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ABSTRACT 

MOHAMED, MOHD FARID, M.S., May 2015, Chemistry 

Water Chemistry and Corrosion Inhibition in High Pressure CO2 Corrosion of Mild Steel 

Director ofThesis: Jeffrey J. Rack 

 In the water chemistry part of the present study, the solubility of CO2 in water, 

solubility of water in CO2 and solution pH were measured at 25oC, 40oC and 60oC at 

partial pressures of CO2 up to 80 bar. Experiments were set up to validate the water 

chemistry model for temperatures up to 100oC and pCO2 up to 600 bar, these were 

conducted in a 20 liter autoclave equipped for solubility and pH measurements. The 

water chemistry model developed in this study will be incorporated into a corrosion 

prediction model for high pCO2 environments.  

In the inhibition part of the present study, two generic corrosion inhibitors were 

selected: diethylenetriamine imidazoline with and without thiosulfate; these were studied 

at various concentrations at 70oC and a CO2 partial pressure of 80 bar. The imidazoline-

type corrosion inhibitor was labeled K1 and the imidazoline plus thiosulfate was labeled 

as K4. The experiments were designed to determine the inhibitive effects at particular 

inhibitor concentrations as well as the effect of thiosulfate. The experiments were 

conducted in a 2 liter autoclave equipped for electrochemical measurements. Pitting 

(localized corrosion) was observed at low concentrations of imidazoline-type inhibitor. 

At 800 parts per million (ppm) and 1500 ppm, corrosion rates were reduced to 0.8 mm/yr 

and 0.2 mm/yr from the 18 mm/yr uninhibited corrosion rate, respectively.   However, 

these concentrations are beyond the feasible limits in actual field operations.  Addition of 
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thiosulfate was shown to confer improved inhibitor performance; a corrosion rate of 0.1 

mm/yr can be reached by adding only 400ppm of corrosion inhibitor K4.  
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CHAPTER 1: INTRODUCTION 

 Background 

Geologic sequestration is one of the main initiatives to lessen global warming 

caused by emission of carbon dioxide to the atmosphere. Carbon dioxide is captured from 

natural gas, flue gas or syngas streams then transported to injection wells via pipeline 

transmission systems. Captured carbon dioxide is usually transported over a long distance 

in large diameter, high pressure pipelines (1) (2) (3). The carbon dioxide stream has to be 

dried and free from impurities such as hydrogen sulfide, methane and nitrogen (4). 

Determination of maximum allowable water concentration in the CO2 pipeline is 

important to prevent free water formation. When free water is present, CO2 will partially 

dissolve therein and form carbonic acid (5). This will cause corrosion problems with the 

carbon steel commonly used to make pipelines (6). Consequently, it is desirable to 

establish a minimum quality specification for CO2 pipelines relating to the presence of 

water (1), (2). The maximum allowable water for CO2 pipelines operated by Kinder 

Morgan is 600ppm and for Mitra Dinamis is 500ppm (7) (8) (9). Some CO2 pipelines are 

transporting anthropogenic CO2 which was captured and treated from industrial facilities 

such as the Val Verde natural gas plant, Great Plains Synfuels coal gasification plant (for 

subsequent injection at Weyburn) and Bairoil CO2 capture plant (3). Currently, there are 

some 2400km of large capacity CO2 pipelines in operations, mostly in the United States 

of America (10). Some CO2 pipelines transport CO2 captured from well streams such as 

at Cortez, Sheep Mountain and Bravo (3). Compressed CO2 in liquid and supercritical 

phase has been identified as an efficient medium for pipeline transportation of CO2 over 

the longer pipeline distances. This is due to the lower friction drop along the pipeline per 
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unit mass of CO2 compared to transportation of CO2 in low pressure condition when 

CO2 is in the gas phase (11) (12).  Along the pipeline, pressure is reduced with decreasing 

temperature, due to heat loss, consistent with Gay-Lussac’s gas law (13) (12). 

The design of the CO2 pipelines should meet the requirements of appropriate regulations 

and guidelines in terms of materials, wall thickness, diameter, monitoring facilities and 

pressure (6) (4) (14). The guidelines are important for safe, reliable and cost efficient 

transportation of CO2 in pipelines (15). Carbon steel pipelines can be subject to very 

severe internal corrosion due to insufficient removal of water from the sources gas. From 

the operational point of view, a fully "dry" CO2 pipeline stream is difficult to achieve 

during the process set-up and is not a feasible option, especially for offshore pipelines. 

(12) 

Water chemistry in high pressure CO2 environments 

The presence of water in pipelines causes a serious problem for internal corrosion. 

Carbon dioxide gas forms carbonic acid (H2CO3) when dissolved into and hydrated by 

water.  Bicarbonate (HCO3), carbonate (CO3
2) and hydrogen/hydronium ions 

(H+/H3O+) are produced from the dissociation processes, involving carbonic acid in such 

systems; this is further described in Chapter 2 (16) (17).  Pipelines made from mild steel, 

an iron-based (Fe) material, are degraded by reducible species such as H2CO3, HCO3
 and 

H+ in aqueous solution by oxidation processes.   

In the research described herein, conditions were simulated in the laboratory to 

determine how particular parameters affected this corrosion mechanism.  Conditions 

within the pipeline have been also modeled using well known software packages, used 

during design and material selection stages of project development,  such as:  ECE™, 
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Predict™, Multicorp™, Hydrocorr™ and Cassandra™ (18) (19). The development of 

corrosion prediction models began in the 1970s with de Waard’s pioneering work (20) 

(21). The models that were subsequently developed used different approaches, with latter 

models being derived using a mechanistic basis (22) (23).  Most models can only 

accurately predict corrosion rates at pressures of up to 10 bar of CO2, overestimating 

corrosion rates if applied beyond this pressure. Most mechanistic models apply Henry’s 

Law to determine the solubility of CO2 in water. In high pressure CO2, the gas/liquid 

system is not ideal and does not follow Henry’s Law for solubility of CO2 in water (24).  

This leads to serious deficiency in corrosion prediction modeling, which typically uses 

Henry's law.   

Consequently, the study reported herein attempts to develop a water chemistry 

model relating to CO2 corrosion that takes into consideration the non-ideal behavior in 

order to prevent overestimation of the concentration of dissolved CO2 in water.  A certain 

moiety of this aqueous CO2 will undergo hydration to form H2CO3, a corrosive species 

which will also dissociate to form HCO3
-, CO3

2- and H+.   In high pressure CO2 systems, 

both H2CO3 and H+ will be dominant, these are reducible species which oxidize iron to 

form ferrous ion (Fe2+).  Experiments were then designed to validate the accuracy of the 

model.  

Corrosion inhibition in high pressure CO2 environments 

Mild steel has long been used in the oil and gas industry due to its hardness, 

strength and weldability properties, as well as its economic value compared to other 

alloys used for pipeline fabrication (1) (12). The downside of carbon steel is that it does 

not offer sufficient protection against corrosion, due to reducible species such as H2CO3 
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and H+ which are able to aggressively attack the internal surface of the mild steel 

pipelines.  In order to confer protection, injection of corrosion inhibitors can be 

successfully employed. Corrosion inhibitors used in the oil and gas industry fall into four 

general categories based on mechanism and composition. These are categorized by: 1) 

barrier layer formation; 2) neutralizing potential; 3) scavenging capacity; and 4) ability to 

otherwise effect environmental modification (25).  Typically, an internal pipeline surface 

can be thought of as being covered by a thin film of corrosion inhibitor which forms a 

barrier between the pipeline surface and the reducible species. This barrier slows down 

electrochemical reactions what leads to lower corrosion rates (26) (27).   

Many commercial corrosion inhibitors are on the market but minimal information 

is usually released about them, due to their formulations being proprietary.  Two type of 

generic corrosion inhibitor, based on imidazoline and imidazoline plus thiosulfate, have 

been evaluated in the present study, which are proven to protect pipeline surfaces in low 

pressure CO2 environments.  Within ICMT, these are known as K1 and K4, respectively 

(28). These have a film forming corrosion inhibition mechanism with a hydrophobic film 

attaching itself to the steel surface (29), (30).  A final goal of the present research was to 

determine their efficacy in high pressure CO2 environments. 
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CHAPTER 2: LITERATURE REVIEW 

Water chemistry in high pressure CO2 environments 

Several prediction models for CO2 corrosion have been developed over the last 

four decades.  Most of these models have proven successful for prediction of corrosion 

rates for CO2 pressures of up to 10 bars. However, inaccurate corrosion rates are 

predicted by these models if applied for pressures exceeding 10 bars of CO2. The model 

simulation data highly overestimate the corrosion rates if compared to data produced 

from experiment (31), (32). The high pressure CO2 experimental results from Seiersten, 

et. al., also show that the current model predicts corrosion rates to be ten times higher 

than the experimental result (31) (33) (34).  Initial corrosion prediction models were 

derived from experimental data for low pressure systems (20) (21). Initially, nomograms 

combined with empirical correction factors were used for corrosion prediction by 

engineers in oil and gas companies, especially for material selection and design stages. 

Mechanistic corrosion prediction models were subsequently developed and described by 

Gray, et al., and Nesic, et al., using mechanisms of CO2 corrosion described in the 

literature  (22) (23) (35).  

The equilibrium constants for the Multicorp™ corrosion prediction model, which 

is one of the most advanced mechanistic models available, developed within the Institute 

for Corrosion and Multiphase Technology, can be found in the open literature (24). The  

equilbrium constants that are valid for these systems were taken from Spycher, et al., 

Palmer & Van Eldik, and Duan, et al., (36) (37) (38) (39). At equilibrium, the reversible 

chemical reactions have no further change when they reach their lowest Gibbs energy 

level. This corresponds to a dG = 0, when a system reaches equilibrium (13). 
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                                                                                                    [1] 

                             [2] 

 At equilibrium:        [3] 

           [4] 

In a study relating to aqueous high pressure CO2, Gibbs free energy and 

equilibrium constants were shown to be affected by temperature and pressure (37), (38).  

