slope x R -  H =∆ ), showed an expected increase 

with the greater oil content and it was greater in chloride free conditions. The positive 

values indicated that the oil adsorption was an endothermic process and it is then 

confirmed that the stability of oil layers is chemisorption-based at which the charge 

transfer can form a coordinate bonding [Dahmani, 2010].  Oil adsorption is, as already 

found with other organic inhibitors in [Saleh, 2006] and [Solmaza, 2008], associated with 

an increase in randomness associated with the gradual desorption of multiple water 

molecules counteracting the expected orderness of oil adsorption. Therefore, the 

calculated entropy of adsorption showed a positive change and it increased with 

temperature.       

6.7. Electrochemical Impedance Spectroscopy (EIS) 

measurements in oil free conditions 
 

 Nyquist plot impedance representations for chloride free and chloride containing 

conditions at 20, 50, and 80 
o
C are shown in Figure 6.7a and b.  The impedance 

performance is characterized basically at the intermediate to the high frequency ranges by 

partial depressed semicircles reflecting the pure charge transfer controlled processes at 

active surfaces.  

 The semicircle sizes decreased with the higher temperature in both chloride free 

and chloride containing conditions with no indications to significant changes in the 

electrochemical interactions. The possibility for mass transfer influenced processes to 

occur were excluded in our cases differently from the observations studied in [Castro, 

1986], instead, at low frequencies, inductive behaviors were indicated.  
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Figure 6.7. Nyquist impedance representation plots at 20, 50, and 80 

o
C in oil free a) 

chloride free and b) chloride containing solutions. 
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 At these frequency ranges, important hints were revealed on the multistep nature 

of the corrosion mechanism in CO2 saturated solutions where the role of active carbon 

carrying species became apparent when this electrochemical technique is utilized. In 

these conditions, the induction can be attributed to the adsorption of the active species 

acting on the steel surfaces and/or to the relaxation of reaction intermediates such as 

[ -

3FeHCO ]ads, [
+
3FeHCO ]ads, and [ -FeOH ] [Castro, 1986].         

 EIS investigations performed on the inductive behaviour [Farelas, 2010], 

[Moiseeva, 2005] referred [ -FeOH ]ads to be in the consecutive steps in the dissolution 

mechanism as: 

-

ads2 e  H  FeOH  OH  Fe ++↔+ +         (6.19) 

 
-

solads e  FeOH   FeOH +→ +                    (6.20) 

 

O2
2

solsol H  Fe   H  FeOH +↔+ +++            (6.21) 

 

 But in other conditions when the temperature-influenced pH level rises, the 

electrochemical contribution of (  HCO3

− ) becomes considerable [Torres-Islas, 2008] 

where the adsorption of [ +
3FeHCO ]ads, becomes important in the dissolution mechanism 

[Hirnyi, 2001] as: 

-

3

-

3 e 2  FeHCO    HCO Fe +→+ +     (6.22) 

-

3

2

3 HCO  Fe  FeHCO +↔ ++             (6.23) 

 The adsorption and/or relaxation processes resulted in single phase peaks in the 

bode representations of varying intensities with temperature as shown in Figure 6.8a and 

8b.  



131 

Impedance modules Z  decreased accordingly with the higher temperatures throughout 

the frequency range and the rate of change of Z with the low frequency was slower with  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.8. Bode impedance representation plots at 20, 50, and 80 
o
C 

in oil free a) chloride free and b) chloride containing solutions. 



132 

the higher temperatures. The significance of the associated induction-influenced 

processes at the low frequencies, resulting in small valleys in the bode phase 

representations, was more apparent at low temperatures. The introduction of chloride 

seemed not to influence the interfacial interactions but the accelerated kinetics resulted in 

smaller Nyquist semicircles; i.e. smaller charge transfer resistance and also in making the 

adsorption fields more inductive.  The experimental impedance data were fitted with an 

equivalent electrochemical circuit of the configuration {R(Q(R(RL)))} and it is shown in 

Figure 6.9.  

 

 

 

 

 

 

 

 At the double layer, (RCT) represents the charge transfer resistance and (Qdl) is the 

Constant Phase Element (CPE) to compensate for the capacitance across the 

heterogeneous surface resulting in depressed capacitive semicircles [Cottis, 1999] and it 

is mathematically expressed as: 

[ ] 1n

CPE )Q(jZ
−

= ω        (6.24) 

( ω ) represents frequency, (j) equals to 1− , and (n) is (CPE) exponent. The solution 

resistance is represented as (RS), and (RL) and (L) represent the adsorption resistance and 

adsorption inductance respectively. It should be noted that other equivalent circuits were 

Figure 6.9. Equivalent circuit proposed for the electrochemical impedance response in 

chloride free and chloride containing oil free solutions 
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Figure 6.10. Experimental and calculated bode representations of impedance for 

selected temperature and chloride oil free conditions. 

attempted of two-time constant based type, as previously proposed in [Wang, 2011] and 

[Ortega-Toledo, 2010], to account for the adsorption and/or for effective electrochemical 

influence of possibly developed passive films, but no satisfactory fitting was achieved. 

The electrical components with their values are shown in Table 6.6 for chloride free and 

chloride containing oil free conditions.  

Table 6.6. Impedance parameters in oil free conditions at 20, 50, and 80 
o
C 

 

 The introduction of chloride decreased the charge transfer resistance as well the 

associated resistance at the adsorption field and both showed an expected decrease with 

higher temperatures. The interfacial characteristics at the double layer were appreciably 

more capacitive in the chloride containing solutions and at higher temperatures. The 

confirmative fitting between the proposed electrochemical model and the experimental 

data are selectively shown in Figure 6.10.  
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6.8. Electrochemical Impedance Spectroscopy (EIS) 

measurements in oil containing conditions 
 

 Nyquist plot representations for oil containing conditions reflected similar 

interaction mechanisms but indicated a greater influence from adsorption, rather than 

diffusion-limited processes, as shown in Figure 6.11a, and 11b for 10 % oil containing 

chloride free and chloride containing solutions respectively.  The induction at low 

frequency ranges, which was more apparent than that in oil-free conditions, can now be 

attributed more to the stable oil adsorption. Nyquist semicircles were larger than those in 

oil free conditions, and confirming with the polarization test results, indicated the greater 

charge transfer resistance. In chloride containing conditions, Nyquist semicircles were 

smaller in chloride containing conditions where the active state was stronger, and 

similarly to the chloride free conditions, the dependence on temperature was very 

apparent where the dissolution mechanisms accelerated. In regard to the bode 

representations, single-peak and low-frequency-single valley, as shown in Figure 6.12a 

and 12b, appeared reflecting the greater role of oil adsorption in a fashion where a 

significant presence for a second time constant was excluded.  

 Therefore, the previously proposed electrochemical model for oil free conditions 

achieved a very good agreement with the experimental data assigning the same electrical 

components to the processes discussed in this context. In Table 6.7, the parameters and 

their values in all oil containing chloride free and chloride containing conditions showing 

the expected increase of (RCT) with the greater oil amounts.  

 The charge transfer and the associated resistance across oil films decreased with 

the higher temperature in both salinity conditions.  Impedance was more capacitive in the 
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Figure 6.11. Nyquist impedance representation plots at 20, 50, and 80 
o
C in 10 vol% 

oil containing a) chloride free and b) chloride containing solutions. 
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Figure 6.12. Bode impedance representation plots at 20, 50, and 80 
o
C in 10 vol% oil 

containing a) chloride free and b) chloride containing solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 

Figure 6.13. Experimental and calculated bode representations of impedance for 

selected temperature and chloride 10 % oil containing conditions. 

chloride containing conditions and correspondingly at higher temperatures in conditions 

where the oil miscibility was less at higher temperatures and where consequently greater 

uncovered active areas were exposed [Jiang, 2005]. The confirmative bode plots for oil 

containing conditions are shown in Figure 6.13 for selected environments.  

Table 6.7. Impedance parameters obtained from 10, 20, and 30 % oil containing 

conditions at 20, 50, and 80 
o
C 
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Chapter 7:  Results and discussion of the electrochemical 

investigations in high chloride containing CO2-saturated 

media containing 10 vol% oil amounts  

 
7.1. Test solutions 
 

 

 Corrosion tests were basically performed in unbuffered 1-bar-CO2-saturated 

brines of sodium chloride concentrations of 5, 10, 40, and 80 g, prepared to be oil free 

solutions and 10 vol% oil containing emulsions. Except only with the potentiodynamic 

polarization measurements, chloride was introduced incrementally with an amount of 5 g 

in the range from chloride free to 80 g chloride containing to oil free solutions at 20 
o
C. 

In addition, the effect of carbon carrying species resulting from CO2 dissolution was 

isolated in a separate potentiodynamic test performed in continuously N2-purged brines at 

the same temperature and basic salinity conditions. 

