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ABSTRACT 

ROSLI, NOR ROSLINA, Ph.D., December 2015, Chemical Engineering 

The Effect of Oxygen in Sweet Corrosion of Carbon Steel for Enhanced Oil Recovery 

Applications  

Director of Dissertation: Srdjan Nesic 

The primary objective of this work is to investigate the corrosion behavior of 

carbon steel in simulated CO2-EOR environments when O2 is present in the CO2 supply. 

A preliminary study was first conducted at low pressure to investigate the effect of O2 on 

the protectiveness of iron carbonate (FeCO3) corrosion product layers in mild steel CO2 

corrosion. Carbon steel (UNS G10180) samples were immersed in a CO2 saturated 

1 wt.% NaCl electrolyte for 2 days to facilitate formation of a protective FeCO3 layer on 

the steel surface. Temperature and pH were maintained at 80°C and 6.6, then 1 ppm O2 

was introduced to the electrolyte. The impact of the oxidant(s) was studied after samples 

were exposed for one week to test conditions. Electrochemical measurements indicated 

increased corrosion rates over the first two days of O2 exposure, with a decrease in 

corrosion rate thereafter due to corrosion product formation that conferred some degree 

of protection to the steel surface. When O2 was introduced after carbonate formation, the 

corrosion rate did not increase. Although the final corrosion rates of all tests were 

relatively low (less than 0.2 mm/y), localized corrosion was observed. Surface analysis 

showed attack of iron carbonate crystals and formation of iron (III) oxides. This 

degradation of initially formed FeCO3 occurred concurrently with the development of 

localized corrosion features as deep as 80 µm.  
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High pressure experiments were then conducted at CO2-EOR simulated downhole 

conditions. The effect of O2 (4 vol. %) on the corrosion performance of mild steel (UNS 

G10180) in CO2-saturated brine was investigated using a 4-liter autoclave at two different 

temperatures (25 and 80°C) and pressures (40 and 90 bar). Experiments at 25°C are 

categorized as ‘FeCO3-free’ while experiments at 80°C are termed ‘FeCO3-forming’. The 

work included electrochemical measurements, weight loss determination, and 

characterization of the corrosion products. Severe corrosion was observed on the steel 

specimen after 48 hours of exposure to the corrosive environments. Tests at FeCO3-

forming conditions exhibited localized corrosion, while the FeCO3-free experiments 

displayed severe general corrosion. Corrosion prediction using Multicorp© software was 

performed and the output corrosion rate data were compared against experimental results. 

Reasonable correlation was observed with the experimental data in anoxic conditions. 
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CHAPTER 1: INTRODUCTION 

1.1  Background 

Steel has been used since ancient times due to its durability and, as smelting 

methods developed, availability. Over time, metallurgical processes have also evolved, 

resulting in the production of steels with enhanced hardness, strength, ductility, and 

resistance to corrosion (stainless steel). Today, steel remains a material of choice in many 

industries, and is used in various physically and chemically harsh environments. 

Economic factors do often limit the use of high-end corrosion resistant alloy (CRA) steels 

in such environments. Therefore, carbon steel is generally the preferred and economic 

choice, but only feasible for aggressive environments if used in conjunction with 

appropriate mitigation strategies. This applies in particular to the oil and gas industry 

where massive amounts of steels are required for both downhole and surface facilities. 

 

1.1.1 Cost of Corrosion in the Oil and Gas Industry 

In 2002, a study undertaken by NACE, and backed by the U.S. Federal Highway 

Administration, estimated the total cost of corrosion associated with oil and gas 

exploration and production in the United States to be $1.4 billion annually. The cost of 

corrosion in gas and liquid transmission pipelines was determined to be much higher at 

$7 billion [1]. Corrosion accounts for about 25% of the infrastructure failures in the oil 

and gas industry [2]. 
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1.1.2 Oxygen and Carbon Dioxide’s Role in Corrosion 

Oxygen, O2, the gas that is vital to life, is the main culprit for material failure by 

its reaction with steel in the presence of moisture, producing rust as corrosion product. 

Carbon dioxide, CO2, generally accepted as the culprit behind global warming, also plays 

a major role in corrosion of carbon steel. CO2 is generally co-produced with oil and gas, 

or injected for enhanced oil recovery, causing internal corrosion in tubulars, pipelines, 

and other equipment. When CO2 gas dissolves in water, it produces an acidic solution 

that drives a type of corrosion called ‘sweet corrosion’. Its corrosion product may provide 

a degree of protection against further deterioration of the steel, depending on, among 

other controlling factors, temperature and water chemistry. A mixture of O2 and CO2 

dissolved in water may cause relatively severe corrosion due to a mixture of reactions and 

mechanisms; this is discussed in detail in the next chapter. 

Since each case of corrosion has the potential to be unique, extensive and 

systematic investigations are essential. The mechanisms have to be fully understood in 

order to prevent and find mitigation strategies that act against the hazards of corrosion. 

Presently, there is limited understanding of corrosion that involves the mixture of two 

different corrosive gases, such as when O2 is a contaminant in a CO2-containing 

environment. Addressing this gap is the key objective of the research described in this 

dissertation. 
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1.2  Layout of Dissertation 

The work presented in this dissertation covers the investigation of CO2 corrosion 

of steel with O2 ingress for high pressure downhole conditions. The following chapters 

present the different aspects of this research work:  

Chapter 2: Literature review. This chapter provides a detailed review of topics 

relevant to this research including CO2-EOR, CCS technology, CO2 corrosion, and 

corrosion caused by O2.  

Chapter 3: Hypotheses and Objectives. The goals and the proposed hypotheses of 

the effect of O2 on CO2 corrosion at CO2-EOR conditions are presented separately. 

Chapter 4: Low Pressure Corrosion Tests. The details of the preliminary corrosion 

experiments that were conducted at atmospheric pressure conditions are discussed.   

Chapter 5: High Pressure Corrosion Test. Experiments were conducted in a high 

pressure stainless steel vessel to simulate downhole conditions of an EOR field. 

Chapter 6: Modeling. Results from experiments are compared to output from 

available in-house simulation software.  

Chapter 7: Summary and Conclusion. The overall conclusions and 

recommendations of prospective work are presented. 
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CHAPTER 2: LITERATURE REVIEW  

 This chapter addresses the connection between carbon dioxide (CO2) corrosion in 

the oil and gas industry relating to enhanced oil recovery (EOR) and carbon capture and 

storage (CCS). It is organized into several subtopics. The first part of the chapter provides 

an overview of CO2 enhanced oil recovery (CO2-EOR). This is then followed by a 

section that describes related technology that is used to lessen global warming effects, 

i.e., CCS. In each case, there is a risk of corrosion by CO2 and oxygen (O2) particularly 

when anthropogenic sources of CO2 are injected downhole. Theoretical descriptions of 

corrosion in such systems are then presented and discussed.  

 

2.1 CO2-Enhanced Oil Recovery (CO2-EOR) 

 Since the 1940s, an increasing number of oil reservoirs around the world have 

been abandoned upon their depletion. A depleted, or matured, reservoir is a term coined 

for a reservoir that has typically undergone extensive oil production via conventional 

primary and secondary extraction techniques. Nevertheless, these matured reservoirs are 

not fully exhausted as they still contain as much as 50% of the original oil in place 

(OOIP), trapped within the host geologic formation [3]. The remaining trapped oil can be 

recovered by means of tertiary methods such as injection of high pressure carbon dioxide 

(CO2) into the reservoir, thereby extending field life. The technology referred to as CO2-

EOR has been a method of choice since the 1970s. When the trapped oil in the reservoir 

rocks comes into contact with the injected high pressure CO2, it becomes less viscous and 

swells up, enabling it to permeate through the rocks into the oil wells. This method of oil 
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2.2 Carbon Capture and Storage (CCS)  

Emission of CO2 into the atmosphere primarily stems from human activities, 

potentially causing climate change and contributing to global warming. Carbon Capture 

and Storage (CCS) involves a combination of technologies to combat this threat. CCS 

involves capturing CO2 from large-scale industrial processes and injecting it into 

subterranean geologic formations either for sequestration or further utilization. Captured 

CO2 could potentially be used to stimulate oil production from matured reservoirs, thus 

adding a revenue source to, for example, power plants. An example of a major CO2-EOR 

project is the IEA GHG Weyburn-Midale CO2 Monitoring and Storage Project which is 

located in Saskatchewan, Canada [13], [14]. The CO2 is supplied from a coal gasification 

plant in North Dakota and transported by over 300 miles of pipeline across the US-

Canadian border. The project started in the year 2000 and is currently the world’s largest 

CO2-EOR/CCS project. The Boundary Dam integrated CCS project, which was 

commissioned in October 2014, similarly supplies CO2 to the Weyburn-Midale field but 

from a post-combustion CO2 capture process. 

The capture of CO2 from power plants can be done either before or after the fuel 

combustion process via three different processes: pre-combustion, post-combustion or 

oxyfuel; these are illustrated in Figure 3. The CO2 product from all three processes can 

contain impurities such as oxygen (O2), hydrogen sulfide (H2S), sulfur dioxide (SO2) and 

water. A review of the impurities in CO2 supplies from a range of CCS technologies 

indicated that the concentration of O2 can be as high as 3 vol.%, as Table 1 shows. This 

has the potential to lead to severe corrosion of steel pipes [15]–[17]. It has been reported 
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consumption which further increase operating costs. Therefore, the current practice for 

CCS operators is to adhere to the minimum concentration of impurities allowable for 

transportation and sequestration as well as to comply with environmental and legal 

requirements [24], [25]. 

 

Table 1: Composition of CO2 from Different Capture Processes [26]. 

Component Post combustion Pre-combustion Oxyfuel 

CO2 >99% v% >95.6 v% >90 v% 

CH4 <100 ppmv <350 ppmv 0 

N2 <0.17 v% <0.6% <7 v% 

H2S Trace <3.4% Trace 

C2+* <100 ppmv <0.01 v% 0 

CO <10 ppmv <0.4 v% Trace 

O2 <0.01 v% Trace <3 v% 

NOx <50 ppmv 0 <0.25 v% 

SOx <10 ppmv 0 <2.5 v% 

H2 Trace <3 v% Trace 

Ar Trace <0.05 v% <5 v% 

S N/A N/A N/A 

*Hydrocarbon with two or more carbon atoms. 
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Transportation of CO2 from its sources to geological storage or EOR injection wells 

is typically done via miles of carbon steel pipeline at operating conditions between 75 

and 200 bar CO2 and temperatures up to 30°C [27]. CO2 well casing and tubing, also 

consisting of steel elements, can be exposed to operating conditions up to 500 bar CO2 

and temperatures up to 150°C [27]. The extreme conditions make corrosion of steel by 

CO2 inevitable and it is important to understand the mechanism of the corrosion process. 

 

2.3 CO2 Corrosion  

 Dry CO2, whether in gaseous, liquid or solid phase, is harmless to steel. However, 

when water is present, CO2 dissolves therein to create a weak acidic solution called 

carbonic acid which is corrosive to steel. The overall reactive phenomenon between CO2, 

water, and steel is referred to as CO2 corrosion. 

 An acid’s ability to lose a hydrogen ion (H+), or proton, defines the strength of the 

acid. Strong acids, such as hydrochloric acid (HCl), completely dissociate in water, while 

weak acids such as carbonic acid (H2CO3) dissociate incompletely in water. Carbonic 

acid constantly provides a reservoir of hydrogen ions, which leads to a higher corrosion 

rate than strong acid solutions under the same pH condition. In other words, corrosion 

rates at the same pH conditions is higher due to the increased accessibility of hydrogen 

ions to the active steel surface [28]. 
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2.3.1 Water Chemistry 

 The water chemistry of CO2 corrosion can be described from the following 

reaction equations:  

ଶ(௚)ܱܥ  ⇌ ଷ(௔௤)ܱܥଶܪ       (2)	ଷ(௔௤)ܱܥଶܪ		⇌  (l)	ଶܱܪ  +  (aq)	ଶܱܥ ଶ(௔௤)        (1)ܱܥ	 ⇌ ା(௔௤)ܪ	 + ିଷ(௔௤)ܱܥܪ       (3) 

ିଷ(௔௤)ܱܥܪ  ⇌ ା(௔௤)ܪ	 + ଷ(௔௤)ଶିܱܥ       (4) 

 

Reaction (1) is CO2 dissolution in water, followed by hydration to form carbonic acid (2). 

Carbonic acid dissociates to form hydrogen ions and bicarbonate (3). The bicarbonate 

further dissociates to form carbonate ions and more hydrogen ions (4). When the carbonic 

acid reacts with steel, primarily Fe, it forms a thin layer of crystals called iron carbonate 

(FeCO3) on the steel surface, provided that the ion concentrations are saturated. The 

overall reaction can be expressed as follows: 

ଷ(௦)ܱܥ݁ܨ		⇌  (l)	ଶܱܪ  +  (aq)	ଶܱܥ		+  (௦)݁ܨ  +  ଶ(௚)    (5)ܪ

 

Incorporating electrochemical and precipitation processes, this is the overall reaction 

involving CO2, water and steel in CO2 corrosion. The electrochemical reactions 

themselves are discussed in the next section. 
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 The layer of FeCO3, also known as siderite, forms on the steel surface and confers 

some protection by slowing down the corrosion process as a result of mass transfer 

resistance set by the layer, blocking the steel surface and making it unavailable for 

corrosion. This has been studied by many researchers since the 1970’s [29]–[34]. Solid 

FeCO3 forms when the concentrations of Fe2+ and CO3
2- exceed the solubility limit 

according to the following reaction [35]:  

ܨ  	݁			(௔௤)ଶା + (௔௤)ଶି		ଷܱܥ ⇌  (௦)      (6)		ଷܱܥ݁ܨ

 

The precipitation of FeCO3 also depends on its saturation, which is defined by: 

 ܵி௘஼ைయ = ൣி௘మశ൧ൣ஼ைయమష൧௄ೞ೛          (7) 

 

FeCO3 will not form if the saturation value is less than 1. The solubility product constant, 

Ksp, is a function of temperature, Tk, and ionic strength, I, and can be calculated by [36]: 

 logܭ௦௣ = −59.3498 − 0.41377 ௞ܶ − ଶ.ଵଽ଺ଷ்ೖ + 24.5724 log ௞ܶ + ଴.ହܫ2.518 −  (8)  	ܫ0.657

 

 The degree of protection that the FeCO3 layer provides has been investigated in 

terms of its shear stress, adhesion properties, dissolution in flowing conditions, and other 

parameters [11], [37]–[39]. However, limited research has been done on the integrity of 

this film with respect to O2 exposure especially at high pressure.  
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2.3.2 Electrochemistry 

 In an electrochemical reaction, there is a transfer of electrons at anodic and 

cathodic sites on the steel surface. In a mild steel corrosion process, iron loses two of its 

electrons when it is oxidized in the anodic reaction.  ݁ܨ(௦) 	→ ଶା(௔௤)݁ܨ + 2݁ି      (9) 

 

Ferrous ions, Fe2+, migrates into the solution that is adjacent to the steel surface. In an 

acidic solution, hydrogen ions (H+) diffuse to the steel surface to receive the electrons 

released by the iron via the following reduction reaction: 

ା(௔௤)ܪ2  + 2݁ି →  (௚)      (10)	ଶܪ

 

This reduction results in hydrogen gas evolution. Other reduction reactions involving 

carbonates have been proposed, called the ‘direct’ reduction of carbonic acid and 

bicarbonate ion, respectively [29], [40]: 

ଷ(௔௤)ܱܥଶܪ2  + 2݁ି → ଶ(௚)ܪ + ିଷ(௔௤)ܱܥܪ2 ିଷ(௔௤)ܱܥܪ2 (11)     + 2݁ି → ଶ(௚)ܪ + ଷ(௔௤)ଶିܱܥ2     (12) 
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This mechanism was later dismissed by others as to not actually take place [41]. The 

observed dominant cathodic reaction was the reduction of H+ that was provided by the 

dissociation of carbonic acid. This is referred to as the ‘buffering effect’.  

