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ABSTRACT 

 

The research reported in this thesis focuses on the fundamental understanding of carbon 

steel corrosion as relevant to the internal corrosion of pipelines intended for Carbon 

Capture and Storage (CCS) applications. The CCS process appears to be imminent in 

Australia
I
, as evidenced by current initiatives such as Carbonet, and supercritical CO2 

pipelines represent the anticipated mode of CO2 transport from the capture to storage 

sites
II
. A thorough literature review was conducted, which includes studies of the 

corrosion mechanism related to supercritical CO2 during transport, and the recent 

contributions from a dynamic field that is continuing to evolve throughout the course of 

this project. An empirical approach was used in this project to determine the effect of 

various input variables, including salt and acid impurities, temperature and pressure, on 

the subsequent corrosion rates of steel in the likely CCS relevant stream chemistry. A 

high throughput methodology was developed to screen a range of electrolyte chemistries 

in atmospheric (aqueous) conditions, and supplemented by tests in supercritical CO2. For 

this, a high pressure autoclave was also used to simulate the high pressure (>7.5MPa) 

during supercritical CO2 transport. This enabled an empirical model to be developed, in 

order to predict the expected corrosion rate as a function of electrolyte chemistry – 

serving as a platform for benchmarking CCS pipeline durability. The techniques in this 

study include potentiodynamic polarisation tests, weight loss tests, scanning electron 

microscopy, and optical profilometry. Generally, corrosion rates obtained from the 

presence of acid impurities and in the presence of an aqueous phase, were high. Corrosion 

attack was typically localised, with potential for severe attack in cases where co-

speciation of acids with carbonic acid could occur. Experiments with increasing water 

concentration and pressure showed increased corrosion rates attributed to the increased 

solubility of CO2 in water and the behaviour of the corrosion product (iron carbonate). A 

correlation was also observed between experiments conducted in aqueous conditions 

compared to supercritical CO2, which gives merit to experimentation using high 

throughput methods. 

 

 

__________________________ 

Ihttp://www.co2crc.com.au/research/ausprojects.html 

IIJ. Mack, B. Endemann, "Making carbon dioxide sequestration feasible: Toward federal regulation of CO2 

sequestration pipelines", Energy Policy, 38 2 (2010): p. 735-743 
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1 Introduction 

Carbon capture and storage (CCS) has recently emerged as a potentially effective and 

promising solution to combat the threat of climate change
35

. CCS is a three-step process, 

where waste carbon dioxide (CO2) is captured from anthropogenic sources (fossil fuel 

power plants, etc.), transported via pipelines to a storage site, and deposited into geologic 

disposal sites to prevent CO2 from entering the atmosphere
36

. 

 

Three main methods of CO2 capture exist and are used according to the process and 

source of CO2. This is vital and relates directly to the transport phase, as it determines the 

varying combinations of impurities and their compositions that could be present in a 

subsequent gas stream. The first method is known as a post-combustion system, where 

CO2 is separated from other flue gases after the combustion of fossil fuel
37

. Contrary to a 

post-combustion system, the pre-combustion system is the exact opposite of the former 

method, in which CO2 is separated before the combustion of fossil fuel. In this case, the 

fossil fuel is not combusted but reacted at high temperature and pressure. This results in 

the production of mainly hydrogen (H2) and CO2, which is then separated
38

. Finally, the 

third method is known as oxyfuel combustion or oxyfiring. In this case, air is replaced 

with O2 during combustion, creating flue gases containing mainly CO2 (80%) and water 

vapour
37-40

. As evident from the three processes, streams of different CO2 compositions 

will result and have to be determined. After the capture process, CO2 will then be 

transported either via ships or underground pipelines for various purposes. Among them 

are for injection into underground, the deep ocean, and enhanced oil recovery (EOR)
41

. 

 

Currently, research studies on CO2 capture and storage technologies are of great interest
37, 

42-46
, with several governments showing interest in the imminent production of CCS 

infrastructure. However there is very little open knowledge regarding the CO2 transport 

phase. Typically, CO2 is transported as a supercritical fluid (>7.38MPa, 31.1
o
C) via 

pipelines, taking advantage of its increased density and to avoid complicated two-phase 

flow regimes
47, 48

. In addition, transport at lower densities (i.e., gaseous CO2) is 

inefficient due to the relatively high pressure drop per unit length
49

. However, the 

increased pressure, combined with the presence of free water (carried over water from 

capture processes or hydro-test operations) in the CO2 mixture stream poses a real risk to 

the durability of the pipeline
50

. Hence, the pipeline is normally dried upstream to reduce 
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or potentially eliminate the amount of free water to ensure minimal corrosion rates
51

. In 

comparison to oil and gas pipelines where CO2 is not the main transport component, the 

corrosion rate of wet carbon steel in supercritical CO2 is potentially higher
52

. This is due 

to the formation of carbonic acid (H2CO3) when CO2 dissolves in water (H2O)
53

. The 

increased pressure from atmospheric to supercritical increases the solubility of CO2 in 

water, which produces a concentrated H2CO3 solution. In addition to H2CO3, other 

impurities such as sulfuric acid (H2SO4), nitric acid (HNO3), hydrochloric acid (HCl), 

sulfur oxides (SOx), and nitrogen oxides (NOx) may contaminate the CO2 stream 

depending on the capture technology. CO2 in the presence of (SOx) and (NOx) impurities 

have never been transported before by pipeline, as such their effects on pipeline durability 

and design are not fully understood
54

. The extreme operating conditions and vast amount 

of potential impurities present a major technical challenge for CCS pipeline transport. As 

such, this project aims to provide a thorough study and evaluation of the corrosion 

properties of carbon steel under such conditions. 
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2.1 Literature Review Introduction 

In this literature review, two critical published review papers from this project (Sections 

2.2 and 2.3) are prefaced with an introduction here, and up-to-date remarks following the 

works published since the commencement of the project. This section of the thesis aims 

to provide a general introduction to CCS and pipeline steels, along with a review of the 

literature from most recent studies associated with supercritical CO2 corrosion, which are 

not covered in Sections 2.2 and 2.3. 

 

The transport of CO2 from large sources such as fossil fuel power plants to a geologic 

storage site is a process known as carbon capture and storage (CCS). The aim of CCS is 

to limit and control global warming by preventing emissions of large quantities of CO2 

into the atmosphere. This is a concern for developed and developing countries, where the 

increasing demand for electricity will account for nearly 50% of the global emissions 

between 2000 and 2030
55

. As fossil fuels will remain as the primary source of energy in a 

growing global energy demand, the employment of CCS technology is necessary in order 

to stabilise the atmospheric level of CO2
40

. 

CCS is a three-phase process which involves the capture, transport and storage of CO2. 

An illustrative diagram of this process is shown in Figure 2.1: 

 

 

Figure 2.1: Carbon Capture and Storage
1
 



Chapter 2  

8 

 

The major current anthropogenic sources of CO2 emissions are mainly from the 

combustion of fossil fuels used in power plants and other large-scale industrial processes. 

These power plants are known to have a typical annual emission of 1 MtCO2 to 4 

MtCO2
56

. The first phase of CCS involves capturing or separating CO2 from its initial gas 

stream to produce a concentrated stream of supercritical CO2 which is typically 

compressed to a pressure above 8 MPa. This is to avoid two-phase flow regimes and 

increase the density of the CO2, making it easier and more cost effective to transport
57

.  

Three main methods of CO2 capture exist, each with distinct processes resulting in a 

unique stream composition. The first method is known as a post-combustion system, from 

which optimization of its processes are still currently being researched
39, 40, 58-60

 

(modelling and using alternate adsorbents). Typically, the process involves the use of 

liquids such as an amine or ammonia to separate CO2 from other flue gases after the 

combustion of fossil fuel. Contrary to a post-combustion system, the pre-combustion 

system is the exact opposite of the former method, in which CO2 is separated before the 

combustion of fossil fuel. In this case, the fossil fuel is not combusted but reacted at high 

temperature and pressure. This results in the production of mainly hydrogen (H2) and 

CO2, which is then separated. Similar to post-combustion technology, the design and 

implementation of the pre-combustion process is widely researched
49, 61-64

. Finally, the 

third method is known as oxyfuel combustion or oxyfiring, with a majority of research 

work focusing on the characteristics and behaviour of coal combustion
61-64

. In this case, 

air is replaced with O2 during combustion, creating flue gases containing mainly CO2 

(80%) and water vapour
57

. After the capture process, CO2 is transported via pipelines for 

various purposes, including injection into underground, the deep ocean, and enhanced oil 

recovery (EOR). 

 

The transportation of CO2 for CCS purposes requires materials with high strength and 

fracture toughness. Therefore, carbon steel (0.12-2% carbon) is proposed as a suitable 

material for pipeline transportation due to its superior physical properties. However, CO2 

is nominally transported as a supercritical fluid (>7.5MPa, 31.1
o
C), resulting in a stream 

composition which is significantly different from other fluids commonly transported by 

pipeline, such as natural gas. Thus, it is necessary to use accurate representations of its 

properties in the design of the pipeline. These properties include phase behavior, density, 

and viscosity of CO2  and CO2 - containing mixtures
49

. Due to environmental, security 

and safety reasons, it is common practice to have transport pipelines buried underground, 
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rather than on the surface. This decreases temperature fluctuations in the pipeline, 

because surface pipelines can reach high temperatures due to sun exposure. Other than 

temperature, the composition of the transported CO2 has implications on the pipeline 

design, which influences the transport costs. The design of a pipeline should adhere to the 

standards required for optimal operation, namely
48

: 

 

 Pressure: wall thickness, over-pressure protection systems 

 Resistance to degradation: internal due to corrosion and external due to 

environmental conditions 

 Protection from damage: third party or installation damage 

 Appropriate monitoring facilities and safety systems: periodic or remote 

 Location consideration: local climates and fluctuations 

An assumed CO2 pipeline system is described as having high quality carbon steel coated 

pipelines with cathodic protection, sectioning valves (each 30 km) and corrosion control 

points for the transport of CO2
65

. High durometer (>90) elastomer seals are also required 

for these pipelines
48

. Water content is of major concern in supercritical CO2 transport 

pipelines due to the formation of carbonic acid (H2CO3). In order to prevent hydrate 

formation and internal corrosion of the carbon and low-alloy steel pipelines, the 

transported CO2 should be treated to a very low water content or a relative humidity of 

less than 60%
48

, or less than 100 ppm (parts per million)
51

. For example, CO2 transported 

in the Weyburn pipeline contains less than 20 ppm H2O. It is stated that the CO2 flow is 

dried to a 40 
o
C dew point to prevent corrosion and contains N2< 300 ppm, O2 < 40 ppm 

and Ar < 10 ppm
48

. This leaves the CO2 relatively dry, resulting in poor lubricating 

properties. Thus, special design features are required, such as compressors or pumps. 

Another consideration is that lubricants can harden and become ineffective in the 

presence of CO2. Another factor is the presence of H2S in the pipeline, which can be 

found in CO2 captured in gasification plants without proper desulfurization. In this case, 

the concentration of H2S must be kept very low to prevent sulfide stress corrosion 

cracking and also because of safety reasons where pipelines are required to be transported 

across populated areas. Other safety measures include increased pipeline wall thickness 

and shorter distances between sectioning valves in areas where population density is 

high
48

. 
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One of the most common causes of pipeline failure is corrosion
66

. The durability of CCS 

transport pipelines remain the highest concern in terms of internal corrosion damage. 