 To achieve the effective homogeneity between the aqueous brines and the 

introduced oil, dioctyl sulfosuccinate sodium (C20H37NaO7S) salt, an anionic surfactant, 

was added with 0.2 wt% to the oil containing test solutions. Table 6.1 shows selected 

properties of the emulsified hydrocarbon considered in our study. According to the 

classification criteria of crude oil based on the carbon number as well as on the density 

stated in [Lyons, 2005], the test hydrocarbon represents a typical medium-weight crude 

oil. Double distilled deionized water was utilized for all our test solutions and the salinity 

range was extended to include chloride up to 80 g considering extreme saline stratum 

water cuts accompanying the decreasing oil content from aging field wells [Mullin, 2008].  
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Figure 7.1. Selected Open Circuit Potential (OCP) profiles in oil free at 20 
o
C and in 

10 vol% oil containing at 90 
o
C conditions. 

Two relatively extreme temperatures were selected for our electrochemical studies; 20 

and 90 
o
C maintained within ±  1 

o
C.  

7.2. Open Circuit Potential (OCP) measurements  
 

 

 Free open circuit potential variations were first measured at 20 and 90 
o
C in oil 

free and oil containing; chloride free, 10, 40 and 80 g chloride containing continuously 

CO2 purged solutions. OCP decreased in a proportional manner with the chloride content 

in oil free and oil containing solutions and it seemed also that the nobler OCP’s resulted 

at the low temperature; 20 
o
C accordingly. It is shown in Figure 7.1 selected OCP profiles 

at 20 
o
C specifically for oil free conditions and at 90 

o
C specifically for oil containing   

conditions reflecting the significant influence of oil, in addition to that of temperature’s, 

in lowering OCP.  
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 Interestingly, the bands of variation of potentials with respect to the increased 

amount of chloride at the two “extreme” conditions were similar of as much as 

approximately 45 mV. During mixed potential conditions in these low-pH-level media 

between 4 and 5, the anodic dissolution as well as the cathodic reduction of carbon 

carrying species and hydrogen protons affected the active state depending on temperature, 

and salinity. Therefore, to consider the theoretical limits, the proposed electrochemical 

reactions governing the free conditions need to be studied.  Basically, the direct oxidation 

of steel is expressed as: 

-2 2e Fe   Fe +→ +      (7.1)  

 In addition, especially at pH levels less than or equal to 5, in 1-bar-CO2-saturated 

media, the plentiful amounts of carbonic acid (H2CO3) existing with considerable 

speciation equilibrium can have a greater role in the dissolution mechanism [Moiseeva, 

2003] as: 

-

332 e 2 H 2FeCO  COH Fe ++→+ +      (7.2) 

 Cathodic hydrogen generating reductions, which were reported in many studies as 

the governing reactions in carbon dioxide corrosion environments [Schmitt, 1983] and 

[De Waard, 1975], are driven by (H2CO3) and the associated (H
+
) protons as: 

2

 - H e 22H →++                            (7.3)   

2

-

3

-

32 H 1/2  HCO  e COH +→+     (7.4) 

 Standard half cell potentials were calculated from Gibbs free energies of 

formation of the species, which are involved in the electrochemical reactions, listed in 

[Dean, 2000]. The theoretical limits by which the monitored OCP values were confined 



141 

within were in turn calculated, depending on temperature and pH, by utilizing Nernst half 

cell potential equation [Ahmed, 2006].  

 pH levels at 20 and 90 
o
C in the basic saline conditions of concern were obtained 

from the model proposed in [Li, 2007] for selected speciation equilibriums for H2O-CO2-

NaCl systems. The model was in a good agreement with a separate experimental work 

[Crolet, 1983] performed for the same conditions at different molalities of (NaCl) with 

the maximum deviations of 0.2pH <∆ . The effect of the appreciable amounts of oil of 10 

vol% was neglected from the pH calculations. OCP values and the associated 

environmental factors in the oil free conditions with the calculated half cell potentials are 

all shown in Table 7.1.  

Table 7.1. Open Circuit Potentials (OCP) and the calculated half cell equilibrium 

potentials for oil free conditions at 20 and 90 
o
C    

 

 

 It is revealed the well containment of the measured OCP values within the 

theoretical limits taking into account the significance of the by-amount chloride on the 

modified kinetics at both anodic and cathodic regimes. It is interesting to observe that the 

cathodic sensitivity of OCP towards chloride content as well as towards temperature was 

accompanied by nobler potentials with the increased chloride content, as pH levels  
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become accordingly lower, at both temperatures, 20 and 90 
o
C, where the pH levels were 

also accordingly higher at the latter temperature.   

 All OCP data with respect to the salinity content and temperature in oil free and 

oil containing condition are presented in Figure 7.2. As discussed previously in this 

context, OCP decreased proportionally with the salinity content at 20 
o
C suggesting the 

considerable sensitivity of anodic reactions towards the small amount of chloride of 10 g 

when OCP noticeably decreased 30 mV.  

 

 

 

 

 

 

 

 

 

 

 

 

 However, the decaying response at the same temperature, as the chloride amount 

is doubled from 40 to 80 g, suggests that possibly physical factors at the interface 

affected the active behavior. At the end of the OCP measurements, considerable changes 

on the surface appeared suggesting that the mixed potential variations in the concentrated 

Figure 7.2. Open Circuit Potential (OCP) variations with respect to the salinity content 

at 20 and 90 
o
C in oil free and oil containing conditions. 

 Salinity (g/l) 
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 CO2-purged brines could be typically related to purely topographic surface factors 

where the anodic and cathodic regions could change in size or in location [Bard, 2001]. 

At 90 
o
C, the accelerated kinetics and the associated transport processes activated the 

surfaces becoming prevalently anodic as shown with the cases of chloride free and 10 g 

chloride containing solutions. This behaviour confirmed the polarization test results 

where upon accelerated dissolution reactions, the corrosion potentials decreased 

noticeably by as much as 20 to 30 mV comparatively with lower temperature conditions. 

The trend with respect to the whole chloride content range was preserved irrespectively 

from the high temperature and the justifications on the variations of OCP in 40 and 80 g 

chloride containing conditions at 20 
o
C could still be valid for this case as discussed from 

kinetic points of view in the polarization tests part.   

 Oil seemed to induce purely cathodic inhibitive effect, as the corrosion rates 

necessarily decelerate and the stable organic films reduced OCP. The significance of oil 

addition was most effective in conditions where it was most miscible in chloride free and 

low chloride containing conditions. Interestingly, it seemed also that oil caused OCP to 

decrease steadily throughout the salinity range at the low temperature 20 
o
C.  At 90 

o
C, 

oil inhibition was still cathodic but its influence was limited as was its temperature-

dependent miscibility. The steady range of the reduced OCP was also noticeable even 

with the concentrated brine of 80 g chloride. Oil in that case could play the same role but 

more significantly with the more facilitated passivation in such condition as discussed in 

the polarization test part considering also the physical changes on the steel surface that 

could be investigated by Scanning Electron Microscopy (SEM) in a separate future work.    

     



144 

7.3. Potentiodynamic polarization measurements in oil free    

conditions 
 

 Potentiodynamic polarization profiles at 20 
o
C produced from 5 to 80 g chloride 

containing oil free solutions are all shown in Figure 7.3. The basic trend reflects the 

expected anodic sensitivity towards chloride addition with the few amounts and then the 

continuously decreasing corrosion potential (Ecorr), was accompanied by lower corrosion 

rates with greater chloride amounts.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In the low cathodic overpotentials right below the corrosion potential down to -1 

VSCE, the mass-transfer limited cathodic reduction seemed to control hydrogen evolution 

reactions in these low-pH media of about 4. However, at lower overpotentials, the total 

Figure 7.3. Potentiodynamic polarization profiles at 20 
o
C produced from oil free CO2-

saturated media containing chloride added incrementally with an amount of 5 g from 5 

to 80 g. 
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cathodic reduction reactions seemed to be specifically controlled by charge transfer 

reactions at which a different specie getting reduced at lower potentials, but showing a 

considerable higher rate with the chloride content. At the anodic branch, similar trends 

were also exhibited where the anodic dissolution proceeded with appreciable dependence 

on the chloride content but before an evidence for retardation appearing at about -0.5 

VSCE.  

 Corrosion current density (icorr), and the associated kinetic parameters (βa), and 

(βc) were calculated from Butler-Erdey-Volmer (BEV) equation as [Stansbury, 2000]: 
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 The parameters of concern were iteratively calculated with the best fit within the 

charge transfer controlled reactions, and both (βa) and (βc) were within quite similar 

ranges of variation between about 40 to 80 mV/decade following the similar trends of the 

anodic and cathodic branches with respect to the chloride content.  

 As shown in Figure 7.4, for 20 
o
C, (icorr) increased with the greater chloride 

content from the chloride free up to 30 g chloride containing conditions where (Ecorr) 

decreased accordingly along the chloride content range.   