Another cathodic reaction can occur due to the direct reduction of water. 

ଶܪ2  (ܱ௟) + 2݁ି → ଶ(௚)ܪ + ି(௔௤)ܪ2ܱ      (13) 

 

This reaction is purely charge transfer controlled because water is present in abundance at 

the steel surface [42]. The reaction is too slow and occurs at potentials below -1000 mV 

[40], which is well below the typical corrosion potential seen in CO2 corrosion. 

In this discussion of the electrochemistry of CO2 corrosion, water is assumed to 

be oxygen-free. In the occasion that O2 is present in the system, an additional O2 

reduction reaction will occur; this is discussed later in this chapter. 

 

2.3.3 Factors Affecting CO2 Corrosion Rate 

Many factors affect the rate of CO2 corrosion, which include, but are not limited 

to, temperature, pH, pressure, impurities, and salinity. Temperature affects gas solubility, 

reaction kinetics, and equilibrium constants.  As temperature increases, the solubility of 

O2 and CO2 decreases, thus reducing their concentrations in solution. Nevertheless, 

corrosion rates generally increase with temperature as reaction rates increase more 

strongly with temperature than the solubility decreases [18], [43]. The phase identity and 

morphology of corrosion products also changes with temperatures [44]. At elevated 
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temperature, the corrosion product layer may become protective and reduce corrosion 

rates, depending on flow, pH, and ferrous iron concentration [35], [45], [46]. 

At low pH, say around pH 4, corrosion rate increases as temperature increases and 

protection by corrosion products will be less than for a higher pH; this is due to the nature 

of the corrosion product, which is generally porous and loose and does not offer any 

protection to the steel surface. Previous researchers indicated that corrosion rates at pH 4 

increase rapidly from 25 to 90°C but increase at a slower rate between 90 and 125°C due 

to changes in the iron oxidation reaction [42]. At higher pH, the corrosion rate will 

generally drop at higher temperature due to the formation of a dense and compact 

corrosion product that can be very adherent to the steel surface and thus provides a form 

of self-mitigation against further corrosion. This physical barrier restricts the diffusion of 

aggressive species as well as prevents further dissolution of steel and leads to blocking of 

the steel surface, impeding iron dissolution [29], [46], [47].  

Corrosion rate may increase slightly as salt concentration is increased up to 3 wt% 

due to a higher electrical conductivity of the solution. Further increase in the salt 

concentration would limit the solubility of gases such as O2, which then lowers the 

corrosion rate [18], [43]. Retarded anodic and cathodic reactions have been reported at 

25 wt% NaCl concentration as well [48].  

The increase in the partial pressure of CO2 generally increases the overall 

corrosion rate of steel for conditions without a protective corrosion product layer; this is 

due to the increased carbonic acid concentration in the solution. Several different factors 
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influence the corrosion behavior at high pressure conditions, which will be discussed in 

detail later in this chapter. 

The above factors not only affect the corrosion rate, but also determine the type of 

corrosion product that would evolve. Knowledge of chemical equilibria for the involved 

species and electrochemistry can be combined in the form of a plot called a Pourbaix 

diagram, and can be applied to predict the thermodynamically stable species, including 

the corrosion products.  

  

2.3.4 Corrosion Product Prediction using Pourbaix Diagrams  

 A Pourbaix diagram, or a potential-pH diagram, is a map that can be created by 

plotting equilibrium relationships in a plot of potential versus pH. The diagram can be 

used to predict the type of corrosion products that form at different pH values and 

potentials. The use of the Pourbaix diagram is the key in assisting in experimental design 

and interpretation of results. Electrochemical equilibrium transition lines follow from the 

Nernst equation, while chemical reaction transitions follow from chemical equilibria, 

(K values). The Pourbaix diagram for Fe-O2-H2O is given in Figure 4. The lines represent 

the equilibrium conditions when the activities of species are equal across the line. 

Various computer software options exist to produce such diagrams, an example is shown 

in Figure 5. Based on these two diagrams, iron will not corrode and stays in the form of 

Fe when the potential is very low due to the high availability of electrons. Increase in 

potential would lead to dissolution of iron into Fe2+ at low pH values, or precipitate as 

oxides of iron at higher pH values. The driving force for the evolution of a stable species 
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Figure 5. Pourbaix diagram of CO2-O2-H2O system generated using OLIAnalyzer 3.2. 

 

2.3.5 CO2 Corrosion at EOR Conditions 

 Carbon dioxide can exist in different physical states depending on temperature 

and pressure, as shown in a phase diagram in Figure 6. CO2 becomes a supercritical fluid 

(SCF) at conditions above its critical pressure and critical temperature (Pc = 7.39 MPa, 

Tc = 31°C) [49]. When CO2 is heated and compressed to these conditions, it will 

demonstrate unique characteristics in terms of compressibility, homogeneity, and its 

ability to continuously transform its properties from gas-like to liquid-like [50]. SCFs 

exhibit a liquid-like density with gas-like solvent capacity. The higher solubility of 

supercritical CO2 in water at elevated pressure increases the concentration of carbonic 

acid in the solution, thus causing corrosion. Besides the increased solubility, the mass 

transfer rate is also higher due to elevated diffusivity of the SCF. Wetting properties are 

also increased due to the low viscosities comparable to gases. All of these superior 

properties of SCF make a corrosion process kinetically faster [51].  
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Figure 6. Carbon dioxide phase diagram 

 

 In EOR applications, the injected CO2 mostly exists as a high pressure gas or in a 

supercritical state. For example, the CO2 supply at the SACROC unit in Texas was 

delivered through a 220 mile, 16 inch pipeline at 165 bar in its supercritical state [52].  

 Since CO2 at elevated pressure (including supercritical conditions) behaves rather 

differently than at atmospheric standard conditions, the corrosion behavior of steel will 

be affected. Corrosion studies in these regimes are currently limited and are preliminary. 

Studies have found that the corrosion mechanism and carbonate corrosion product 

formation at elevated pressure are similar to those at lower pressure [53], [54]. One study 

used electrochemical impedance to elucidate the similarities between corrosion 

mechanisms at high pressure and low pressure by comparing the shape of the impedance 
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loop [54]. Various magnitudes of corrosion rates at high pressure have been reported by 

research scholars with corrosion rates as high as 40 mm per year [55]–[57]. 

 In ‘scale-free’ CO2 corrosion, the corrosion rate of steel is proportional to the 

partial pressure of CO2 up to about 10 bars. This is explained by the increased 

concentration of carbonic acid in the solution that leads to the increase in cathodic 

reactions in the system. This pattern changes as the CO2 partial pressure increases beyond 

10 bars, especially in a more alkaline environment when the corrosion rate starts to 

decline due to the formation of a protective FeCO3 layer on the steel surface. At this 

condition, the increase in concentration of bicarbonate and carbonate ions causes 

supersaturation and precipitation to occur, thus forming a layer of FeCO3 that provides 

protection against corrosion [31], [58]. Most corrosion prediction models are designed for 

low pressure applications. For partial pressures of CO2 above say 10 bar, over prediction 

of the corrosion rate is to be expected. This is because these models do not take some 

factors into consideration such as the effect of water wetting and protectiveness of the 

corrosion product layer. Modifications can be done to these models by introducing 

particular factors, such as the fugacity coefficients, as well as using equilibrium constants 

that are valid at elevated pressures [59]. 

 One study reported that UNS G10180 carbon steel experiences corrosive attack 

due to its exposure to water-saturated supercritical CO2 [60]. In another study, it was 

reported that there existed a layer of cementite (iron carbide) with intergrown siderite 

(iron carbonate) at 80 bar CO2 (supercritical) [59]. Researchers also observed that the 
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coverage of iron carbonate was more thorough with supercritical CO2 than for liquid CO2, 

which also causes a significant reduction in corrosion rate of X65 steel [61].  

 While the physical and chemical properties of the corrosion product layer 

continue to be studied, the effect of external factors, such as O2 intrusion on the corrosion 

product layer, has been given less attention. 

 

 2.4 Properties of CO2 – O2 Mixtures  

 The physical properties of mixtures differ from pure substances. Table 2 shows 

the changes in mixture properties at different ratios of CO2 and O2 relating to 

supercriticality. Note that the critical point changes and mixtures are less dense at the 

critical point as the O2 concentration increases. Physical property data of CO2-O2 

mixtures such as molar volume, viscosity, and diffusion coefficients is limited, especially 

at pressures above 1 bar [27], [62]. Phase diagrams of CO2 mixtures relevant to CCS 

have been published where it has been observed that boiling and condensing behavior 

will change due to impurities. [63]. Vapor-liquid equilibria of CO2 mixtures have been 

published in articles since the 1970s [64]–[66], however, the temperature and pressure 

range is still limited. 

 

2.5 Oxygen Corrosion of Steel 

 When iron is in contact with air and moisture, it oxidizes into what is generally 

known as rust. Iron and O2 react with each other to form different oxides and 

oxyhydroxides, turning the metal surface brittle and resulting in spallation.  
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Table 2: Estimated CO2-O2 Mixture Critical Properties from REFPROP9 Database  
Mol fraction (%) Estimated Critical Properties 
CO2 O2 Tc (°C) Pc (bar) Density (kg/m3) 
100 0 30.978 73.773 467.6 
95 5 27.083 80.918 466.36 
90 10 22.812 87.377 465.09 
80 20 13.137 97.968 462.47 
70 30 1.953 105.28 459.72 
60 40 -10.739 109.12 456.84 
50 50 -24.939 109.35 453.82 
 

 The study of corrosion of iron by O2 has a history since the early 19th century. The 

anodic and cathodic reactions of oxygen with steel and water are as follows: 

 

 	ܱଶ	(aq)  +  2ܪଶܱ	(l) + 4݁ି → 4ܱିܪ
(aq)      (14) ݁ܨ	(s)		 →  ଶା(aq)   +  2݁ି       (15)݁ܨ

 

Electrons in the O2 reduction process are supplied by the iron oxidation reaction. The 

overall reaction can be expressed as: 

 

 	ܱଶ	(aq)  +  2ܪଶܱ	(l) + 2Fe (s)→ 2Fe(ܱܪ)ଶ (s)    (16) 

 

O2 dissolves readily in water and when in excess, reacts with ferrous hydroxide to 

produce hydrated ferric oxide (brown rust).  

 

ଶ(s)(ܪܱ)݁ܨ4  + ܱଶ	(aq) → ଶܱ(l)ܪ2 + ଶܱଷ݁ܨ2 ∙  (s)     (17)	ଶܱܪ
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The presence of O2 also causes other reactions to occur, forming various types of iron 

oxides.  

 The corrosion rate of iron generally increases as the concentration of dissolved O2 

in water increases. Localized corrosion occurs when poor mass transport exists under 

deposits and crevices [67]. Tubercles are the typical morphology of the corrosion product 

observed on steel surfaces in the form of small, rounded, hollow protrusions [68]–[72]. 

Other factors such as water velocity, temperature, pH, and dissolved minerals affect the 

corrosion process [73]. 

 

2.5.1 Iron Oxides 

 Iron can commonly occur in ferrous (+2 oxidation state) or ferric (+3) forms. The 

ferric form generally has very low solubility [74]. Under oxidizing conditions, iron 

precipitates as ferric hydroxide. Typically, iron oxides have an octahedral structural unit 

in which Fe atoms are surrounded by six oxide (O2-) and/or hydroxide (OH-) anions. The 

O2 and OH ions are arranged in layers that are either in a α-phase or γ-phase. The α-

phase arrangement is hexagonally close-packed (hcp), whereas the γ-phase is cubic close-

packed (ccp). For example, goethite (α-FeOOH) and hematite (α-Fe2O3) are in hcp form, 

while lepidocrocite (γ-FeOOH) and maghemite (γ-Fe2O3) are in ccp form [75]. There are 

16 different iron oxide or oxyhydroxide phases that have been reported to exist in nature. 

Nine of the oxides have been reported to be detected on corrosion products of steel, 

namely goethite, hematite, lepidocrocite, maghemite, iron (II) hydroxide (Fe(OH)2), iron 

(III) hydroxide (Fe(OH)3), akaganeite (β-FeOOH), feroxyhite (δ-FeOOH), and magnetite 
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(Fe3O4) [76]. The mechanism of iron oxide and oxyhydroxide formation on low alloy 

steel in aqueous solution has been studied by previous researchers [77], [78].  

 Pigment quality iron oxide crystals have been studied and characterized with 

different morphologies and sizes [79]. Table 3 summarizes the characteristics of the iron 

oxides in terms of their morphologies and typical crystal size.  

 

Table 3: Iron Oxides and their Characteristics [79]. 

Compound (Pure) Chemical formula Morphology Size (µm) 
Goethite α-FeOOH Needle-like <0.1 
    
Maghemite γ-Fe2O3 Pseudo-cubic <1 
    
Magnetite Fe3O4 Pseudo-cubic <0.1 
    
Hematite α-Fe2O3 Pseudo-cubic <0.05 

 

2.5.2 Effect of O2 on CO2 Corrosion 

 Reservoir injection processes, such as water-flooding and CO2 -EOR, often inject 

O2-contaminated fluids into host formations, thus promoting O2 corrosion with 

simultaneous sweet corrosion. O2 is a strong oxidizer and is able to accelerate metal 

damage as the kinetics of O2 reduction on metal are fast [80]. Many researchers have 

indicated that a trace amount of O2 is enough to have a detrimental effect on CO2 

corrosion of mild steel [20], [81], [82]. Some have reported that low O2 concentrations in 

CO2 saturated aqueous solution caused iron carbonate to lose its protectiveness, thus 

increasing the corrosion rate [83]–[85]. The general corrosion rate tends to increase 

sharply in the first several hours of a test, which then drops to a steady state general 
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corrosion rate after about 20 hours of test time [81]. O2 intrusion also accelerates 

corrosion in sour (H2S) systems [23]. CO2 corrosion with O2 intrusion is controlled by 

both mass and charge transfer, as demonstrated by the higher corrosion rate in highly 

turbulent systems than in a stagnant system [81]. Pits were observed in both stagnant and 

turbulent O2-CO2 systems under a layer of red, loose, and porous iron oxide [69], [81]. It 

was further reported that deeper pits occurred in correlation with increasing O2 

concentration [81].  

 

Table 4: Overview of O2-CO2 Corrosion Tests in the Literature. 