The actual chemical reactions involved in a H2O/CO2 system are identical 

whatever the partial pressure of CO2 (23) (17) (40). These reactions are listed below: 

 Water dissociation     )()()(2 aqOHaqHlOH
Kwa

   

 Carbon dioxide dissolution   )()( 22 aqCOgCO
Ksol

 

 Carbon dioxide hydration (slowest step) )()()( 3222 aqCOHlOHaqCO
Khy

  

 Carbonic acid dissociation  )()()( 332 aqHaqHCOaqCOH
Kca

   

 Bicarbonate ion dissociation   )()()( 2
33 aqCOaqHaqHCO

Kbi
   

A key strength of the mechanistic models is their flexibility in extending the 

validity domain (24).  New knowledge or parameters can be added without major 

modification of the existing model structure.  Generally, constants of the reactions can be 

changed and matched to the required operating parameters. In the current work 

equilibrium constants for CO2 pressures above 10 bars were selected from the open 

literature and implemented. Several papers relating to CO2-H2O water chemistry models 

and experiments have been published by Meyssami, et. al., (41), Duan & Li (39), 

PVTSG 

KlnRTGG o 

KlnRTG0 o 

KlnRTGo 
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Spycher, et. al. (36) in high partial pressure CO2 environments. Most of the constants 

used here are obtained from work reported by Spycher (2003) (36), Duan & Li (2008) 

(39) and Palmer & Van Eldik (37). The constants reported by Spycher, et al., are valid for 

CO2-H2O systems in the temperature range of 12-100oC and pressures up to 600 bar (36); 

while the constants from Duan & Li are valid at 1-100oC and pressures up to 2000 bar 

(39).  

The newly developed water chemistry model will be used as a basis for the 

corrosion prediction model for high pressure CO2 and provide the relative concentrations 

of CO2 (aqueous), H2CO3, H+, OH-, HCO3
- and CO3

2- in the bulk solution of the CO2-

H2O system. Once concentrations of these species are known, mass transport will be 

modeled to predict species concentration in the mass transfer boundary layer region. 

Predictions can then be made for the corrosion rate and protective film formation. H2CO3 

and H+ will serve as the main oxidizing agents at low pH while HCO3
- will dominate at 

high pH. 

In the current work, experiments were set up to validate the accuracy of the water 

chemistry model in the temperature range of 25oC to 100oC and CO2 pressures of up to 

600 bars.  At low pressures of CO2, below 10 bars, and temperature below 100oC, CO2 

acts like an ideal gas. Henry’s law can be used to explain the solubility of CO2 in this 

condition (13).  As CO2 transitions to the liquid then supercritical state, this will no 

longer apply. The deviation from ideal behavior is large at high pressure and low 

temperature while at lower pressures and high temperatures, the deviation from ideal 

behavior is typically small, and the ideal gas law can be used to predict behavior with 

little error. Henry’s law can be modified by introducing intermolecular factors that are 
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determined from experiment. In the high pressure conditions, the intermolecular 

distances can become quite short, and attractive forces between molecules become 

significant. The observed pressure exerted by the gas under these conditions will be less 

than that for an ideal gas. (13) (42) (36).  The correction for molecular attraction 

(constant a) and correction for volume of molecules (constant b) follow the Redlich-

Kwong equation of state (36) (43).  

Corrosion inhibition in high pressure CO2 environments 

Use of corrosion inhibitors is one of the key corrosion control measures to 

mitigate internal corrosion of pipeline transmission systems.  They are routinely applied 

in oil and gas operations as an economical and effective method to mitigate carbon 

dioxide corrosion at partial pressures of carbon dioxide of less than 20 bar (44) (45). The 

application of corrosion inhibitor to protect carbon steel pipeline is significant to reduce 

cost of the construction and new gas field development (46) (45).  

 Typically, corrosion inhibitors are surface active compounds that possess a polar 

hydrophilic head and a non-polar hydrophobic tail within its molecular structure. This 

combined hydrophilicity/hydrophobicity facilitates inhibitor adsorption onto metal 

surfaces, forming a barrier that retards the electrochemical corrosion process (47) (48).  

These surface active agents are required to reduce corrosion rates to a manageable 

rate of corrosion rate (<0.1 mm/yr) to ensure facility integrity (49). These corrosion 

inhibitors can interfere with the anodic or cathodic reaction sites as well as form a barrier 

on the metal surface against corrosive agents, or work by a combination of these actions. 

For the cathodic reaction, corrosion inhibitor will retard the reduction of hydrogen ions to 

form hydrogen gas. Zinc hydroxide and zinc phosphate are examples of corrosion 
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inhibitors which are able to retard cathodic reactions on the metal surface (50) (51). A 

cathodic corrosion inhibitor can form insoluble compounds that deposit on the cathodic 

sites and form a barrier film.  Anodic type corrosion inhibitor is able to depress the 

anodic reaction on the metal surface (52), (51). The oxidation of iron can be hindered by 

anodic type corrosion inhibitor, such as chromate (CrO4
2). Chromate type corrosion 

inhibitors are widely used in aviation applications when the material is made from 

aluminum (53).  

The nature of the adsorption process is of key importance for inhibition when the 

surfactant functional groups adsorb onto the metal and displace water from the surface. 

There are three types of adsorption mechanism between corrosion inhibitor and steel 

surfaces (54): 

  Physical adsorption (physisorption) 

 Chemical adsorption (chemisorption)  

 Combination of physical adsorption and chemisorption. 

Physical adsorption, or physisorption,  is an adsorption of corrosion inhibitor on 

the metal surface by  intermolecular forces (van der Waals forces)  and does not involve a 

significant change in the electronic orbital arrangements of the species involved (55). 

Chemisorption (or chemical adsorption) is an adsorption of corrosion inhibitor to the 

metal surface and can involve transferring and sharing of electrons with the metal surface 

(55) (50). Pure chemisorption would imply bond formation. Some corrosion inhibitors 

have shown a hybrid adsorption on metal surfaces (50).  

The adsorption of the corrosion inhibitor (CI) is determined by the concentration 

of the CI, head group functionality and environment (44) (56). The chemisorption 
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strength depends on the electron density on the donor atom (S, N or O) of the 

functional group and its ability to form a chemical bond with the surface (30) (54) (57) 

(56). Nitrogen and sulfur have the potential to act as a Lewis base electron-pair donor if 

the character of the steel surface is such that it can act as an electron-pair acceptor (58), 

(59). Compounds with π-electrons and functional groups containing heteroatoms, in 

particular, have the potential to donate lone pair electrons and are important as corrosion 

inhibitors to protect metals (58), (52), (59). Heteroatom (N, S) electrons have been 

described as interacting with vacant orbitals of iron during this bond formation process 

(56) (60).   

The adsorption of inhibitors on metal surfaces can be explained by adsorption 

isotherms, such as the Langmuir, Freundlich and BET types (61) (62). In order to obtain 

an isotherm, the surface coverage θ, as a function of concentration of CI is obtained by 

experiment. In the high partial pressure CO2 condition, when the quantities of reducible 

species are elevated compared to the low partial pressure of CO2 condition, the surface 

coverage of corrosion inhibition on the metal surface is really important to prevent the 

reducible species from reacting with the metal surface. The Langmuir adsorption model 

is the most common model used to quantify the amount of adsorbed corrosion inhibitor 

on a metal surface at a given temperature (63); it is valid specifically for a single layer of 

corrosion inhibitor on the metal surface. Among the assumptions for the Langmuir model 

is that the metal surface is a perfectly flat plane, corrosion inhibitor adsorbs into an 

immobile state, all sites are equivalent, and there are no interactions among adjacent 

corrosion inhibitor molecules. For a rough metal surface, the Freundlich model is 

considered a good model (64) (65). The Temkin model takes into account interaction 
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between corrosion inhibitor molecules (63) (66) (67). The BET model is used for 

multilayer adsorption, that is, surface coverage by one, two, and three corrosion inhibitor 

layers attached on the metal surface (63) (68) (69). 

Film persistency is also important for corrosion inhibitor application and selection 

(70). The persistency of corrosion inhibitor is related to the adsorption enthalpy (44) (71). 

The effect of flow velocity on film persistency was studied by other researchers when the 

flow velocity is up to 20m/s. The flow velocity is proportional to the shear stress per unit 

area and follows the Newton law of viscosity (72). A study by Gulbrandsen showed that 

shear stresses of up to 1400 Pa of flowing solution didn’t affect the adsorption of 

corrosion inhibitor on the metal surface. The thickness of corrosion inhibitor is thinner 

than the viscous sub-layer even in a turbulent flow condition when the flow velocity is 

20m/s (73). In the mass transfer controlled systems, the flow velocity can increase the 

inhibited corrosion rate and when trace dissolved oxygen higher than 40ppm is in the 

solution (73) (74).   The persistence of corrosion inhibitor film on the metal surface is 

affected by increasing temperature (75). The kinetic energy of the molecules increases 

with increasing temperature and facilitates their detachment from the metal surface. 

When an adsorbed molecule receives energy equal to or greater than the energy of 

adsorption, it will leave the surface. For physisorption, this energy is in the range of 8 to 

25 kJ/mole whereas a much larger energy, comparable to chemical bonding energy, leads 

to chemisorption (76) (77) (56).  

Imidazoline-type molecules represent one class of nitrogen based organic 

corrosion inhibitors.  They have been successfully applied in pipelines at low pressures of 

CO2 (78) (79) (80). The nitrogen atoms in the imidazoline act as Lewis base electron 
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donors and the steel surface acts as an electron acceptor (81). Adsorption of 

imidazoline-type corrosion inhibitor is governed by the length of its alkyl tail, the nature 

of its hydrophilic head and solution properties (79). This last point will likely be of key 

importance for the efficacy of N-containing inhibitors in high pressure CO2 systems as 

supercritical CO2 can act as an excellent solvent for amines.  Imidazoline-type corrosion 

inhibitor can retard the anodic and cathodic reactions (82).  