 This interesting behavior reflects the by-amount chloride changing roles with 

respect to the anodic and cathodic reactions during polarization where the corrosion rate 

reached a “peak” value. The maximum corrosion current density in this case is associated 

with the greatest sensitivity that the corroding steel surface could show towards 

accelerated anodic reactions before the retardation of cathodic reactions start to govern 

the polarization behavior with the increased chloride contents.        
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Figure 7.4. Corrosion current density (icorr) and corrosion potential (Ecorr) variations 

with respect to the salinity content at 20 
o
C in oil free CO2-saturated conditions. 

Salinity (g/l) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The behaviors of the anodic and cathodic reduction are further studied with 

selected salinity profiles but considering also the chloride free conditions and higher-pH-

N2-purged media as shown in Figure 7.5. 

 Due to the multi-contributing chemically existing species of (H
+
), (H2CO3), and 

(H2O) in the cathodic reactions, the evaluation was performed first in continuously 

purged nitrogen media at which the contribution of (H2O) is more specifically determined. 

As apparently exhibited, the progressively accelerated anodic reactions with the chloride 

content made the corrosion rates greater along with lower corrosion potentials. 

Comparatively, the corrosion rates, shown in Figure 7.6, in these conditions were lower 

than those at CO2-purged conditions with the respective chloride amounts before and 
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Figure 7.5. Potentiodynamic polarization profiles at 20 
o
C produced from 

oil free N2-saturated chloride free, 10, 40, and 80 g chloride containing 

media. 

 

Figure 7.6. Corrosion current density (icorr) and corrosion potential (Ecorr) variations 

with respect to the salinity content at 20 
o
C in oil free N2-saturated conditions. 

Salinity (g/l) 

after the inflection exhibited in Figure 7.4, taking into account the much denser, and more 

effective carbon-based passivity formed at high chloride containing CO2-purged 

conditions.  
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 In addition, the corrosion potentials were quite lower than those in CO2-purged 

conditions reflecting the important, at least from Nernst-based equilibriums, sensitivity of 

water reduction expressed in equation (7.6) towards the lower pH levels in CO2-purged 

media as already reported in [Sun, 2003] as: 

2

--

2 H   2OH  e 2  O2H +→+        (7.6) 

 From Figure 7.5, although that the sensitivity towards greater chloride content 

diminished and the cathodic shoulders of water reduction extended accordingly, 

exhibiting the enhanced kinetics, or at least in making the reduction to be more charge-

mass mixed transfer controlled. At the anodic side, it seemed that due to the absence of 

readily contributable carbon carrying species in the anodic dissolution mechanisms, the 

anodic reactions were slower than those in CO2-purged conditions.  

 In addition, the dependence on chloride content was clearer in being proportional 

on its content and where strong retardations in the anodic dissolution appeared. This 

phenomenon occurred before the second acceleration of the anodic reactions occurring at 

similar potentials at around -0.735 VSCE. Interestingly, the potential range of effective 

retardation was broader, indicating the earlier passivity, but at higher current densities 

ranging from 150 to 230 mV in 10 and 80 g chloride containing conditions respectively. 

During these potential ranges of concern, the retardations can reveal the multistep role of 

intermediate species such as (FeOH
+
) [De Waard, 1975] or alternatively the direct 

involvement of (FeOH
-
) [Zhang, 2009 (B)] and water [Davies, 1980] as:  

-

ads

- FeOH  OH  Fe ↔+                                                       (7.7) 

-

ads

-

ads e  FeOH FeOH +→                                                  (7.8) 

-

adsads e FeOH  FeOH +→ +                                                  (7.9) 
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Figure 7.7.Potentiodynamic polarization profiles at 20 
o
C produced from oil free N2 

and CO2-saturated chloride free and 10g chloride containing media. 

[ ]22

-

ads Fe(OH) Hydrous Fe(OH)  OH  FeOH →→++        (7.10) 

-

22 2e  2H  Fe(OH)  OH Fe ++→+ +                                   (7.11) 

 The distinct difference in the polarization performance in the two conditions, N2-

purged and CO2-purged are more elucidated considering the chloride free and 10 g 

chloride addition in Figure 7.7. At the anodic branches, corrosion rates were accelerated 

at lower overpotentials upon the addition of chloride, but the accelerated irretardatible 

reactions in CO2 conditions proceeded simultaneously with the total mass-transfer limited 

reduction of (H
+
) (and/or ( +OH 3 )) and (H2CO3) as [Schmitt, 1983]: 

 HCO H e  COH -

(ads) 3(ads)

-

(ads) 32 +→+                           (7.12) 

 OH H e  OH 2(ads)

-
(sol) 3 +→++                                     (7.13) 
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5 g/l 

50 g/l 
80 g/l 

10 g/l 

 However, the retarded anodic dissolution intersected the accelerated charge-

transfer reduction of water in N2-purged media. In addition, it is also evident the 

accelerated charge transfer reduction of water, comparing both chloride containing 

solutions influenced by lower pH levels, by almost an order of magnitude.   

 Selectively, at 20 and 90 
o
C, polarization profiles are shown for chloride free and 

chloride containing CO2-purged solutions in Figure 7.8a, and b. The changes in corrosion 

rate and in the associated corrosion potential are discussed previously in this context in 

regard to 20 
o
C where the low-chloride accelerated corrosion rates were finally inhibited 

with greater amounts of chloride as already reported in a similar work performed at 5 
o
C 

[Fang, 2006]. In our case, it is interesting to observe a “bow” on Evans map 

corresponding to that phenomenon where the mechanisms of cathodic reactions, or at 

least the significance of electrochemical roles of the reducible species changed.  
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Figure 7.8. Potentiodynamic polarization profiles produced from oil free CO2-

saturated chloride free, 5, 10, 40, and 80 g chloride containing media at a) 20 
o
C and 

b) 90 
o
C 

5 g/l 

80 g/l 50 g/l 

10 g/l 

 

 

 

 

 

 

 

 

 

 

 

 

 

 With the increased amounts of chloride, the tendency for more effective covering 

corrosion products seemed to be the controlling parameter in the rates of cathodic 

reactions. In other words, the decreased corrosion rates along with the decreased 

corrosion potentials are related to the inhibited cathodic evolution of hydrogen which 

were possibly occurring, but at lower rates, on the corrosion products rather than on the 

active surfaces at these ranges of potential. At the higher temperature, 90 
o
C, the 

corrosion current density followed, with the selected data points, the same trend of that of 

20 
o
C and it was substantially as greater as two orders of magnitude at lower corrosion 

potentials as shown in Figure 7.9. Although of the similar, but accelerated, trends of the 

cathodic reduction reactions at this high temperature, however, water reduction seemed to 
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Figure 7.9. Corrosion current density (icorr) and corrosion potential (Ecorr) variations 

with respect to the salinity content at 90 
o
C in oil free CO2-saturated conditions. 

Salinity (g/l) 

contribute more greatly in the controlling cathodic reduction reactions as the range of 

mass-limited reduction of (H
+
) and (H2CO3) became increasingly shorter with the greater 

chloride content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 At 20 and 90 
o
C, the anodic dissolution in 80 g chloride containing conditions, 

specifically, exhibited a clear retardation in a form of short, but relatively vertical 

overpotential, before the continuous dissolution, reflecting the great influence of chloride 

in facilitating the formation of more effective pre-passive barriers. This behaviour could 

be very compliant to Linter and Burstein’s views [Linter, 1999] on the accelerated active 

dissolution when Fe(OH)2  became more readily switchable to FeCO3 in the presence of 

the dissolved CO2 as:   

OH  FeCO CO  Fe(OH) 2322 +→+       (7.14) 
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7.4.  Potentiodynamic polarization measurements in oil  containing    

        conditions 

 
 The corrosion rates were considerably lower upon the addition of oil getting 

adsorbed on the polarized corrosion surfaces at different extents depending basically on 

its greater lower-temperature miscibility. As shown in Figure 7.10a, potentiodynamic 

profiles exhibited similar trends with respect to the increased chloride content but the 

decreased corrosion rates where also accompanied by lower corrosion potentials 

suggesting the cathodic inhibitive capability of the hydrocarbon.  

 At this low temperature, the greatest inhibition at both anodic and cathodic 

branches was achieved in the absence of chloride where oil had a better chance for 

effective and direct adsorption but causing considerable current noises. These noises in 

the current density were more significant at the low negative overpotentials, where as 

discussed in [Eliyan, 2011 (B)], were possibly related to the agglomerative hydrogen 

evolution through, the more effective or more covering, organic oil layers. The interfacial 

role of oil adsorption across the low-leveled-pH gradients in the chloride containing 

conditions seemed to influence greatly the mass-limit reduction of hydrogen protons and 

the reducible carbon carrying species at potentials above -1 VSCE.  

 In these regions right below the corrosion potential, the cathodic shoulders 

substantially expanded indicating the effective influence of adsorbed oil on the reduction 

mechanism, where charge transfer for water reduction seemed to have a better role with 

greater chloride contents. In chloride free and 5 g chloride containing conditions, the 

anodic retardations occurred earlier and at decelerated current densities reflecting the 

effect of  
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10 g/l 

5 g/l 

Figure 7.10 Potentiodynamic polarization profiles produced from oil containing CO2-

saturated chloride free, 5, 10, 40, and 80 g chloride containing media at a) 20 
o
C and 

b) 90 
o
C 

a 
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oil although of the lack of good indications of electrochemical oil adsorption as 

previously reported in [Zhang, 2001] for imidazoline-based inhibitor. 