No. pCO2, 
MPa 

T, 
°C 

H2O 
content

O2 content Steel 
type 

Time, 
hours 

Flow, 
rpm 

CR, 
mm/y 

Ref. 

1 1 25  0.2 ppm 
0.4 ppm 
0.6 ppm 
0.8 ppm 
1.4 ppm 

1018 24 0 0.86 
0.99 
1.14 
1.45 
2.06 

[23] 

2 8 35 100 g 3 vol% 304L 
316L 
X42, 
X60 

120 100 0.031 
0.028 
0.32 
0.26 

[20] 

3 10 50 100 g 3 vol% 304L 
316L 
X42 
X60 

120 100 0.032 
0.042 
0.99 
0.93 

[20] 

4 8 50 sat 4 vol% X65, 
13Cr 

24  
120 

0 19.3 
14.1 

[86], 
[87] 

5 2.5 120 sat 0.5 MPa N80 120 1 m/s 4.47 [88] 
6 1 90 sat 0.05 MPa N80 72 0 1.43 [82] 
7 1 90 sat 0.05 MPa N80 72 2 m/s 3.36 [82] 
8 0.92 60 sat 5 vol% 3Cr 120 0 1.36 [89] 
9 0.05 80 sat 1 ppm 1018 168 0 1.07 [90] 
10 7.58 40 1000 

ppmv 
100 ppm 1010 5 0 2.3 [91] 
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 In corrosion control, inhibitors lose their efficiency with increases in O2 

concentration in CO2 environments [92]. Almost all corrosion inhibitors do not work well 

when O2 is present. Observed corrosion products were reported to be porous and non-

protective. Still, limited investigations have been conducted to study the effect of O2 on 

sweet corrosion of steel at elevated pressure, including conditions where supercritical 

CO2 is present. Awareness and quantification of the amount of O2 ingress in a CO2-H2O 

system is key to prevent potential catastrophic corrosion failures. 

 

2.6 Chapter Summary  

 The discussion in this chapter covered the connection between O2 ingress in CO2 

corrosion related to the oil and gas industry and carbon capture technology; CO2-EOR 

was described. Discussion of CO2 corrosion covered the related electrochemical and 

chemical reactions, thermodynamics, and the effect of high pressure. Mechanisms 

relating to O2 corrosion were discussed, which included the different types of oxides that 

can form during the corrosion process. The effect of O2 ingress on CO2 corrosion was 

also discussed. Limited work has been done to investigate mechanisms relating to O2 

ingress in high pressure CO2 corrosion. The intention of this dissertation is to expand 

knowledge within this research area. High pressure CO2 will simulate the conditions of 

CO2-EOR fields. The presence of O2 will act as the impurity in the CO2 supply.  The 

following chapters elaborate the methodology and research strategy that was applied to 

explore how O2 affects CO2 corrosion in high pressure systems.  
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CHAPTER 3: OBJECTIVES AND HYPOTHESES 

3.1 Problem Statement and Research Gap 

 Limited studies have thus far been conducted relating to establishing the 

mechanism of CO2-O2 corrosion in both low and high pressure systems. In particular, 

how tuberculation and blistering of the corrosion product layer occurs is poorly 

understood. The research reported in this dissertation seeks to contribute to knowledge in 

this area. 

 

3.2 Objectives of the Study  

 This project aims to investigate the corrosion behavior of carbon steel in 

CO2/O2/brine mixtures at ambient and simulated EOR conditions. A qualitative 

mechanistic model of the corrosion process will be described. This study is expected to 

provide knowledge and useful information beneficial for the future development of 

corrosion control in CO2/O2/brine systems at elevated pressure, particularly in the oil and 

gas industry. 

 The scope of this work includes electrochemical measurements, as well as surface 

analysis of corrosion products in order to characterize their morphologies, phase 

identities, and chemical properties. 

 

3.3 Research Hypothesis 

 Dissolved O2 in water is highly reactive and readily converts Fe2+ to Fe3+ ions, 

adversely impeding the formation of a protective layer of iron carbonate, FeCO3. Full 
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coverage of FeCO3 on a steel surface will be absent, thus exposing selective areas to 

corrosive species. Dissolution of already formed FeCO3 crystals may also occur, 

weakening the protective layer, leading to localized corrosion at crystal boundaries. This 

is illustrated in Figure 7, which shows a thin layer of FeCO3 in CO2-saturated solution 

that is damaged and/or dissolved in the presence of O2. Researchers [69], [81] have 

reported that O2 causes localized corrosion and have also reported morphologies 

corresponding to tubercles in their ambient pressure glass cell tests.  

 Iron carbonate layers on steel were reported to be thicker at high CO2 partial 

pressures [61]. It is speculated that the thickness of this layer will decrease in the 

presence of O2 since it oxidizes Fe2+ into Fe3+ ions, thereby impeding the formation of 

FeCO3. Produced Fe3+ will result in formation of loose iron oxide, FexOy, particles. This 

is illustrated in Figure 8 where the thicker layer of FeCO3 is also dissolved in the 

presence of O2. The dissolution of FeCO3 weakens the protective layer, especially at its 

crystal grain boundaries resulting in penetration of FexOy deeper into the steel in 

association with creation of deeper pits. 
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1. What iron oxides form in an O2/CO2 environment?  

2. Do different kinds of oxides form at elevated pressure?  

3. What is the solubility of O2 in various phases of CO2?  

4. How severe is the corrosion?  

5. Do the phenomena agree with generated Pourbaix diagrams?  

6. Does O2 cause pitting corrosion?  

7. What causes tuberculation and blistering on the corrosion product layer? 
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CHAPTER 4: LOW PRESSURE CORROSION EXPERIMENTS 

 This chapter describes the experiments that were conducted at atmospheric 

pressure. Four different types of experiment are discussed. The first is a preliminary 

experiment that was conducted to determine the effect of O2 on CO2 corrosion of steel at 

a condition that does not promote growth of a protective iron carbonate layer on the steel 

surface. This condition will be referred to as ‘FeCO3-free’. Other experiments were then 

conducted for multiple sets of ‘FeCO3-forming’ conditions. 

 The experimental methodology is discussed first, followed by the results and their 

discussion. Corrosion mechanisms for mild steel with oxygen (O2) intrusion in different 

scenarios are then elaborated. 

 The objective of this study is to investigate the corrosion mechanism and the 

stability of iron carbonate (FeCO3) on mild steel with simulated ingress of ppm levels of 

O2 at 1 bar total pressure as a prelude to conducting experiments that simulate high 

pressure environments.  

 Parts of this chapter have been presented at an international conference, 

CORROSION 2014, in San Antonio, Texas [90]. (Reproduced with permission from 

NACE International, Houston. TX. All rights reserved. N.R. Rosli, Y.-S. Choi, D. Young, 

Paper Number C2014-4299 presented at CORROSION/2014, San Antonio, TX. © 

NACE International 2014.) 
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4.1 Sample Material 

 The type of steel that was used in this study is grade UNS G10180, its corrosion 

behavior was investigated using electrochemical techniques, surface analysis, and weight 

loss measurements. The specimens for electrochemical measurements were cylindrical-

shaped while the specimens for weight loss and surface analyses were square-shaped, as 

shown in Figure 9. The composition of the steel was evaluated using Atom Emission 

Spectroscopy (AES), conforming to the requirements of UNS G10180, as shown in Table 

5. The steel possesses a ferritic-pearlitic microstructure. The full report of the analysis is 

in Appendix A.  

Sample preparation involved polishing of the steel specimens with up to 600 grit 

silicon carbide (SiC) paper, rinsing to remove any debris with isopropyl alcohol in an 

ultrasonic bath, and finally drying with a heat gun. The dimensions and masses of the 

specimens were measured using a scale with accuracy of 0.001 g. 

 

 

Figure 9. Steel specimens for glass cell tests 
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Table 5: Composition of Steel (Balance Fe). 

Element Wt. % 

Al 0.008 
As 0.006 
C 0.18 
Co 0.003 
Cr 0.12 
Cu 0.18 
Mn 0.75 
Mo 0.02 
Nb 0.002 
Ni 0.065 
P 0.011 
S 0.021 
Sb 0.009 
Si 0.16 
Sn 0.009 
Ta 0.028 
Ti 0.002 
V 0.003 
W 0.014 
Zn 0.004 
Zr 0.003 

 

4.2 Experimental Design 

 A three-electrode glass cell setup, as shown in Figure 10, was utilized to conduct 

the low-pressure corrosion tests described in this chapter. A TeflonTM lid was fabricated 

with slots to hold multiple electrodes in place, as labeled in the diagram in Figure 10. 

These include the pH electrode, thermocouple, gas inlet and outlet, reference electrode, 

counter electrode, and holders for the working electrode and weight loss steel samples.  

The electrolyte that was used for the system was 2 liters of 1 wt.% NaCl solution. 

Before the start of each experiment, CO2 or a CO2 and O2 mixture was sparged through 
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Figure 11. Oxygen meter, Orbisphere 410.  

 

The desired temperature was maintained using a hotplate, controlled with a 

thermocouple immersed into the solution. Once the solution temperature stabilized, its 

pH was adjusted by adding deoxygenated reagent grade NaHCO3 or HCl. Deoxygenated 

ferrous chloride (FeCl2·4H2O) solution was added to provide additional Fe2+ ions in order 

to achieve a high initial FeCO3 saturation value; this accelerated the formation of a 

protective layer, thus reduced the experiment time. The test matrix for the FeCO3-free 

and FeCO3-forming experiments is shown in Table 6. 
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Table 6: Test Matrix for Low Pressure Corrosion Test. 

Parameters FeCO3-free 
condition 

FeCO3-forming 
condition 

 

Temperature 

 

25°C 

 

80°C 

Initial pH 4.0 6.6 

Total Pressure  1 bar 1 bar 

CO2 Partial Pressure 0.90 bar 0.53 bar 

O2 Concentration in liquid phase 3 ppm at 25°C 1 ppm at 80°C 

O2 Partial Pressure 0.07 bar 0.04 bar 

Electrolyte 1 wt.% NaCl 1 wt.% NaCl 

Water vapor pressure 0.03 bar 0.47 bar 

Initial Fe2+ Concentration Not measured 50 ppm 

Initial FeCO3 Saturation Not available 277 

Duration 4 hours 7 days 

Flow Rate Stagnant Stagnant 

   

 

 The FeCO3-forming corrosion experiments were conducted according to three 

different procedures, labeled as follows, and illustrated schematically in Figure 12: 

a) Test A: Baseline CO2 experiment, no O2 intrusion. 
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Besides electrochemical measurements, the corrosion rate of the steel was also 

determined by measuring the weight loss at the end of the experiments. The weight loss 

of the steel is measured by completely removing the corrosion product from the steel 

surface in order to determine the difference in weight. The layers of corrosion product on 

the steel surface were removed using Clarke solution (ASTM G1-03). The Clarke 

solution consists of a mixture of hydrochloric acid (HCl), antimony trioxide (Sb2O3), and 

stannous chloride (SnCl2). The HCl removes the rust, Sb2O3 works as an inhibitor to 

prevent HCl attack on the steel, while SnCl2 is a reducing agent to convert ferric chloride 

to ferrous ions to avoid further reaction between ferric ions and fresh steel. A sample plot 

of weight change during the treatment using Clarke solution is provided in Appendix C. 

Weight loss from the specimens in all tests were recorded and translated into 

corrosion rate using the following formula: 

ܴܥ  = ௐ஽∙஺∙்      (18) 

 

The letter W represents the weight loss in grams, D is the density of the steel specimen in 

units of g/cm3, A is the area of the specimen in cm2, and T is the experimental time in 

seconds. The corrosion rate in cm/s was converted into units of mm/y with appropriate 

unit conversion. Treated specimens were also characterized by profilometry, using a 3D 

microscope, to determine the surface profile of the corroded steel surface. The 

penetration rate was calculated from observable areas showing a pitting attack. A sample 
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calculation of a corrosion rate from a weight loss measurement is provided in 

Appendix D. 

 

4.3 Electrochemical Measurements 

The working electrode was polarized at ±5 mV versus the open circuit potential 

(OCP) at a scan rate of 0.125 mV/s. The value of the polarization resistance obtained 

from this technique is the total polarization resistance, Rp,total, which  includes the solution 

resistance, Rs. To calculate the corrosion rate, the true polarization resistance, Rp, was 

determined by subtracting the solution resistance from the total polarization resistance 

that was obtained from linear polarization resistance (LPR) measurements.  

 ܴ௣ = ܴ௣,௧௢௧௔௟ − ܴ௦      (19) 

 

The solution resistance was obtained by conducting Electrical Impedance 

Spectroscopy (EIS) on the specimen. The corrosion current, i, was then calculated using 

the Stern-Geary equation:  

 ݅ = ஻ோ೛ = ఉೌ×ఉ೎ଶ.ଷ×ோ೛×(ఉೌାఉ೎)     (20) 

 

Where βa and βc are the anodic and cathodic Tafel slopes, set to a value of 0.12 V/decade 

each, resulting in a Stern-Geary constant, B, value of 0.026 V. This value corresponds to 

a corrosion rate that was controlled by both charge transfer and mass transfer. 
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 The corrosion current density, icorr, in units of A/m2, is obtained by dividing the 

current with the surface area of the steel specimen that is exposed to the solution.  

 ݅௖௢௥௥ = ௜஺       (21) 

 

The corrosion rate is then calculated using the equation [46]: 

ܴܥ  = ௜೎೚ೝೝெಷ೐ఘ௡ி ∙ ቂ ௠௠௬௘௔௥ቃ = ݅௖௢௥௥ ∙ 1.16    (22) 

 

Where Mw is molar mass of the iron (Fe) in g/mol, ρ is the density in g/m3, n is the 

number of charges per mol of iron loss, and F is the Faraday’s constant, 96,485 C/mol. 

For every kmol of iron lost, 2 kmol of electrons are released, hence the number of charge, 

n, is 2. A sample calculation of corrosion rate from polarization resistance value is given 

in Appendix E.  

 

4.4 Results and Discussions: FeCO3-Free Experiments 

CO2 corrosion tests at total pressure of 1 bar have already been conducted by 

previous researchers with reports of increased corrosion rate of carbon steel with the 

intrusion of O2 [69], [81], [84]. This set of short term tests was conducted to understand 

the effect of O2 on CO2 corrosion of bare steel.  

As expected, the corrosion rate increased with O2 ingress. Figure 13 compares the 

corrosion rate of steel as measured using LPR. The chart indicates that O2 ingress 
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increased the corrosion rate by 40% when measured at the end of a 4-hour experiment. 

Simulation of results using Freecorp© indicated that 3 ppm O2 lead to about 30% 

increase in the corrosion rate; this is discussed separately in Chapter 6. 