Corrosion of steel is known as the gradual destruction of steel by chemical reaction with 

its environment. A Pourbaix diagram of iron is presented in Figure 2.2:  

 

Figure 2.2: Pourbaix diagram for the iron-water system at 25
o
C, considering Fe, 

Fe3O4 and Fe2O3 are the only solid substances
2
 

 

In terms of elementary background the term “CO2 corrosion” is one that can be 

misleading, since it is not CO2 (which is a gas) that is corrosive. The term refers to the 

situation when CO2 is in an abundant presence, along with an aqueous phase (water), 

where the opportunity then exists for CO2 to dissolve in water – forming H2CO3. It is thus 

the H2CO3 that is corrosive to common steels due to its acidic pH. This is explained in 

Figure 2.2, which suggests that the acidic environment created by H2CO3 promotes the 

dissolution of Fe to Fe
2+

, and has the ability to induce corrosion in a CCS pipeline. The 

issue of H2CO3 corrosion can occur in many different situations. It can occur in scenarios 

of widely varying pressure, in oil pipelines (where CO2 is a minor constituent) and water 

is present as an impurity, and it can also occur in pipelines carrying CO2 alone (where 

CO2 is the major constituent) and water is an impurity. CO2 corrosion requires the co-
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existence of an aqueous phase to occur, and can potentially occur in the transport phase of 

the CCS process. 

 

The study of CO2 corrosion stems from corrosion issues associated with oil and gas 

transport pipelines, and remains an interesting research topic in terms of corrosion 

experiments and modeling
67-71

. However, the CO2 corrosion issues in oil and gas transport 

differ from CO2 transport for CCS purposes due to stream composition and transport 

operating conditions. In oil and gas transport, CO2 is a minor component
72

 (0.5 to 2.5%) 

compared to CCS purposes, where CO2 constitutes a majority of the stream composition
73

 

(95 to 99%). As such, the pressure in those operating conditions is considerably lower (2 

compared to >7MPa for CCS), hence the concentrations and phases of CO2 in both cases 

are vastly different. Therefore, knowledge gaps such as the extent of corrosion damage 

and solution chemistry in the case of CCS remains largely unknown, and is further 

complicated by the likelihood of impurities from various capture technologies. 

 

In all cases, the corrosion issues associated with CO2 pipeline transport relates directly to 

carbon steel corrosion in acids. It is generally known that corrosion rate increases with 

acid strength, which is a potential problem in CCS pipelines due to the presence of salt 

and acid impurities which further acidify the environment. This is shown in an example 

by Ayello et al.
7
, where the addition of HNO3 into CO2-saturated water decreased the pH 

from 2.6 to -3.3, further increasing corrosion rates. The mechanism of acid corrosion can 

be explained by conducting electrochemical tests, as all corrosion is an electrochemical 

process of oxidation (release of electrons by the metal) and reduction (electrons gained by 

elements) reactions. Therefore, the corrosion properties of steel can be characterized in 

combination with various simulated CO2-saturated solutions using controlled 

electrochemical experiments. A typical polarisation cell setup consists of a reference 

electrode, counter electrode, a steel sample, and an electrolyte solution. All these 

electrodes are connected to a potentiostat, from which potentiodynamic polarisation tests 

can be conducted to measure the corrosion current density (icorr) by manipulating the 

corrosion potential (Ecorr). The resulting icorr values are plotted versus Ecorr, and can be 

used to determine corrosion rates via a Tafel plot. The Tafel plot reveals information such 

as passivation rates, including anodic and cathodic protection. For example, in the case of 

HNO3 corrosion, the corrosion mechanism is explained by the increase in an acid‟s 
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oxidising potential, resulting in an increase in icorr and a shift of the cathodic curve 

towards higher potentials. 

 

The study of CO2 corrosion covers a broad range of fields and topics. As such, the 

following section summarises recent research studies on the challenges and knowledge 

gaps associated with CCS transport: 

 The effects on stream composition during the capture phase: An important aspect 

of the safe CO2 transport begins at the capture phase, as such a number of research 

studies are focused on the current capture technologies used for CCS purposes. A 

study conducted by Choi et al.
74

 aims to simulate and study CO2 corrosion in 

methyl diethanolamine (MDEA) -based CO2 capture plants, where carbon steel 

was subjected to 50wt% MDEA solutions. The test samples were subjected to 

cyclic polarisation tests under an absorber operating at 50
o
C, exposed to CO2, O2, 

and various salt impurities. Results showed an increase in corrosion rate with the 

addition of impurities, whereby the authors noticed acceleration of both anodic 

and cathodic reactions. Similar concerns were raised by Ksenija et al.
75

 regarding 

the use of post-combustion capture, where amine-based solvents are used to 

separate CO2 from other combustion gases. This is due to the chemical process 

where by-products, organic acids and heat-stable amine salts can increase the risk 

of corrosion damage to carbon steel pipelines. This shows that the resulting CO2 

stream from capture plants will require sufficient cleaning before it can be safely 

transported. 

 The effect of impurities during the transport phase: Apart from the capture phase, 

the CO2 stream can also be contaminated by a number of impurities during the 

transport phase. A study conducted by Zhang et al.
76

 investigates the role of 

dissolved oxygen in supercritical water on the corrosion of a select ferritic and 

austenitic steels. The concentration of dissolved oxygen was varied along with 

exposure time. Results show that there is a correlation between dissolved oxygen 

content on weight gain and exfoliation of oxide scale. In a separate study 

conducted by Xiang et al.
15

, the corrosion behaviour of X70 steel with increasing 

SO2 concentration was investigated using weight loss measurements. The tests 

revealed increasing corrosion rates with an increase in SO2 concentration, which 

enhances the corrosiveness of the water-saturated supercritical CO2. The influence 
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of SO2 is still a concern, although corrosion products observed to be ferrous 

sulfate (FeSO4) and ferrous sulfite (FeSO3) deposited on the steel surface could 

slow down corrosion rates significantly. Apart from impurities, operating 

conditions such as pressure and temperature during supercritical CO2 transport 

play a major role in determining the corrosion properties of carbon steel. 

Experiments were conducted by Choi et al.
77

, where carbon steel samples were 

subjected to 25 wt% NaCl under various set partial pressures (4, 8, 12 MPa) and 

temperatures (65, 90
o
C). The authors revealed significant corrosion (~10mm/y) at 

65
o
C, which decreased to ~0.05mm/y when temperature was increased to 90

o
C. 

This phenomena was observed due to the behaviour of the corrosion products 

formed under different temperatures. A protective iron carbonate (FeCO3) layer 

was formed at 90
o
C, while a non-protective and porous iron carbide (Fe3C) layer 

formed at 65
o
C. 

 The challenges associated with CO2 storage: The study of supercritical CO2 

corrosion is not isolated to the capture and transport phases, and also involves the 

final storage phase. A review conducted by Choi et al.
78

 investigates the risks 

associated with CO2 sequestration in the form of wellbore integrity. Poorly 

insulated (with cement) casings, when in contact with wet supercritical CO2 will 

lead to corrosion of the steel and cause CO2 leakage. The authors conclude that 

corrosion rates under supercritical CO2 is high (~20mm/y) without a protective 

layer, which could be significantly reduced (to ~0.2mm/y) from long term 

exposure due to the formation of FeCO3. In a similar study on CO2 storage, 

Esmaeely et al.
79

 investigates the effects of addition of calcium ions to prevent 

casing corrosion when in contact with injected CO2. The aim is to improve the 

formation and protectiveness of the FeCO3 layer with calcium ions. Carbon steel 

samples were exposed to simulated saline aquifer environments (1 wt% NaCl, at 

80
o
C) with varying concentrations of calcium ions (10, 100, 1000 and 10000 

ppm). Polarisation and surface analysis (SEM, EDS, XRD) results showed that 

low concentrations of calcium ions (10 and 100 ppm) yielded low corrosion rates, 

while an increase in calcium ion concentration (1000 and 10000 ppm) altered the 

protective FeCO3 layer to a non-protective calcium carbonate (CaCO3) layer. 

 Research on alternative materials for CCS purposes: In an effort to control and 

reduce the high corrosion rates associated with supercritical CO2 corrosion, 
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research has been conducted on stainless steels as an alternative material for 

pipeline transport. A study conducted by Yevtushenko et al.
80

 investigates the 

corrosion properties of duplex steel S32101 and alloy 31 in crevice conditions. 

The stainless steel samples were exposed to solutions with high chloride content 

(143.3g/L) saturated with CO2. Potentiodynamic polarisation tests revealed 

extensive pitting with pit depths of up to 100µm on the S32101 steel, while the 

alloy 31 sample showed no signs of pitting. This shows that alloy 31 can 

potentially be used as an alternative material to transport supercritical CO2.  

The literature review introduction conducted herein provides a general overview on the 

CCS process, including technical challenges associated with supercritical CO2 transport. 

While the study of supercritical CO2 corrosion in the capture and storage phases are 

beyond the scope of this thesis, a holistic approach has been taken to identify and 

investigate corrosion issues in the transport phase. A thorough literature review of 

supercritical CO2 transport is provided in Chapter 2, with experimental works covered in 

Chapter 5.  

Key aspects from the review of the literature can be summarised as:   

 There is limited experience worldwide in pipeline transportation of CO2 in its 

liquid and/or supercritical phase in the scale that is required for CCS 

 Based on the present understanding of CO2 corrosion mechanisms at high partial 

pressure, there exists significant uncertainty, particularly considering the effects of 

other components in the CO2 stream
81

. 

 There is alarmingly little benchmark data (i.e. actual measured corrosion kinetics, 

mass loss, thickness loss) with only very few recent papers (namely two papers, 

one by Ayello et al.
7
, and one by Choi et al.

32
) reporting limited information. 

Whilst such information is invaluable, it represents very few data points in a 

potentially wide (environmental) test matrix that must be studied to understand 

pipeline durability. Clearly, significantly more experimental work is needed. 

 In addition to the above, there is still some uncertainty as to the water content and 

impurity content that may exist in a range of (unexplored) capture technologies 

(i.e. local cement plants, a variety of steel mills) – suggesting a wide matrix of 
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experiments should be executed to cover possible scenarios and provide useful 

engineering tools. 

 Of the major literature collections to date on the topic which may be typified by 

international conferences
82, 83

, there is astonishingly little data regarding actual 

corrosion rates of steel in CO2 transport conditions. 

Key aspects from the review of the literature in works published after the completion of 

the subsequently presented papers include: 

 A research study on the effects of impurities and phase changes in CCS pipelines 

during supercritical CO2 transport: Farelas et al.
84

 conducted experiments on 

different CO2 phases (liquid and supercritical), with <1% SO2 impurity at 

650ppmv water. Weight loss experiments in supercritical CO2 showed a decrease 

in corrosion rate with a decrease in SO2 content, and SEM images revealed no 

localised attack. However, results obtained in high-pressure liquid CO2 showed 

significant localised corrosion. 

 An investigation of the corrosive effects of SO2, O2, and water vapour on pipeline 

steels: Weight loss experiments conducted by Ruhl et al.
13

 on pipeline steel 

samples showed no severe corrosion when exposed to a continuous flow of SO2. 