  In 1983, a combination of sulfur with an imidazoline-type corrosion inhibitor 

was patented by Oppenlaender, et al., for H2S and CO2 oilfield applications. This patent 

stated that performance of corrosion inhibitor is enhanced after addition of the sulfur 

(83). A similar effect for addition of a sulfur-containing compound was also found by 

Zhang, et al., where the inhibition performance of an imidazoline derivative plus thiourea 

was shown to be superior to that for the imidazoline-type inhibitor alone (82). Sulfide 

derived from thiosulfates will act as a Lewis base, electron pair donor, interacting with 

the steel surface behaving akin to a Lewis acid, electron pair acceptor (82). In 1996, 

Phillip, et al., observed that combination of sodium thiosulfate with cationic corrosion 

inhibitor gave superior performance compared with cationic corrosion inhibitor (i.e., 

quaternary alkyl ammonium or imidazolium) alone. This report has mentioned that the 

addition of a small concentration of thiosulfate can form a passive film which is resistant 

to corrosion (84). Phillip, et al., showed that the inhibiting mechanism of thiosulfate on 

the metal surface is not by absorption (84). The data from X-ray photoelectron 

spectroscopy (XPS) and time of flight secondary ion mass spectrometry (TOFSIMS) 

indicated no thiosulfate is adsorbed on the metal surface.  These findings were supported 

by Yao’s dissertation on the adsorption of corrosion inhibitor to the metal surface using 



 35 
atomic force microscopy (85).  Yao reported that the addition of small quantities of 

sodium thiosulfate did not have an effect of increasing adsorption of corrosion inhibitor 

molecules to a mica surface. This report also indicated that the additive sodium 

thiosulfate does not increase the film thickness and change the adsorption structure of 

inhibitor molecules (29), (86), (85). In high shear stress pipeline conditions, corrosion 

inhibitor containing sulfur has been reported to have been successfully used by pipeline 

operators (78). In the surface cleaning industry, corrosion inhibitors containing sulfur-

containing species are also used in sulfuric acid media to protect the metal from 

undesired corrosion (54) (87).  

Jovancicevic, et. al., described a process whereby reduction of thiosulfate ion to 

sulfide ion results in formation of a protective film as iron is oxidized. The protective 

layer formed by this reaction is iron disulfide/pyrite (FeS2) (78) (88). Kappes and Frenkel 

have stated that disproportionation of thiosulfate ion results in formation of elemental 

sulfur (S0) and sulfide (S2), which reacts with iron on the corroded surface to form a thin 

layer of mackinawite-type iron sulfide (FeS). The chemical reaction is shown below (89) 

(90): 

Fe2+ (aq.)  +  S2  (aq.)  →  FeS (s.)
      [5]           

The thickness of the thin mackinawite/iron sulfide layer is less than 1 µm and it is very 

“tight”.  In agreement with findings reported by Sun, et al., diffusion is slowed through 

the generated thin layer (91). 

In summary, corrosion inhibitor containing sulfur species can have superior 

protection on the steel surface compared to imidazoline-type corrosion inhibitor alone. 

Imidazoline-type is one class of nitrogen-typed organic corrosion inhibitor while 
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sulfur/sulfide from thiosulfate disproportionation reacts with iron to form a thin layer 

of iron sulfide, which is very protective and cannot be seen by SEM (91). This iron 

sulfide interaction is stronger than interactions between imidazoline nitrogen and the 

metal surface (58).  The properties of the inhibitor compounds studied in this work are 

summarized in Table 1. 
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Table 1: The properties of corrosion inhibitors K1 and K4. 

Imidazoline-type (K1) Imidazoline plus Thiosulfate (K4) 

 

 

A chemical structure of DETA imidazoline 

(29) (85) 

 

 

A chemical structure of thiosulfate. (92) 

Molecular length of imidazoline-type 

inhibitor: 2.2 nm (29) 

Diameter of thiosulfate: 0.2 nm (29) 

Critical Micelle Concentration (CMC) in 1 

wt. % NaCl solution: 36ppm K1 (28). 

Critical Micelle Concentration (CMC) in 1 

wt. % NaCl solution: 215ppm K4 (28). 
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CHAPTER 3: RESEARCH OBJECTIVES AND TEST MATRICES 

Water chemistry in high pressure CO2 environments 

The specific purpose of this research project can be described as follows: 

I. Develop a water chemistry model for high partial pressure of CO2 which can 

accurately quantify the concentrations of H+, H2CO3, HCO3
-, CO3

2- and OH- in 

solution. The scope of the model is up to 600 bars of CO2 and temperature up to 

100oC. The model will be used as input in the corrosion prediction model 

Supercorp ™. 

II. Validate the accuracy of the water chemistry model in autoclave experiments to: 

o Determine the solubility of CO2 in water, xCO2. Water containing 

dissolved CO2 is to be sampled in an equilibrium state relating to desired 

temperature and pressure. Sampled CO2 in water will be released at low 

pressure condition governed by ideal gas laws.  Dissolved CO2 in solution 

will escape to the gas phase due to the low solubility of CO2 in water at 

low pressure of CO2 until equilibrium is reached.   The solubility of CO2 in 

water can be determined by increasing pressure in the gas phase and 

amount of dissolved CO2 in the solution.                 

o Determine the solubility of water in CO2, yH2O. CO2 gas containing water 

vapor is sampled from a 20 liter autoclave and measured by gravimetric 

and sensor-based techniques.  

o Determine the concentration of species in the solution. The measured 

concentrations of hydrogen ions are determined by measuring the pH. 
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Text matrix 

The text matrix for the experiments is shown in Table 2. 

 

Table 2: Test parameters for pH measurement and solubility of CO2 and water. 

Temperature (oC) 25, 40 and 60 

Partial Pressure of CO2 (bar) 10, 20, 30, 40, 50, 60, 70 and 80 

Solution Deionized water 

Time Exposure (hours) 24 

Flow Condition Stagnant 

Measurement technique pH 

 

Corrosion inhibition in high pressure CO2 environments 

Two types of generic corrosion inhibitor with known formulations are used in this 

study. The specific purposes of this part of the research project are to: 

I. Experimentally study the effect of corrosion inhibitor in high pressure CO2 

corrosion systems. Comparisons are conducted for the gas, liquid and supercritical 

phases of CO2 in order to determine the: 

o effect of the active agent in the corrosion inhibitor 

o effect of  concentration of corrosion inhibitor 

o effect of sulfur in the active agents    

The test matrices for this study, as well as compositional information for the studied 

inhibitors and steel type, are shown in Table 3, Table 4, Figure 1 and Figure 2. 
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Test matrix 

 

Table 3: Test matrix for corrosion inhibition study. 

Material  Carbon Steel X65 

Temperature (oC) 70 

Pressure (bar) 80 

pH Natural pH 

Corrosion inhibitor K1, K4 

Inhibitor concentration (ppm) 50, 100, 200, 500, 1000, 1500 

Time exposure (hours) 24 

Flow condition Stagnant 

Measurement techniques Weight loss, OCP, LPR, EIS, 

Potentiodynamic 

CI treatment method Continuous injection 
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Figure 1: Formulation of corrosion inhibitor K1. 

 

 

Figure 2: Formulation of corrosion inhibitor K4. 
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Table 4: Chemical composition of the API 5L X65 carbon steel used in this work 

(mass %, balance Fe). 

C Mn Si Nb V P S Cr Cu Ni Mo Al 

0.15 1.34 0.24 0.03 
0.05

5 
0.011 

0.00

4 

0.01

1 
0.01 0.02 0.103 0.032 
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CHAPTER 4: THE THEORITICAL BACKGROUND AND MODELING 

In high pressure environments, CO2 can exist in gaseous, liquid and supercritical 

fluid phases. The phase of CO2 will depend on the temperature and pressure of the 

systems. The critical temperature for carbon dioxide is 31.1°C, and the critical pressure is 

73 bar. Supercritical CO2 occurs when temperature and pressure is above its critical point 

(11) (13). The phase diagram of carbon dioxide is shown in Figure 3. In high partial 

pressure of CO2, greater than 10 bars, its behavior deviates from the ideal gas law; this 

has implications for its dissolution and subsequent hydration (16).  

 

 

Figure 3: Phase diagram of carbon dioxide. 
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Dissolution of carbon dioxide 

The dissolution of carbon dioxide at CO2 partial pressure (pCO2) of above 10 bars 

is different from that for partial pressure of 10 bars and below.  In low pCO2 systems, the 

solubility constant is calculated and derived from Henry’s constant as the concentration 

of dissolved CO2 as a solute is relatively small; hence Henry’s law is applicable.  In high 

pCO2 systems, the non-ideal gas no longer follows Henry’s law as the concentration of 

dissolved CO2 is significant. Interactions between molecules become more significant at 

high pressure of CO2. The equations of state which were taken into consideration for the 

non-ideal gas are those devised by Virial, Van der Waal, Redlich and Kwong (1949), and 

Peng and Robinson (93). The Redlich and Kwong (1949) equation is generally 

considered to be accurate enough for practical applications. Good results were shown by 

Spycher, et al., using a modified Redlich-Kwong equation, with the intermolecular 

attraction parameter assumed to vary linearly with temperature (94) (95) . The Redlich-

Kwong parameters for the attraction and repulsion were also taken from Spycher, et al., 

for pure CO2 (aCO2 and bCO2), the repulsion parameter for pure water (bH2O), and the 

H2O-CO2 binary interaction parameter (aH2O-CO2) (36).  

Key reactions and equations can be written as follows: 

 )()( 22 aqCOgCO
Ksol

       [6] 

 
P
C

K
)g(CO

)aq(CO
sol

2

2
           [7] 

C 2CO represents the concentration of carbon dioxide dissolved in water and P 2CO  

represents the partial pressure of carbon dioxide. The unit for the solubility constant is 

Molar/Bar.  
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In the equations below, y O2H  and x 2CO represent the mole fraction of water in 

carbon dioxide and the mole fraction of carbon dioxide in water, respectively. 
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The below equations are the fugacity coefficients of CO2 ( 2CO ) and H2O ( OH2 ). 
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The volumes of compressed carbon dioxide gas V 2CO and water V O2H  can be 

obtained by solving the Redlich-Kwong equation of state. The cubic equation below is 

then solved using a Solver application in Microsoft Excel™.  
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where, R=83.1447 bar.cm3/mol.K, V is in cm3/mol, P is in bar, and T is in K. 