 

 

Figure 13. Effect of O2 on corrosion rates at FeCO3-free condition (pH 4, 25°C) 

 

The Nyquist plot, shown in Figure 14, which was obtained from EIS 

measurements, showed lower polarization resistance, Rp, when O2 was present in the 

system, which implies to a higher corrosion rate. The solution resistance, Rs, did not show 

any significant difference in values. 
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 Rp, Ω  Rs, Ω  

CO2  53.4  3.45  

CO2 + O2  38.2  4.08  

Figure 14. Nyquist plots relative to the reference electrode (pH 4, 25°C) 

 

Potentiodynamic sweeps were carried out to analyze the behavior of the anodic 

and cathodic reactions of the corrosion process. The sweeps were conducted towards the 

end of experiments due to their destructive effect to the specimens. The steel specimen 

was first polarized negatively from 0 to -500 mV with respect to the Eoc. The OCP was 

later monitored until it returned to its original OCP before the polarization. The specimen 

was then positively polarized from 0 to 300 mV. The resulting polarization curves, shown 

in Figure 15, exhibited higher corrosion current density in the presence of O2; this 

translates to a higher corrosion rate. This is because the cathodic curve for the O2-CO2 

system slightly shifted to the right. The overall shape of the curves did not change in the 

presence of O2, showing a mixed mass transfer and charge transfer mechanism. Previous 

researcher had found the cathodic curve shifted further when O2 concentration in 

CO2-saturated solution was increased from 40 ppb to 3 ppm [81]. The potentiodynamic 
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sweep measurement was not repeated, however, the experimental results were compared 

with simulated results using Multicorp© which is discussed in Chapter 6. 

 

 

Figure 15. Polarization curves versus Ag/AgCl reference electrode (pH 4, 25°C) 

 

In general, O2 ingress showed an increase in the corrosion rate of steel due to the 

additional cathodic reaction causing accelerated consumption of electrons at the steel 

surface, thus promoting further oxidative dissolution of iron. 

 

4.5 Results and Discussions: FeCO3-Forming Experiments 

 This set of experiments was conducted at conditions where the formation of a 

protective FeCO3 layer on the steel surface is expected; see Table 6 for the test matrix. 

This enabled the investigation of the integrity of the protective FeCO3 with the presence 

of O2 as an impurity. The results from each of three different conditions will be described 
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separately in dedicated sub-sections. The electrochemical measurements, and generated 

surface analysis results provide a basis for the proposed corrosion mechanism at the end 

of this chapter.  

 

4.5.1 Test A: Baseline CO2 Corrosion Experiment  

The plot shown on Figure 16 shows that the corrosion rate for the baseline CO2 

corrosion test kept on decreasing monotonously until the end of the 8-day experiment to 

ca. 0.1 mm/y. These average values are based on two repeated tests, with error bars 

indicating minimum and maximum values. The time-integrated corrosion rate value 

corresponds to 0.26 mm/year while the weight loss corrosion rate value was 0.11 

mm/year. Theoretically, the drop of the corrosion rate was due to coverage by FeCO3 on 

the steel surface that slowed the corrosion process. The corrosion potential, shown in 

Figure 17 as the mean values out of two repeats, was relatively stable at around -0.7 mV.  
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Figure 16. LPR mean corrosion rates for Test A (Baseline CO2 Corrosion, 80°C, pH 6.6, 
0 ppm O2, 50 ppm initial Fe2+ concentration). 
  

 

Figure 17. Mean corrosion potential for Test A (Baseline CO2 Corrosion, 80°C, pH 6.6, 
0 ppm O2, 50 ppm initial Fe2+ concentration). 
 

The pH values of the bulk solution, measured during one of the tests, constantly 
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concentration (Fe2+ and Fe3+) in the solution, measured using a spectrophotometer, 

showed a decline from the initial 50 mg/L to 2.8 mg/L at the end of the experiment as 

shown in Figure 19. The gradual decline in the iron concentration in this baseline test was 

due to the continuous consumption of  the initially added  50 mg/L of Fe2+ ions to form 

FeCO3. The layer of protective FeCO3 slowed down the release of more Fe2+ into the 

solution.  

 

 

Figure 18. Solution pH for Test A, (80°C, pH 6.6, 0 ppm O2, 50 ppm initial Fe2+ 
concentration). 
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Figure 19. Total iron ion concentration in the solution for Test A (80°C, pH 6.6, 0 ppm 
O2, 50 ppm initial Fe2+ concentration). 
 

 At the end of the 7-day experiment, the steel surface was found to be densely 

coated with prismatic crystals of morphology typical of FeCO3, as shown in Figure 20. 

The overall full coverage by FeCO3 provided adequate protection to the steel surface and 

lowered the final corrosion rate. The EDS analysis showed Fe, C and O in the crystals. 

Removal of this corrosion product using a Clarke solution treatment revealed a surface 

that showed general corrosion over the entire steel surface with no signs of pitting, as 

shown in Figure 21. Polishing marks were still visible on the steel surface. The thickness 

of the corrosion product was measured from the cross-section of the specimen under 

SEM, as shown in Figure 22, measuring about 6.6 µm.  
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Figure 20. SEM image and EDS spectra of sample for Test A (80°C, pH 6.6, 0 ppm O2, 
50 ppm initial Fe2+ concentration)  
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Figure 21. SEM image of steel surface for Test A after corrosion product removal 

 

 

Figure 22. Cross-section view of steel specimen for Test A 
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4.5.2 Test B: O2 Ingress from Day 2 

 When O2 was introduced into the glass cell on Day 2, the clear, colorless solution 

turned colored and murky due to the conversion of the available Fe2+ ions in the solution 

into insoluble ferric precipitates that were suspended in the electrolyte. Figure 23 shows 

that the introduction of 1 ppm O2 to the pre-corroded specimen caused the corrosion rate 

to instantly spike and then settled at a relatively constant value of around 0.5 mm/year. It 

is noteworthy that there was a greater scatter of corrosion rate values after the addition of 

O2. Similar observations of instant increase in corrosion rate with higher degree of scatter 

have been reported by previous researchers [69], [84].  

 The calculated time-averaged value from the corrosion rate measurement was 

0.33 mm/year. There was also an immediate shift in the potential as O2 was added to the 

system, shown in Figure 24, similar to the findings observed by another researcher [69]. 

The error bars shown in the plot represent the maximum and minimum recorded values. 

The weight loss measurements recorded a corrosion rate of 0.77 mm/year, this is a value 

that is higher than what was observed in Test A.  

 Figure 25 shows the variation in the solution pH that was measured during one the 

tests at this condition. The pH dropped slightly in the beginning before the introduction 

of O2, consistent with the pH in the baseline experiment, Test A. The pH then gradually 

increased once the system became oxic with a recorded final pH of about 6.6.  
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Figure 23. LPR mean corrosion rate for Test B (O2 introduced on Day 2). 

 

 

Figure 24. Mean corrosion potential for Test B (O2 introduced on Day 2). 
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Figure 25. Solution pH for Test B (O2 introduced on Day 2). 

  

 Figure 26 shows the surface of the steel that was partially covered by prismatic 

FeCO3 crystals that had formed after 24 hours of test duration. Figure 27 shows dense 

coverage by FeCO3 crystals across almost the entire steel surface, right before the 

addition of O2. The formation of FeCO3 in this first two days of the test provided some 

protection to the steel surface, hence the drop in the corrosion rate as demonstrated in the 

electrochemical measurements shown in Figure 24.  

 The FeCO3 layer was then perturbed by iron oxide formation on Day 2, which 

caused the increase in the general corrosion rate after O2 was introduced to the system. 

By the end of the test on Day 7, features such as tubercles and mounds of deposits were 

observed on the steel surface. Small globular-shaped pseudo-cubic crystals were found 

deposited in clusters on top of the prismatic FeCO3 crystals. These clusters of crystals 

tend to accumulate and form mounds and craters as demonstrated in Figure 28 and Figure 
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higher intensity O peak and lower intensity carbon C peak, compared to the EDS analysis 

of the larger prismatic crystals, which indicates the presence of iron oxide. Nevertheless, 

this result is questionable due to the thin and porous morphological characteristics of the 

formed iron oxide. 

 

 

Figure 26. FeCO3 crystals on steel surface at 24 h in Test B. 
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Figure 27. FeCO3 crystals on steel surface at 48 h before O2 introduction in Test B. 

 

 

Figure 28. Oxide clusters on FeCO3 layer at 168 h in Test B 
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Figure 32. SEM image of the bare steel surface from Test B  

 

 The pit depth and surface profile was investigated using a 3D microscope, as a 

profilometer, as shown in Figure 33. The maximum pit depth found was about 95 µm, 

which corresponds to a penetration rate of 4.2 mm/y. Visual inspection of the pits shows 

that they are relatively wide. False color images were also produced to help distinguish 

subtle variations by expanding the range of visible hues.  

 Similar findings have been observed before by another researcher who introduced 

two different concentration of O2 after 4 days of FeCO3 layer formation on steel surface. 

In that study, pits had been observed to occur more frequently underneath tubercles, and 

the severity of the pits amplified when the O2 concentration was increased from 4 ppm to 

8 ppm [69].   
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Figure 33. Surface profile of pits on specimen from Test B. 

 

 One proposed method to determine the severity of localized corrosion is by 

measuring the pitting factor, which is the ratio of the pit penetration to the average 

penetration obtained from weight loss of the metal [95]. A pitting factor of lower than 3 

suggests uniform corrosion while higher values (greater than 5) suggest localized 

corrosion. However, one should not depend on this ratio as it is not an absolute 

confirmation of localized corrosion [95]. With the resulting corrosion rate from weight 

loss calculation (1.31 mm/y), the pitting factor of this test was found to be 3.4. This 

would be consistent with low severity, or low risk of localized corrosion. 
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Figure 35. Reddish brown precipitate at the bottom of the glass cell. 

 

 Corrosion rates, measured using LPR, are shown in Figure 36. Similar to Test A 

and Test B, the corrosion rate showed a rapid decrease over the first few hours. However, 

the decrease was less pronounced for Test C, with the corrosion rate holding relatively 

steady at an average of around 0.8 mm/y until Day 4. Interestingly, the corrosion rate 

then significantly decreased between Day 4 and Day 5 to a mean value of 0.2 mm/year, 

where it remained relatively constant until the end of the experiment. Based on these 

observations, it was concluded that the presence of O2 delayed the formation of a 

protective layer on the steel surface. 

 The weight loss and time-averaged corrosion rates were 1.07 mm/year and 

0.63 mm/year respectively. Both values were high compared to those for Test A and 

Test B. 
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Figure 36. LPR mean corrosion rate for Test C 

 

 The change in the open circuit potential was insignificant in the initial part of the 

experiment but exhibited an abrupt shift between Day 4 and Day 5, shown in Figure 37, 

concurrent with the dip in the corrosion rate shown in Figure 36. The abrupt shift to more 

positive potential from ca. -690 mV to ca. -475 mV is indicative of alterations in the 

nature of the corrosion product on the steel surface. 
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Figure 37. Mean corrosion potential for Test C 

 

 The pH of the solution remained relatively constant throughout the duration of the 

experiment, see Figure 38. The final pH was similar to that measured in Test B.  

 The total dissolved iron ion concentration recorded a drastic drop from 50 ppm to 

a very low value, as shown in Figure 39, consistent with the rapid conversion of ferrous 

ions to insoluble ferric precipitates. It should be noted that these low values represent the 

combined Fe2+ and Fe3+concentrations in the bulk solution is opposed to their 

concentrations at, or in the proximity of, the actively corroding steel surface. 
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Figure 38. Bulk solution pH for Test C. 

 

 

Figure 39. Total iron concentration in solution of Test C. 
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was retrieved at the end of Day 2, as shown in Figure 40. The surface was instead 

covered by a combination of prismatic and smaller sized plate-like crystals. The iron 

oxide crystals obstructed the formation of FeCO3 and resulted in partial coverage by 

FeCO3 of the steel surface. The attack by O2 was more rapid than the formation of FeCO3 

as a corrosion product. A denser coverage of corrosion product was observed on the 

specimen that was retrieved on Day 4, which consists of a mixture of prismatic FeCO3 

crystals and smaller globular-shaped crystals, shown in Figure 41. Tubercular features 

were non-existent at this stage. Between Day 6 and Day 8 oxide encrusted tubercules 

were observed to develop on the steel specimens, as shown in Figure 42 and Figure 43.  

 

 

Figure 40. Steel surface at the end of Day 2 in Test C. 
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Figure 41. Steel surface at the end of Day 4 in Test C. 

 

 

Figure 42. Steel surface at the end of Day 6 in Test C. 
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Figure 43. Steel surface at the end of Day 8 in Test C. 

 

 EDS spectra shown in Figure 44 provided a good indication of the presence of 

iron oxides on the steel surface. When the two different morphologies were analyzed, the 

smaller crystals exhibited a lower content of C (carbon) as compared to the larger 

prismatic crystals, indicative of possible formation of iron oxides. 

 Further investigation of the corrosion product layer showed the obstructive nature 

of iron oxide towards FeCO3 crystals. The FeCO3 prisms also appeared imperfectly 

formed, as shown in Figure 45. Iron oxides, such as Fe2O3 and Fe3O4, were hypothesized 

to grow simultaneously with FeCO3 resulting in mixed crystal constituents within the 

corrosion product layer. 
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 The compositional characteristic of the observed tubercles were in relatively close 

agreement with models reported by previous corrosion researchers [68], [70], [96]–[99]. 

One model suggested that tubercles commonly consist of five structural features; an outer 

crust (Fe2O3, hematite), inner shell (Fe3O4, magnetite), core (FeCO3, siderite & Fe(OH)2, 

ferrous hydroxide), fluid cavity and steel floor, as shown in Figure 49 [68]. The fluid 

filled cavity can be seen in Figure 48 as a black region that has been filled by epoxy. The 

lighter colored region at the top of the tubercle can be speculated to be magnetite, with 

EDS analyses showing a low intensity C peak. Smaller particles on the outermost region 

of the tubercle were too porous to be meaningfully analyzed by EDS since they are filled 

with carbon-containing epoxy. Specimens recovered from Test B and Test C showed 

similar tubercle characteristics.  

 

 

Figure 49. Schematic of a tubercle based on a study described by Herro [68].  

 

The model shown in Figure 49 does not fully represent the phenomena that were 

observed in this study. The cross-section view in Figure 48 showed that the fluid filled 
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cavity was not in direct contact with steel floor, but was separated by another layer of 

corrosion product. 

 The entire steel surface underneath the corrosion product layer was severely 

damaged, as shown in Figure 50 for the specimen recovered at the conclusion of the test 

and treated with Clarke solution. Polish marks could no longer be seen on the surface of 

this specimen. The surface profile showed penetration depths approaching 100 µm, as 

shown in Figure 51. The true depth of penetration was unable to be confirmed due to the 

unidentified original height of the surface. 

 

    

Figure 50. SEM image of steel surface for Test C after corrosion product removal 
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Figure 51. Pit depth analysis of specimen recovered at the end of Test C. 

 

4.5.4 Results Summary  

 The results from Test A, B and C can be analyzed by making comparisons 

between them for each condition. Figure 52 shows that the presence of O2 caused the 

final corrosion rate to be higher than the baseline, CO2 only, condition. This effect was 

also supported by the recorded corrosion rate based on the weight loss of the specimens 

as presented in Table 7. The corresponding corrosion rates of the specimens in Test B and 

Test C (oxic conditions) were one order of magnitude greater than for Test A (anoxic). 