However, the addition of O2 showed an increase of 0.3mg/cm
2
 in material loss, 

which gradually increases with the addition of water (up to 10mg/cm
2
). The 

authors attributed the corrosion damage to an inhomogeneous distribution of 

condensed acids which caused material loss, however no localised corrosion was 

found via surface analysis. In a separate test, Xiang et al.
85

 investigated the effect 

of exposure time on the corrosion rates of X70 steel in similar impurities. Weight 

loss experiments showed that the product scale thickened with prolonged 

exposure, effectively decelerating the corrosion rate.  

 Summary of NACE Corrosion 2013 Conference: The annual NACE Corrosion 

2013 conference includes forums and discussions on corrosion issues in the 

industry, as well as research work on understanding corrosion mechanisms and 

development of prevention methods. The 2013 conference includes two sessions 

on supercritical CO2 corrosion, the first being “Carbon Capture, Storage, and 

Transportation (CCST): Aspects of Materials and Corrosion”. This session 

highlights a majority of current research work focussed on the corrosion study of 
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alternative materials for CCS transportation. This includes experiments on 

corrosion properties of corrosion resistant alloys (CRA), high chromium content 

alloys, and duplex steels. Generally, experiments on steels other than carbon steel 

showed reduced corrosion rates with minimal pitting corrosion. There is also a 

particular interest on corrosion issues in the capture phase, where prospective 

capture technologies such as MDEA-based CO2 capture plants are investigated for 

their effect on the resulting CO2 stream. The second session, “Corrosion in 

Supercritical Systems” comprises studies on the effect of impurities in 

supercritical CO2. The technical challenges raised include the effect of varying 

concentrations of impurities such as O2, SO2, NO2, and CO on the corrosion of 

pipeline steel. In most cases, experiments with increasing concentrations of O2 

and SO2 impurities showed a significant influence on corrosion rates. 

In 2010, Australia‟s national greenhouse gas inventory was reported to be 560,773 

gigatonnes, which includes energy, industrial processes, agriculture, waste and land use. 

Despite this, no coal-fired power station in Australia has CCS technology to date
86

. This 

is largely due to economic reasons where the price of carbon remains low, effectively 

delaying CCS commercial viability to 2020
87

. However, CCS implementation in Australia 

has been actively supported by the Australian Government through a number of 

initiatives, including the establishment of the Global CCS institute, the CCS Flagship 

Program
88

, the National Low Emissions Coal Fund, and a legislated carbon price
89

. Small 

to large scale demonstration projects such as The CarbonNet Project
90

, the CO2CRC 

Otway Project
91

, and the Latrobe Valley Post Combustion Capture Project
92

 are also 

underway, with more proposed projects to follow
93, 94

. As such, the research studies 

discussed and conducted herein are a critical part of realising Australia‟s goal of CCS 

implementation by 2020. The experimental work in this project contributes to the 

understanding and quantification of corrosion mechanisms and the durability of pipelines 

relevant to CCS purposes.  

The remainder of the literature review on supercritical CO2 corrosion relevant to CCS 

pipelines will take the form of the two subsequent co-authored papers in Sections 2.2 and 

2.3. 
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2.2 Corrosion of pipelines used for CO2 transport in CCS: Is 

it a real problem? 
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In further reading and critical assessment of work during the ongoing nature of the thesis, 

the following critical comments and changes can also be made: 

 On page 19, it should be noted that Australian power stations do not use either 

SCR or FGD. The figure adapted from Lee et al. was not intended to illustrate an 

Australian power station. 

 It is also noted that the following typos occurred on page 18, second last 

paragraph, line 6: “… and NOx (which will comprise 95% nitric acid and 5% 

NO2)” should read “… and NOx (which will comprise 95% nitric oxide and 5% 

NO2)”.  
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2.3 State of the aqueous phase in liquid and supercritical CO2 

as relevant to CCS pipelines 



Chapter 2  

28 

 

 



Chapter 2  

29 

 

  



Chapter 2  

30 

 

  



Chapter 2  

31 

 

  



Chapter 2  

32 

 

  



Chapter 2  

33 

 

  



Chapter 2  

34 

 

In further reading and critical assessment of work during the ongoing nature of the thesis, 

the following critical comments and changes can also be made: 

 On page 29, paragraph 2, line 3: The work of Mandhane et al. quotes a droplet 

diameter of 22-140mm, however we note that this is a large size. In that work, it is 

emphasised that no further supporting evidence was given. 

 It is also noted that the following typos occurred on page 28, paragraph 4, line 5: 

There is an error on the unit for kinematic viscosity, it should be m
2
/s instead of 

m
2
/s

2
. 
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2.4 A review of the protection strategies against internal 

corrosion for the safe transport of supercritical CO2 via steel 

pipelines for CCS purposes 

This section aims to present three key potential protection strategies to mitigate or reduce 

the threat of corrosion damage for reliable and potentially cost-effective transport of CO2. 

This includes review of (a) relevant corrosion inhibitors, (b) corrosion resistant alloys 

(CRAs) for CO2 transport pipeline, and (c) the role and physical properties of a protective 

iron carbonate layer (FeCO3). It is noted that this portion of the review was written in 

parallel with the thesis, throughout the course of the candidature. As such, there is some 

data that is presented herein as „review‟, which has come from published works that 

contributed to the original research in this project, but of which were published (in 

journals) prior to the completion of the dissertation. As such, this distinction is made so as 

to not confuse the reader, and to indicate to the reader that this Literature Review (§2.4) is 

the most current aspect of the thesis. 

 

2.4.1 Section overview 

Currently, research studies on CO2 capture and storage technologies are of great interest
37, 

42-46
, however there is very little open knowledge regarding the CO2 transport phase. 

Typically, CO2 is transported as a supercritical fluid (>7.38 MPa, 31.1
o
C) via pipelines, 

taking advantage of its increased density and to avoid complicated two-phase flow 

regimes
47, 48

. In addition, transport at lower densities (i.e., gaseous CO2) is inefficient due 

to the relatively high pressure drop per unit length
49

. However, the increased pressure, 

combined with the presence of free water (carried over water from capture processes or 

hydro-test operations) in the CO2 mixture stream poses a real risk to the durability of the 

pipeline
50

. Hence, the pipeline is normally dried upstream to reduce or potentially 

eliminate the amount of free water to ensure minimal corrosion rates
51

. In comparison to 

oil and gas pipelines where CO2 is not the main transport component, the corrosion rate of 

wet carbon steel in supercritical CO2 (SCCO2) is potentially higher
52

. This is due to the 

formation of carbonic acid (H2CO3) when CO2 dissolves in water (H2O), with dispersed 

water droplet in CO2 fluid being always saturated
53

. The increased pressure from 

atmospheric to supercritical increases the solubility of CO2 in water, which produces a 

concentrated H2CO3 solution. In addition to H2CO3, other impurities such as sulfuric acid 
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(H2SO4), nitric acid (HNO3), hydrochloric acid (HCl), sulfur oxides (SOx), and nitrogen 

oxides (NOx) may contaminate the CO2 stream (dissolving in the aqueous phase) 

depending on the capture process. CO2 in the presence of (SOx) and (NOx) impurities 

have never been transported before by pipeline, as such their effects on pipeline durability 

and design are not fully understood
54

. The extreme operating conditions (outlined in 

detail by Cole et al. 
95

) and vast amount of potential impurities present a major technical 

challenge for CCS pipeline transport. Therefore, this review aims to provide a thorough 

overview and evaluation of the protection strategies for pipeline steel under such 

conditions. 

 

2.4.2 A review of SCCO2 corrosion data from experimental tests 

The effects of SCCO2 on carbon steel have been studied recently by a number of authors 

with varying concentrations of water and impurities
8, 12, 32, 96-99

 at the lab scale. In general, 

SCCO2 corrosion can be divided into two categories - corrosion in the water phase and 

CO2 phase. 

 

2.4.2.1 SCCO2 corrosion in the water phase 

SCCO2 corrosion in the water phase is known to produce high corrosion rates (~20mm/y) 

due to the increased concentrations of H2CO3, especially when a protective FeCO3 layer 

is not present
100

. According to a study by Zhang et al.
3
, the corrosion behaviour and 

mechanism of pipeline steel is similar under both low CO2 partial pressure and SCCO2. 

However, corrosion rates start to differ when water is present. Due to the increased 

solubility of CO2 in water from increased CO2 pressure, experiments in SCCO2 produced 

significantly higher concentrations of H2CO3, resulting in increased corrosion rates 

(Figure 2.3).  
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Figure 2.3: Corrosion rates of X65 pipeline steel immersed in water saturated with 

CO2  under low partial pressure and supercritical condition for 168 h at different 

temperatures
3
 

 

The relationship between CO2 partial pressure and corrosion rate is also shown by De 

Berry and Clark
4
 from in-field corrosion data for EOR purposes (Figure 2.4).  
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Figure 2.4: Corrosion rate of carbon steel as a function of CO2 partial pressure in 

aqueous CO2 solutions at 25
o
C. All data shown were obtained in solutions of CO2 in 

distilled water or water containing 0.5 g/L or 1 g/L NaCl, therefore salting out 

effects are minimal and aqueous concentration of CO2 is directly related to the 

partial pressure of CO2
4
 

 

Additionally, the study of SCCO2 corrosion also covers experiments conducted in high 

pressure autoclaves (>7.5MPa, >31.1
o
C)

3, 5, 7, 8, 12, 14, 17, 32, 33, 84, 85, 100-107
. In a separate 

study, Sim et al.
5
 conducted a systematic investigation on the effect of water 

concentration (ppmw) on corrosion rates with the aim to establish a water concentration 

threshold before severe corrosion occurs. Weight loss results showed that corrosion rates 

increased as water concentration increases (Figure 2.5).  
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Figure 2.5: Average scale mass and mass loss of steel samples exposed to 

supercritical CO2 over a range of water concentrations with weight change plotted 

using a linear weight change scale
5
 

 

It was revealed that above 1000ppmw water concentration, increased mass loss was 

observed, which is similar to standards used by Kinder Morgan where a maximum 

concentration of 600 ppmv water is allowed for transportation for (EOR) purposes
108

. 

Choi et al.
32

 also conducted experiments in a water-saturated CO2 environment in a 1L 

autoclave. The variable for their tests was different partial pressures of CO2 (4MPa to 8 

MPa) at 50
o
C. They revealed that the concentration of H2CO3 increased with increasing 

pressure but decreased with an increase in temperature, although there was no notable 

difference in corrosion rates between 4MPa to 8MPa.  