Once the cubic expression is solved and the values of compressed gas volume 

calculated, the carbon dioxide solubility constant can be obtained by evaluating each 

parameter in the above equations.   

Carbon dioxide hydration 

The equilibrium constant Khy for carbon dioxide hydration is obtained from 

Palmer and Van Eldik (37). Khy is a weak function of temperature and does not 

significantly change with temperature for the range of 20 – 100oC (17). Since it is not 

pressure dependent, the equilibrium constant of carbon dioxide hydration of 2.58 x10-3, 

which is used in the low pCO2 environment model, is applicable for the high pressure 

CO2 model (17) (96). 

 )()()( 3222 aqCOHlOHaqCO
Khy

      [13] 
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 C/CK 232 COCOHhy          [14] 

Carbonic acid dissociation 

The constant Kca is taken from Duan and Li. The equation is a function of 

temperature and pressure. Kca has been calculated from 0oC to 100oC and pressure ranges 

from 1 to 3000 bar (39). 
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       [15] 
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Where, Ps is saturation pressure of water and is assumed to be 1 bar at 

temperature below 100 o C. P is in bar, and T is in Kelvin. 

Bicarbonate anion dissociation 

Kbi can be calculated at various temperatures and pressures but the expression is 

only valid from 0oC to 100oC and from 1 to 3000 bar (39). 
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Where, P OH2  is saturation pressure of water and it is assumed 1 bar at 

temperature below 100oC. P is in bar, and T is in Kelvin. 

Water dissociation 

This data for this reaction are taken from Duan and Li (2007) (39). 

 )()()(2 aqOHaqHlOH
Kwa

        [21] 

 CCK OHHwa          [22] 
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Where  OH2 is the density of water in unit g/cm3
 and T is temperature in Kelvin.  

Electroneutrality 

The electroneutrality of the H2O–CO2 system can be described with the following 

equation: 

  2
33 COHCOOHH C2CCC         [24] 

Speciation of carbonic species 

The species in the solution such as H2CO3, HCO3
-, CO3

2-, H+ and OH- can be 

calculated using the above equations. H2CO3 and H+ are the main reactants in cathodic 

reactions at low pH while H2CO3 and HCO3
- are the main reactants at high pH condition. 

CO3
2- species is the main reactant for FeCO3 (siderite) formation when it reacts with Fe2+. 

Fe2+ is a product of the anodic reaction.  



 49 
Electrochemical reaction 

Hydrogen ion (hydronium ion) and carbonic acid are the main reducible species 

for the metal. The concentration of hydrogen ion and carbonic acid will be used to 

calculate the current density from both reducible species and finally a corrosion rate.   

Anodic reaction         [25] 

Anodic reaction is an oxidation step of iron. Fe(s) is oxidized by oxidation agent 

to form Fe2+, this anodic reaction is pH dependent according to the mechanism described 

by Bockris, et al. (97) . 

Cathodic reaction         [26] 

           [27] 

 

The cathodic reaction is a reduction step of carbonic acid and hydrogen ions. 

H2CO3 and H+ are the agents which oxidize Fe(s) to form Fe2+ (23) 

  

  e2)aq(Fe)s(Fe 2

)(2)(2 2 gHeaqH  

)(2)(2)(2 3232 aqHCOgHeaqCOH  
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CHAPTER 5: EXPERIMENTAL SETUP AND PROCEDURES 

Water chemistry in high pressure CO2 environments 

The present experimental matrix was designed to validate the accuracy of the 

water chemistry model in a temperature range of up to 100oC and at CO2 pressures of up 

to 600 bar.  

Three types of experiments were selected for the model validation as follows: 

 Solubility of CO2 in Water.  

 Solubility of Water in CO2.  

 pH of the system. 

Solubility of CO2 in water (xCO2)  

The objective of the experiments was to compare the mole fraction of dissolved 

CO2 in water with predicted data. All of the experiments related to the study of the water 

chemistry were performed in the 20 liter autoclave pictured in Figure 4. 
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Figure 4: 20 liter high pressure autoclave used in this study. 

 

The 20 liter autoclave was filled with 10 liters of de-ionized water and CO2 was 

added to the required pressure. Care was taken to ensure that the system had reached 

equilibrium before any measurement was performed.  

50 milliliter of water was sampled from the high pressure autoclave to the low 

pressure 500 milliliter sampling bomb. The sampling bomb was previously purged with 

CO2 and its initial pressure was set at 2 bars. The 50 milliliter liquid sample taken under 

pressure from the 20 liter autoclave was then introduced inside the sampling bomb and 

allowed to de-gas and to reach equilibrium. The sampling bomb was designed so that the 

consequent rise in pressure (and change in temperature) would always be relatively small, 

keeping the overall pressure under 10 bars. In these conditions, Henry’s law could be 

used to calculate the CO2 content in the water. The total amount of CO2 present in the 
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sampling bomb was then evaluated and enabled the calculation of the amount of 

dissolved CO2 initially present in the 50 milliliters liquid sample taken from the 

autoclave. The key step in this measurement method was to have a very good control of 

the volume of liquid sampled. The experimental set-up for solubility CO2 in water is 

shown in Figure 5 and Figure 6. 

 

 

Figure 5: Schematic diagram for the solubility of water in CO2 and CO2 in water 

experimental set-up. 

 

 

 

 

 

 

 

 

Pressure 
transducer

Metering valve

Flow meter
(P & T)

Autoclave

T/C

CO2

Pump

Metering valve

Desiccant trap

Sample vessel

Heating tape

Temperature 
controller

PMA 
sensor

T/C

Pressure 
transducer

T/C
Sampling tube

Heated 
regulator

Pressure 
transducer

T/C

Pressure 
transducer

T/C



 53 

 

Figure 6: Experimental set-up developed to measure the solubility of CO2 in water. 

 

Solubility of water in CO2 (yH2O)  

The objective of this part was to determine the mole fraction of water vapor in the 

CO2 gas phase. The measured data was compared to predicted data that was developed 

using Equations 1 through 7. The 20 liter autoclave was filled with 4 liters of deionized 

water in order to simulate CO2-water systems. Again, special care was taken to ensure 

that the system had reached equilibrium before any measurement was performed. Any 

condensation of water vapor due to the pressure drop during sampling was prevented by 

applying heating tape along the tubing from the autoclave to the measurement setup.  

Two independent methods were used to measure the amount of water vapor in the gas 

phase: an absolute humidity sensor and a desiccant trap. The screening and selection of 

measurement techniques for measuring water content in gas phase was completed by 

Yarrison, et. al. (98).  
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Figure 7: Experimental set-up for the measurement of the solubility of water in CO2. 

 

Figure 7 shows the experimental set-up for the desiccant trap and humidity 

sensor. The principle behind the humidity sensor method was to bleed and depressurize a 

small stream of the gas phase (containing water vapor) from the autoclave inside a small 

sampling chamber equipped with an absolute humidity sensor. A ‘Moisture monitor 

series 35’ sensor made by GE Infrastructure Sensing was used to monitor the dew point 

temperature and partial pressure of the water vapor. The temperature and pressure in the 

sampling chamber were carefully measured. The dew point measurement inside the small 

vessel was then used to back-calculate the molar percentage of water vapor in the gas 

stream (99). The ratio of the water vapor partial pressure to the total pressure of the 

systems was proportional to the water containing CO2. The humidity sensor was made 

from an aluminum oxide with a working temperature range from -110 to 70oC. The 

tubing and sampling chamber was heated using the heating tape to prevent any 

condensation occurring on the surface.  

The desiccant trap method involved the slow bleeding and depressurizing of a 

small stream of the gas phase (containing water vapor). This stream was passed through a 
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tube full of dehydrated desiccant material (CaCl2 and zeolite molecular sieve A), 

which subsequently trapped the water. The CaCl2 contained CoCl2 as an indicator of it’s 

hydration, this changed color from blue to purple/pink once it became hydrated by water 

vapor. A mass flow meter located downstream from the tube measured the dry CO2 mass 

flow rate. The molar content of the gas stream was calculated based on the mass change 

of the desiccant and the total CO2 mass flow rate. 

pH of the system  

pH measurement is a very practical way to determine if the chemistry of the 

water/CO2 solution is modeled properly. A high-pressure glass pH probe and Ag/AgCl 

reference electrode were used to measure the concentration of hydrogen ions (hydronium 

ions) at three different temperatures and at pressures up to 80 bar, as shown in Figure 8. 

The pH probe and reference electrode were calibrated at ambient temperature and 

pressure using buffer solutions at pH 4.0, 7.0 and 10.0. The probe measurement error is 

±0.2 unit, as indicated by the probe manufacturer. The 20 liter autoclave was filled with 4 

liters of deionized water and CO2 was introduced in the vessel until equilibrium was 

reached. The challenge in such a test was to find a suitable pH probe and a methodology 

that can be applied in high partial pressure CO2 environments. The current pH probe 

proved relatively reliable but was lacking in accuracy. 
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Figure 8: High pressure glass pH probe and Ag/AgCl reference electrode used to measure 

hydrogen ion (hydronium ion) concentration. 

 

Corrosion inhibition in high pressure CO2 environment 

Two types of generic corrosion inhibitor were reviewed and selected for corrosion 

inhibitor testing, “DETA imidazoline” (K1) and “DETA imidazoline” plus thiosulfate 

(K4); see Figure 1 and Figure 2 above.  