The absence of short-ranged multi slopes in the active region, comparatively with oil free 

conditions, was accompanied by final passive film retardations occurring at extended, but 

decelerated current densities in higher chloride containing conditions. Oil seemed to 

influence the passivity formation process by stable adsorption on the active surface, 

impeding the passivity, or occurring on the fast already occurring passive films. This 

argument could be related to the substantial amounts of oil found adsorbed on the 

white/silver passive films on our corrosion specimens at the end of the relatively less-

sloped passive polarizations terminated at about -0.4 VSCE. 

Kinetically, the effect of oil on the lower corrosion rates was analyzed from the variations 

in corrosion inhibition ( η ) and differences in corrosion potential between oil free and oil 

containing conditions ( corrE∆ ) with respect to the salinity content as shown in Figure 

7.11a. The efficiency was as high as 50 to 70 % in chloride free and 5 g chloride 

containing conditions before it decreased with the greater chloride amounts of 10 and 40 

g.  

 The passive films were readily to be more effective and the oil miscibility, an 

important parameter for good adsorption, was increasingly limited in these more 

concentrated brines as visualized from the laboratory observations. Oil inhibition was 

very cathodic where corrosion potentials in all salinity conditions at this low temperature 

were less than those in oil free conditions. The greatest difference in corrosion potentials 

was in the chloride free condition of about 35 mV and then decreasing with the greater 

chloride content before it increases again in 40 and 80 g chloride containing solutions.  
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Figure 7.11. Corrosion inhibition efficiency and corrosion potential difference 

obtained between oil free and oil containing conditions at a) 20 
o
C and b) 90 

o
C. 
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 This increasing trend along with that similar of ( η ) with greater chloride 

additions of 40 g could be greatly related to the effective incorporation, not necessarily to 

the active adsorption, in the more effective passive film formations leading to better 

passivity layering. This argument could be also related to a different role acted by oil 

when strong passivation is formed where oil could also establish good inhibition on the 

passive films alternatively.   

 At the higher temperature, 90 
o
C, the corrosion rates were considerably higher and 

the influence on the mass transfer-limited cathodic reactions was greater. The cathodic 

reactions seemed to be of more mixed charge-mass transfer controlled and the role of 

water reduction was expectedly higher with considerable current density noises as shown 

in Figure 7.10b. The corrosion potentials were the least negative among the other 

temperature and oil conditions with respect to the salinity content. The inhibitive 

capabilities of oil were still cathodic irrespectively from the high temperature at all 

salinity conditions. In addition, ( corrE∆ ) followed appreciably the same trend of that at 20 

o
C, as shown in Figure 7.11b, and the proposed justifications in that context would be 

valid although of the less ( corrE∆ ) at 90 
o
C. Also, oil with less higher-temperature 

efficiency seemed to preserve the same capabilities during passivation and in a 

proportional manner with the greater salinity content where the accelerated hydrogen 

evolution accelerated the anodic dissolutions accordingly allowing oil to be a part, with a 

considerable proportion, of the passive film structures as discussed also in detail in [34].                       
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7.5. Electrochemical Impedance Spectroscopy (EIS) 

measurements in oil free conditions 
 

 Nyquist impedance representations for oil free conditions at 20 
o
C are shown in 

Figure 7.12a revealing a similarity between the appreciably depressed semicircles 

produced. In addition, at low frequency ranges, slight extensions developing to be 

considerable “overlapped” parts as the test brines were more concentrated.  

 The implied similarity suggests the relative independence of the overall 

dissolution mechanisms from the chloride content although of the noticeable changes in 

the rates of the processes involved. In this context, the tendency for greater charge 

transfer seemed to be proportionally favourable with the chloride content as the 

interactions at the free conditions are related to the localized, chloride sensitive, pH 

gradients [Ren, 2010]. Therefore, Nyquist size was the greatest in the absence of the by-

amount introduced chloride with solution resistance (Rs) as greater as an order of 

magnitude than those in chloride containing solutions. It seemed that there is good 

applicability of a single-time constant based impedance response, where a single 

identifiable peak appeared within almost the same-order of magnitude of a frequency 

range of between 25 to 100 Hz in chloride containing conditions. However, the low-

frequency extensions in chloride free and low chloride containing solutions as well as the 

appreciably merged semicircles in the concentrated one of 80 g suggests an impedance 

responses effectively modeled by an equivalent nested circuit. In that circuit, the 

associated adsorptions of intermediate species during corrosion are given specific 

resistive and phase elements but not necessarily a diffusion, non applicable to our data, 

Warburg element as already suggested for similar responses in [Zhang, 2011] and [Yin, 

2010].  
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Figure 7.12. Electrochemical Impedance Spectroscopy (EIS) results at 20 
o
C produced 

from the oil free conditions that are chloride free, 10, 40, and 80 g chloride containing 

media represented by a) Nyquist and b) bode plots. 
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Figure 7.13 Equivalent circuit proposed for the electrochemical impedance 

response in oil free conditions at 20 
o
C. 

 It was reported that adsorption of the corrosive species [Guo-xian, 2009], 

especially if they were cathodically reducible ones, and/or the relaxation of the 

intermediate species [Wu, 2004] can influence the low-frequency impedance producing 

an overlapped loop with the high frequency one.  The increased mounts of chloride 

seemed to make adsorption effect more apparent as shown from Nyquist plots as well as 

from the bode ones where the modulus IZI decreased proportionally as shown in Figure 

7.12b. Impedance inflections and transitions seemed to occur, especially in chloride 

containing conditions, across the same medium to high frequency regions with similar 

characteristics.  

The proposed equivalent circuit for our low temperature cases is shown in Figure 7.13 

reflecting the roles of the processes discussed with charge transfer resistance (Rdl), and 

Constant Phase Element (CPE); (Qdl) at the double layer. The adsorption field resistance 

(Ra) as well as the associated phase element (Qa) are also shown in the proposed circuit of 

the configuration {R(Q(R(QR)))}.  

(CPE) at the double is proposed for surface heterogeneities considered with a modified 

element and it is mathematically represented as [Baptiste, 2006]:          

[ ] 1n

CPE )Q(jZ
−

= ω        (7.15) 

( ω ) represents frequency, (j) equals to 1− , and (n) is (CPE) exponent. 
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 The calculated electrochemical parameters at 20 
o
C are all shown in Table 7.2 for 

chloride free and chloride containing solutions. (Rs) as well as the associated (Rdl) 

followed an expectedly decreasing trend with the greater chloride content where the latter 

decreased to almost two orders of magnitude in the most concentrated brine in 

comparison to the chloride free one. The preserved capacitive nature throughout the 

salinity range seemed to be less significant with the greater chloride content. Interestingly, 

the resistance across adsorption followed an opposite trend accordingly, confirming the 

arguments provided at the beginning of this proposed context. 

Table7.2. Electrochemical Impedance Spectroscopy (EIS) electric components calculated 

from the proposed equivalent circuit in oil free conditions at 20 
o
C 

 

At the higher temperature 90 
o
C, the interfacial interactions showed noticeable changes 

where the role of adsorption seemed to be modified and/or limited by physical factors 

intrinsically dependent on temperature [Li, 2007] as deduced from Nyquist profiles in 

Figure 7.14a.  

In addition, the interactions seemed to be more responsive to the increased amounts of 

chloride where the diffusion limited processes were more depicted as shown with the 

cases of 40 and 80 g chloride containing solutions. At the same free potential conditions, 

the role of active species, especially the cathodically reducible ones, seemed to be more 
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Figure 7.14. Electrochemical Impedance Spectroscopy (EIS) results at 90 
o
C produced 

from the oil free conditions that are 10, 40, and 80 g chloride containing media 

represented by a) Nyquist and b) bode plots. 
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compliant in a separate time constant, where in confirmation with the polarization test 

results, the limited passivity associated, kinetics were attributed to the retarded cathodic 

reactions. The significance of multi-time constant based impedance response was 

apparent in all chloride containing solutions as well-discernible phase peaks resulted at 

the low and high frequencies. That significance, specifically associated with the 

processes occurring outside the double layer resulted in phase peaks with intensities 

proportional with the chloride content at the high frequency.  In 10 g chloride containing 

solution, IZI showed the gradual decreasing transition from low-to-medium to high 

frequency ranges and the early low frequency phase peak was considerably small as 

shown in Figure 7.14b.  

  This behaviors reflects, diffusion-free, but second time constant based impedance 

to be considered for this low-chloride containing condition at this high temperature.  The 

equivalent circuits proposed at 90 
o
C for 10 as well as 40 and 80 g containing conditions 

are shown in Figure 7.15a and 15b respectively.  