 

In a separate experiment conducted by Choi et al.
77

, carbon steel samples were subjected 

to 25 wt% NaCl under various set partial pressures (4, 8, 12 MPa). The authors revealed 

significant corrosion of the steel samples at 65
o
C where corrosion rates exceeded 

10mm/y. Experiments conducted by Han et al.
9
 at atmospheric pressure also yielded 

similar results where carbon steel was exposed to CO2-saturated NaCl solutions (1 and 10 
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wt%). Higher corrosion rates were observed in the test conducted with a higher salt 

concentration. The authors concluded through aqueous thermodynamics simulation that a 

higher salt concentration increases bicarbonate ion (HCO3
-
) concentration, which in turn 

increased corrosion rates by inducing corrosion. Masamura et al.
109

 conducted 

experiments on the effect of relatively low (~1M) NaCl concentration on the corrosion 

rate of carbon steel in strong acid concentrations (similar to SCCO2 environments where 

the co-speciation of acids results in an aqueous solution with low pH). The authors 

revealed that the effect of NaCl is negligible in strong acid concentrations, however 

corrosion rates of up to 17mm/y was reported at ~4M NaCl concentration. Similar 

impurities (0.5M NaCl with CO2 bubbling) were used by Henriquez et al.
110

 in an 

experiment on carbon steel samples. Electrochemical results showed that the initial corrosion 

process was controlled by mass transport, and then controlled by activation with an increase 

in temperature and exposure time. The authors observed a decrease in corrosion rates (by a 

factor of three) as the experiment progressed, and attributed it to the formation of a protective 

layer that covered the electrode surface. However, high concentrations of NaCl are unlikely 

in supercritical CO2 transport environments. A study by Raji et al.
6
 on the corrosion 

behaviour of carbon steel in varying concentrations (100ppm to 700ppm) of NaNO3 

solution showed that corrosion rate increases with NaNO3 concentration (Figure 2.6). 
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Figure 2.6: Corrosion rates of carbon steel in water in the absence and presence of 

various concentrations of sodium nitrate
6
 

    

In most cases, the corrosion issues associated with CO2 pipeline transport relates what is 

known vaguely to carbon steel corrosion in acids. The field of corrosion of pipeline steels 

in acids has been, and remains to be, of great interest
11, 111-113

. It is generally known that 

corrosion rate increases with acid strength, which is a potential problem in CCS pipelines 

due to the presence of impurities which further acidify the environment. In such works, it 

is evident that acids can cause alarmingly high rates of corrosion (1.91 mm/yr with 93.5% 

H2SO4 on carbon steel
11

). Savage et al.
114

 identified impurities from CO2 streams to 

contain S- and N- bearing compounds, which leads to the in situ formation of HNO3 and 

H2SO4 in the presence of acidified water. The effects of acid addition (HNO3, HCl) to a 

SCCO2 system is further explained by Ayello et al.
7
 using thermodynamic modeling. 

Modeling results show that the initial condensate that precipitates is acidified (from pH 

2.6 to pH -3.3) by addition of increasing HNO3 content. This indicates that HNO3 has a 

detrimental effect on steel corrosion rates, even in low amounts, and is amplified at low 

water concentration. The corrosion mechanism of acids and their role in a SCCO2 stream 

is explained by the lowering of pH of the aqueous solution. The co-speciation of acids 
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from impurities in the aqueous solution results in the formation of oxidising acids such as 

H2SO4 and HNO3. The increase in concentration (acid strength) increases their oxidising 

potential, causing nitrate ions (NO3
-
) in HNO3 and sulfate ions (SO4

2-
) in H2SO4 to act as 

strong oxidising agents
115

. In the case of HNO3, the reduction process is catalyzed by 

reduction products of HNO3, causing an increase in reduction rate
116

. A typical cathodic 

reaction in a water-mediated system follows either of two pathways, namely a reduction 

of hydrogen ions or carbonate reduction
117

: 

 

              (1) 

             
       (2) 

        
         (3) 

 

This causes the cathode current density to increase, thus a shift in cathodic kinetics due to 

an increase in H ions
10

. In addition, a significant increase in corrosion rates due to salt and 

acid impurities is attributed to the instability of any oxide or FeCO3 film due to the low 

pH of the aqueous solution. 

 

Further examples of acid corrosion in SCCO2 were shown by Ayello et al.
101

, where 

electrochemical impedance spectroscopy (EIS) results revealed detrimental effects from 

the addition of low volumes of impurities (1mM HCl, 1mM HNO3) to a 1000ppm CO2-

H2O solution. Corrosion rates increased from 0.1mm/y to 5.6mm/y with HCl and 

4.5mm/y with HNO3. This was believed to be attributed to a low dilution factor when 

water concentration was low. Thermodynamic modeling also revealed that higher 

volumes (0.5M-1M) of impurities would further increase corrosion rates, though there is 

still limited knowledge on the chemical reactions that could potentially occur
101

. The 

authors also showed that corrosion rates are four times greater (than in pure SCCO2) 

when trace levels of HCl and HNO3 impurities are added in SCCO2 with an aqueous 

phase, despite no changes in water solubility limit
7
. Additionally, an initial comparison of 

the corrosivity of fixed concentrations of HNO3, H2SO4 and HCl on carbon steel was 

performed by Ruhl et al.
118

 in SCCO2 conditions. It was noted that the corrosion 

behaviour of the three acids differed completely in SCCO2. HNO3 was observed to be 

very mobile and corrosive towards carbon steel while H2SO4 did not migrate through the 

SCCO2 to react with the steel surface
118

. A 7-day exposure test performed by Osarolube 
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et al.
10

 showed similar results when mild carbon steel was immersed in varying 

concentrations (0.3M to 2M) of HNO3 and HCl. In their tests, HNO3 showed increased 

corrosion rates of 3 magnitudes over HCl. The significantly high corrosion rates in HNO3 

is attributed to the rapid autocatalytic reduction of HNO3, which is known to be a strong 

oxidising agent, generating oxidants at a geometrically increasing rate
116

. The mechanism 

is explained as the primary displacement of H
+
 ions from the solutions, which is followed 

by HNO3 reduction rather than hydrogen evolution since the acid reduction leads to a 

marked decrease in free energy
10

: 

 

                               (4) 

 

The reaction in Equation 4 leads to the evolution of nitrogen (II) oxide and the production 

of Fe(NO3)2 which led to coloration of the medium
10

. Ruhl et al.
12

 conducted SCCO2 tests 

with more aggressive environments (nitric acid (HNO3), sulfuric acid (H2SO4), and 

hydrochloric acid (HCl)) in smaller concentrations (<1,000ppmw). The authors revealed 

that the corrosion mechanism differed for each acidic solution tested. HCl and HNO3 

were very aggressive towards both the carbon steel sample with localised corrosion, but 

no corrosion damage was observed on the austenitic autoclave material with the HNO3 

solution. The authors also noted that no corrosion was observed in the presence of H2SO4, 

concluding that it does not migrate through SCCO2. According to Cole et al.
119

, the 

addition of Cl
-
 impurities from hydrochloric acid (HCl) appears to alter the mass of H2O 

in the aqueous phase, due to the increased stability from an increase in ionic 

concentration. The solubility of water in CO2 is decreased with increasing HCl 

concentration, causing the mass of the aqueous phase to progressively rise. A minimum 

level of HCl contamination (2ppmw) in SCCO2 caused a decrease of pH to less than 1.5.  

 

Recently, Dugstad et al.
120

 observed that corrosion takes place in dense phase CO2 at low 

water content (less than 500 ppmv) in the presence of SO2 and NO2. The corrosion rate 

was further increased when NO2 was added to the system. They also emphasised the need 

to understand better the relationship between the water content and the concentration of 

the impurities. 

 

An overview of the corrosion data from experimental works conducted by various authors 

suggests that corrosion rate is high (up to 20mm/y
7
) with potential for localised attack in 
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highly acidic conditions (pH 1) due to an environment where free water exists. This 

shows that the threat of SCCO2 corrosion is real, and can cause significant damage of 

transport pipelines if unconsidered. In all cases, the removal of as much water as possible 

is paramount if protection strategies seek to be minimised. The strict limitation on water 

content has been implemented for EOR purposes, however there is a lack of open 

literature about the specifics of the process. Nevertheless, proper implementation of 

protection strategies is prudent as water slugs may enter at various sites during 

transportation even when initial water content is determined to be low. The following 

sections will focus on three different approaches to potentially reduce the risks of 

significant corrosion damage from CO2 transport to contribute to efforts aimed at 

implementing CCS with confidence. These strategies include the use of corrosion 

inhibitors, alternate materials for CCS pipeline construction (stainless steels), and CO2 

corrosion scale as a means of corrosion protection. Internal pipelines coatings such as 

polymeric coatings are not considered feasible due to the high operating pressure 

(7.2MPa), and accelerated corrosion in the presence of likely defects. 

 

2.4.2.2 SCCO2 corrosion in the CO2 phase 

Corrosion data from various authors
3, 5-15

 are shown in Figure 2.7 to present a general 

overview of the extent of damage expected from SCCO2 conditions.  
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Figure 2.7: Comparison of corrosion rates from tests in various SCCO2 conditions 

including varying water content, type/concentration of salt and acid impurities, and 

operating conditions
3, 5-15

 

 

Figure 2.7 shows that corrosion rate ranges from 0.3 to 100mm/y, depending on operating 

conditions and the type/concentration of impurity present. In cases where corrosion rate 

was low (<1mm/y), there was low water concentration. In general, all authors observed 

that no corrosion occurred in pure SCCO2.  

 

Sim et al.
96

 studied CO2 corrosion in atmospheric conditions where H2CO3 was produced 

in-situ in a laboratory setting, with subsequent tests in H2SO4 to simulate the acidity in 

SCCO2 environments. The role of Cl
-
, NO3

-
 and SO4

2-
 impurities was also investigated. 

Subsequently, corrosion data was used to create a neural network (ANN) model which 

can be used to predict SCCO2 corrosion
16

 within the experimental framework. 

Concentrations of H2CO3, H2SO4, hydrochloric acid (HCl), nitric acid (HNO3), sodium 

nitrate (NaNO3), sodium sulphate (Na2SO4), sodium chloride (NaCl), and temperature 

were varied; and the potentiodynamic polarisation response, along with physical damage 

from exposure, was measured. In all cases, weight loss tests and modelling results in the 
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presence of salt and acids showed high corrosion rates including a combination of general 

and localised corrosion, with a maximum pitting rate of 3.3mm/y. A study by Russick et 

al.
98

 showed uniformly distributed discolourations in the form of light brown spots on a 

carbon steel sample exposed to water-saturated CO2 environment.  

 

During the CCS process, various types of acid and salt impurities can contaminate the 

CO2 stream in the capture phase depending on the capture technology
121-123

. A study by 

Sim et al.
14

 investigates the effects of salt (NaNO3, Na2SO4, NaCl) and acid (HNO3) 

impurities in SCCO2 (Figure 2.8).  

 
Figure 6: Average scale mass and mass loss of steel samples exposed to supercritical 

CO2 in a variety of salt and acid solutions for a period of 7 days. The scale mass is a 

weight gain, which is then removed via the cleaning procedure according to NACE 

standard RP0775-2005. The mass loss is the actual mass lost after cleaning of 

products, and determined from final specimen weight and after exposure and 

cleaning compared to the mass of the specimen prior to exposure. The diamonds 

represent results derived from a neural network model
16

 developed from testing in 

aqueous conditions
14
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Results showed that corrosion rates for all samples were rather high, with a range of 

0.74mg/cm
2 

to 1.09mg/cm
2
 (0.35mm/y to 0.51mm/y). SEM images and optical 

profilometry suggests that corrosion mechanism differs for each solution tested, with the 

highest pit depth rate exceeding 3.0mm/y from exposure to pH 4 HNO3. In addition to the 

impurities studied by Sim et al.
14

, the effect of SO2 on steel under SCCO2 conditions has 

been researched by a few authors
13, 15, 97

. Farelas et al.
97

 investigated the effect of SO2 in a 

SCCO2 system with a fixed amount of water concentration. Weight loss measurements 

showed minimal corrosion in a solution containing 650 ppmv water with less than 0.1% 

SO2 impurities. In contrast, Choi et al.
17

 revealed that the addition of 1% SO2 in SCCO2 

significantly increased corrosion rates of carbon steel (Figure 2.9).  