A Gamry Reference 600 potentiostat was used for electrochemistry 

measurements. Cylindrical platinized niobium was used as a counter electrode. A 

saturated Ag/AgCl reference electrode and pH electrode which can withstand pressures 

up to 2000psi and temperature 110oC are used for this experiment. 
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Figure 9: 2 liter autoclave equipped for electrochemistry measurements. 

 
Experiments were conducted in a 2 liter autoclave, as shown in Figure 9.  X65 

carbon steel was used for specimens for all experiments. Cylindrical specimens were 

used for electrochemical measurements such as linear polarization, electrochemical 

impedance spectroscopy and potentiodynamic sweeps. Rectangular specimens were used 

for weight loss measurements and surface analyses, such as scanning electron microscopy 

with energy-dispersive X-ray spectroscopy and profilometry by infinite focus 

microscopy. Sample geometries are shown in Figure 10. Before the start of each 

experiment, the carbon steel specimen surfaces were polished with 200, 400 and 600 grit 

SiC paper and rinsed with isopropyl alcohol.  The surface area is calculated from 

measurements obtained using a caliper after polishing. The autoclave was filled with 1 

weight percent of NaCl. The required concentration of corrosion inhibitor was injected 
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into the autoclave. The solution was heated to the desired temperature and the CO2 gas 

was pumped into the autoclave until the required pressure is reached.  

Weight loss test 

The pre-weighed specimens are immersed in the autoclave vessel and the desired 

amount of corrosion inhibitor was injected into the autoclave solution. The pressure and 

temperature were increased in the sealed autoclave until the desired equilibration point is 

achieved. After exposure, the specimens were washed with deionized water then 

isopropyl alcohol before weight loss is measured. This testing follows the ASTM 

standard G31 (100). For specimens that had a corrosion product such as siderite, Clarke 

solution was used to facilitate its removal followed by washing with deionized water and 

isopropyl alcohol. Clarke solution was prepared following the ASTM G1 Standard 

Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens. 1000 

milliliter hydrochloric acid (HCl, sp gr 1.19), 20 gram antimony trioxide (Sb2O3) and 50 

gram stannous chloride (SnCl2) are required to prepare Clarke solution to remove 

corrosion products. Specimens were fully immersed in the Clarke solution and stirred to 

form a homogenous solution.  The cleaning process was repeated on specimens several 

times and the mass loss measured after each cleaning by weighing the specimen. The 

measured mass loss was plotted until the result showed a plateau (101). 

The corrosion rate from the weight loss test was obtained as follows: 

                                                                              [28] 

Where: 

K = a constant, 8.76 x 104 

T = time of exposure in hours, 

)/()()/(. AxTxDKxWyrmmrateCorrosion 
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A = area in cm2, 

W = mass loss in grams, and 

D = density of carbon steel in g/cm3, 7.86 

 

 

Figure 10: Specimens for electrochemistry measurement and weight loss.  

 
Linear polarization resistance (LPR) test 

The linear polarization resistance technique was used to monitor in-situ corrosion 

rate. The specimen was polarized ±5mV at corrosion potential during LPR measurement. 

A scan rate of 0.125mV/s is applied for the duration of the LPR test. The resistance 

measured using the LPR technique includes solution resistance, which can be determined 

by running Electrochemical Impedance Spectroscopy (EIS).  

The Stern-Geary equation was used to calculate corrosion rates from linear 

polarization resistance measurements. The Stern-Geary constant can be empirically 

calibrated using the corrosion rate from weight loss and potentiodynamic sweeps.  The 

second set is corrosion testing with addition of corrosion inhibitor K1. The B value of K1 
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was 17mV, which was obtained from Chokshi experiment when the ba value was 60 

mV/decade and the bc value was 110 mV/decade (102) (103). The third set of 

experiments is corrosion testing with corrosion inhibitor K4. The same B value was 

applied for corrosion inhibitor K4.  

 

           [29] 

   

                                [30] 

 

           [31]  

  

Polarization resistance (Rp) measured by LPR included the solution resistance 

(Rs) and can be corrected manually. Solution resistance can be measured using the EIS 

technique at the end of the experiment. The Stern-Geary constant unit is in Volts while A 

is surface area of electrochemical specimen in m2.  

Electrochemical impedance spectroscopy (EIS) test 

Electrochemical impedance spectroscopy was conducted after completion of 

linear polarization resistance measurements. Impedance measurements were performed 

on X65 specimens in solution in the absence or presence of corrosion inhibitors in a 

frequency range 100 KHz to 5 mHz. All the measurements were carried out with a 

Gamry potentiostat. Solution resistance and polarization resistance can be measured 

using this method.  
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Potentiodynamic sweep test 

In the potentiodynamic polarization technique, the metal electrode is anodically 

polarized 200mV over corrosion potential and cathodically polarized -600mV over 

corrosion potential at a constant rate (0.166mV/s). A scan rate 0.16mV/s was applied for 

cathodic sweep and 0.1mV/s scanned rate was used for anodic sweep. Potentiodynamic 

sweeps were done after electrochemical impedance spectroscopy measurements.  

Scanning electron microscopy and energy-dispersive X-ray spectroscopy 

Scanning electron microscopy (SEM) was used to study the morphology of the 

corroded surface in the presence and absence of the inhibitors while EDS was used to 

determine the chemical composition of surface specimens with and without corrosion 

inhibitor. The specimens were thoroughly washed with deionized water before placing in 

the SEM.  

Optical measurement and analysis using infinite focus microscope (IFM) 

Infinite focus microscopy (IFM), a type of profilometer, was used to characterize 

the surface topography of steel and measure the pitting width and depth. Penetration rate 

of pitting can be measured using this equipment. A color picture of the surface after 

experiment can also be taken using the IFM.  
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CHAPTER 6: RESULTS AND DISCUSSIONS 

Water chemistry in high pressure CO2 environments 

Solubility of CO2 in water (xCO2) 

The predicted concentration of CO2, H2CO3, HCO3
- and CO3

2- over partial 

pressures of CO2 up to 80 bar is shown in Figure 11 to Figure 14. The concentrations of 

H2CO3 and HCO3
- follow the same trend as the solubility of CO2 in water. That is, the 

concentrations increased with increasing pressure but decreased with increasing 

temperature. However, the concentration of CO3
2- increased with increasing pressure and 

temperature. 

 

 

Figure 11: Calculated CO2 content in water with partial pressure of CO2. 
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Figure 12: Calculated H2CO3 with partial pressure of CO2. 
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Figure 13: Calculated HCO3
- with partial pressure of CO2. 
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Figure 14: Calculated CO3
2- with partial pressure of CO2. 

 

Figure 15 to Figure 17 show the experimental data for the solubility of CO2 in 

water with mole fraction (xCO2) as a function of CO2 partial pressure (pressure from 0 to 

100 bar at temperature of 25, 40, and 60o C, respectively).  The figures suggest that, at the 

three temperatures, the amount of dissolved CO2 increased as the CO2 partial pressure 

increased.  This is due to the increase in the amount of CO2 molecules present in the gas 

phase and consequently dissolving in water.  However, the increase in temperature led to 

a decrease in xCO2. It must be noted that as temperature increases, the solubility of CO2 

in water deviates further from Henry’s law; that is, the domain of validity of Henry’s law 
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Figure 15: Comparison between experimental results and modeling for the solubility of 

CO2 in water at 25°C. 
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Figure 16: Comparison between experimental results and modeling for the solubility of 

CO2 in water at 40°C. 
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Figure 17: Comparison between experimental results and modeling for the solubility of 

CO2 in water at 60°C. 
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temperatures, the amount of water soluble in liquid/supercritical CO2 phase increases 

as the CO2 partial pressure increases.  The figures also show that the solubility of water in 

the CO2 phase increases as the temperature increases. 

 

 

Figure 18: Calculated water content in CO2 (gas phases). 
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Figure 19: Comparison between experimental results and modeling for the solubility of 

water in CO2 at 25°C. 
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Figure 20: Comparison between experimental results and modeling for the solubility of 

water in CO2 at 40°C. 
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Figure 21:  Comparison between experimental results and modeling for the solubility of 

water in CO2 at 60°C. 

 
pH of the system 

Figure 22 to Figure 24 show pH measurement as a function of CO2 partial 
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decreased with increasing partial pressure of CO2. This is consistent with an increased 

carbonic acid concentration as the amount of dissolved CO2 in water increases in line 

with increased CO2 partial pressure.  However, the increase in temperature led to no 

significant change in pH despite the fact that, as the temperature increased, a smaller 

amount of CO2 was soluble in the water.  Note that the probe measurement error is ±0.2 

pH units, as indicated by the probe manufacturer. The pH measurements started to 
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40oC, as shown in Figure 22 and Figure 23.  At 60oC, deviation out with the error bars 

commenced at 40 bar of partial pressure of CO2 as shown in Figure 24. 

 

 

Figure 22: Comparison between pH measurements and modeling results at 25°C. 
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Figure 23: Comparison between pH measurements and modeling results at 40°C. 
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Figure 24: Comparison between pH measurements and modeling results at 60°C 

Corrosion inhibition in high pressure CO2 environment. 
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inhibitor K1 (imidazoline-type) and K4 (which is K1 plus thiosulfate). 
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Figure 25 to Figure 27 show the results for corrosion experiments at 70oC and 80 

bar of CO2 by LPR, EIS and potentiodynamic sweep. The LPR results show that the 

corrosion rate remains low for the first 2 hours due to unsaturation with respect to CO2 in 

3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4

0 10 20 30 40 50 60 70 80 90 100

p
H

Partial pressure of CO2 (Bar)

Verification of Water Chemistry Model at 60oC

Measured pH

Calculated pH-high pCO2

Error :±0.2



 76 
solution; gas phase CO2 needs sufficient time to dissolve and hydrate to form carbonic 

acid. After formation of carbonic acid, it will partially dissociate to form H+. 

Consequently, in this system there are two principle reducible species, H2CO3 and H+. 