Test C recorded the highest corrosion rate due to the longer exposure to O2, while Test B 

had some form of protection against corrosion before the introduction of O2 into the 

system. 
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Figure 52. Corrosion rates comparison of Tests A, B and C. 

 

Table 7: Summary of Corrosion Rate Results. 

Experiment 
Time-averaged corrosion rate from 

LPR, mm/y 
Weight loss corrosion 

rate, mm/y 
Test A 0.26 0.11 
Test B 0.33 0.77 
Test C 0.63 1.07 
 

 The corrosion potential in both Tests B and C ended in the same range of less 

negative values as compared to the potential in the baseline condition, shown in Figure 

53. Although both oxic conditions showed sudden shift in potential, the shift occurred at 

different times of the experiments. The shift in potential that occurred in Test B was due 

to the sudden introduction of O2 into the system, while the shift in Test C could be due to 

the change in the solution water chemistry and the compositional change on the steel 

surface due to corrosion products. 
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Figure 53. Corrosion potential of test A, B and C. 

 

Figure 54 shows that the test solution also had relatively higher bulk pH due to 

the presence of O2. This could be due to the oxidation of O2 in water that produces 

hydroxide ions (OH-) as mentioned in Equation (14). 
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Figure 54. Comparison of test solution pH for Tests A, B and C. 

 

4.6 Proposed Corrosion Mechanism 

 Tuberculation, which has been associated with microbiologically induced 

corrosion [68] as well as corrosion in water distribution systems [70], [73], [96], [99], is 

caused by localized electrochemical processes at distinguishable anodic and cathodic 

sites. An O2 deficient region below the tubercle creates an anodic site, while cathodic 

sites are created around the surrounding area of the tubercle. 

 In this work, essentially the same principle was adopted to describe the corrosion 

mechanism in a CO2 system with O2 ingress. The mechanism can be described in six 

distinguishable steps, illustrated in Figure 55: 

1) Formation of iron carbonate, FeCO3.  

2) Formation of iron oxides. 
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following steps. CO2 gas dissolves in water and is hydrated into carbonic acid (H2CO3), 

which then dissociates into a bicarbonate ion (HCO3
-), which itself further dissociates 

into a carbonate ion (CO3
2-). Associated generated hydrogen ions (H+) undergo reduction 

concurrently with oxidation of iron, evolving H2 gas. As the concentration of Fe2+ and 

CO3
2- exceeds the solubility limit, a FeCO3 layer is formed on the steel surface, see 

reaction (6) in Chapter 2, sub-section 2.3.1. 

 The ingress of O2 adds an additional cathodic reaction, reduction of oxygen, see 

reaction (14) in section 2.5. With this additional cathodic reaction, the rate of anodic 

reaction will increase to compensate for the additional consumption of electrons.  

 The available O2 also causes the precipitation of highly insoluble iron oxides and 

oxyhydroxides, which then grows/settles on the FeCO3 layer (Figure 55 (b)). Ferrous ions 

in the solution rapidly convert to ferric ions due to the oxidizing power of O2, which then 

precipitates into insoluble, loose, and porous Fe2O3, known as hematite.  

ଶା(௔௤)݁ܨ2  + భమܱଶ	(௚) → ଷା(௔௤)݁ܨ2 + (ܱ௔௤)ଶି ଷା(௔௤)݁ܨ (23)       + ଶܱ(௟)ܪ3 → (௦)	ଷ(ܪܱ)݁ܨ2 + ା(௔௤)ܪ3 (௔௤)	ଷ(ܪܱ)݁ܨ2 (24)      → (௦)(ܪܱ)ܱ݁ܨ + ଶܪ (ܱ௟)     (25) 2(ܪܱ)ܱ݁ܨ(௦) → (௦)	ଶܱଷ݁ܨ +  ଶܱ(௟)      (26)ܪ

 

The author found evidence of FeCO3 dissolution by O2 from observing oxide crystals on 

the faces of the FeCO3 crystals, which was reported earlier in this chapter. The 

degradation of FeCO3 crystals is expressed in the following reaction: 
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(௦)	ଷܱܥ݁ܨ4  + ܱଶ	(௚) → (௦)	ଶܱଷ݁ܨ2 +  (௚)    (27)	ଶܱܥ4

 

On a molar basis, the volume change from the conversion of 2 moles FeCO3 into 1 mole 

Fe2O3 was determined. About 48.8% volume reduction of the occupied solid takes place 

during the conversion. It can be hypothesized that this volume change creates void spaces 

in between the FeCO3 crystals with a micro-environment that is lower in pH than in the 

bulk solution (Figure 55(c)). The lower pH value in the confined space is due to iron ion 

aquation and subsequent dissociation reactions that produce hydrogen ions. The creation 

of the aqua acids, hexaaquairon (II) ([Fe(H2O)6]
2+) and hexaaquairon (III) ([Fe(H2O)6]

3+), 

contributes to the lowering of the pH value. The iron (III) aqua ion has a pKa value of 2.2, 

and is more acidic than the iron (II) ion (pKa value of 8.3) [100] due to the greater 

positive charge of the central metal ion in the complex.  

 ሾ݁ܨ(ܱܪଶ)଺ሿ(௔௤)ଷା + ଶܱ(௟)ܪ ⇌ ሾ݁ܨ(ܱܪଶ)ହ(ܱܪ)ሿ(௔௤)ଶା + ଷܱ(௔௤)ାܪ   (28) ሾ݁ܨ(ܱܪଶ)଺ሿ(௔௤)ଶା + ଶܱ(௟)ܪ ⇌ ሾ݁ܨ(ܱܪଶ)ହ(ܱܪ)ሿ(௔௤)ା + ଷܱ(௔௤)ାܪ   (29) 

 

The acidic micro-environment promotes the dissolution of FeCO3 and releases CO2 gas. 

Hydrogen ions are also cathodically converted to H2 gas in this void space. The corrosion 

product layer above the cavity impedes the migration of the gases into the bulk solution, 

causing pressure build-up in the cavity, creating a dome-like structure (Figure 55(d)). 
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Localized regions of metal loss are capped with accumulated corrosion products and 

deposits of precipitates.  

 The cathodic reaction continues to consume the O2 that is confined in the cavity 

underneath the tubercle and becomes depleted with O2, which results in a differential 

aeration cell. The area underneath the tubercle with the lower O2 concentration becomes 

the anode while the larger surface area of the steel that is directly exposed to the aerated 

bulk solution becomes the cathode. Anodic reaction increases the concentration of ferrous 

ions, Fe2+ and further decreases the pH of the micro-environment. The low pH 

accelerates the dissolution of metal and promotes crevice or localized corrosion. The 

FeCO3 layer becomes thicker under the deposit due to the saturation of Fe2+ and CO3
2- 

ions in the confined space.  

 As the pressure inside the cavity continues to rise, the thin top shell of the dome 

loses its integrity and ruptures, releasing the trapped gases and ions into the bulk solution 

(Figure 55(e)). The system now has a galvanic effect between the damaged tubercle and 

the rest of the metal surface. FeCO3 forms downwards into the actively corroding steel, 

creating the broad depression that was observed underneath the tubercles (Figure 55(f)). 

The rupture of the tubercle’s top shell may also be caused by stress at the crystal 

boundaries, which is a consequence of the previously discussed volume reduction. 

 All of these hypothesized corrosion mechanisms will require further investigation 

to confirm their validity. Amongst the phenomena that can be explored are hydrogen 

gas evolution, surface/pit pH changes, galvanic effects, and tubercle integrity. 
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4.7 Chapter Summary 

 The above described sequence of corrosion process steps provides a basis for 

comparison with investigation of O2 ingress in sweet corrosion environments at high 

pressure conditions, simulating the conditions in a CO2-EOR field. The observed 

influence of O2 on sweet corrosion at low pressure was profound and must be seriously 

considered when selecting materials and performing corrosion control of mild steel. 

Localized corrosion was observed although the corrosion rates at the conclusion of all 

tests were relatively low. Surface analysis showed degradation of FeCO3 crystals and 

formation of iron oxides. This degradation of initially formed FeCO3 occurred 

concurrently with the development of localized corrosion features as deep as 100 µm. 

XRD and Raman confirm the formation of magnetite (Fe3O4), hematite (α-Fe2O3), and 

goethite (α-FeOOH) along with siderite (FeCO3) in corrosion products.  
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CHAPTER 5: HIGH PRESSURE CORROSION TESTS 

 This chapter describes and discusses high pressure CO2 corrosion experiments in 

the presence and absence of O2. Similar to the previous chapter, experimental 

methodologies and design are initially described, followed by discussion of results and a 

mechanistic description.  

 The set of experiments described herein investigates the corrosion behavior of 

carbon steel in simulated CO2-EOR environments with the presence of O2 as an impurity 

in the CO2 supply. The contaminant corresponds to the amount of O2 that can be present 

in CO2 from an oxyfuel combustion flue gas, in particular. 

 

5.1 Introduction 

 The CO2 utilized in CO2-EOR can be derived from natural or anthropogenic 

sources, for example, CO2-rich geologic reservoirs or byproduct gas from an industrial 

process. The SACROC unit of the Kelly-Snyder field in Texas receives its CO2 supply 

from natural gas fields in southwest Texas [101], whilst the Weyburn-Midale fields in 

Saskatchewan, Canada receive CO2 from a coal gasification plant in North Dakota [102]. 

However, unlike the above example, CO2 sourced from power plants may contain 

significant levels of impurities, such as oxygen (O2), that pose a higher risk of corrosion 

to injection/production wells and related infrastructure. O2 concentration in a CO2 stream 

from the oxyfuel process can be as high as 3 vol.% [16] and further purification of the gas 

to eliminate the O2 is considered unfeasible.  
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 Previous studies have found that the existence of O2 in sweet corrosion systems 

accelerated the corrosion rate of steel [20], [23], [55], [86], [87], [103] and caused pitting 

corrosion [82], [88]–[90]. The effect of O2 on the corrosion mechanisms, especially at 

high CO2 partial pressure, has not been thoroughly investigated. 

 The casing and tubing of injection wells are normally constructed out of carbon 

steel due to its high strength, durability in high pressure environments, low cost, ease of 

use in fabrication, and range of available corrosion mitigation strategies (e.g., inhibitors). 

This makes carbon steel the preferred choice of material as compared to other materials 

such as corrosion resistant alloys (CRAs) [9]. Carbon steel grades J-55 and N-80 are 

typical examples of tubing/casing materials used in CO2 injection [104], [105]. However, 

Kapusta and Canter [105] documented that corrosion was observed at Shell’s CO2-EOR 

field in Mississippi after only 10 months of production. Their laboratory experiments 

conducted on J-55 and N-80 grade tubing from the CO2-EOR field showed high 

corrosion rates in their flow-through system (50 mm/year) and static system 

(13 mm/year).  

In this work, the effect of O2 (4 vol.%) on the corrosion performance of mild steel 

(UNS G10180) in CO2-saturated brine was investigated using a 4-liter autoclave in 

experiments of 48 hours duration. Experiments were conducted at temperature and 

pressure combinations that correspond to subcritical-supercritical conditions. 
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5.2 Sample Material and Preparation 

 Carbon steel UNS G10180 was again used to represent casing and tubing 

material, and has a ferritic/pearlitic microstructure that is similar to J-55 steel.  

 Cylindrical steel specimens were utilized in the corrosion study using 

electrochemical methods, while rectangular steel specimens were utilized for weight loss 

measurement and surface analysis, as shown in Figure 56. The dimensions of the steel 

samples are shown in Figure 57. The specimens were polished with a 600 grit silicon 

carbide (SiC) paper, cleaned with isopropanol in an ultrasonic bath, and dried using a 

heat gun prior to the experiments. Following the cleaning process, the mass and the 

dimensions of the specimens were measured and recorded. 

 

 

Figure 56. Cylindrical and flat steel specimens for high pressure experiments. 
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Figure 59. The 4-L autoclave in ICMT 

 

 

Figure 60. Piping and instrumentation diagram of the autoclave setup 
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5.4 Measurements and Test Matrix 

 Experiments were conducted at two different temperatures (25°C and 80°C) and 

two different CO2 partial pressures (40 and 90 bar). These temperature and pressure 

combinations encompass three different phases of CO2, illustrated as the corner points for 

the shaded region in the CO2 phase diagram in Figure 61. The test matrix is shown in 

Table 8. All tests were compared with a baseline condition without the presence of O2. 

The presence of 4% O2 only slightly shifts the critical points of the CO2/O2 mixture, 

maintaining the same three phases of CO2 in the different experiments. 

 Corrosion rates were measured continuously using the linear polarization 

resistance (LPR) method. A Gamry Reference 600 potentiostat was utilized for this 

purpose. The OCP was monitored throughout the experiment to ensure a stable condition 

for accurate electrochemical measurements. The potential was polarized at ±5 mV with 

respect to the OCP at a 0.125 mV/s scan rate, as mentioned in Chapter 4. The Stern-

Geary coefficient, B value, used in the calculation of corrosion rates in this work was 

26 mV. Previous high pressure corrosion tests performed using this value had corrosion 

rates that corresponded to the weight loss corrosion rates [106]. Electrochemical 

impedance spectroscopy (EIS) was conducted to determine the value of the solution 

resistance in order to correct the polarization resistance values obtained from LPR 

measurements. Besides LPR, the average corrosion rates were also determined via weight 

loss at the end of the 48-hour tests. Steel specimens were removed from the autoclave at 

the completion of the high-pressure tests, rinsed with isopropanol, placed in individual 

nitrogen-purged bags, and stored in a dry cabinet. Post-test analyses of the specimens 
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were conducted using scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), Raman spectroscopy, and X-ray diffraction (XRD). The surface of 

the steel underneath the corrosion product was exposed using a Clarke solution (ASTM 

G1-03). The uncovered steel surface was characterized using SEM and by profilometry 

with an optical 3D measurement device. 

 

 

Figure 61. Boundary conditions of experiment in the CO2 phase diagram  
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Table 8: Test Matrix for High Pressure Corrosion Test. 

Expt. No. T (°C) pCO2 (bar) pO2 (bar) CO2 Phase 

1 25 40 0 & 1.7 Gas 

2 25 90 0 & 3.75 Liquid 

3 80 40 0 & 1.7 Gas 

4 80 90 0 & 3.75 Supercritical 

 

5.5 Results and Discussion 

5.5.1 Experiment 1: 25°C, 40 bar pCO2, with and without 4% O2. 

In this experiment, the CO2 is in its gaseous state. Figure 62 shows the variation 

of the mean corrosion rate with time for the cases with and without O2 at 40 bar CO2 and 

25°C, as measured using LPR. Error bars on the plot indicate maximum and minimum 

recorded values. The presence of O2 in the system showed an increase in the overall 

corrosion rate of the steel sample. These values were integrated over time and were 

comparable to the weight loss corrosion rate that was measured at the end of the 48-hour 

experiments, as shown in Figure 63. The corrosion potential of both oxic and anoxic 

systems, however, did not show a significant difference between each set of experiments, 

see Figure 64.  
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Figure 62. LPR corrosion rate with time for experiments at 25°C, 40 bar pCO2, with and 
without 4% O2. 
 