The associated electric parameters calculated from the perfect fitting achieved with the 

experimental data are shown in Table 7.3. Solution resistances were considerably lower 

with the higher temperatures and they showed the expected decreasing trend with the 

chloride content. The double layers in all conditions seemed to be less capacitive 

accordingly and because, of the concurrent effect on the charge transfer acted by the 

increased chloride content, in addition to that of already high temperature, (Rct) increased 

an order of magnitude at 40 g and it was comparable to that of 10 g upon the introduction 

of 80 g chloride.  
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Figure 7.15 Equivalent circuits proposed for the electrochemical impedance response 

in oil free conditions at 90 
o
C for a) 10 g and b) 40 and 80 g chloride containing 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

Table 7.3.Electrochemical Impedance Spectroscopy (EIS) electric components calculated 

from the proposed equivalent circuit in oil free conditions at 90 
o
C 

 

 Confirming with the proposed physical changes at the interfaces and with the 

polarization results, the resistance across the passive film (Rf) increased with the greater 

chloride content. In addition, the diffusive mobility, represented by the diffusion 

parameter (YWp), decreased accordingly reflecting a special behaviour differently from 

the anticipated film deterioration with the greater chloride content. That is attributed to 
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the enhanced effectiveness that the corrosion products may have upon the accelerated 

kinetics in by-amount enhanced conductivity of the corrosive chloride containing 

electrolytes [Sun, 2003].   

 EIS performance was studied also at specific cathodic ovepotentials where the 

total mass-transfer controlled total reduction of (H
+
) and (H2CO3) occurs at -0.8 VSCE and 

where the charge-transfer controlled reduction of (H2O) occurs at -1.2 VSCE respectively. 

Nyquist plot representations at -0.8 VSCE at 20 and 90 
o
C are shown in Figure 7.16a. The 

diffusion mass-transfer limited processes are apparently reflected from the impedance 

responses at both temperatures. Nyquist plots at 90 
o
C were considerably smaller; 

indicating the decreased significance of the associated resistive elements in the two-time 

based equivalent circuits.  In addition, the enhanced kinetics at this high temperature by 

which it might mixdely interfered with the mass-transfer limited processes could make 

the diffusion Nyquist tails in the low frequency regions not as sharp as those at 20 
o
C.  

Bode representations, which are not shown here, confirmed the two-time constant based 

response from the peak intensities and from the associated inflections. However, and 

differently from the cases discussed previously at OCP conditions at 90 
o
C in the 

concentrated brines, the diffusion limited processes seemed to occur across special 

diffusion fields by which the concentration gradients of the reduced species controlled the 

overall process through not effectively considerable passive films. At the lower cathodic 

overpotential of -1.2 VSCE, the cathodic processes were totally controlled by the charge-

transfer reduction of (H2O), and the resulting Nyquist plots are shown in Figure 7.16b 

with the assigned potentials. 
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Figure 7.16 Electrochemical Impedance Spectroscopy (EIS) results at 20 and 90 
o
C 

produced from the oil free conditions that are 10, 40, and 80 g chloride containing 

media at a) -0.8 VSCE and b) -1.2 VSCE 
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At both temperatures, fairly overlapped semicircle loops appeared decreasing appreciably 

in size with the chloride content and temperature accordingly. From the bode diagrams, 

which are not shown here, all the processes seemed not to exhibit a multi-time constant 

impedance response, but rather, adsorption processes considered in nested equivalent 

circuits, seemed to govern the reduction process. The confirmative agreements between 

the experimental and model data at OCP are selectively shown in Figure 7.17 for the oil 

free conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.6. Electrochemical Impedance Spectroscopy (EIS) measurements 

in oil containing conditions 
 

 

 Nyquist and bode plot impedance representations are shown respectively in 

Figure 7.18a and b at 20 
o
C. The interfacial mechanisms showed significant changes 

upon the addition of oil where the extent of corrosion processes became associated to the 

Figure 7.17. Experimental and calculated bode representations of impedance for 

selected temperature and chloride oil free conditions. 
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Figure 7.18. Electrochemical Impedance Spectroscopy (EIS) results at 20 
o
C 

produced from the oil containing conditions that are 10, 40, and 80 g chloride 

containing media represented by a) Nyquist and b) bode plots. 

by-chloride-amount dependent inhibitive oil adsorption.  Impedance responses, 

irrespectively from  
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the chloride amounts, exhibited inductive behaviors where the partial depressed 

semicircles showed inward curvatures at the low frequency limits. As expected, the 

semicircles were considerably smaller with the greater chloride content and they were all 

greater than those produced in oil free conditions. In addition, comparatively to the oil-

free conditions, there was no distinct changes in impedance response with respect to the 

chloride content where oil was effectively inhibitive with the greater chloride content 

although of the limited miscibility accordingly. The inductive behaviour was associated 

with single phase peaks appearing at between 10 to 30 Hz following a lower-frequency 

valley representing a typical impedance response when ammonium and immidazoline-

based inhibitors are added to CO2-saturated media [Khodyrev, 2011], [Ortega-Sotelo, 

2010], and [Garnica-Rodriguez, 2009].  At the higher temperature, 90 
o
C, Impedance 

seemed to be more sensitive to the chloride content and all Nyquist semicircles were 

considerably smaller than those produced at 20 
o
C as shown in Figure 7.19a.  

Interestingly, the governing mechanisms studied in oil containing conditions seemed to 

be independent from the chloride content and temperature reflecting the relative 

effectiveness of oil inhibition at all conditions. A better effectiveness seemed to be 

proportionally achieved with lower temperature and/or lower chloride content where the 

stable inhibiting layers are necessarily associated with the enhanced miscibility 

accordingly. The bode representations at 90 
o
C where similar to those produced at 20 

o
C, 

showing the phase peaks at slightly greater frequencies and the rate and fashion of IZI 

transitions from low to medium frequencies were similar and they showed a dependence 

on the chloride content as shown in Figure 7.19b.  
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Figure 7.19 Electrochemical Impedance Spectroscopy (EIS) results at 90 
o
C produced 

from the oil containing conditions that are 10, 40, and 80 g chloride containing media 

represented by a) Nyquist and b) bode plots. 
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 The similar mechanisms in oil containing conditions at both temperatures 

achieved a very good fitting with the proposed equivalent circuit shown in Figure 7.20 

containing (RL) and (L) representing oil adsorption resistance and inductance respectively.  

 

 

 

 

 

 

 

 The electric parameters of concern are all shown in Table 7.4 for 20 and 90 
o
C. 

The charge transfer at 20 
o
C preserved its great same order of magnitude resistance 

showing a decreasing trend with the chloride content as well as that of adsorption (RL).  

Table7.4. Electrochemical Impedance Spectroscopy (EIS) electric components calculated 

from the proposed equivalent circuit in oil containing conditions at 20 and 90 
o
C 

 

 However, at 90 
o
C, distinct variations with chloride were exhibited accordingly; 

the resistance at the double layer was almost 10 times less than that at 20 
o
C in all 

chloride containing conditions reflecting the electrochemical sensitivity of oil adsorption 

Figure 7.20 Equivalent circuit proposed for the electrochemical impedance response in 

oil containing conditions at 20 and 90 
o
C. 
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Figure 7.21. Experimental and calculated bode representations of impedance for 

selected temperature and chloride oil containing conditions. 

towards temperature. Interestingly, (Qdl) exhibited an appreciable opposite trend to that of 

resistance with respect to both temperature and chloride and the capacitive nature was 

also more apparent. The confirmative fitting between the experimental data and with 

those produced from the proposed models are selectively shown in Figure 7.21.        
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Chapter 8: Results and discussion of the potentiodynamic 

polarization investigations in multivariable 

controlled CO2 corrosion in a medium 

containing chloride and acetic acid  

 

8.1. Test solution 

 
 Corrosion tests were basically performed in unbuffered 1-bar-CO2-saturated, 1-L-

brines of sodium chloride concentrations of 10, 20, 30, 40, 50, and 60 g, containing also 

10, 20, 30, 40, 50, and 60 mL of acetic acid.  Two relatively extreme temperatures were 

selected for our electrochemical studies; 20 and 90 
o
C maintained within ±  1 

o
C.  

 
8.2. Potentiodynamic polarization results 

 

 The corrosion behavior was first investigated in chloride free conditions to 

investigate the cathodic effect on the accelerated corrosion reactions. The influences of 

the basic species driving the polarization behavior were appreciably separated in CO2-

saturated and N2-saturated media in four polarization profiles shown in Figure 8.1. It is 

apparent that the least corrosion rate and potential were exhibited in conditions where the 

reduction of (H2O) as well as that of (H
+
) exclusively dominated the total cathodic 

reactions. However, upon CO2-saturation; the cathodic reactions were about an order of 

magnitude greater, reflecting the expanded reduction process by carbonic acid which 

results from carbon dioxide dissociation in a low-aroud-4-pH medium. The corrosion rate 

was consequently greater accompanied by an expected nobler corrosion potential (Ecorr) 

by as much as  
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Figure 8.1. Potentiodynamic polarization in chloride free, CO2-saturated, and N2-

saturated media, free of and containing 10 mL acetic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

almost 45 mV. Interestingly, the anodic branch showed a noticeable acceleration in 

comparison to that of N2-saturated medium, supporting the proposed views on the direct 

involvement of (H2CO3) and ( -

3HCO ) in the anodic dissolution mechanisms; i.e. in the 

active region [Kermani, 2003].  