 
Figure 2.9: Effects of oxygen (0.33MPa) and sulphur dioxide (0.08MPa) addition on 

the corrosion rates of carbon steel samples exposed to water-saturated CO2 phase 

(8MPa) for 24 h. The addition of 1% SO2 dramatically increased corrosion rates of 

carbon steel from 0.38 to 5.6 mm/y, which further increased to 7 mm/y upon 

addition of both O2 and SO2
17
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Corrosion products on the surface were identified via EDS and Raman Spectroscopy to 

contain iron, sulfur and oxygen. It is hypothesised that the formation and reaction of 

H2SO3 and/or H2SO4 with steel is the cause of high corrosion rates in their tests. 

 

In the case of corrosion inhibition, SCCO2 corrosion in the CO2 phase is a more 

concerning issue, since water phase corrosion can potentially be targeted by corrosion 

inhibitors, possibly in a manner similar to low pressure oil and gas pipelines. 
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2.4.3 Corrosion inhibitors as a CO2 corrosion prevention method 

The topic of corrosion inhibitors in CO2 saturated solutions is widely studied
124-127

, 

however the applications studied most comprehensively to date include those where CO2 

is present in oil and gas pipelines, i.e. low partial pressure of CO2. As such, the associated 

environment is different (i.e. multi-phase), and the operating conditions are also different 

(i.e. pressure and temperature). Hence, there is a need to take special care when 

translating experience in oil and gas transport to CCS. Firstly, the precise chemical nature 

of the streams remains unknown and will vary depending on the nature of the source (i.e. 

combustion of fossil fuel - coal, oil and gas in power plants - and industrial processes 

such as mineral or metal production). In oil and gas transport, CO2 is a minor 

component
72

 (0.5 to 2.5%) compared to CCS purposes where CO2 constitutes a majority 

of the stream composition
73

 (95 to 99%). As such, the pressure in those operating 

conditions is considerably lower (compared to >7MPa for CCS), hence the concentrations 

and phases of CO2 in both cases are vastly different. Consequently, the determination of 

actual corrosion kinetics in such conditions is not trivial, since the CCS pipeline pressure 

is more than 3 times greater than that used for oil and gas. In such conditions (high CO2 

pressure, and water and other impurities), the performance of corrosion inhibitors have 

been reported to be unreliable or inefficient
4
. This is a situation that distinguishes CCS 

from sweet corrosion in oil and gas at lower pressure – where the use of inhibitors is 

common. 

 

Given that experimental studies for CCS pipeline conditions can be a technical challenge, 

the literature on corrosion inhibitors specific to CCS purposes is essentially unparalleled 

compared to CO2 corrosion in general. As a guideline for future inhibitor studies specific 

to CCS purposes, a list of inhibitors experimentally tested by various authors
18-28

 has been 

compiled based on various conditions related to CO2 corrosion (Figure 2.10).  
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Figure 2.10: The performance of corrosion inhibitors on various potential impurities 

found in CCS pipelines based on experimental corrosion studies, measured by a 

reduction in corrosion rates and inhibitor efficiency. The test conditions consist of 

experiments conducted at atmospheric CO2 pressure as a result of sweet corrosion
18-

24
, varying CO2 partial pressures from 1 to 6 MPa

25
, 0.5 to 5M H2SO4

26, 27
, and 3% 

NaCl
28

  

 

The corrosion rates before and after inhibitor addition is shown, in addition to inhibitor 

efficiency. A more detailed list of inhibitors experimented under CO2 partial pressure 

with information relating to operating conditions has also been compiled in the form of a 

table (Table 2.1).  
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Table 2.1: List of inhibitors experimented under CO2 partial pressure with varying impurities and operating conditions such as 

temperature and flow conditions. Inhibitor efficiency has also been provided to gauge the performance of each inhibitor along with 

comments to provide a general description of the inhibitor tested under specific conditions 

 

Inhibitor Experimental conditions Inhibitor 

efficiency 

Comments 

Ammonium salts of O,O′-

dialkyldithiophosphoric acid
128

 

Synthetic brine (ASTM D1141-

90) saturated with CO2 at 25-

70
o
C, pH 5.3 

70-99% The authors revealed that inhibitor efficiency increased with 

temperature. 

Amphiphiphilic amido-amine, 

N-[2-[(2-aminoethyl) amino] 

ethyl]-9-octadecenamide
18

 

Atmospheric CO2 pressure with 

5% NaCl at 25
o
C,  pH 6 

28-99% This type of inhibitor works by reducing the number of 

available surface sites for corrosion and also by decreasing the 

rate of the corrosion reactions. 

Cyclomin
129

 Water saturated supercritical 

CO2 at 9.5 to 21.5 MPa, with 

experiments varying from 50 to 

130
o
C 

70-90% The authors revealed that inhibitor efficiency decreased with an 

increase in temperature. In all cases, corrosion rates were 

unable to be reduced below 1 mm/y. 
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Imidazoline
25

 Water saturated CO2 at 1, 4, and 

6MPa at 60
o
C 

20-98% The inhibitor significantly influenced the surface morphology 

and thickness of the corrosion product film. Localized 

corrosion decreased with increased inhibitor concentration 

Amido-imidazoline
130

 CO2-saturated solution with 

3wt% NaCl 

68-95% Amido-imidazoline showed increased inhibitor efficiency with 

increase in inhibitor concentration, which could further benefit 

from addition of iodide ions due to synergistic effect. 

(1-(2-hidroxyethyl)-2(heptadec-

8-enyl)-imidazoline and 1-(2-

aminoethyl)-2(heptadec-8-enyl)-

bis-imidazoline
20

 

CO2-saturated solution with 

3wt% NaCl at 80
o
C 

91-99% In this test condition, the bis-imidazoline variant formed a more 

compact inhibitor layer compared to its imidazoline 

counterpart, which further decreased corrosion rates. 

Hydroxyethyl, amino ethyl and 

amid ethyl imidazolines
28

 

CO2-saturated solution with 

3wt% NaCl at 50
o
C 

80-90% Among the three inhibitors tested, amid ethyl imidazoline 

showed the highest inhibitor efficiency due to the relatively 

higher stability of the surface film. 

Volatile corrosion inhibitors 

(VpCI)
23

 

CO2-saturated solution with 

500mg/L H2S at 70
o
C. pH 4.5 

87-91% The effectiveness of the VpCI inhibitors tested depends on the 

flow rate and inhibitor concentration.  
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Oleic-based imidazoline and 

sodium benzoate
24

 

CO2-saturated solution with 

various salt impurities including 

Na2SO4 and NaCl 

5-82% Both inhibitors tested showed synergistic effects when used 

concurrently, which resulted in higher inhibitor efficiency. 

Quaternary alkynoxymethyl 

amine (IMC-80-Q) and 

imidazoline
131

 

CO2-saturated solution with 

3wt% NaCl 

2-78% Flow velocity played a major role in inhibitor efficiency, with a 

critical value also dependent on inhibitor concentration. 

Imidazoline performed better under static conditions but IMC-

80-Q showed better performance at 5m/s. 

Sodium thiosulfate
132

 CO2-saturated solution with 

5kmol/m
3
 of monoethanolamine 

(MEA) at 80
o
C 

91-94% Sodium thiosulfate showed high inhibitor efficiencies when 

tested at a concentration range of 250-10000 ppm. However, 

long term exposure will decrease inhibitor efficiency due to the 

instability of the passive film. 

4-carboxyphenylboronic acid 

(CPBA)
133

 

CO2-saturated solution with 

0.01M NaCl, pH 4 

76-96% CPBA performed efficiently in CO2-saturated media with a low 

concentration of NaCl. A barrier layer is formed on the steel 

surface, which provides metal surface protection. 
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Figure 2.10 shows that corrosion rate can range from 0.5 to 15 mm/y depending on the 

operating conditions and impurities in which the steel sample is exposed to. A more 

detailed review on the works of each author is provided in the following paragraphs. 

 

In a recent study, Morks et al.
134

 studied the effects of Mn–Mg based zinc phosphate and 

vanadate for corrosion inhibition of CO2 rich fluids for CCS transportation. The authors 

proposed the use of sodium orthovanadate (Na3VO4) embedded in a modified zinc 

phosphate coating with Mn–Mg additives. The effect of this coating on the corrosion 

inhibition on a mild steel surface was investigated in a weak HCl solution (pH 4) to 

simulate environments where only H2CO3 is present. Experiments were conducted with 

varying vanadate concentrations (0.0005, 0.001, 0.005 M), from which a high inhibition 

efficiency of 99% was achieved in 0.001M sodium vanadate at pH 4. However, the 

authors quoted no effective inhibition when solution pH was further acidified in the pH 1-

3 region.  

 

The influence of inhibitors in CO2-saturated environments has been studied by a few 

authors
18, 20, 23-25, 28, 134

, although most studies were conducted in atmospheric conditions. 

The most common type of inhibitor used for CO2 environments are high molecular 

weight amines, typically the imidazolines or amine/acid salts
135

. Specifically, the use of 

imidazoline-based inhibitors is common practice for oil and gas purposes due to their 

adsorption properties
136, 137

. Mustafa et al.
25

 studied the effects of imidazoline-based 

inhibitor on the formation, microstructure, and thickness of the corrosion product film 

that formed on X52 pipeline steel at various pressures (1, 4, and 6MPa) in a CO2-water 

environment. The authors revealed that in the absence of the imidazoline-type corrosion 

inhibitor, the corrosion product film (composed mainly of FeCO3 and Fe3C) appeared 

inhomogeneous and porous. As in the case of amine-based inhibitors
138, 139

, the inhibition 

efficiency is dependent on inhibitor concentration and CO2 pressure. Corrosion rate was 

effectively decreased to 2 mm/y, although a decrease in inhibitor efficiency is expected at 

supercritical pressures (>7.5MPa). Common inhibitors used in oil and gas applications are 

imidazoline-based corrosion inhibitors. Villamizar et al.
28

 investigated the corrosion 

behavior of hydroxyethyl, amino ethyl and amid ethyl imidazolines in CO2-saturated 

conditions with 3% NaCl impurities. The authors revealed that the most efficient inhibitor 

was the amid ethyl imidazoline, due to the relatively higher stability of the film compared 
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to the hydroxyethyl and aminoethyl imidazoline inhibitors. As such, the reliability of such 

inhibitors for CCS purposes should be investigated. The effectiveness of volatile 

corrosion inhibitors (VpCI) in CO2 + H2S containing environments was studied by Miksic 

et al.
23

. The inhibitors used contained long chain amines, fatty amides, imidazolines, fatty 

acids and their salts. The tests were conducted at varying inhibitor concentrations of 50 to 

200 ppm, and the authors noticed an increase in inhibition efficiency with an increase in 

concentration. The inhibition efficiency also varied with flow rate, and increased inhibitor 

concentration is necessary when corrosion rate was high. The synergistic effects of select 

inhibitors was investigated by Zhao et al.
24

, where oleic-based imidazoline (OIM) and 

sodium benzoate (SB) was used as a corrosion inhibitor for mild steel in a CO2-saturated 

brine solution. The authors revealed increased inhibitor efficiency via weight loss and 

potentiodynamic polarisation tests when both inhibitors are used concurrently. In 

addition, EIS measurements reveal that when the immersion time is longer than 20 

minutes, the charge transfer resistance value of the steel inhibited by OIM with SB is 

significantly higher than that of steel inhibited by OIM alone.  