 

Figure 63. Weight loss corrosion rates compared to LPR time-integrated corrosion rates 
for experiments at 25°C, 40 bar pCO2, with and without 4% O2. 
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Figure 64. Corrosion potential for experiments at 25°C, 40 bar pCO2, with and without 
4% O2. 

 

By visual inspection, the steel sample that was exposed to the anoxic environment 

for 48 hours appeared clear of any obvious corrosion products on its surface, as can be 

seen by the absence of any crystalline features on the surface of the specimens shown in 

Figure 66. On the other hand, the steel sample from the CO2/O2 experiments appeared to 

have a thin layer of bluish-green corrosion products that turned yellowish after about 20 

to 30 minutes post-recovery. Elemental analysis using EDS, shown in Figure 66, revealed 

a higher percentage of oxygen, O, that can be due to the presence of a thin iron oxide film 

on the steel surface. Alloying elements such as molybdenum, manganese, and copper 

were also detected on the steel surface. Using a 3D optical microscope, the surface profile 

of the bare steel surface was measured, and exhibited uniform corrosion across the whole 

steel surface. 

 

‐680

‐660

‐640

‐620

‐600

‐580

0 10 20 30 40 50

C
o
rr
o
si
o
n
 p
o
te
n
ti
al
, m

V

Time, hour

25°C, 40 bar CO2, 4% O2

25°C, 40 bar CO2



 

F
at
 

F
an
 

su

igure 65. Bl
t 25°C, 40 b

igure 66. SE
nd without 4

Cross

urface havin

uish-green c
ar pCO2, wit

EM and EDS
4% O2 exper

-sectional an

ng morpholo

corrosion pro
th 4% O2  

S analysis of 
riments. 

nalysis of th

gical feature

oduct on a re

f steel surfac

he steel samp

es that were 

ecovered ste

e at the end 

ples exhibite

loose and fr

eel specimen

of 25°C, 40 

ed a layer on

ragile, typica

n for experim

 

bar pCO2, w

n top of the 

al of skeleta

113 

ment 

with 

 steel 

l iron 



 

ca

an

so

in

ap

el

h

lo

sh

X

 

F
 

arbide. The 

n expected t

ome amount

n the O2 ex

pproximate 

lement resid

ave been los

oss for the ex

hown in the

XRD analysis

igure 67. Ste

thickness of

thickness of

t of iron carb

xperiment, b

52 µm thick

due observed

st or spalled 

xperiment w

e cross-secti

s, as shown i

eel cross-sec

f the corrosio

f residual ca

bide was pro

based on th

kness, as com

d under SEM

off from the

without O2 w

on. The pre

in Figure 68

ctions at 25°

on product, 

arbide on the

obably lost d

he weight lo

mpared to th

M. This sugg

e steel surfac

as 34 µm, w

esence of th

8.  

C, 40 bar pC

as seen in F

e steel surfa

during the te

oss corrosio

he 15 µm th

gests that so

ce due to its 

which corresp

his iron carb

CO2, with an

Figure 67, di

ace. Due to i

ests. The am

on rate, cor

hick layer of

ome of the i

fragility. Th

ponds to the

bide layer w

nd without 4%

id not confor

its fragile na

mount of iron

rresponded t

f carbide/allo

ron carbide 

he calculated

e 40 µm thick

was confirme

 

% O2  

114 

rm to 

ature, 

n loss 

to an 

oying 

must 

d iron 

kness 

ed by 



 

F

 

o

su

F

igure 68. XR

Althou

f pits or loca

urface was u

 

igure 69. Pro

RD analysis 

ugh the pres

alized corros

uniformly co

ofilometry o

for specime

sence of O2 

sion were no

orroded and t

of specimen 

en at 25°C, 4

caused the c

ot detected, 

the polishing

at 25°C, 40 

40 bar pCO2,

corrosion rat

as shown in

g lines were 

bar pCO2, w

, with 4% O2

te to increas

n Figure 69. 

no longer vi

with 4% O2 a

2 for 48 h. 

e, the occurr

The overall

isible. 

after 48 h. 

115 

 

rence 

l steel 



  116 

 

5.5.2 Experiment 2: 25°C, 90 bar pCO2, with and without 4% O2. 

At this condition, CO2 was in its liquid state. The corrosion rates, measured by 

LPR, showed a similar trend of higher corrosion rates of steel observed in the presence of 

O2, as was seen in the previous sub-section.  Figure 70 shows a relatively constant and 

stable corrosion rate values for both oxic and anoxic condition.  An almost similar test, 

conducted at 25°C and 80 bar CO2, reported similar findings where the corrosion rate 

stayed relatively constant at 5 mm/year [61]. The calculated time-integrated value of the 

LPR corrosion rate was 7.2 mm/year and 12.9 mm/year for the anoxic and oxic 

experiments, respectively.  

 

 

Figure 70. LPR corrosion rate with time for experiments at 25°C, 90 bar pCO2, with and 
without 4% O2. 
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The time-integrated values were compared with the weight lost corrosion rate, 

shown in Figure 71, showing that the presence of O2 resulted in higher corrosion rates. In 

an almost similar test, conducted at 25°C, 80 bar pCO2 , it reported a maximum LPR 

corrosion rate of 7 mm/year [106], comparable with the time-integrated corrosion rate of 

the anoxic experiment at a slightly higher CO2 partial pressure. There is a high 

discrepancy between the weight loss corrosion rate for the experiment without O2 with 

the corrosion rate measured using LPR. However, the repeatability of this particular 

condition was high, and observed in three separate repeat experiments. This deviation in 

value could be due to technical error during preparation and handling of the test 

specimen. 

 

 

Figure 71. Weight loss corrosion rates compared to LPR time-integrated corrosion rates 
for experiments at 25°C, 90 bar pCO2, with and without 4% O2. 
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The presence of O2 did not significantly affect the corrosion potential, as shown in 

Figure 72. Similar behavior was discussed in the previous sub-section for the experiments 

at 40 bar CO2.   

 

 

Figure 72. Corrosion potential with time for experiments at 25°C, 90 bar pCO2, with and 
without 4% O2. 
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surface. The kinetics of FeCO3 formation is much slower at low temperature. Corrosion 

rates with O2 ingress reached a maximum of about 47 mm/year as compared to 18 

mm/year for baseline CO2 corrosion. O2 ingress exhibited higher final LPR corrosion rate 

(0.7 mm/year) than the baseline condition (0.1 mm/year).  

 

 

Figure 77. Corrosion rates of steel at 80°C and 40 bar CO2 with and without O2. 
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dropped after the 20th hour and then became constant at about -420 mV around the 40th 

hour. Based on the potential change, the formation of a corrosion product layer with the 

presence of O2 is more rapid due to the increase in oxidizer concentration in the system 

that produces excessive amounts of precipitation and corrosion products.  

 

 

Figure 78. Corrosion potential of steel at 80°C and 40 bar CO2 with and without O2. 
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Figure 79. Corrosion rates measured using weight loss technique compared with 
integrated LPR results for conditions with and without O2 at 80°C, 40 bar CO2 after 2 
days of test. 
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features underneath the top layer were of prism-like crystals of a morphology 

characteristic of FeCO3. 
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Figure 80. Steel surface after being exposed to 80°C, 40 bar CO2, 4% O2 in solution for 
48 hours. 
 

The thickness and compositional characteristics of the corrosion product were 

determined by preparing a cross-section of the specimen which was then analyzed under 

SEM using backscattered electrons as shown in Figure 81. The thickness of the corrosion 

product derived from the CO2/O2 environment was relatively thinner (43 µm) than the 

corrosion product that was not subjected to O2 (78 µm). The amount of iron lost, 

calculated from weight loss, was 50 µm and 38 µm for the conditions with O2 and 

without O2, respectively. Most of the iron lost from the oxic experiment was probably 

converted into loose iron oxide and had spalled off of the steel surface. 

The backscatter image in Figure 81(a) suggests different compositions and layers 

of the corrosion product based on the different shades of gray. The lighter shade of gray 

at the top layer indicates a heavier compound than the layer next to the steel surface. This 

is a good indication that the top layer consists of oxides, FexOy, while the layer closest to 



  126 

the steel surface is iron carbonate, FeCO3. The bottom-most layer was observed to be 

more coherent and compact than the top-most layer, providing a good protection to the 

steel surface.  

 

 

Figure 81. Cross-sectional view of steel specimen for tests conditions at (a) 80°C, 40 bar 
pCO2, 1.7 bar O2 and (b) 80°C, 40 bar pCO2. 
 

X-ray diffraction (XRD) was utilized to determine the type of corrosion product 

that was formed on the steel surface. The diffraction pattern in Figure 82 indicated 

intense peaks of FeCO3, which confirmed the coherent layer of compact corrosion 

product that was observed in the backscatter micrograph in Figure 81(a). Iron oxides and 

hydroxide were also detected on the steel surface. However, the intensities of the 

magnetite and hematite peaks were low and difficult to distinguish between each another. 

Raman spectroscopy was later utilized to investigate the corrosion product crystals. 

Analysis was conducted on different locations on the steel sample using 785 nm laser 

excitation energy at 50 mW laser power and 20 s integration time. The reddish-colored 

top layer picked up peaks that are characteristic of hematite (Fe2O3), while the grey-
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Further investigations were carried out to observe the surface profile of the steel 

underneath the corrosion product after exposure to experimental conditions with O2 

present. After carefully chemically removing the corrosion product, the bare steel surface 

was analyzed using optical 3D profilometry. Localized corrosion was observed on the 

bare steel surface and the surface profile, Figure 84, showed a pit depth up to 386 µm. 

This maximum pit depth value converts to about 70 mm/year of penetration rate. The 

occurrence of localized corrosion could be due to the heterogeneity of the corrosion 

product layer on the steel surface, which could create highly localized environment for 

initiation of pits.  

Localized corrosion was quantified by calculating the pitting ratio (PR) using the 

following method [95]:  

 ܴܲ = ௉௜௧	௣௘௡௘௧௥௔௧௜௢௡	௥௔௧௘ௐ௘௜௚௛௧	௟௢௦௦	௖௢௥௥௢௦௜௢௡	௥௔௧௘ = ଻଴ଽ.ଶ = 7.6   (33) 

 

According to the definition, if the PR value is greater than 5, it is a sign of localized 

corrosion. If the PR value is lower than 3 this implies no localized corrosion. If the PR 

value falls between 3 and 5, there is a probability for localized corrosion to occur [95]. In 

this case, the PR value indicates the existence of localized corrosion. 
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lower time-integrated corrosion rate value as shown in Figure 86. The weight loss 

corrosion rate also showed lower corrosion rate when O2 is present in supercritical CO2. 

This differing observation could be caused by the complex nature of supercritical CO2 

which affects the overall chemistry of the solution. 

 

 

Figure 85. Corrosion rates of steel at 80°C and 90 bar CO2 with and without O2. 

 

0

10

20

30

40

50

60

0 10 20 30 40 50

C
o
rr
o
si
o
n
 r
at
e
, m

m
/y

Time, hour

80°C, 90 bar CO2, 4% O2

80°C, 90 bar CO2



  131 

 

Figure 86. Corrosion rates measured using weight loss technique compared with 
integrated LPR results for conditions with and without O2 at 80°C, 90 bar CO2 after 2 
days of test. 
 

The corrosion potential showed a similar trend as was observed in the 40 bar CO2 

experiments, see Figure 87. The potential increased positively about 400 mV during the 

first 24 hours, and gradually declined to a fairly constant value of -300 mV. The presence 

of O2 had caused conversion of ferrous to ferric ions, and consequently to oxides of iron 

on the steel surface, thus affecting the observed potential change. 
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Figure 87. Corrosion potential of steel at 80°C and 90 bar CO2 with and without O2  

 

The steel specimen was covered with a thick layer of reddish precipitate that was 

loose and porous. This readily washed off of the steel surface when rinsed with 

isopropanol, leaving a brownish red steel surface, as shown in Figure 88. A comparison 

of the steel surface, observed using SEM, is shown in Figure 89.  

 

 

Figure 88. Steel samples after 2 days of immersion without (left) and with O2 (right). 
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Figure 94. Localized corrosion on steel surface as seen under SEM. 

 

5.6 The Proposed Corrosion Mechanism 

 The ingress of O2 in high CO2 partial pressure systems causes a more complex 

electrochemistry of CO2 corrosion. The additional cathodic reaction (O2 reduction 

reaction (14)) that takes place, results in an increased rate of anodic reaction to provide 

more electrons for the cathodic reactions. The dissolution of iron into ferrous ions is 

increased, which explains the overall higher corrosion rate. Previous researchers have 

suggested that the FeCO3 is very vulnerable to O2 and is easily damaged or dissolved by 

its presence [88], [107]. 

At low temperature, in this case 25°C, the temperature is too low for FeCO3 or 

Fe2O3 to form effectively. Therefore, neither FeCO3 nor Fe2O3, was found on the steel 

surface. However, for the oxic environment at room temperature, in the presence of 

carbonate ions, formation of goethite, α-FeO(OH), [108] was observed as the greenish 
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localized corrosion. Electrochemical impedance spectroscopy (EIS) may be utilized to 

study the corrosion mechanism at high CO2 partial pressure in the presence of O2. 

 

5.7 The Effect of Flow 

 An impeller, fitted to the autoclave, with a rotational speed set at 1000 rpm 

conferred a flow field in the solution, corresponding to a peripheral velocity of about 

1 m/s. The flow regime corresponds to a turbulent flow with a Reynolds number greater 

than 200. Figure 97 shows that the initial corrosion rate almost doubled due to the 

addition of flow in a CO2 system. It then slowly decreased to about 0.2 mm/year after 

over 30 hours of test as compared to the lesser amount of time taken by the stagnant 

system. Figure 98 illustrates the same effect of flow on a CO2/O2 system. This delayed 

behavior in the drop of corrosion rate shows that the mechanisms of both CO2 and 

CO2/O2 corrosion are influenced by mass transport of species to and from the metal 

surface. The highest recorded corrosion rate was over 60 mm/year in the oxic and 

turbulent environment. The lowered corrosion rate values are indicative of a protective 

barrier that had formed on the steel surface in spite of the presence of turbulent flow. 
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Figure 97. Effect of 1000 rpm flow rotational speed on the corrosion rates in equivalent 
CO2 systems. 
 

 

Figure 98. Effect of 1000 rpm flow on the corrosion rates in equivalent CO2/O2 systems. 
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The effect of flow was also significant in the corrosion rate values that were 

measured by weight loss. Figure 99 illustrates that both CO2 and CO2/O2 flow systems 

recorded high corrosion rates as compared to their rates in the stagnant condition.  

Combination of high pressure CO2 with O2 and flow recorded the highest of over 

35 mm/year. 

 

 

Figure 99. Effect of flow and O2 on weight loss corrosion rate. 
 

The surface of the steel specimen after 48 hours of exposure in the CO2/O2 

environment at 80°C, 90 bar CO2, and 1000 rpm rotational speed showed layers of 

corrosion product that were flaky and non-adherent, as shown in Figure 100. 