 Introduction of 10 mL of (CH3COOH) almost multiplied the cathodic regime 

covering that already established in acetic-acid-free-CO2-saturated medium. The 

corrosion rate consequently accelerated as a result of the CH3COOH-influenced vigorous 

evolution of hydrogen. Interestingly, the maximum corrosion reaction was attained in 

acetic acid containing N2-saturated medium, making the two extremes; maximum and 

minimum corrosion rates and potentials in acetic acid containing and acetic acid free N2-
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Figure 8.2. Potentiodynamic polarization in 10 g chloride containing, CO2-saturated, 

and N2-saturated media, free of and containing 10 mL acetic acid. 

satureated media respectively. There was a similar respect of corrosion which was 

exhibited in acetic acid containing CO2-saturated medium. However, the considerable 

deceleration in both anodic and cathodic branches in that condition indicated the ability 

of carbon carrying species in facilitating the formation of stable passivity even in the 

presence of acetic acid. Moreover, that might suggest the occurrence of cathodic 

reactions, but deceleratingly, on those interfacial barriers, or by impeded diffusion of the 

reducible species. 

 As shown in Figure 8.2, the same 4 cases were considered but with the 

introduction of 10 g chloride. In the case of acetic acid free N2-saturated medium, the 

anodic reactions were greatly accelerated leading to a greater corrosion rate and to a more 

negative (Ecorr) accompanied by an enhanced kinetics of cathodic reduction of water.  

 

 

 

 

 

 

 

 

 

 

 

 



176 

 In addition, the polarization exhibited a multi-sloped anodic dissolution 

corresponding to early formed, hydroxide-based films before a possible further 

dissolution or transformation to stable oxide films when the current densities varied. 

However, in CO2-saturated medium, two distinct cathodic regimes were revealed. In 

addition, the corrosion behavior was anodically sensitive by the introduction of chloride 

where the accelerated anodic dissolution also intersected the combined mass-limited 

cathodic reduction of (H2CO3), and (H
+
). The active reductions of water in the acetic acid 

free conditions were within almost the same orders of magnitude.   Introduction of acetic 

acid produced appreciably comparable corrosion behaviors in the active anodic and 

cathodic regimes in CO2 and N2-saturated media. The corrosion rates were also 

expectedly higher, and were too in comparison to the chloride free conditions.  The 

greatest cathodic reactions, with a modified mixed charge-mass transfer shoulder, were 

exhibited in N2-saturated medium with justifications, possibly valid for these cases, 

proposed for chloride free conditions.   

 The investigations on the polarization behavior were carried further to study the 

effect of chloride and acetic acid, separably with specific ranges, at 20 and 90 
o
C.  As 

shown in Figure 8.3a; comparatively with the chloride-free condition at 20 
o
C, the 

corrosion behavior was apparently anodically sensitive with the small dose of chloride of 

10 g. The corrosion rate was as higher as 7 times and the corrosion potential was about 90 

mV lower. The cathodic regime exhibited the mass-transfer limited cathodic reduction of 

(H2CO3), and (H
+
) upon chloride-influenced kinetics of hydrogen evolution in the more 

conductive condition. In addition, the total cathodic reduction regime was finally 
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Figure 8.3. Potentiodynamic polarization in CO2-saturated containing 10, 20, 30, 40, 

50, and 60 g chloride at 20 
o
C 

dominated by purely charge-transfer reduction of water at similar potentials around – 1 

VSCE, as already indicated in [Fang, 2010], and irrespectively from the chloride content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Corrosion current densities exhibited a “bow” where the anodic sensitivity was 

finally restricted by decelerated cathodic reactions where the corrosion rate showed a 

peak value before it decreased with the greater chloride content. Corrosion potentials 

showed a steady decrease along with the chloride content range of from 10 to 60 g but 

influenced initially by anodic acceleration and finally by cathodic deceleration. It seemed 

that the corrosion behavior in chloride containing CO2-saturated media is necessarily 

associated with physical transformations at the corroding interface. The enhanced 

dissolution with the greater chloride content possibly led to more facilitated, with greater 
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Figure 8.4. Potentiodynamic polarization in CO2-saturated containing 10, 20, 30, 40, 

50, and 60 g chloride at 90 
o
C 

supersaturation, corrosion products form firmly, intacting to the active areas at which 

hydrogen evolution is occurring. At 90 
o
C, fair similarities to 20 

o
C condition were 

exhibited as a result of the increased chloride content on both anodic and cathodic 

regimes as shown in Figure 8.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 The reactions were apparently accelerated at the higher temperature, and the 

cathodic reductions showed an extended kinetics making the total reduction of (H
+
) 

and/or (H2CO3), existing with different speciation, more to be mixed charge-mass 

transfer controlled. The anodic dissolution in the concentrated brines containing 50 and 

60 g chloride exhibited appreciable retardations corresponding to facilitatedly formed 

products resulting from and possibly contributing to the accelerated anodic response.       
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Figure 8.5. Potentiodynamic polarization in CO2-saturated containing 10, 20, 30, 40, 

50, and 60 mL acetic acid at 20 
o
C 

 The effect of increased acetic acid contents from 10 to 60 mL, as shown in Figure 

8.5 for 20 
o
C, was investigated to evaluate the basic polarization features possibly 

produced in chloride free conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Acetic acid reduction prevailed greatly the already established cathodic regime of 

the chloride-free CO2-saturated media making the cathodic reactions multiplied by as 

high as almost 5 times.  

 The cathodic regime in these conditions showed the considerable dependence on 

the acetic acid content making the corrosion rates consequently higher as well as are the 

corrosion potentials.   The increased corrosion rates were quite sensitive to the few 

amounts of acetic acid before they showed appreciably slight variations with the greater 
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Figure 8.6. Corrosion current density variations with respect to the chloride and acetic 

acid amounts at 20 and 90 
o
C 

Acetic acid (ml/l); Chloride (g/l)   

amounts and at also corrosion potentials as higher as almost 110 mV than that of acetic 

acid-free condition. The basic features and trends with the greater acetic acid content at 

90 
o
C were similar to those at the lower temperature, but the corrosion rates were 

expectedly higher, and the cathodic shoulders were more separated.  

 Corrosion current densities and corrosion potentials are collectively presented in 

Figures 8.6 and 8.7 for acetic acid and chloride containing conditions at 20 and 90 
o
C. 

The corrosion rates were significantly higher at 90 
o
C by as much as 17 to 20 times in 

chloride containing solutions and by almost 8 times in acetic acid containing solutions.  

For the reasons illustrated previously in this context, corrosion rates were increasingly 

sensitive towards the few amounts of chloride before they showed peaks and 

consequently decreasing trends due to the decelerated cathodics. 
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Figure 8.7. Corrosion potential variations with respect to the chloride and acetic acid 

amounts at 20 and 90 
o
C 

Acetic acid (ml/l); Chloride (g/l)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 However the corrosion rates were continuously proportional to the increased 

acetic acid content but with different significance in comparison to chloride depending on 

temperature.  In other words, chloride seemed to be more significant in increasing the 

corrosion rates than even the great acetic acid amounts at 90 
o
C but that respect was 

different at 20 
o
C. The corrosion potentials, as illustrated previously, increased with 

acetic acid content and decreased with that of chloride in a steady fashion. Interestingly, 

the higher-temperature-accelerated anodic reactions made the corrosion potentials in both 

conditions lower.  

 The multivariable-influenced corrosion behavior was investigated based on the 

effect of acetic acid on the variability of the corrosion rates with the increased chloride 
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content. As shown in Figure 8.8, reduction of acetic acid, introduced with the few amount 

of 10 mL, prevailed the total cathodic reduction regimes exhibited along the full range of 

chloride.  

 

 

 

 

 

 

 

 

 

 

 

 

 The initial anodic sensitivity towards increased chloride content was preserved 

but the corrosion potentials were considerably higher than those in acetic acid-free 

conditions. It seemed also that acetic acid, although of the greater corrosion rates in 

comparison to those of acetic acid-free conditions, made corrosion rates appreciably 

independent from the great chloride contents. That could be due to the ability of acetic 

acid in interrupting the interfacial physical significance by which the variations of Ecorr-

icorr were attributed for when effective passivation had a strong tendency to form. That 

Figure 8.8. Potentiodynamic polarization in CO2-saturated medium containing 10, 20, 

30, 40, 50, and 60 g in the presence of 10 mL acetic acid at 20 
o
C 
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respect in terms of the effect greater acetic acid amounts on corrosion in these brines was 

similar at both temperatures which are not shown here.  