After two hours, the corrosion rate rapidly increases prior to decreasing and stabilizing at 

between 40 mm/yr and 60 mm/yr. The solution resistance was measured using the EIS 

technique at the end of the experiment. The solution was prepared from deionized water 

and consisted of 1 wt. % NaCl. The Tafel slope, see Figure 27, indicated that the 

electrochemical reactions were controlled by a mixed mechanism between charge and 

mass transfer.  

 

 

Figure 25: Corrosion rate with time by linear polarization resistance at 70oC and 80 bar of 

CO2 in absence of corrosion inhibitor. 
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Figure 26: Solution resistance (Rs) and polarization resistance (Rp) by electrochemical 

impedance spectroscopy at 70oC and 80 bar of CO2 in absence of corrosion inhibitor. 
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Figure 27: Potentiodynamic sweep at 70oC and 80 bar of CO2 in absence of corrosion 

inhibitor. 

 

Surface analysis on the surface of specimen by SEM and EDS 

Ferrous ion (Fe2+) from the iron oxidation and dissolution reaction reacts with 

carbonate anion (CO3
2-) in the solution to form iron carbonate (FeCO3), also known as 

siderite. The saturation of FeCO3 in the solution increased over time until it reaches 

supersaturation. Once the concentrations of aqueous species become supersaturated, 

FeCO3 deposition occurs on the metal surface.   This can protect the metal surface from 

reducible species, or oxidants, and hinder the corrosion process. Figure 28 and Figure 29  

show SEM and EDS data for the prismatic siderite crystals on the metal surface. These 

figures indicate, for the pure CO2 system, iron carbonate formed on the metal surface. 

According to the EDS, the detected elements in the corrosion product layer were 

iron (Fe), oxygen (O) and carbon (C), as shown in Figure 29; the detailed composition of 
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which is shown in Table 4.  Figure 30 and Figure 31 show the surface morphology of 

steel and its elemental composition after the corrosion product layer was removed using 

Clarke solution. These figures show no evidence of pitting or localized corrosion attack 

on the metal surface. All the metal loss at this condition is due to general corrosion. 

 

 

Figure 28: Surface of weight loss coupon at x1000 magnification for experiment 

condition of 70oC and 80 bar of CO2 in absence of corrosion inhibitor. 
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Figure 29 : Corrosion product layer composition by EDS at x1000 magnification for 

experiment condition of 70oC and 80 bar of CO2 in absence of corrosion inhibitor. 

 

 

Figure 30: Surface of weight loss coupon at x1000 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC and 80 bar of CO2 in 

absence of corrosion inhibitor. 
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Figure 31 : Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC and 80 bar of 

CO2 in absence of corrosion inhibitor. 

 

Imidazoline-type corrosion inhibitor (K1) 

Corrosion behavior in the presence of different concentrations of an imidazoline-

type generic corrosion inhibitor, referred to as K1, was studied at a temperature of 70oC 

and CO2 pressure of 80 bar. Figure 32 to Figure 34 show the electrochemistry results for 

corrosion inhibitor K1 at 5 different concentrations, i.e., 50ppm, 100ppm, 400ppm, 

800ppm and 1500ppm. Corrosion inhibitor was injected before pressurizing the autoclave 

to the required condition. Corrosion rate results from LPR show that the imidazoline-type 

inhibitor didn’t reach a desirable corrosion rate at a practical concentration that could be 

applied in field operations. The lowest corrosion rate that can be achieved by K1 is 

0.2mm/yr, but at 1500ppm; this took more than 20 hours achieve. A 100ppm 
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concentration of corrosion inhibitor reduced the corrosion rate to 0.5mm/yr after 24 

hours.  

 

 

Figure 32: Corrosion rate with time by linear polarization resistance at 70oC, 80 bar of 

CO2 and various concentrations of corrosion inhibitor K1. 
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Figure 33: Solution resistance (Rs) and Polarization resistance (Rp) by electrochemical 

impedance spectroscopy at 70oC, 80 bar of CO2 and various concentrations of corrosion 

inhibitor K1. 
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Figure 34: Result of potentiodynamic sweep at 70oC, 80 bar pressure of CO2 and various 

concentrations of corrosion inhibitor K1. 

 

 The semicircles from the Nyquist plots can be used to measure solution 

resistance and polarization resistance for the corrosion rate calculation. The EIS 

technique was applied at the end of experiments and Figure 33 showed the polarization 

resistance increase with increasing inhibitor injected in the test solution. Corrosion rate 

can be calculated from the polarization resistance using Equation [30]. Solution 

resistance obtained from Electrochemical Impedance Spectroscopy (EIS) is used in the 

calculation of corrosion rate from the Linear Polarization Resistance (LPR) test. The 

Tafel slope in Figure 34 showed that the anodic and cathodic curves were controlled by 

charge transfer between steel and reducible species. Corrosion current density moved to 

the left with increasing concentration of K1.  
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Figure 35: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 50ppm of K1. 

 

 

Figure 36: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 50ppm of K1. 
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Figure 37: Surface of weight loss coupon at x1000 magnification after corrosion product 

was removed by Clarke solution and experiment condition of 70oC, 80 bar of CO2 and 

50ppm of K1. 
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Figure 38: Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 50ppm of K1. 
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Figure 39: Surface image for experiment condition of 70oC, 80 bar of CO2 and 50ppm of 

K1 and after immersion in Clarke solution. 
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Figure 40: Depth profile of pitting on the steel surface after corrosion product was 

removed using Clarke solution.  

 

 

Figure 41 : Corrosion Inhibitor K1; Cross-section of pitting using infinite focus 

microscopy after corrosion product layer was removed using Clarke solution. 

 
The surface morphologies for 50ppm K1 inhibited surface specimens are shown 

in Figure 35 to Figure 41. These images show that some areas were attacked by corrosion 
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and some areas protected by corrosion inhibitor. Figure 36 shows the elements on the 

metal surface by EDS analysis. Iron, carbon and alloying elements in specimens, such as 

chromium and manganese, were detected in the corrosion product. Figure 37 to Figure 41 

show the surface morphology after corrosion product was removed using Clarke solution. 

Grooving and pitting attack were visible on the specimens, even by the naked eye. Data 

for elemental composition on the metal surface obtained by EDS analysis are shown in 

Figure 37 and Figure 38. Figure 39 shows severe pitting on the metal surface. Further 

analysis by IFM was conducted to measure the depth profile of pitting and to calculate 

penetration rate. The depth profile and cross-section of pitting are shown in Figure 40 and 

Figure 41. 

 

 

Figure 42: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 100ppm of K1. 
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Figure 43 : Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 100ppm of K1. 
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Figure 44: Surface of weight loss coupon at x1000 magnification after corrosion product 

layer was removed by Clarke solution and experiment condition of 70oC, 80 bar of CO2 

and 100ppm of K1. 

 

 

Figure 45: Surface image for experiment condition of 70oC, 80 bar of CO2 and 100ppm 

of K1 after immersion in Clarke solution. 
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Figure 46: Depth profile of pitting on the steel surface after corrosion product layer was 

removed using Clarke solution. 

 

 

Figure 47: Cross-section of pitting using infinite focus microscopy after film was 

removed using Clarke solution.  
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Figure 48: Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution and experiment condition of 70oC, 80 bar of 

CO2 and 100ppm of K1. 

 
Surface morphologies of inhibited surface specimens at 100ppm K1 are shown in 

Figure 42 to Figure 48. Again, the metal surface is not fully protected by the corrosion 

inhibitor. Figure 43 shows the results of EDS elemental analysis of corrosion products, 

with a significant concentration of carbon detected but only a limited concentration of 

oxygen.  The results suggest that the corrosion product on the surface mainly correspond 

to iron carbide mixed with some traces of X65 alloying elements such as chromium and 

vanadium; given the low oxygen concentration a small amount of iron carbonate, or some 

oxide, could be present. The sulfur detected from the EDS data would likely be the result 

of external contamination. No thiosulfate or any other sulfur-containing species were 

added in the K1 experimental system. Surface morphologies after corrosion product 
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removal by Clarke solution are shown in Figure 44 to Figure 48. Pitting and localized 

corrosion was observed on the metal surface and is shown clearly in Figure 45. Further 

testing by IFM profilometry was done to measure the depth profile and pitting rate. The 

depth profile and cross-section of the pitting are shown in Figure 46 and Figure 47. 

Figure 48 shows the result from EDS analysis after immersion in Clarke solution and the 

metal surface was free from any corrosion product. 

Surface morphologies of inhibited surface specimens at 400ppm of corrosion 

inhibitor K1 are shown in Figure 49 to Figure 53. Figure 49 and Figure 50 show the 

surface morphology and composition of the specimen after severe corrosion in the high 

pressure CO2 environment. 

 

 

Figure 49: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 400ppm of K1. 
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Figure 50: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 400ppm of K1. 

 

 

Figure 51: Surface of weight loss coupon at x1000 magnification after film was removed 

by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 400ppm of K1. 
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Figure 52 : Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 400ppm of K1. 

 

 

Figure 53: Surface image for experiment condition of 70oC, 80 bar of CO2 and 400ppm 

of K1 and after immersion in Clarke solution. 
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Again, the EDS data was consistent with iron carbide being dominant on the 

steel surface, with only a trace of oxygen detected. EDS data also shows the alloying 

elements in X65 such as chromium, molybdenum and manganese. Figure 51 to Figure 53 

show the surface after immersion in Clarke solution to remove the corrosion product on 

the surface of the specimen. These figures show no localized corrosion on the surface of 

the rectangular specimen. At this concentration of K1, the specimen is only attacked by 

general corrosion.  

 

 

Figure 54: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 800ppm of K1. 
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Figure 55: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 800ppm of K1. 

 

 

Figure 56: Surface of weight loss coupon at x1000 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 

800ppm of K1. 
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Figure 57: Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 800ppm of K1. 

 

 

Figure 58: Surface image for experiment condition of 70oC, 80 bar of CO2 and 800ppm 

of K1 and after immersion in Clarke solution. 
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Surface morphology of inhibited surface specimens at 800ppm of corrosion 

inhibitor K1 are shown in Figure 54 to Figure 58. Figure 54 and Figure 55 show the 

surface morphology and the composition of corrosion products after experiment 

completion. EDS data again indicates dominant iron and carbon, with only trace oxygen. 