Observations under SEM, as shown in Figure 101, indicated the appearance of typical 

dense plate-like iron oxide crystals, with a high percentage of O in the EDS analysis 

shown in Figure 102. Crystals of FeCO3 could not be seen on the sample. 
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Figure 100. Steel specimens at 80°C 90 bar CO2, 4% O2, and 1000 rpm speed. 
 

  

Figure 101. SEM of steel surface at 80°C 90 bar CO2, 4% O2, and 1000 rpm speed. 
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5.8 Chapter Summary and Conclusions 

 Table 9 summarizes the results that were drawn from the current work on the 

effect of O2 in high pressure conditions.  

 

Table 9: Results Summary of High Pressure Corrosion Experiments 
T 
(°C) 

pCO2 
(bar) 

pO2 
(bar) 

Flow 
condition, 
rpm 

Final LPR 
corrosion rate 
(mm/year) 

Weight loss 
Corrosion 
rate 

Localized 
corrosion? 

25 40 0 0 9.7 6.3 No 

25 40 1.7 0 13.6 9.5 No 

25 90 0 0 6.4 1.8 No 

25 90 3.75 0 15.5 15.1 No 

80 40 0 0 0.1 7.0 NA 

80 40 1.7 0 0.7 9.2 Yes 

80 90 0 0 1.3 10.1 NA 

80 90 3.75 0 0.2 8.8 Yes 

80 90 0 1000 0.2 24.4 Yes 

80 90 3.75 1000 NA 35.2 Yes 

 

 The presence of O2 was particularly detrimental to steel integrity. The 

experiments that were conducted at the 25°C caused severe uniform corrosion, devoid of 

any protective corrosion product layer on the steel surface. The final corrosion rates, 

based on the final Rp value measured by LPR, are considered to be high and regarded as 

unacceptable by the oil and gas industry. Experiments that were conducted at 80°C 
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showed possible initiation of localized corrosion on steel. The formation of thick and 

coherent corrosion products on the steel surface provided some defense from further 

active corrosion of the steel. Although the final corrosion rates were low (0.7 and 

0.2 mm/year), they were still considered as unacceptable values for oil and gas 

applications which have been defined as a maximum of 0.1 mm/year [107], [111]. The 

highest corrosion rate observed was in the flow experiments. 

 The overall results showed that the corrosion rates were magnitudes higher than 

the corrosion rates observed at low pressure as discussed in Chapter 4. This is associated 

with elevated CO2 partial pressures causing an increase in the carbonic acid 

concentration.  
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CHAPTER 6: MODELING  

 In-house corrosion prediction tools called Freecorp©, and Multicorp© were 

utilized for comparison of simulated corrosion rates to results.  

 

6.1 Simulation at Low Pressure 

 Freecorp© is a simulation software that was developed by a team of research 

scientists and programmers at the Institute for Corrosion and Multiphase Technology 

(ICMT) to perform predictions of carbon steel corrosion at corrosion product layer-free 

conditions. The software was utilized to simulate corrosion, and related data for the 

FeCO3-free low pressure condition. Figure 110 shows that the corrosion rates presented 

in Chapter 4 are in agreement with the simulated results. The polarization curve shown in 

Figure 111 effectively describes the corrosion behavior change when O2 is present in the 

system. The corrosion current increased due to the additional O2 reduction reaction, 

reflected by the green vertical line, which shifted the total cathodic curve to the right. The 

other lines are labeled as different colors: orange (H+ reduction), purple (H2O reduction), 

light blue (H2CO3 reduction), red (total cathodic curve and Fe dissolution), and dark blue 

(sweep curve). 
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Figure 110. Comparison of corrosion rates between Freecorp© and experimental data at 
25°C, 1 bar, pH 4.0, with and without 3 ppm O2 
 

   

Figure 111. The effect of 3 ppm O2 in CO2 system at 25°C, 1 bar shown in Tafel plots 
using Freecorp© 
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advanced in-house proprietary model called Multicorp©. This corrosion prediction model 

was designed for use in pipelines in the oil and gas industry, therefore, it is unable to 

simulate the corrosion rate at a completely stagnant condition. All simulations using 

Multicorp© were set at the lowest allowable superficial water velocity, which is 0.01 m/s. 

 Figure 112 compares the results between experimental (red squares) and 

simulated data (blue line) for a 7-day experiment at 80°C, 0.5 bar CO2 and pH value of 

6.6. The simulated data showed a slightly lower corrosion rate than the experimental data. 

The immediate drop in both experimental and simulated corrosion rate is caused by the 

formation of corrosion product on the steel surface, which was observed and discussed 

earlier in Chapter 4. The drop in the corrosion rate corresponds to the drop in the surface 

porosity, which is shown in Figure 113.  The presence of O2 (denoted by the triangular 

plots) resulted in a much higher corrosion rate for the first 5 days of the test due to the 

additional O2 reduction reaction in the system. The formation and accumulation of oxide 

precipitates on the steel surface partially mitigated further corrosion of the steel by 

limiting the area of the steel surface that is directly exposed to the corrosive environment.  
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Figure 112. Comparison of corrosion rates between Multicorp© and experimental data of 
test at 80°C, pH 6.6 and 0.5 bar CO2, with and without O2 
 

 

Figure 113. Simulated surface pH and porosity at 80°C, pH 6.6, and 0.5 bar CO2 
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tool in near-critical and supercritical CO2 conditions for steel pipelines in the oil and gas 

industry. This newest version of the software enables prediction of corrosion for 

pressures up to 200 bar. 

 

6.2.1 Multicorp© High Pressure Simulation for Tests at 25°C 

 Experimental results at CO2 partial pressures of 40 bar and 90 bar that was 

presented in Chapter 5 were compared with simulated results using Multicorp©, shown 

in Figure 114 and Figure 115. Both figures exhibited a fairly constant corrosion rate for 

48 hours. The absence of a protective FeCO3 layer on the steel that was observed in the 

laboratory experiment explains the constantly high corrosion rates. Multicorp© predicted 

a slightly higher corrosion rate due to the inability of the model to simulate corrosion 

behavior at stagnant conditions. The superficial fluid velocity was set at 0.01 m/s to 

simulate a near stagnant environment. The presence of O2 affects the corrosion rate even 

at high pressure, as shown in the two figures. The increase in the corrosion rate at 90 bar 

is more significant than the increase at 40 bar CO2.  



  156 

 

Figure 114. Comparison of simulated corrosion rate with experimental results for 
experiment at 40 bar CO2, 25°C, autogenous pH for 48 hours 
 

 

Figure 115. Comparison of simulated corrosion rate with experimental results for 
experiment at 90 bar CO2, 25°C, autogenous pH for 48 hours 
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the corrosion rate increased as partial pressure was increased from 10 bar to 40 bar of 

gaseous CO2. However, as the partial pressure was increased to 90 bar then CO2 is now in 

the liquid phase, and it exhibited a different behavior where the corrosion rate decreased 

with increasing partial pressure. The corrosion rates vary at different CO2 partial 

pressures, and were fairly constant in the 48 hour period (2880 minutes) as shown in 

Figure 117. 

 

 

Figure 116. Predicted corrosion rates using Multicorp© at varying pressures at 25°C, 
autogenous pH for 2 days 
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Figure 117. Predicted corrosion rates using Multicorp© at varying pressures at 25°C, 
autogenous pH for 60 days 
 

 Figure 117 shows that further simulation of corrosion rate at 25°C up to 60 days 
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increase to a greater value than the precipitation rate at 25°C. This can be explained by 

the term Surface Scaling Tendency (SST) [112]: 

 ܵܵܶ = ௣௜௧	௣௥௘௖௜௣௜௧௔௧௜௢௡	௥௔௧௘,௉௉ோ௖௢௥௥௢௦௜௢௡	௥௔௧௘,஼ோ 	     (30) 
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Since the precipitation rate at 25°C is low relative to the corrosion rate, the corrosion 

product is porous and loose. As the partial pressure of CO2 is increased, it increased the 

corrosion rate, thus lowering the value of SST and delaying the formation of any 

corrosion product. 

 

 

Figure 118. Simulated surface porosity at 25°C and autogenous pH for 60 days 
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Figure 119. Predicted surface pH at 25°C and autogenous solution pH for 60 days 

 

 

Figure 120. Predicted bulk and surface pH at 25°C 

 

3.6

3.8

4

4.2

4.4

4.6

4.8

5

5.2

5.4

5.6

5.8

0 20000 40000 60000 80000 100000

Su
rf
ac
e
 p
H

Time, minute

25C, 150 bar

25C, 120 bar

25C, 90 bar

25C, 40 bar

25C, 10 bar

3.94

3.44

3.17
3.09 3.08

4.53

4.13

3.88 3.83

4.65

4.27
4.17 4.18

3

3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

4.8

5

1 10 40 90 120

p
H

CO2 partial pressure, bar

Bulk

Initial Surface

Final Surface



  161 

6.2.2 Multicorp© High Pressure Simulation for Tests at 80°C 

 Simulation of corrosion at 80°C resulted in a very high initial corrosion rate 

which then dropped rapidly within the first few hours of the corrosion process and 

gradually decreases afterwards, as shown in Figure 121. However, the corrosion rate after 

48 hours was still considered unacceptably high. The poor correlation of the corrosion 

rate values is due to a number of possible factors. The simulated values were computed at 

the lowest allowable superficial fluid velocity of 0.01 m/s, therefore it does not truly 

represent corrosion rate values at stagnant condition. The simulation is also based on an 

infinite amount of solution which affects the supersaturation of species involved in the 

formation of FeCO3 or any other corrosion products.  

  

 

Figure 121. Predicted corrosion rates using Multicorp© at varying pressures at 80°C, 
autogenous pH 
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Figure 122 shows that the simulated surface porosity dropped simultaneously with 

the decrease in the predicted corrosion rate. Figure 123 shows that the surface pH almost 

instantaneously increased but then gradually decreases. The final value of the surface pH 

was higher than the initial pH of the solution, as shown in Figure 124. 

 

 

Figure 122. Simulated surface porosity at 80°C and autogenous pH for 30 days 
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Figure 123. Predicted surface pH at 80°C and autogenous solution pH for 30 days 

 

 

Figure 124. Predicted bulk and surface pH using Multicorp© 
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6.2.3 Multicorp© Simulation on the Effect of Flow 

 The effect of solution velocity on the corrosion rate of steel depends on several 

factors such as the passivity of the metal, salinity, O2 concentration, and corrosion 

product or inhibitor film. For an active steel such as mild steel, its corrosion rate is 

affected by flow velocity only when it is diffusion-controlled, and the effect is only 

limited to low solution velocities [109]. The corrosion rate of an active steel will increase 

with increasing solution velocity but levels off as the velocity gets higher [18], [113]. The 

corrosion rate of an active-passive metal (stainless steel) is independent of flow at high 

solution velocity due to its passivity [18]. The increase in corrosion rate when velocity is 

increased is due to the O2 reduction process. Hydrogen ions that are close to the steel 

surface are swept away by turbulent flow, enhancing the mass transport of O2 towards the 

steel surface. Therefore, the effect of flow in the absence of O2 is unseen [43]. Salinity of 

solution, i.e., concentration of Cl- in the solution, also plays a role in the effect of flow on 

corrosion rate by interrupting passivation of steel. High salinity water, such as seawater, 

would exhibit increased corrosion rate with increasing solution velocity while this 

behavior is not exhibited in natural waters [43]. The effect of flow is less significant in 

the presence of an inhibitor film or a protective FeCO3 layer on the steel surface, 

however, it can cause the initiation of pits [113].  

 The Multicorp© model is able to simulate for superficial water velocity up to 

10 m/s. Simulation of corrosion was done at various velocities from 0.01 m/s to 10 m/s. 

Figure 125 and Figure 126 shows the effect of flow on the corrosion rate at 25°C and 

80°C, respectively. Both figures show that the corrosion rate increases significantly as the 
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solution velocity is increased from 0.01 m/s to 1 m/s. The effect of flow is relatively 

insignificant at velocities higher than 1 m/s.   

   

 

Figure 125. Simulated corrosion rate at varying flow velocities for non-FeCO3 forming 
condition (25°C, 90 bar CO2, autogenous pH, 60 days) 
 

 

Figure 126. Simulated corrosion rate at varying flow velocities for FeCO3 forming 
condition (80°C, 90 bar CO2, autogenous pH, 30 days) 
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condition (0.01 m/s), typical of a protective film formation on the steel surface. This 

behavior is non-existent at higher velocities, which shows that flow interrupted the 

formation of a protective film/scale on the steel surface. The formation of a protective 

corrosion product at this lowest velocity is shown in Figure 128 as the decrease in surface 

porosity. The surface pH also appeared to be highest at the greatest fluid velocity, as 

shown in Figure 129. Turbulence and mixing in the flow enhances the transport of 

hydrogen ions from the bulk towards the surface of the steel. 

 

 

Figure 127. Evolution of simulated corrosion rate at varying flow velocities and non-
FeCO3 forming condition (25°C, 90 bar CO2, autogenous pH, 60 days) 
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Figure 128. Simulated surface porosity at various flow velocities at 25°C, 90 bar CO2, 
autogenous pH for 60 days 
 

 

Figure 129. Simulated surface pH at various flow velocities at 25°C, 90 bar CO2 and 
autogenous pH for 60 days 
 

 Prediction of corrosion rate at 80°C was compared with experimental data, as 
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However, experimental data for the test at 1000 rpm (this corresponds to about 1 m/s 

peripheral velocity), deviates greatly from the simulated data. This is due to the nature of 

the experiment that was a closed-system and non-refreshing, causing a great amount of 

change in the solution chemistry. 

 

 

Figure 130. Predicted corrosion rate at various flow velocity at 80°C, 90 bar CO2, for 2 
days at autogenous pH 
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS  

 The work in this dissertation has covered the study of carbon steel corrosion at 

supercritical and subcritical CO2 relevant to the CCS and CO2-EOR sector in which O2 is 

present as an aggressive contaminant in CO2. Observations from the experiments at 

gaseous and liquid CO2 can be beneficial in terms of corrosion in CO2 transmission line 

in the CCS network where the conditions are up to 30°C and 200 bar CO2. Results from 

experiments at supercritical CO2 will be much more relevant to downhole condition 

(150°C and 500 bar CO2). 

 

7.1 Overall Summary/Conclusion 

 While FeCO3 was found to be advantageous in providing some form of protection 

to the steel surface, O2 was destructive to it, see Chapter 4. O2 was observed to cause 

degeneration of FeCO3 crystals. The accumulation of iron oxides on the steel surface 

caused the occurrence of tubercles as occluded regions on the steel surface, creating a 

phenomenon similar to crevice corrosion that initiates the formation of pits. Oxides such 

as magnetite (Fe3O4), hematite (α-Fe2O3), and goethite (α-FeOOH) along with siderite 

(FeCO3) were the components of the tubercles.  

Discussion in Chapter 5 has shown that the ingress of O2 in high pressure CO2 

environment increased the overall corrosion rate of steel by suppressing the formation of 

FeCO3 layer on the steel surface. Oxides similar to that in the low pressure tests were 

observed in the high pressure experiments at 80°C. Even though the presence of tubercles 

was not seen in high pressure experiments, pits were observed on the steel specimens in 



  170 

the 80°C tests. XRD analyses detected iron carbide as the only significant corrosion 

product that was observed in the 25°C experiment, while EDS detected the presence of 

residual alloying elements such as Cu, Ni, Mn, and Mo on the steel surface. General 

uniform corrosion was observed at this low temperature.  