 3-D comprehensive representations of the corrosion current density with respect 

to the chloride and acetic acid contents are shown for 20 and 90 
o
C respectively in Figure 

8.9 and 8.10. The corrosion rates were proportional to the acetic acid content in all 

chloride containing solutions as the elementary profile of acetic-acid free condition is 

fairly exaggerated along with the acetic acid contents. Interestingly, the initial sensitivity 

towards the smallest chloride content producing a peak value was preserved and it was 

getting greater expectedly with the greater acetic acid content.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.9. 3-D representation of corrosion current density variations with respect to 

chloride and acetic acid contents at 20 
o
C  

Chloride (g/l)   Acetic acid (ml/l)  
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 Acetic acid, introduced with the different amounts, appreciably made the 

corrosion rates relatively independent from the greater chloride content. The corrosion 

rates seemed to be necessarily increased-acetic-acid controlled where at the most 

concentrated acetic acid containing solutions, they showed elevated, but fairly flat 3-D 

strip of corrosion rates. It is interesting that although of the similar trends that the 

corrosion rates exhibited with respect to acetic acid at the two chloride extremes; 

chloride-free and the most concentrated brine, the corrosion rates were almost 4 times 

greater upon the existence of chloride. The corrosion rates at the higher temperature 90 

o
C were significantly greater and although of the appreciable similarity with respect to 

the simultaneous effects of chloride and acetic acid, however, these effects seemed to be 

more determined.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10. 3-D representation of corrosion current density variations with 

respect to chloride and acetic acid contents at 90 
o
C  

Chloride 

(g/l)    

Acetic acid 

(ml/l)  
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 Except with the acetic acid- free, 10 and 20 mL containing conditions, the 

corrosion rates were proportional to the chloride content without exhibiting a significant 

peak. It seemed that there is a temperature dependent acetic acid allowance for increased 

chloride contents to induce their full anodic effect where the corrosion rates consequently 

increased without the retardation exhibited at 20 
o
C. In addition, the corrosion rates were 

the greatest as both chloride and acetic acid amounts were increased in a fashion which 

was not very discerned at 20 
o
C.       
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Chapter 9: Results and discussion of CO2 saturated 

autoclave environments 
 

9.1. Test environments 
 

 

 The test solutions in the autoclave were made to simulate the stratified flows at 

relatively low rotational speed of 50 rpm containing different ratios of oil and water. In 

our study, three proportions of oil were selected to study the variations in the corrosion 

rates accordingly of 10, 50 and 90 %. Carbon dioxide was continuously purged into the 

reactor at a total pressure of 50 psi and the temperature was set to be as high as 100 
o
C for 

24 days. Selected physical and chemical properties of the considered oil in this study are 

shown in Table 6.2.     

      

9.2. Weight loss test results 

 It is shown in Figure 9.1 corrosion rate variations with respect to the oil content 

across the time elapsed. The corrosion rates at early test time periods were the highest 

and they started to decay exponentially and in a proportional manner with the oil content.  

The effect of the greatest oil amount of 90 % at this high temperature was very apparent 

in suppressing the corrosion rates to about 5 times in comparison to that in 50 % oil 

containing emulsions. In addition, in that condition; the corrosion rates were almost 

stable throughout the test time period where oil adsorption interfered the dissolution 

processes and the associated transfer of the reducible carbon carrying species. However, 

from a long test time perspective, the effect of oil amount seemed to be similar as the 
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Figure 9.1. Corrosion rates from weight loss measurements taken over the 

time period of 24 days with respect to the oil content 

corrosion products were forming and acquiring enhanced morphological and 

compositional characteristics similarly to other findings in [Yu, 2007].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 As the corrosion proceeded, and upon the conditional supersaturation achieved, 

the corrosion products changed from being dispersed particle-like to be well spread on 

the steel surface as shown in Figure 9.2, except with few defects decreasing the corrosion 

rates. The effect on the corrosion rate was fundamentally related to the impeded transfer 

of the species involved in the corrosion mechanisms protecting the steel from further 

dissolution and taking over the oil adsorption.     
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Figure 9.2. Corrosion surface morphology variations over the time period for 

specimens immersed in autoclave-based environments at 100 
o
C in 50 psi CO2 

saturated environments  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

The corrosion products incorporating iron carbonate are transformable to considerably 

stable protective oxides these CO2-saturated media. It is shown below in Figure 9.3 a 

Pourbiax illustrating the possible corrosion products intercontaining (Fe2O3) and (Fe3O4) 

as well as (FeCO3). 

 

 

 

 

 

 

 

 

 
Figure 9.3 Pourbaix diagram for the OH-CO-HCO-Fe 2

-2

3

-

3 at 325 K [Hirnyi, 2001] 
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Chapter 10: Conclusion, summary and suggested future 

tracks 
 

 The basic electrochemical investigations were performed in simulated CO2 

corrosion environments that a new generation pipeline steel; API-X100 can be exposed to 

in conditions where the cathodic protection is not applied. The corrosion rates showed a 

considerable increase with the bicarbonate content as well as did the anodic and cathodic 

branches in both aerated and deoxygenated conditions. In addition, effective passivation 

was established in the bicarbonate solutions where the current density in that regime 

decreased gradually at different extents depending on temperatures and bicarbonate 

content. The anodic peaks and the consequent passivation were exclusively established in 

the chloride free conditions showing a variation in the onset of passivation (Epass). In 

CO2-saturated media, corrosion rates increased with temperature and upon the addition of 

chloride but they decreased upon oil addition. Generally, the interfacial mechanisms were 

very sensitive to the environmental conditions but in the presence of oil, the behavior was 

inductive and showed an independence from temperature and other chemical factors. The 

summarized findings of the performed investigations are stated below. 

 

10.1. Summary of the results from the naturally aerated 

bicarbonate solutions 

 
 In that experimental work, some electrochemical perspectives of the corrosion 

behavior were investigated in aerated chloride free and 3 wt% chloride containing 0.1, 

0.5, and 0.8 M bicarbonate conditions at 20, 40, and 60 
o
C. The basic findings of this 

brief study can be summarized as the following: 
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1. The free open circuit potentials were nobler with the increased bicarbonate 

content suggesting the cahtodic influence on the mixed potentials at all 

temperature conditions where the same influence of higher temperature was also 

exerted. In chloride containing conditions, OCP was lower respectively and it 

followed fairly the same trend exhibited in chloride free conditions with respect to 

bicarbonate and temperature. 

2. The corrosion rate increased with the higher bicarbonate content and with higher 

temperature in both chloride free and chloride containing conditions where also 

(Ecorr) was nobler accordingly.   

3. An evidence for a multistep dissolution mechanism in chloride free conditions 

was exhibited where preliminary prepassivation films influenced the anodic 

dissolution in conditions where the passivation was more effective with lower 

bicarbonate contents. However, in chloride containing conditions, the anodic 

dissolution proceeded extensively with no indication for a multistep dissolution or 

for anodic peaks.  

4. EIS interactions were very similar in chloride free conditions irrespectively from 

bicarbonate content and temperature where the role of diffusible passive films 

was apparent in a two-time constant based equivalent circuit. 

5. The presence of chloride changed markedly the role of bicarbonate in a 

temperature-dependent fashion. At 20 and 60 
o
C, the mechanisms were similar 

with respect to the bicarbonate content showing adsorption at the former and 

passive film formation at the latter temperature.  
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10.2. Summary of the results from deoxygenated low oil 

containing bicarbonate solutions  
 

 The electrochemical aspects of the corrosion behaviour in deoxygenated 

bicarbonate solutions containing low oil amounts were studied at 30 and 70 
o
C. The 

influence of anodic and cathodic reactions at both free and polarization potentials were 

evaluated from different considerations including active kinetics, passivation, impedance, 

and cathodic reduction characteristics. The basic findings of this study are shown below: 

1. Bicarbonate species were involved in both anodic and cathodic reactions and OCP 

decreased with the increased bicarbonate contents at 30 
o
C where the anodic 

reactions dominate the mixed potential conditions. 

2. Oil inhibited the anodic reactions in a proportional manner with the amounts it 

was added with, and the significance of oil in elevating OCP was quite apparent 

in low bicarbonate containing solutions. 

3. OCP values at 70 
o
C were more negative than those at 30 

o
C in all bicarbonate 

and oil conditions and they were more negative with the increased bicarbonate 

contents. 

4. The inhibition role of oil seemed to be temperature dependent where the cathodic 

reactions were noticeably inhibited with the addition of oil in a proportional 

fashion at 70 
o
C. Additionally, the effect of oil in the free potential conditions was 

apparent even in the concentrated bicarbonate solutions. 

5. Corrosion current density was proportional to bicarbonate content and a multistep 

active dissolution occurred at 30 
o
C. In addition, effective passivation was 
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established for all oil free bicarbonate solutions and the passive current density 

was proportional to the bicarbonate content. 

6. Corrosion current density decreased by the addition of oil and corrosion potential 

was nobler in a proportional fashion with the oil content in all bicarbonate 

solutions reflecting the effect of oil in inhibiting the anodic current densities and 

confirming with the OCP test results at 30 
o
C. Oil disturbed the passivation 

conditions especially in low bicarbonate containing solutions of 0.05 and 0.1 M 

although of the decreased passive current densities.  