 

Apart from imidazoline-based inhibitors, Desimone et al.
18

 conducted experiments with 

N-[2-[(2-aminoethyl) amino] ethyl]-9-octadecenamide corrosion inhibitor at 25
o
C in CO2-

saturated 5% NaCl solution. Potentiodynamic polarisation and electrochemical 

impedance spectroscopy (EIS) measurements reveal that carbon steel corrosion rates 

decreased with an increase in inhibitor concentration. The adsorbed inhibitor molecules 

are assumed to retard corrosion by reducing the number of available surface sites for 

corrosion and also by decreasing the rate of the corrosion reactions. The corrosion 

inhibitor exhibits high corrosion efficiencies as a mixed-type inhibitor, with a 

predominant influence on the anode process. The organic inhibitor acts blocking surface 

sites at low concentrations and by modifying the adsorption mechanism forming a 

protective barrier against corrosive ions at high concentrations
18

. Apart from inhibitor 

concentration and the effects of flow on the performance of select inhibitors, the effect of 

precorrosion on existing pipelines is also a factor to consider. This is because existing 

pipelines for oil and gas transport are likely to be used for CCS pipelines as this approach 

is more economically feasible. Gulbrandsen et al.
22

 investigates the effects of 

precorrosion on a few water soluble inhibitors on carbon steel samples which were 

previously corroded for up to 18 days before the addition of corrosion inhibitors. The 

samples were exposed to 1-3wt% NaCl at 1 bar CO2. The results show that precorrosion 
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had an influence on inhibitor performance, where an increase in precorrosion time 

resulted in lower inhibitor efficiency. This is due to the formation of a cementite layer on 

the steel surface. This shows that care has to be taken during inhibitor selection, taking 

into account the condition of the pre-existing steel to avoid failure. 

As previously discussed, the corrosion issues associated with CO2 pipeline transport are 

analogous to carbon steel corrosion in acids, where corrosion rate increases with acid 

strength. This is shown in an example by Ayello et al.
7
, where the addition of HNO3 into 

CO2-saturated water decreased the pH from 2.6 to -3.3, further increasing corrosion rates. 

With that logic, use of low alloy steels in applications with acidic pH (other than 

pipelines) is, largely, unheard of. In the smaller scale, corrosion resistant alloys (CRA)s 

are always used for handling of acidic aqueous solutions. As a result, there is no typical 

common inhibitor to protect steel at low pH – and it is not yet known that such an 

inhibitor may exist which can function in competition with carbonate scale formation in 

supercritical conditions. To simulate the low pH that could occur in CCS pipelines, a few 

studies on inhibitors that perform well in acidic conditions are reviewed herein
19, 21, 26, 27

. 

One example is the use of thiazoles by Doner et al.
19

, where polarisation and EIS 

techniques were used to study the effects of 2-amino-5-mercapto-1,3,4-thiadiazole 

(2A5MT) and 2-mercaptothiazoline (2MT) in 1.0 M H2SO4. It was shown that both 

2A5MT and 2MT showed high efficiencies (85.1-99.8%), which the authors attributed to 

a "blocking effect" by adsorption of inhibitor molecules on the steel surface. Inhibition 

efficiency was highly concentration dependent, and also due to the formation of a 

protective film. Potentiodynamic polarisation curves showed that both inhibitors retarded 

both anodic metal dissolution and cathodic hydrogen evolution reactions. Morad et al.
26

 

investigates the use of 2,2'-dithiobis(3-cyano-4,6-dimethylpyridine), abbreviated as 

(PyS)2, as an inhibitor for the corrosion of mild steel in varying concentrations of H2SO4 

(1, 3, 5M) at 35-50
o
C using polarisation resistance, potentiostatic and electrochemical 

impedance (EIS) techniques. The authors noted that the efficiency of (PyS)2 was high (74-

92%), and was not affected by an increase in acid concentration or temperature. The 

inhibition is attributed to chemisorption of the heterocyclic compound on the steel 

surface, successfully blocking active sites. Further studies on H2SO4 corrosion inhibition 

includes the work of Qian et al.
27

 where the synergistic effect of polyaspartic acid (PASP) 

and iodide ion (KI) were investigated for the corrosion inhibition of mild steel in 0.5M 

H2SO4. Weight loss and electrochemical tests indicated that the inhibition efficiency 

increases with the concentration of PASP and increases further with the presence of 1 
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mM KI (from 87.9 to 96.3%). Zero charge potential measurements showed that the iodide 

ion promotes the film formation of PASP. X-ray photoelectron spectroscopy (XPS) 

analysis revealed that the synergistic effect of KI and PASP is due to the co-adsorption of 

KI and PASP molecules. Apart from H2SO4, inhibition of HCl acidified media is 

investigated by Flores et al.
21

, where N-alkyl-sodium phthalamates (PHTH) were used as 

corrosion inhibitors for carbon steel in aqueous 0.5M HCl solution. Inhibitor efficiency 

was directly related to aliphatic chain length (due to the higher molecular weight) and 

inhibitor concentration. The highest efficiency achieved by PHTH was 86% at 25
o
C and 

60% at 40
o
C. A physisorption mechanism is responsible for the corrosion protection as 

indicated by the typical criteria. XPS indicated that phthalamates formed a complex and 

chelate with iron, which prevented iron from further oxidation and therefore mitigate 

uniform corrosion. However, again, and importantly – the interaction with carbonate 

layers remains unknown. 

 

In addition - more specifically, alternate to - the use of inhibitors, is also the concept of 

pH stabilisation. This was mentioned in the review of Marsh and Teh
140

 regarding sweet 

corrosion, but there are few reports of this method. Conceivably, if an additive to the 

stream could increase the pH of any aqueous phase, then „acid‟ corrosion would in 

principal be avoided. However, practicality, efficacy, and utility of this method in the 

context of CO2 rich transport remain scarce. A series of tests was conducted to determine 

the performance of an acid corrosion inhibitor for steel and also the use of a pH 

stabiliser
29

 (Figure 2.11).  
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Figure 2.11: Post exposure (average scale mass) and post-exposure-post-clean 

(average mass loss) results from exposure tests of carbon steel samples conducted in 

supercritical CO2 with various operating conditions and additions including NaOH 

and L-cysteine
29

 

 

It is evident from Figure 2.11 that in terms of the scale mass and subsequent mass loss 

determined, that the influence of either the inhibitor (L-cysteine) or pH stabiliser (NaOH) 

was negligible in the tests conducted. As such, whilst the results herein are focused 

examples, they indicate that the two protection methods trialled were not effective. 

 

In addition to acid corrosion inhibition, the role of inhibitors on FeCO3 formation is also 

being researched (discussed in more detail in the following section). For example, 

inhibitors such as aminopropylimidazol (API) and imidazoline-based products have 

shown to influence the properties and formation of FeCO3 due to their molecular 

structure
141

. In addition, it is important to know the chemical properties of corrosion 

inhibitors in liquid and supercritical CO2 phases. Most of the inhibitors mentioned above 

are water-soluble, but for CCS purposes, for example, CO2-soluble inhibitors or high 

diffusion rate of corrosion inhibitors in CO2 is required. 
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2.4.4 Iron carbonate: A potential source of corrosion protection 

The oil and gas industry has relied on the formation of a protective iron carbonate layer 

(FeCO3) to control CO2 corrosion in CO2-saturated water present in a multiphase pipeline 

stream
142

. One particular method known as pH stabilisation uses sodium hydroxide 

(NaOH) or sodium bicarbonate (NaHCO3) to induce FeCO3 precipitation
143, 144

. However, 

in supercritical conditions, the control of FeCO3 production could be problematic. From 

Figure 2.11, it can be seen that in supercritical CO2 in fully dehydrated conditions, a small 

scale mass is measured (~2 orders of magnitude less than that in the case of 50,000ppm 

H2O). However, in the case of fully dehydrated conditions, no mass loss was observed. In 

the case of 50,000ppm H2O at 40ºC versus 50,000ppm H2O at 90ºC, it is noted that at 

90ºC, the extent of carbonate scale formed is greater. Concomitantly however, the extent 

of mass loss from 50,000ppm H2O at 90ºC is on average between 2 to 3 times lower that 

realised at 40ºC.  

 

The general understanding of iron carbonate in the corrosion field is less reported since 

the carbonate is produced in-situ, nominally at elevated temperature and pressure, such 

that it is not at atmospheric phenomenon. Factors affecting the precipitation of the FeCO3 

scale is explained by Hunnick et al.
145

 based on Equation 5: 

 

    (5) 

 

where       
is the rate of precipitation of FeCO3, A is the surface area of the electrode, 

V is the solution volume, T is temperature, Ksp is the solubility product limit, and SS is 

supersaturation. From Eqn. 1, it can be seen that temperature affects the rate of 

precipitation directly, which according to Johnson
146

, is noted to be the most important 

factor in determining the precipitation rate of FeCO3. This explains the minimal 

formation of a FeCO3 layer under atmospheric conditions (0.1MPa, 25
o
C). The effects of 

temperature on FeCO3 formation was further investigated by Cui et al.
8
, where 

experiments showed that the FeCO3 film formed at a relatively lower temperature (60
o
C) 

was more stable than that formed at a higher temperature (150
o
C). In a separate 

experiment, studies show an increase in corrosion rate as temperature increases up to a 

certain point (nominally about 90
o
C), and then decreasing due to the formation of a 
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protective FeCO3 layer
147

. Although temperature is one of the key variables
148

, CO2 

partial pressure and solution pH plays an equally important role in determining FeCO3 

formation. According to recent SEM analysis by Choi et al.
32

, the grain size of FeCO3 

decreases with increasing CO2 partial pressure. This results in a protective layer which 

reduces corrosion rates (from ~20mm/y to ~0.2mm/y) even when pressure is high
100

. The 

mechanism of FeCO3 formation in water-saturated SCCO2 is attributed to the 

condensation of water from the CO2 phase, from which it immediately becomes saturated 

with CO2 and forms a FeCO3 layer. It is emphasised here however, that the influence of 

flow on carbonate stability and efficacy in CCS conditions remains a vast knowledge gap 

– and this is compounded by the notion that flow is known to increase corrosion rates in 

sweet corrosion. 

 

A study reported in 2013 by Tanupabrungsun et al.
149

 investigates FeCO3 formation with 

regards to solution pH and temperature. It was concluded that FeCO3 only precipitates at 

high pH levels and/or at high concentrations of Fe
2+

. However, FeCO3 precipitation can 

also occur at low pH if temperature is sufficiently high. For example, in their tests, FeCO3 

was observed at pH 6 at 80
o
C, while it was only present at pH 4 at elevated temperatures 

of 120
o
C. However, experiments have shown that the FeCO3 layers are susceptible (due 

to instability of the layer) to corrosion in acidic solutions
150

. To study the effects of 

FeCO3 in SCCO2 conditions with NaCl impurities, Choi et al.
77

, exposed steel samples to 

25 wt% NaCl at varying partial pressures (4, 8, 12 MPa) and temperatures (65, 90
o
C). 