Again, this is consistent with iron carbide. As observed previously, the alloying elements 

in X65 such as molybdenum, chromium and manganese are also found from EDS 

analysis.  Figure 56 to Figure 58 show the surface after immersion in Clarke solution to 

remove the corrosion product from the surface of the specimens. Figure 58  shows no 

localized corrosion on the surface of the rectangular specimen. At this concentration of 

K1, the specimen was only attacked by general corrosion.  Note that Figure 57 shows a 

trace of tin (Sn) from the Clarke solution treatment on the surface due to improper 

cleaning after film removal treatment. 

 

 

Figure 59: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 1500ppm of K1. 
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Figure 60: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 1500ppm of K1. 

 

 

Figure 61: Surface image for experiment condition of 70oC, 80 bar of CO2 and 1500ppm 

of K1 and after immersion in Clarke solution. 
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Surface morphology of inhibited surface specimens at 1500ppm of corrosion 

inhibitor K1 are shown in Figure 59 to Figure 61. Figure 59 and Figure 60 show the 

surface morphology and the nature of the corrosion products after experiment 

completion. Consistent with the previous data, EDS showed carbon and iron to be 

dominant on the X65 specimen, with a small concentration of oxygen and the alloying 

elements (Cr, Mo, Mn and V) from the steel. Figure 61 showed the surface after 

immersion in Clarke solution to remove the corrosion product from the surface. This 

shows no localized corrosion on the surface. At this concentration of K1, the specimen 

was only attacked by general corrosion. At this concentration of K1, 1500ppm is not 

economical to apply in the field.  

Imidazoline-type corrosion inhibitor plus thiosulfate (K4) 

Four different concentrations of K4 were tested at 70oC and 80 bar pressure of 

CO2, corresponding to 50, 100, 200 and 400ppm. Figure 62 to Figure 64 show the results 

obtained by LPR, EIS and potentiodynamic sweep. Generally, the LPR result showed that 

K4 performed better than K1. The plots showed that the corrosion rates were lower and 

superior inhibitor persistence was observed with increased concentration of K4. 

Corrosion rate for the LPR test was calculated using equation 29 to equation 31. 

Polarization resistance from LPR readings was corrected with respect to solution 

resistance measured by EIS. Figure 62 shows that the desired corrosion rate can be 

reached at least at 200ppm of K4; at concentrations of 200ppm and 400ppm, this 

inhibitor gives a longer protection to the metal surface.  
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Figure 62: Corrosion rate with time by linear polarization resistance at 70oC, 80 bar of 

CO2 and various concentrations of corrosion inhibitor formulation K4. 
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Figure 63: Solution resistance (Rs) and Polarization resistance (Rp) by electrochemical 

impedance spectroscopy at 70oC, 80 bar of CO2 and various concentrations of corrosion 

inhibitor formulation K4. 
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Figure 64: Potentiodynamic sweeps at 70oC, 80 bar pressure of CO2 and various 

concentration of corrosion inhibitor K4. 

 
EIS results showed the polarization resistance of corrosion inhibitor K4 and 

solution resistance. The addition of concentrations of corrosion inhibitor increases the 

diameter of semicircles of the Nyquist plots as shown in Figure 63.  Figure 64 shows that 

the electrochemical reaction was controlled by charge transfer between iron and reducible 

species such as H2CO3 and H+. The increasing of corrosion inhibitor concentration 

moved the cathodic and anodic polarization curve to the lower corrosion current density, 

as shown in Figure 64.  
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Figure 65: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 50ppm of K4. 

 

 

Figure 66: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 of CO2 and 50ppm of K4. 
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Figure 67: Surface of weight loss coupon at x1000 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 

50ppm of K4. 
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Figure 68: Composition of bare surface by EDS at x1000 magnification after corrosion 

product layer was removed by Clarke solution for experiment condition of 70oC, 80 bar 

of CO2 and 50ppm of K4. 

 

 

Figure 69: Surface image for experiment condition of 70oC, 80 bar CO2 and 50ppm of K4 

and after immersion in Clarke solution. 
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Surface morphology of 50 ppm inhibited surface specimens is shown in 

Figure 65 and Figure 66. The SEM and EDS analysis were performed immediately after 

sample removal from the autoclave. The images show some areas attacked by corrosion 

and some protected by corrosion inhibitor at 50ppm of K4.  Note the presence of a crystal 

morphology consistent with FeCO3 formation. Figure 66 shows the elements on the metal 

surface by EDS analysis with iron and carbon dominant, but with a relatively higher 

concentration of oxygen and a trace of sulfur. Considering the SEM, this composition 

could be consistent with iron carbide located beneath, and adjacent to, iron carbonate. 

Alloying elements in the X65 specimen, such as chromium and manganese, also were 

detected as the corrosion product by EDS analysis. The detected sulfur was likely present 

on the specimen surface as part of the protective layer derived from thiosulfate, one of the 

components in K4.  Figure 67 to Figure 69 show the surface morphology after corrosion 

product was removed using Clarke solution. Iron, carbon and manganese were detected 

by EDS analysis, as shown in Figure 68. Figure 69 shows an image of a region of the 

rectangular coupon surface after the corrosion product layer was removed using Clarke 

solution. This shows only attack by general corrosion. 
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Figure 70: Surface of weight loss coupon at x1000 magnification and experiment 

condition at 70oC, 80 of CO2 and 100ppm of K4. 

 

 

Figure 71: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 100ppm of K4. 
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Figure 72: Surface of weight loss coupon at x1000 magnification after corrosion product 

was removed by Clarke solution and experiment condition of 70oC, 80 bar of CO2 and 

100ppm of K4. 
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Figure 73: Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 100ppm of K4. 

 

 

 

 

 

 

 

 

 

 



 114 

 

Figure 74: Surface image for experiment condition of 70oC, 80 bar of CO2 and 100ppm 

of K4 and after immersion in Clarke solution. 

 

Surface morphology of 100 ppm inhibited surface specimens is shown in Figure 

70 to Figure 74. These images show some areas have undergone attack by corrosion and 

other areas were protected by corrosion inhibitor at 100ppm of K4. EDS shows iron, 

carbon and oxygen with the alloying element chromium, Figure 71. Figure 72 and Figure 

74 show the surface morphology after corrosion product removal using Clarke solution. 

Elemental composition is shown in Figure 73, with an observed surface enrichment with 

respect to iron carbide being consistent with the data.  This figure also shows a trace of 

tin from the Clarke solution on the surface of specimen. Figure 74 shows the surface of 

the specimen is free from localized attack and was only attacked by general corrosion. 
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Figure 75: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 200ppm of K4. 

 

 

Figure 76: Composition of corrosion product layer by EDS at x1000 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 200ppm of K4. 
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Figure 77: Surface of weight loss coupon at x1000 magnification after film was removed 

by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 200ppm of K4. 

 

 

Figure 78: Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 200ppm of K4. 
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Figure 79: Surface image for experiment condition of 70oC, 80 bar of CO2 and 200ppm 

of K4 and after immersion in Clarke solution. 

 

Surface morphology of 200 ppm inhibited surface specimens are shown in Figure 

75 to Figure 79. These images show the surface of specimens are less affected by 

corrosion attack due to the protection by corrosion inhibitor at 200ppm of K4. These 

results are also supported by electrochemistry measurement from LPR, potentiodynamic 

sweep and EIS, as shown in Figure 62, Figure 63 and Figure 64. Figure 76 shows that the 

composition at the metal surface is dominated by iron and carbon, with minor 

concentrations of alloying elements such as molybdenum and manganese; note the 

absence of oxygen.  Figure 77 to Figure 79 show the specimen after corrosion product 

removal using Clarke solution. Figure 79 shows the polishing marks still appearing on the 

specimen surface, implying less attack by corrosive species.  The metal was well 

protected by corrosion inhibitor at 200ppm of K4.   
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Figure 80: Surface of weight loss coupon at x1000 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 400ppm of K4. 

 

 

Figure 81: Composition of corrosion product layer by EDS at x1000 magnification for 

experiment condition of 70oC, 80 bar of CO2 and 400ppm of K4. 
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Figure 82: Surface of weight loss coupon at x1000 magnification after corrosion product 

was removed by Clarke solution and experiment condition at 70oC, 80 bar of CO2 and 

400ppm of K4. 
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Figure 83: Composition of bare surface by EDS at x1000 magnification after corrosion 

product was removed by Clarke solution and experiment condition of 70oC, 80 bar of 

CO2 and 400ppm of K4. 
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Figure 84: Surface image for experiment condition at 70oC, 80 bar of CO2 and 400ppm of 

K4 and after immersion in Clarke solution. 

 
Surface morphology of 400ppm inhibited surface specimens is shown in Figure 

80 and Figure 84. These images show that the surfaces of specimens are even less 

affected by corrosion attack due to the high level of protection afforded by 400 ppm of 

corrosion inhibitor K4. These results are also supported by electrochemistry 

measurements by LPR, potentiodynamic sweeps and EIS, as shown in Figure 62, Figure 

63 and Figure 64. Iron and carbon are again dominant on the metal surface of the X65, as 

shown in Figure 81. The alloying element manganese was also detected. Figure 82 to 

Figure 84 show the specimen surface after corrosion product was removed using Clarke 

solution. Again, a trace of tin was observed stemming from the Clarke solution treatment, 

as shown in Figure 83. The surface characteristics of specimens showed that the metal 

was well protected by corrosion inhibitor when injecting 400ppm of K4.   
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CHAPTER 7: CONCLUSIONS 

The experimental set-up and measurement techniques used in this study were 

successful in accurately determining the mutual solubility of CO2-H2O systems at high 

pressures. Experimental data obtained in the solubility study agree with model 

predictions. pH measurements using the high pressure, high temperature pH probe tend to 

overestimate simulated data. The model prediction falls beyond the range of accuracy of 

the pH probe (±0.2 pH units). The error from pH measurement may be due to resistance 

effects relating to the glass surface, improvements may be made by using a 1 wt. % NaCl 

electrolyte instead of deionized water. 