7. From the charge transfer results at 30 
o
C, it increased in the passivation region 

primarily with the addition of 10 vol% oil in 0.05 M conditions but it then 

decreased with the increased oil content where the passivation became oil-

enriched. However, in the other bicarbonate conditions, charge transfer decreased 

with the oil content. Additionally, charge transfer variations are explained in 

proposed schematics. 

8. Charge transfer in the cathodic reactions exhibited a considerable sensitivity to 

the bicarbonate content at 30 
o
C. The limiting current density showed a great 

dependence on the bicarbonate content in oil free and in all oil containing 

conditions.  Diffusion mass transport of bicarbonate was reduced in a proportional 

fashion with the oil content where the limiting current density decreased and the 

cathodic reductions became more mass transport influenced. 

9. Corrosion current density increased noticeably in all bicarbonate and oil 

conditions at 70 
o
C and the corrosion potential decreased with the bicarbonate 

content. Additionally it was lower with the higher temperature confirming with 
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OCP test results. The active dissolution occurred with no indication for successive 

electrochemical steps and the passivation conditions were better and showed a 

dependence on the oil content.  

10.  Charge transfer release during passivation was higher at the higher temperature 

70 
o
C, and the maximum charge transfer in the different bicarbonate conditions 

was dependent on the oil content. 

11. The limiting current density increased with the higher temperature and showed a 

similar trend of variation with oil and bicarbonate at 30 
o
C. The range of mixed 

charge/mass transfer control was shorter in these conditions. 

12. EIS responses revealed the role of bicarbonate adsorption and/or relaxation of 

intermediate species in oil free conditions at 30 
o
C. Nyquist plot sizes decreased 

with the bicarbonate content and the charge transfer resistance as well as that 

across adsorption field decreased with the bicarbonate content. 

13. The addition of oil changed the electrochemical interactions in 0.05 and 0.1 M 

conditions where the impedance response in the former was third-time constant 

based and the latter comprised Warburg impedance in a two-time constant based 

equivalent circuit. 

14. Oil with different amounts did not induce significant changes in the impedance 

responses in 0.5 and 1 M bicarbonate containing conditions where oil was less 

miscible but the charge transfer decreased. 

15. Corrosion mechanisms at the free potential conditions were almost irrespective 

from the high temperature 70 
o
C. The proposed equivalent circuits showed a 
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satisfactory agreement with the experimental data for both oil free and oil 

containing conditions. 

 

10.3. Summary of the results from low chloride containing CO2- 

saturated media containing low oil amounts 
 

 Some electrochemical investigations were utilized to study a special carbon 

dioxide corrosion case of susceptibility necessarily related to low oil amounts in the 

transported emulsions. Additionally, some thermodynamic aspects related to the oil 

adsorption in relation to temperature and chloride were also revealed. The basic findings 

of this study can be summarized as follows: 

1. OCP decreased with the higher temperature and it was higher in chloride free 

solutions than those in chloride containing ones showing the same trend with 

temperature and confirming the anodic influence in the oil free conditions. 

2. OCP was higher in oil containing conditions and in a proportional manner with 

the oil content and the sensitivity of OCP towards that was apparent within the 

full temperature range in chloride containing conditions.  

3. The corrosion rate was proportional to the higher temperature and the corrosion 

potential was lower correspondingly in chloride free and chloride containing oil 

free conditions. The cathodic reactions were also accelerated with the higher 

temperature and in the presence of chloride which also induced significant 

changes in the cathodic mechanisms.   
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4. The corrosion inhibition efficiency by the addition of oil was quite high at low 

temperatures and in chloride free conditions and oil adsorption showed a 

dependence on the applied potential in the anodic branch. 

5. 1, 2, 3, 4-tetrahydronaphthalene was very attributable for establishing the stable 

surface oil films where the endothermic adsorption associated with the greater 

disorderness revealed the chemisorption nature of oil adsorption. 

6. The electrochemical interactions supported the basic OCP and polarization 

findings where the charge transfer resistance decreased with the higher 

temperature. Adsorption and/or relaxation of reaction intermediates played the 

inductive role in both chloride free and chloride containing oil free solutions. 

7. The presence of oil did not change the corrosion mechanism, however it increased 

the charge transfer resistance and the other associated resistance across the oil 

adsorption fields. The interfacial characteristics were more capacitive at higher 

temperatures, in chloride containing conditions, and when the oil amount is lower.         

 

10.4. Summary of the results from high chloride containing CO2-

saturated media containing 10 vol% oil amounts 
 

 Some fundamental electrochemical aspects of the corrosion performance and 

corrosion inhibition in CO2-saturated media of a wide range of salinity at 20 and 90 
o
C of 

API-X100 pipeline steel. The basic findings of this study can be summarized as follows: 

1. OCP decreased proportionally with the greater salinity content irrespectively from 

temperature in oil free conditions reflecting the anodic sensitivity to small 

amounts of chloride. OCP exhibited also similar decreasing trend with higher 
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temperatures. The roles of possibly accelerated or retarded anodic and cathodic 

reactions changing accordingly with chloride and temperature were studied in 

separate polarization tests. 

2. Oil seemed to act as a cathodic inhibitor leading to lower OCP’s at both 

temperatures and showing a considerable effectiveness along the salinity range 

considered. OCP appeared to be the lowest in oil containing conditions at 90 
o
C 

and the noblest at 20 
o
C in oil free conditions. 

3. The corrosion rates increased with the chloride content up to 30 g reaching a peak 

value before it decreased with the greater chloride content at 20 
o
C. The anodic 

reactions accelerated but finally the retarded cathodic reactions controlled the 

polarization behavior showing a “bow” in the Evan’s map. At 90 
o
C, similar 

trends with respect to corrosion rates and corrosion potentials were exhibited, but 

the corrosion rates were significantly accelerated and the role of water reduction 

kinetics was more prevalent.  

4. Oil inhibited the corrosion reactions more effectively at lower temperatures and in 

lower chloride containing solutions and it affected noticeably the mass-limit 

reduction of (H2CO3) and (H
+
) extending the cathodic shoulders. In addition, oil 

seemed to play a different role during passivation, possibly incorporated in the 

passive films, especially in the concentrated brines and at high temperature 90 
o
C.  

5. In oil free conditions, Impedance responses were similar at 20 
o
C representing the 

significance of adsorption and or relaxation of intermediate species. At 90 
o
C, 

impedance was two-time constant based and it incorporated Warburg element 

representing appreciable significance of diffusion-limited processes.  
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6. In oil containing solutions, the interfacial mechanisms seemed to be independent 

from temperature showing inductive behaviors. They were more sensitive to the 

greater chloride content where the charge transfer decreased accordingly and 

where the capacitive nature was more apparent. 

 

10.5. Summary of the results from the potentiodynamic 

polarization investigations in multivariable controlled CO2 

corrosion in a medium containing chloride and acetic acid  

 
 This brief study was devoted to investigate the capabilities, on amount basis, of 

chloride and acetic acid on the corrosion behavior. The corrosion rates were accelerated 

cathodically with the increased amounts of acetic acid. The corrosion rates exhibited a 

variation with respect to the chloride content exhibiting a maximum value with the 

respect to the maximum anodic sensitivity. Acetic acid prevailed the corrosion behavior 

and, in temperature-dependent fashion, chloride role was different in the acetic acid 

containing conditions.    

  

 

10.6. Summary of the results from CO2 saturated autoclave 

environments  
 

 The weight loss was significantly less with the increased oil content and the 

morphological morphology of the corrosion products governed the dissolution behavior 

with time. 
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10.7. Suggested future tracks 

 This work can be considered as a general base from which more specific cases of 

CO2 corrosion can be further studied. From selected materials and construction 

perspectives, the welded pipeline sections still represent a great challenge for corrosion 

experts to mitigate the greater susceptibility for corrosion to occur. Apart from the 

significance of the environmental conditions, CO2 corrosion seems, from the current 

research findings, much more influenced by microstructural and compositional 

characteristics. The future efforts can be tracked in long-term scopes as:   

1. This special corrosion phenomenon can be further studied with respect to distinct 

material characteristics. The effects of microstructure and compositional content 

can be diagnosed in simulated CO2-saturated conditions where different pipeline 

steels are considered. 

2. In the next scope, the localized variations induced from the coupled 

microstructural regimes, across for example the welding zone, can be correlated 

to the corrosion performance.        

3. The corrosion product properties varying with respect to both environmental and 

material characteristics can be studied but by utilizing cyclic voltammetry. This 

technique can provide a preliminary route map of the corrosion product properties 

but on electrochemical basis.   

4. The morphological and compositional characteristics of the corrosion products 

can be studied in the same environmental conditions considered in this study but 

from hydrodynamic perspectives. The protectiveness of the formed corrosion 

products in these conditions can be effectively reliable in special flow conditions. 
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