The authors revealed significant corrosion (~10mm/y) at 65
o
C, which decreased to 

~0.05mm/y when temperature was increased to 90
o
C. The authors attributed the decrease 

in corrosion rates to the behaviour of the corrosion products formed under different 

temperatures. Choi et al.
77

 noted that the corrosion products formed at different operating 

conditions were different, where a protective FeCO3 layer was formed at 90
o
C, while a 

non-protective and porous iron carbide (Fe3C) layer formed at 65
o
C. In light of this result, 

and the reduction in corrosion rate determined, the result warrants presentation. In terms 

of qualifying such a result, the likelihood of such high operating temperatures in CCS 

pipeline systems may however render the protection by such means difficult to practically 

implement. Further, there are too many present „unknowns‟ regarding the longer term 

stability of carbonate layers in all sections and conditions of a CCS pipeline, along with 

the unforeseen removal of section of carbonate exposing underlying steel. Irrespective, it 
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appears as though the issues associated with the formation and stability of carbonate 

layers merit further study, such as the effects of flow rate
151

 and pressure
152

. 

 

During CO2 transportation, SO2 in gaseous form is a common impurity, and its effects on 

steel under has been researched by a few authors
13, 15, 97

. SEM showed the successful 

formation of a FeCO3 layer as exposure time increases, hindering the diffusion of 

reactants from reaching the metal surface, effectively stopping any corrosion reaction 

from occurring
7
. The effect of exposure time on FeCO3 formation is further studied by 

Wu et al.
33

, where steel samples exposed to SCCO2 conditions showed a decrease in 

corrosion rates when exposure time was increased from 24 to 144 hours. Further EIS 

analysis showed that the surface film develops and continues to strengthen its protective 

ability from long term exposures, however temperature had a larger impact on film 

formation and protective strength as opposed to exposure time. As temperature was 

increased from 60
o
C to 150

o
C, Wu et al.

33
 observed faster film formation with a more 

compact and continuous form. 

 

The effect of pressure on FeCO3 formation was investigated by Zhang et al.
3
, where 

properties of the corrosion product (FeCO3) formed under both atmospheric (1MPa) and 

supercritical (9.5MPa) were studied. The authors observed increased thickness of the 

corrosion scale under supercritical conditions, but SEM analysis indicated that scale 

compactness was the main factor in determining its protective capabilities in terms of 

corrosion. The authors noted that the characteristics of FeCO3 formed under both 

atmospheric and supercritical conditions were similar, and attributed the increased 

corrosion rates to the increased solubility of CO2 in water from SCCO2 tests. However, 

surface analysis from prior work
16, 96

 shows that tests in SCCO2 induce a FeCO3 layer 

which is otherwise not obvious or present under atmospheric conditions.   

 

As of current, the mechanisms of FeCO3 formation in SCCO2 are not fully understood, 

and will require future research work to take advantage of its protective properties. This is 

because the pH, pressure, and temperature in any given SCCO2 stream is unique (due to 

its location, CO2 source and capture technology), and requires experiments to be 

conducted with varying scenarios to provide a practical analysis of FeCO3 formation. For 

example, experiments can be conducted at extremely low pH (~1) with increasing 

temperatures with the aim of establishing a temperature threshold in such aggressive 
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environments before the formation of a protective FeCO3 layer is observed. In this regard, 

with respect to impurities and operating conditions, Figures 2.12 and 2.13 show the effect 

of water concentration and temperature on FeCO3 formation from prior work
5
.  

 

 

Figure 2.12: SEM analysis of steel sample following exposure to pure SCCO2 (0ppm 

water) for a period of 7 days at 40
o
C 

 

 

Figure 2.13: SEM analysis of steel sample following exposure to 50000ppm water in 

a SCCO2 environment for a period of 7 days at elevated temperature of 90
o
C 
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The SEM images presented in Figures 2.12 and 2.13 reveal that water concentration and 

temperature greatly affects the corrosion product formed. The characteristics of FeCO3 

are known as crystalline deposits formed on the steel surface, as shown by Yu et al.
105

. 

The SEM image in Figure 2.13 is similar to those presented by Yu et al.
105

, where a 

similar shape and grain size was observed. 

 

2.4.5 Corrosion resistant alloys (CRAs) as an alternative material to pipeline 

steel 

One of the most basic methods of materials protection strategies is alternate materials. In 

terms of CO2 transportation, a viable alternative is to use CRAs as a replacement to 

carbon steels which are known to be weak against acid corrosion
10, 17, 153, 154

. The utility of 

corrosion resistant alloys is something that occurs in corrosion situations for sweet 

corrosion in practice, and was documented by Marsh and Teh
140

 and also briefly 

discussed by DeBerry and Clark
4
 in the EOR context. Rather than repeat a literature 

review here, it suffices to say that there are many test reports showing with great detail 

the performance of alloyed steels (even Ni alloys). According to DeBerry and Clark
4
, 

CRAs containing more than 12% Cr are resistant to corrosion in wet CO2, even at high 

CO2 partial pressures. The report by Marsh and Teh
140

 indicates that in many cases, the 

use of CRAs (high Cr steel) is warranted. It also indicates that a portion of components or 

installation in oil and gas employ stainless steels, particularly ~13Cr grades (weldable 

CRAs, such as 420 stainless). A study by Choi et al.
17

 showed decreased corrosion rates 

when 13Cr steel was exposed to a CO2-water system, however the addition of SO2 

impurities showed similar rates to carbon steel. 

 

A study was conducted by Hermas et al.
155

, where 304 stainless steel samples were 

exposed to H2SO4 with increasing concentrations (0.1 to 0.5M) and temperature (20
 
to 

60
o
C). Generally, corrosion rates were high (>300μA/cm

2
 in 0.5M H2SO4 at 60

o
C), with 

results indicating an increase in corrosion rates with increase in acid concentration. This 

shows that 304 stainless steels are not suitable to be used as pipeline material where 

H2SO4 impurities could be present. In addition, both 304 and 316 stainless steels are not 

suitable as pipeline steel due to the mechanical properties. Ikeda et al.
30

 investigated the 

corrosion behaviour of 9 to 25% Cr steel exposed to CO2 corrosion. The authors revealed 
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an increase in corrosion rates when partial pressure was increased from 0.1 to 3 MPa in a 

5wt% NaCl CO2-saturated environment (Figure 2.14).  

 

 

Figure 2.14: Effect of CO2 partial pressure and temperature on corrosion rate of Cr 

steel in the autoclave (5% NaCl; 3.0 and 0.1 MPa at CO2 at 25
o
C; test duration, 96 

h; flow velocity, 2.5 m/s)
30
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However, an increase in Cr content from 9 to 25% effectively decreased corrosion rates to 

0.1mm/y. Apart from Cr, alloys with Nickel or Titanium addition (such as 321 stainless 

steels) should also be experimented against SCCO2 corrosion, with focus on acidic 

environments. In cases of high HNO3 concentration, 304 stainless steels have been 

studied extensively
156-158

 as a durable material in these conditions. 

 

In a separate study, Yevtushenko et al.
80

 investigates the corrosion properties of duplex 

steel S32101 and alloy 31 in crevice conditions. The stainless steel samples were exposed 

to solutions with high chloride content (143.3g/L) saturated with CO2. Potentiodynamic 

polarisation tests revealed extensive pitting with pit depths of up to 100µm on the S32101 

steel, while the alloy 31 sample showed no signs of pitting. This shows that alloy 31 can 

potentially be used as an alternative material to transport SCCO2. 

 

A number of experiments have also been conducted on CRAs to investigate their 

corrosion properties for CO2 transport purposes
159-161

. Pfennig et al.
160

 conducted a review 

of different pipeline steels exposed for 2 years to a CO2-saturated saline aquifer 

environment. The experiment was conducted at 60
o
C with a continuous flow of CO2 at 3 

litres/hour (atmospheric pressure). The steels used were a heat treated steel (1% Cr 

(42CrMo-4) and martensitic stainless steel (13% Cr (X46Cr13), where a corrosion rate of 

0.1mm/y for both steels was observed. The authors concluded that both steels will be able 

to be used for CO2 storage purposes for 2 years without serious corrosion damage. In a 

separate study, Tan et al.
161

 investigated the corrosion behavior of austenitic stainless 

steels (alloys 800H and AL-6XN) and ferritic-martensitic steels (F91 and HCM12A) 

exposed to SCCO2 at 650
o
C and 20.7 MPa. In their tests, the authors observed only 

weight gain as exposure time increases, which was due to oxidation. The austenitic 

stainless steels produced thinner oxide scales compared to the ferritic-martensitic steels. 

The results of the experiment conducted by Tan et al.
161

 are to be expected, where no 

corrosion is observed when no water is present in the SCCO2 system. Interestingly, the 

stainless steels performed well even when exposed to extremely high operating conditions 

(as opposed to for CCS purposes), with no observed mass loss. A similar study was 

conducted by Cao et al.
159

, where three austenitic alloys (316SS, 310SS and Alloy 800H) 

were exposed to SCCO2 at 650
o
C and 20MPa. The authors observed the highest mass gain 

with 316 stainless steel while Alloy 800H showed the least mass gain. The difference in 

mass gain shown by all three samples was attributed to the composition and morphology 
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of the oxides that form on the surface of the alloys. A very thin silicon oxide (SiO2) layer 

was observed on the surface of the 310 stainless steel and Alloy 800H samples, 

effectively reducing mass gain. This shows that different corrosion products are expected 

for varying alloy compositions when exposed to SCCO2 at high temperatures (~650
o
C). 

However, as of current, studies from authors in high pressure autoclaves
3, 5, 7, 8, 12, 14, 17, 32, 

33, 84, 85, 100-105
 (32-90

o
C) have not reported any corrosion products on the autoclave surface 

after SCCO2 experiments were conducted. 

 

2.4.6 General discussion 

The carbon capture and storage (CCS) process, if properly implemented,  will play a 

major role in reducing CO2 emissions
162

. One of the major issues delaying CCS 

implementation is pipeline corrosion during SCCO2 transportation, caused by water 

contamination which reacts with CO2 to form H2CO3. At present, no construction or 

operation standards for CCS pipeline transportation have been developed at the national 

level. However whilst there is now more research activities in this area from isolated 

research groups around the world (which may or may not contribute to standards), that is 

critical to understanding CCS pipeline durability. There remains insufficient benchmark 

data for both the stream chemistry and corrosion rates achieved in the presence of 

carbonic acid to fully understand the extent of damage from supercritical CO2 corrosion. 

However, the review presented in Section 2 indicates that - with a high degree of 

confidence - the „range‟ of rates that may be realised.  It was seen that corrosion in 

supercritical CO2 (and indeed as mimicked to some extent in aqueous simulants) is high, 

especially if free water is present and the CO2 stream is contaminated with salt and acid 

impurities. This creates an environment which is low in pH, promoting the break 

down/retardation of a FeCO3 protective film. 

 

Prior to considering the implications of the information in this review, it is useful to 

consider the closest existing situations for which there is field experience. These 

situations include (a) Enhanced oil recovery, and (b) CO2 corrosion in wet oil and gas 

systems. 
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(a) Enhanced oil recovery 

The main reason for EOR is to serve downstream production interests. As such, EOR 

brings revenue, and can be viewed with a different set of economic considerations than 

CCS pipelines from a cost perspective. The management of EOR pipelines can be 

conducted in accordance with that of a broader corporation that already has existing 

management expertise by way of inspections, models, maintenance schedules (including 

supply chain, if relevant) and presumably experience from dealing with sweet corrosion. 