Localized corrosion was observed at 50ppm and 100ppm for imidazoline-type 

inhibitor K1 and the penetration rate was 146 mm/yr and 43.8 mm/yr, respectively. No 

pitting was observed at 400 and 800ppm of K1.   General corrosion rates can be reduced 

to 1 mm/yr by adding 50ppm of K1 and are further reduced to 0.45mm/yr by adding 

100ppm. No specific trending was observed by potentiodynamic sweep, EIS and LPR.  

K4, which is K1 with the addition of thiosulfate, has the capability to further 

reduce corrosion rate compared with K1. Specific trending was observed in LPR over 

time. No localized corrosion was observed on the surface of specimens even at 50ppm of 

K4. It is concluded that K4 can reduce general corrosion rate below 0.2mm/yr by adding 

400ppm into the system. Corrosion rate over time by LPR shows a film persistency of 

around 8 to 10 hours after injection of corrosion inhibitor.  
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CHAPTER 8: RECOMMENDATION FOR FURTHER STUDIES 

Organic compounds such as imidazoline-type corrosion inhibitor (K1) have the 

potential to be highly soluble in supercritical CO2 (104).  The effect of an organic solvent 

on imidazoline-type of corrosion inhibitor was studied by Xiong in his dissertation, he 

showed a significant impact on its adsorption to the metal surface (85). The organic 

solvent shows a significant effect on inhibitor removal compared to flow (85). On the 

other hand, K4 contained about 6.28% of thiosulfate, as shown in Figure 2, which shows 

superior suppression of the corrosion rate to below 0.2mm/yr.  Thiosulfate ion is an 

inorganic-type corrosion inhibitor, which will resist becoming dissolved in supercritical 

CO2. Further testing using thiosulfate only, without any imidazoline but in the presence 

of supercritical CO2, should be performed to further shed the light on the observed 

inhibition. In addition, surface characterization using other techniques such as X-ray 

Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion Mass Spectroscopy 

(ToFSIMS) are required to investigate further the mechanisms relating to thiosulfate’s 

action at the metal surface.  
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APPENDIX A:  NOMENCLATURE 

 

Symbol Name 

ppm Parts per million 

G  Gibbs free energy, kJ/mol 

oG  Standard Gibbs free energy, kJ/mol 

V  Volume, m3 

Ksol  Equilibrium constant for solubility of CO2 in water, 

Molar/Bar 

Khy  Equilibrium constant for hydration of CO2, per second 

Kca  Equilibrium constant for dissociation of H2CO3 , 

Kmol/m3 

Kbi  Equilibrium constant for dissociation of HCO3
- , 

kmol/m3 

Kwa  Equilibrium constant for dissociation of water, 

kmol/m3 

C 2CO  Concentration of CO2 in bulk solution, kmol/m3 

C 32COH  Concentration of H2CO3 in bulk solution, kmol/m3 

C 3HCO  Concentration of HCO3
- in bulk solution, kmol/m3 

C 2
3CO   Concentration of CO3

2- in bulk solution, kmol/m3 

CH  Concentration of H+  in bulk solution, kmol/m3 

COH  Concentration of OH- in bulk solution, kmol/m3 
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P 2CO  Partial pressure of CO2 in bar. 

P OH2  Partial pressure of water in bar. 

y OH2
 Mole fraction of water in carbon dioxide gas phase 

x 2CO  Mole fraction of carbon dioxide in water 

o
OH2

K  Equilibrium constant for solubility of CO2 in water, 

o
CO2

K  Equilibrium constant for solubility of water in CO2 

OH2V  Average partial molar volume for water in cm3/mol 

)gas(V 2CO  Average partial molar volume for CO2 in gas form, 

cm3/mol 

)liq(V 2CO  Average partial molar volume for CO2 in liquid form, 

cm3/mol 

R  Gas constant which is 83.1447 bar.cm3/mol.K 

T  Temperature in Celsius or Kelvin. 

 2CO  Fugacity coefficient for CO2. Dimensionless. 

 OH2  Fugacity coefficient for H2O.Dimensionless. 

a 2CO  Attraction parameter for pure CO2. Bar.cm6.K0.5.mol-2 

a OH2  Attraction parameter for pure H2O. 

a 22 COOH   
Attraction parameter for binary CO2- H2O. 

Bar∙cm6.K0.5.mol-2 

b 2CO  Repulsion parameter for CO2.cm3/mol 

b OH2  Repulsion parameter for H2O.cm3/mol 
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 OH2  

Density of water, g/cm3. 
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APPENDIX B:  SUPPORTING FIGURES 

Figure 85 to Figure 88 show additional SEM and EDS results for the surfaces of 

corrosion coupons for the testing at 70oC and 80 bar of CO2 in the absence of corrosion 

inhibitor. Surface analyses in the presence of corrosion inhibitor K1 (imidazoline-type 

corrosion inhibitor) are shown in Figure 89 to Figure 106. Figure 107 to Figure 122 show 

results from the surface analysis for experiments conducted in the presence of corrosion 

inhibitor K4 (imidazoline-type corrosion inhibitor plus thiosulfate). 

 

 

Figure 85: Surface of weight loss coupon at x100 magnification for experiment condition 

of 70oC and 80 bar of CO2 in absence of corrosion inhibitor. 
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Figure 86: Corrosion product layer composition by EDS at x100 magnification for 

experiment condition of 70oC and 80 bar of CO2 in absence of corrosion inhibitor. 

 

 

Figure 87: Surface of weight loss coupon at x100 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC and 80 bar of CO2 in 

absence of corrosion inhibitor. 
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Figure 88: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC and 80 bar of 

CO2 in absence of corrosion inhibitor. 

 

 

Figure 89: Surface of weight loss coupon at x100 magnification and experiment condition 

of 70oC, 80 bar of CO2 and 50ppm of K1. 
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Figure 90: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 50ppm of K1. 

 

 

Figure 91: Surface of weight loss coupon at x100 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 

50ppm of K1. 
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Figure 92: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution and experiment condition of 70oC, 80 bar of 

CO2 and 50ppm of K1. 

 

 

Figure 93: Surface of weight loss coupon at x100 magnification and experiment condition 

of 70oC, 80 bar of CO2 and 100ppm of K1. 
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Figure 94 : Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 100ppm of K1. 

 

 

Figure 95: Surface of weight loss coupon at x100 magnification after corrosion product 

layer was removed by Clarke solution and experiment condition of 70oC, 80 bar of CO2 

and 100ppm of K1. 
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Figure 96: Compositional of bare surface by EDS at x100 magnification after film was 

removed by Clarke solution. The experiment condition was 70oC, 80 bar of CO2 and 

100ppm of K1. 

 

 

Figure 97: Surface of weight loss coupon at x100 magnification and experiment condition 

of 70oC, 80 bar of CO2 and 400ppm of K1. 
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Figure 98: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition at 70oC, 80 bar of CO2 and 400ppm of K1. 

 

 

Figure 99: Surface of weight loss coupon at x100 magnification after film was removed 

by Clarke solution and experiment condition of 70oC, 80 bar of CO2 and 400ppm of K1. 
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Figure 100: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 400ppm of K1. 

 

 

Figure 101:  Surface of weight loss coupon at x100 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 800ppm of K1. 
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Figure 102: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 800ppm of K1. 

 

 

Figure 103:  Surface of weight loss coupon at x100 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 

800ppm of K1. 
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Figure 104: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 800ppm of K1. 

 

 

Figure 105: Surface of weight loss coupon at x100 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 1500ppm of K1. 
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Figure 106: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 1500ppm of K1. 

 

 

Figure 107: Surface of weight loss coupon at x100 magnification and experiment 

condition of 70oC, 80 bar of CO2 and 50ppm of K4. 
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Figure 108: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 50ppm of K4. 

 

 

Figure 109: Surface of weight loss coupon at x100 magnification after corrosion product 

was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 

50ppm of K4. 
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Figure 110: Composition of bare surface by EDS at x100 magnification after corrosion 

product layer was removed by Clarke solution for experiment condition of 70oC, 80 bar 

of CO2 and 50ppm of K4. 

 

 

Figure 111: Surface of weight loss coupon at x100 magnification and experiment 

condition at 70oC, 80 of CO2 and 100ppm of K4. 
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Figure 112: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 100ppm of K4. 

 

 

Figure 113: Surface of weight loss coupon at x100 magnification after corrosion product 

was removed by Clarke solution and experiment condition of 70oC, 80 bar of CO2 and 

100ppm of K4. 
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Figure 114: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 100ppm of K4. 

 

 

Figure 115: Surface of weight loss coupon at x100 magnification and experiment 

condition at 70oC, 80 bar of CO2 and 200ppm of K4. 
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Figure 116: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 200ppm of K4. 

 

 

Figure 117: Surface of weight loss coupon at x100 magnification after film was removed 

by Clarke solution for experiment condition of 70oC, 80 bar of CO2 and 200ppm of K4. 
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Figure 118: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution for experiment condition of 70oC, 80 bar of CO2 

and 200ppm of K4. 

 

 

Figure 119: Surface of weight loss coupon at x100 magnification for experiment 

condition at 70oC, 80 bar of CO2 and 400ppm of K4. 



 157 

 

Figure 120: Composition of corrosion product layer by EDS at x100 magnification and 

experiment condition of 70oC, 80 bar of CO2 and 400ppm of K4. 

 

 

Figure 121: Surface of weight loss coupon at x100 magnification after corrosion product 

was removed by Clarke solution and experiment condition of 70oC, 80 bar of CO2 and 

400ppm of K4. 
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Figure 122: Composition of bare surface by EDS at x100 magnification after corrosion 

product was removed by Clarke solution and experiment condition at 70oC, 80 bar of 

CO2 and 400ppm of K4. 
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