The presence of flow heightened the severity of corrosion by disrupting the 

formation of a protective FeCO3 layer on the steel surface. This is due to the enhanced 

mass transport of species to/away from the steel surface, which decreased the saturation 

of ions with respect to FeCO3 formation. The combination of flow and O2 dramatically 

increased the overall general and localized corrosion rate.  

 Simulation of corrosion at high pressure and low pressure using in-house 

prediction models was beneficial. However, the models are not perfect. Predicted values 

of corrosion at low pressure using Multicorp© has shown almost perfect matching with 

experimental results. Simulation using Multicorp© for the high temperature low pressure 

conditions resulted in acceptable values as well. However, Multicorp© lacks in the 

calculation of the effect of O2 on CO2 corrosion. Prediction of corrosion rate at high 

pressure high temperature (HPHT) conditions showed the poorest correlation with 

experimental data. 

 

7.2 Future Work/Recommendations 

Based on the EDS analysis that was done on steel specimens shown in Chapter 5, 

the alloying elements and their enrichment has aroused a degree of curiosity. Future study 

on the effect of these alloying elements in steel can be conducted to understand their role 
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in corrosion of steel. The role of carbide as the skeletal remnants from corrosion of steel 

should also be further investigated. Other kinds of steels, such as 3Cr, 13Cr and other 

CRAs should also be tested to investigate their performance in oxic CO2 corrosion 

environments. 

The effect of O2 may also differ in different kinds of brine, depending on the 

composition of the brine. Besides Na+ and Cl-, the brine that is used at oil fields typically 

consist of other ions such as Ca2+, Mg2+, K+, and SO4
2-.  

 Based on the observations and high corrosion rate values in both low and high 

pressure situations, it is vital that corrosion inhibitor be employed in O2/CO2 environment 

since it is universally accepted that corrosion rate should not exceed 0.1 mm/year. 

Mitigation of corrosion will help extend the life of equipment in CO2-EOR units. 

Investigation of the inhibition strategy for corrosion at high pressure with the ingress of 

O2 should be conducted, especially in combatting the onset of localized corrosion 

underneath the thick corrosion product. 

Prediction of corrosion using Multicorp© implies that the corrosion behavior of 

steel at low temperature potentially reaches its steady state at about 60 days. Therefore, 

longer tests can be conducted in order to give a better representation of the true corrosion 

behavior.  

The overall setup design can also be improved. The change in the solution water 

chemistry should also be well-controlled either by using an ion-exchange unit, or simply 

using larger volume vessels. Quantification of the amount of O2 and iron content 

throughout the duration of the experiment would be beneficial in determining the actual 
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kinetics of the corrosion product formation. A stable pH measurement device would be a 

valuable asset in future tests. 
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APPENDIX A: AES ANALYSIS OF STEEL SPECIMEN 
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System B: Orbysphere 

Ptotal = 1 bar 

If T2 = 25°C (298.15 K), then partial pressure of water, pw = 0.03 bar (from Perry’s 

Chemical Engineers’ Handbook) 

The concentration of O2 (orbysphere) = 3 ppm = 3 mg/L = 9.375 x 10-5 mol/L 

Unknowns = pO2, pCO2. 

Using the same equation from Tromans (1998), and T is in Kelvin. 

kO2 = 0.0012788 mol/L·bar 

pO2 = cO2/kO2 = 9.375 x 10-5 mol/L / 0.0012788 mol/L·bar = 0.0733 bar 

pCO2 = ptotal – pO2 – pwater = 1 – 0.0733 – 0.03 = 0.8967 bar 

The ratio of O2/CO2 is 0.0733/0.8967 = 0.082 

 

Since the ratio of O2/CO2 in systems A and B are the same, therefore, in System A,  

pCO2 = 0.53/(1+0.082) = 0.49 bar 

pO2 = 0.53-0.49 = 0.04 bar 

The concentration of O2 in the glass cell is, 

cO2 = kO2 x pO2 = 3.18 x 10-5 mol/L = 1.02 mg/L = 1.02 ppm 

 

Assumptions: The electrolyte NaCl concentration is low and negligible to consider the 

effect of NaCl. 

 



  186 

Data from Perry's Handbook 
T Water Vapor Pressure  
°C mmHg bar 
25 23.756 0.0317 
30 31.824 0.0424 
35 42.175 0.0562 
40 55.324 0.0738 
50 92.510 0.1233 
60 149.38 0.1992 
70 233.70 0.3116 
80 355.10 0.4735 
90 525.76 0.7010 

100 760.00 1.0133 
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APPENDIX C: CLARKE SOLUTION TREATMENT (ASTM G1-03) 

The Clarke solution for removal of corrosion product on steel consists of the following: 

1) 100 mL hydrochloric acid, HCl 

2) 2 g Antimony trioxide, Sb2O3 

3) 5 g Stannous chloride, SnCl2 

Clarke solution is a light brown formulation. The solution is corrosive; therefore 

the procedure was conducted in a fume hood. Details of the procedure are provided in 

ASTM G1-03 Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test 

Specimens. Measurements of weight loss was done at every cycle of Clarke treatment 

until the change in the mass was only in the 4th decimal point, as shown in the plot below. 
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APPENDIX D: SAMPLE CALCULATION OF CORROSION RATE FROM WEIGHT 

LOSS 

In this example, the weight of a specimen, retrieved from an experiment at 80°C 

and 90 bar CO2, was determined using a digital balance during Clarke solution treatment, 

accurate up to 4 decimal points. The surface area of the specimen was determined prior to 

the start of the experiment by measuring the dimensions of the flat steel specimen. The 

following equation was used to determine the corrosion rate in the mm/y.  

 

 

The mass of the specimen before the start of the experiment, Wbefore = 6.6112 g 

The mass of the retrieved specimen after Clarke solution treatment, Wafter = 6.3529 g 

 

The weight loss, W = 6.6112 – 6.3529 = 0.2583 g 

The density of the steel, D = 7.87 g/cm3 = 0.00787 g/mm3 

The surface area, A = 585.7705 mm2 

The time of exposure, T = 48 h = 0.0056 y 

 

Inserting all these values into the equation will result in a corrosion rate value of 

10.23 mm/y.  

  

DAT

W
CR 
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APPENDIX E: SAMPLE CALCULATION OF CORROSION RATE FROM 

POLARISATION RESISTANCE 

To calculate the corrosion rate, the true polarization resistance, Rp, was 

determined by deducting the solution resistance from the total polarization resistance that 

was obtained from LPR.  ܴ௣ = ܴ௣,௧௢௧௔௟ − ܴ௦ 
The solution resistance was obtained by conducting an Electrical Impedance 

Spectroscopy (EIS) on the specimen. The current density was then calculated using the 

Stern-Geary equation:  

݅ = ௣ܤܴ = ௔ߚ × ௖2.3ߚ × ܴ௣ × ௔ߚ) +  (௖ߚ
Where βa and βc are the anodic and cathodic Tafel slopes, set to a value of 0.12 V/decade 

each, resulting a Stern-Geary constant, B, value of 0.026 V. The corrosion current, in unit 

A/m2, is obtained by dividing the current density with the surface area of the steel 

specimen that is exposed to the solution.  

݅௖௢௥௥ =  ܣ݅

The corrosion rate is then calculated using the equation: 

ܴܥ = ݅௖௢௥௥ܯி௘ܨ݊ߩ ∙ ൤ ൨ݎܽ݁ݕ݉݉ = ݅௖௢௥௥ܯி௘ܨ݊ߩ ∙ ݎܽ݁ݕ	1݉݉	1000 ∙  60ݔ60ݔ24ݔ365

Which is essentially CR = icorr x 1.16 

Where Mw is molecular weight of the Fe = 55.845 g/mol,  

ρ is the density = 7,870,000 g/m3,  
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n is the number of charges = 2 (For every mol of iron lost, 2 mol of electrons are 

released). 

F is the Faraday’s constant, 96,485 C/mol.  

 

In one example on Aug 25, 2015, the Rp,LPR and Ecorr was recorded using LPR while the 

Rs was determined using EIS. The exposed area of the steel specimen is 0.00054 m2. 

 Rp,LPR = 3.96 Ω   Ecorr = -587 mV  Rs = 3.1 Ω 

The true Rp = 3.96 – 3.1 = 0.86 Ω 

݅ = ௣ܤܴ = 0.0260.86 = 0.030233 

݅௖௢௥௥ = ܣ݅ = 0.0302330.00054 = 55.986 

 

Corrosion rate = icorr x 1.16 = 64.94 mm/year 
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and oxygen was calculated. The number of moles of oxygen, calculated using the Ideal 

Gas Law, is 0.16 moles. The number of moles in 3 L of water is 166.5 moles.  

The software computes the mole fraction of each species in the water phase. The 

mol fraction was then converted into units of solubility, grams per mole. The results are 

shown in the following table. 

 

Table E1: Results of computation using MultiFlash 4.2 

 

 

Part 2: Henry’s Law 

According to Henry’s Law, the partial pressure of a gas above a liquid is directly 

proportional to the amount of gas that dissolves in the liquid at constant temperature. ݌ = ݇ுܿ 

In this equation, the partial pressure of the gas above the liquid, and the 

concentration of the dissolved gas in the solution are denoted as p and c, respectively.  

The Henry’s Law coefficient, kH, is a value that depends on the solute, the solvent, and 

temperature.  

Total ρWater V water O2 conc

K C xO2 xH2O mol nO2 nWater mO2 mWater (kg/m 3 ) L gram/L

298.15 25 2.36E‐05 0.999976 166.499 3.93E‐03 166.495 1.26E‐01 2996.91 996.95 3.006079 0.042

303.15 30 2.30E‐05 0.999977 166.497 3.83E‐03 166.4932 1.23E‐01 2996.877 995.7 3.009819 0.041

313.15 40 2.15E‐05 0.999978 166.491 3.59E‐03 166.4873 1.15E‐01 2996.772 992.2 3.020331 0.038

323.15 50 1.97E‐05 0.99998 166.481 3.28E‐03 166.4777 1.05E‐01 2996.598 988.1 3.032687 0.035

333.15 60 1.74E‐05 0.999983 166.463 2.90E‐03 166.4602 9.27E‐02 2996.283 983.2 3.047481 0.030

343.15 70 1.45E‐05 0.999986 166.43 2.41E‐03 166.4277 7.72E‐02 2995.698 977.8 3.063712 0.025

353.15 80 1.08E‐05 0.999989 166.356 1.79E‐03 166.3542 5.74E‐02 2994.375 971.8 3.081267 0.019

363.15 90 5.98E‐06 0.999994 166.119 9.93E‐04 166.118 3.18E‐02 2990.124 965.3 3.097611 0.010

373.15 100 0.00E+00 0 0 0 0 0 0 958.4 0 0.000

mol frac in water No. of moles Mass, gramTemperature
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An equation from Tromans (1998) was being used to determine the temperature-

dependent Henry’s Law coefficient for oxygen where T is the temperature in Kelvin 

[114]. This k value has a unit of mol/L·bar. The value of the inverse (unit L·bar/mol) was 

used in the solubility calculation shown in this report. 

 

 

 

The values for the vapor pressure of water at different temperatures were obtained 

from Perry’s Chemical Engineering Handbook.  

The total pressure of the system was set to 1 bar. Since the total system was 

assumed to consist of only water and oxygen, therefore the partial pressure of oxygen 

was calculated by deducting the vapor pressure of water from the total pressure ݌ைଶ = ௧௢௧௔௟݌ −  ௪௔௧௘௥݌

The resulting concentration of oxygen (in mol/L) was converted to units of 

solubility (g/mol). The results are shown in the following table. 
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Table E2: Results of solubility calculation using Henry’s Law. 

 

 

Discussion and Summary 

Predicted value of oxygen solubility in water using two different methods was presented 

in this report. Both methods have given comparable values of solubility. The solubility of 

1 bar pure oxygen in water at 25°C is 40 mg/L. Values of oxygen solubility that are 

commonly published are for water that is in contact with air. Since air is consist of 20% 

oxygen, therefore 40 mg/L multiplied by 0.2 will result in oxygen solubility of 8 mg/L of 

water. 

pWater pO2 kH (T) O2

°C K bar bar L.bar/mol mol/L mg/L

25 298.15 0.031675 0.968325 783.9223 0.001235 39.52592

30 303.15 0.042432 0.957568 847.0861 0.00113 36.17227

35 308.15 0.056233 0.943767 907.898 0.00104 33.26299

40 313.15 0.073765 0.926235 965.6433 0.000959 30.6929

50 323.15 0.123347 0.876653 1069.483 0.00082 26.22936

60 333.15 0.199173 0.800827 1154.63 0.000694 22.19369

70 343.15 0.3116 0.6884 1218.654 0.000565 18.07566

80 353.15 0.473467 0.526533 1260.623 0.000418 13.36517

90 363.15 0.701013 0.298987 1280.914 0.000233 7.469054

100 373.15 1.013333 0 1280.948 0 0

Temperature O2 conc 
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APPENDIX G: SAMPLE CALCULATION FOR PITTING RATIO DETERMINATION 

Example: At 80°C, 90 bar CO2, 48 hours, 1000 rpm 

 

Weight loss corrosion rate, WL CR = 23.5 mm/year 

Maximum pit depth (via profilometry) = 93 µm  

Pit penetration rate, PPR, 

ܴܲܲ = 0.093	݉݉48	ℎݎݑ݋ × 24	ℎ1	݀ܽݕ × ݎܽ݁ݕ	1ݕܽ݀	365 =  ݎܽ݁ݕ/݉݉	17

Piting ratio, PR, 

ܴܲ = ܴܥ	ܮܹܴܲܲ = 1723.5 = 0.7 

 

Therefore it is not prone to localized corrosion. 
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APPENDIX H: DETERMINATION OF O2 CONSUMPTION FROM WEIGHT LOSS 

OF STEEL 

Calculation for complete conversion of Fe to Fe2O3                

                             

Mass of Fe before =  2.4397  g =  0.043687 mole Fe             

Mass of Fe after =  2.2819  g =  0.040861 mole Fe             

Mass of Fe consumed =  0.1578  g =  0.002826 mole Fe             

                             

Stoichiometrically, 4 mols of Fe reacts with 3 mols of O2 to form 2 mols of Fe2O3       

4Fe + 3O2 ‐‐> 2 Fe2O3                         

Therefore,                         

                             

Moles of Fe =     0.00283                     

Moles of O2 =     0.00212 (This is the amount of O2 consumed).          

Moles of 
Fe2O3      0.00141                     

                             

How much O2 is in the system at this temperature?                

T =   80  °C  =  353.15 K                

pO2 =  3.75  bar                      

kO2 =  0.0007933  mol/L.bar                     

cO2 =  0.0030  mol/L                       

                          

Amount of O2 left in the autoclave =   0.0009 moles             

Therefore the amount of O2 is in excess to completely convert Fe to Fe2O3.          

This calculation assumes the steel in not involved with the reaction with CO2 to form FeCO3.    
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