Investment in EOR leads to production revenue, and indeed justification for the utility of 

stainless steels in critical components could be rationalised.  

Lessons from EOR indicate that dehydration is the primary method of corrosion control 

for pipelines and distribution lines
135

. Residual water should be sufficiently low that no 

liquid water phase forms at the lowest temperature and highest pressure encountered 

during service. It was reiterated that a 50ppm H2O maximum existed at Scurry Area 

Canyon Reef Operators (SACROC) which is now the Kinder-Morgan operation. 

 

(b) CO2 corrosion in wet oil and gas (sweet corrosion) 

Aspects regarding sweet corrosion as covered by Marsh and Teh
140

 indicate that corrosion 

control is managed by: 

 Modelling:  This allows pipeline design to be made strategically in terms of wall 

thickness, materials selection, and expected lifetimes. In regards to modeling 

various industrial operators (i.e. BP. Shell) have in-house semi-Empirical models, 

whilst a mechanistically based model exists in the form of the Ohio University 

“Multicorp” model.  

 Inhibitors: Whilst the inhibitor strategy can be integrated into the model, the 

management of inhibitor strategies – and implementation – are a significant 

management task in its own right. BP and NORSOK philosophies state that for 

design and corrosion allowance, an inhibited corrosion rate of 0.1mm/y should be 

assumed. 

 

Whilst all the information provided to this point is comprehensive, the problem of 

corrosion in CCS pipelines is such that there remains a lack of experimental data covering 

all the environmental conditions which will be met (i.e. the effect of flow as one 
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example). The difficulty in cost, logistics, and timing involved with the rapid collection of 

significant datasets makes it difficult to be definitive. Only recently has experimental data 

collection been attempted and reported where a limited but critical, dataset will emerge in 

coming years. Further, given that the source of CO2 will vary in terms of industry type, 

location, and nation to nation, the precise chemical nature of the CO2 streams remains 

unknown and will vary depending on the nature of the source (i.e. combustion of fossil 

fuel - coal, oil and gas in power plants - and industrial processes such as mineral or metal 

production). A review of experimental corrosion data in Section 2 has shown that it is 

reasonable to assert that drying / treating the CO2 to have a water concentration below the 

dewpoint is a practical solution to corrosion if low alloy steel pipelines will be used. 

Whether this is an implementable solution is to a large extent an economic and logistics 

issue. For low alloy steel pipelines
163, 164

, recommendations that CO2 dehydration levels 

be below 50ppm of water (near complete dehydration) can be justified on the basis that 

no corrosion was observed at 0ppm water (Figure 2.11), however evidence for both scale 

and mass loss occurred at 100ppm water
5
. However, if dehydration is not conducted, then 

the expected corrosion rates (from corrosion experiments reviewed herein) which may be 

a lower bound due to lack of flow – indicate that the presence of water with moderate 

impurity pickup will lead to corrosion rates of a ~3mm/yr, which is not feasible. 

 

As such, three different protection strategies are presented in this review, focusing on 

corrosion inhibitors, FeCO3 formation, and stainless steels as an alternative material for 

CCS pipelines. Although the proposed technologies will require extensive research to be 

practical, this review serves as a starting point and compilation of works relating to CO2 

corrosion prevention in general.  

 

There remains a number of issues to be resolved experimentally before protection 

strategies can be practically applied to CCS pipelines: 

 From the reports in the literature, corrosion inhibitors showed efficiencies in CO2 

corrosion tests of ~71-99%, however the effects of increased pressure (>7.35MPa) 

and acidity (pH~1) requires further experimentation. 

 A major difference regarding corrosion in supercritical CO2 is the presence of 

FeCO3 layers - which form at appreciable rates. Such carbonate layers may not be 

protective in a large range of circumstances (which include at low temperatures, 



Chapter 2  

69 

 

and in the presence of impurities and flow). This distinguishes supercritical CO2 

from aqueous simulants, and to a large extent, sweet corrosion. However the 

protective capabilities of the FeCO3 layer should be employed if possible and 

techniques to maintain a protective layer even at low pH levels (pH 1 to 3) by use 

of corrosion inhibitors or manipulation of operating conditions should be 

considered. 

 The effect of alloying elements (chromium, nickel, titanium additions) and their 

corrosion properties when exposed to SCCO2 conditions. 

 

As reviewed, each protection strategy when employed showed reduced corrosion rates. 

The use of corrosion inhibitors is a promising solution, although the high inhibitor 

efficiencies reviewed herein do not necessarily translate to high performance for CCS 

applications. In the use of inhibitors for addressing sweet corrosion, the major 

considerations that need critical assessment include
140

:  

 Inhibitor efficiency.  

If the efficiency of an inhibitor (IE) is given by: 

IE% = 100 x (CR uninhibited – CR inhibited) / CR uninhibited. 

A reasonable IE% would be perhaps >90%. The attainment of such an IE% in 

supercritical conditions remains to be seen, where the situation is complex owing 

to high pressure, resulting in high corrosion rates if corrosive conditions are 

established, and the interaction (or retardation of inhibition) by the formation of 

scale.  

 Inhibitor availability.  

According to Marsh and Teh
140

, inhibitor availability has to be factored into 

inhibitor efficiency (resulting in a lower inhibitor efficiency) due to periods when 

inhibitors are not injected due to pump failures or logistics problems. This is a 

significant issue. If inhibitors are part of the corrosion prevention strategy, the 

functional and consistent management of availability and dosage must be key in 

the asset management.  If a system is designed to achieve an inhibitor availability 

of 90% or greater, this should be met. In production situations where financial 

conflict arises between production and availability of inhibitor, the temptation to 

operate without inhibitor exist. In terms of CCS, inhibitor availability (if inhibitors 
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were to be used) would require supply chain management including continuous 

sourcing and storage to ensure availability. Recommendations include: 

 

 Top grade logistics supply and management structure set up well in advance. 

 A strategic reserve of inhibitor. 

 A corrosion management system must be in place (The authors suggest the use of 

hydrate control and pH stabilisation as alternatives to high pump injection 

availability. The former method uses methanol or monoethylene glycol (MEG) in 

conjunction with the corrosion inhibitor, while pH stabilisation can be achieved 

with the addition of potassium hydroxide or amines). 

 The organisation, management and training of personnel must be of the highest 

quality. 

 The operator will need to commit to maintaining these capabilities. 

 The operator will be willing to give preferences to maintaining corrosion 

inhibition over production where conflicts arise. 

 

Again, it is noted the above is relevant to sweet corrosion (i.e. CO2 and water containing 

oil and gas pipelines). In CCS, the environment is different (i.e. not containing oil), and 

the operating conditions are also different (i.e. pressure and temperature), along with the 

tendency to form carbonate scales. As such there is a need to take special care when 

translating experience in oil and gas transport to CCS. The uncertainty between any 

protection offered by inhibitors would indicate that the only other option is the use of 

stainless steels. There is however, strong evidence indicating that stainless steels of 13Cr 

grade and better, will perform corrosion free in the presence of wet CO2 with moderate 

impurities. Reliable corrosion protection in H2O-CO2-Cl
-
 systems is accomplished with 

high Cr steel, including >13% Cr, or 9Cr-1Mo. It is also noted that temperature and 

pressure are key factors in establishing any criteria, whilst increasing flow rate can also 

lead to increased corrosion severity
30

. In regards to stainless steels, it is noted that grades 

of 13Cr or above are reasonable due to improved corrosion resistance and cost. Further, 

13Cr steel has provided a record of service in sweet conditions
165-168

. 

The economics between full drying (i.e. to <50ppm H2O) and stainless steels is beyond 

this review. Marsh and Teh
140

 also indicate that on the conservative end of the spectrum 
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stainless steels have been used, and recommended – particularly weldable 13Cr steels. 

However, their use must be balanced by not only cost, but lead times. 

In summation, steel is not attacked under CO2 unless liquid water is also present. Low 

(plain) alloy steels are particularly attacked by mixtures of CO2 / water. The rate of attack 

is extensive
12, 13, 101

. If long pipelines must be constructed from low alloy steel for 

economic reasons, then, dehyrdation should be mandatory, and dehydration should be 

well below the saturation point to ensure that no condensation will occur.  Based on the 

literature, the value of 50ppmw as a maximum water content is re-iterated. If dehydration 

is not feasible, then based on the present state of the art, inhibitors must be considered 

unreliable under such high CO2 partial pressure due to lack of information. Furthermore, 

there is a lack of information about any protective ability of carbonate scale under flow 

conditions. As such, if satisfactory dehydration cannot be achieved, the remaining option 

is the use of stainless steels. 
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2.4.7 Section summary 

A review was conducted on the potential protection strategies for SCCO2 transportation 

relevant to CCS purposes. Key aspects from the review can be summarised as:   

 Corrosion data from experiments and international conferences
107, 108

 show that 

expected corrosion rates are high when carbon steel is exposed to SCCO2 

environments (containing water, salt and acid impurities). 

 A reduction in corrosion rates was observed in all cases where a protection 

strategy has been applied. 

 Corrosion inhibitors showed high efficiencies in CO2 corrosion tests (71-99%), 

however the effects of increased pressure (>7.35MPa) and acidity (pH~1) are 

unknown and requires further experimentation. 

 A layer consisting mainly of FeCO3 is able to reduce corrosion rates 

significantly
100

, however under acidic conditions and low temperature, the layer 

appears to be porous and non-protective. Successful manipulation of operating 

conditions and the use of corrosion inhibitors are potential methods to ensure a 

protective layer is formed.  

 Stainless steels showed reduced corrosion rates in CO2-saturated conditions, 

specifically grades of steel equal to or better than 13Cr. Corrosion experiments 

with alloying elements such as the addition of chromium, nickel, or titanium also 

showed a decrease in corrosion rates in CO2-saturated environments. As of 

current, the utility of stainless steels is the most feasible protection strategy, if 

satisfactory dehydration is unable to be achieved. 
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3 Research Aims 

The objective of this research includes three major aspects. The first is to critically 

identify the knowledge gaps that are the present technical obstacles prior to the rational 

design and implementation of CCS pipelines. 

  

Secondly, a focus was given to the scientific understanding of the major mechanisms 

involved in the corrosion relevant to supercritical CO2 transport pipelines for CCS 

purposes. This includes characterization of corrosion rates, and relating these rates with 

environment to realise a benchmark of corrosion damage that could be expected to occur 

in CCS pipelines.  

 

Finally, the utility of a large experimental matrix (including supercritical corrosion 

testing) is to be harnessed in a user friendly model, whereby selection of the relevant 

aqueous chemistry can be used to predict the expected corrosion rate. This may serve as a 

tool in the future development of standards and code of practice for the operation of such 

pipelines, or benchmarks for which superior materials or corrosion mitigation strategies 

can be assessed against. 

 

To address the complex issues associated with supercritical CO2 transport, the hypothesis 

was the composition of the aqueous phase will dictate corrosion, and that a high 

throughput assessment of aqueous chemistries would serve as a proxy to supercritical 

corrosion. As such, the specific aims of this project include: 

 

1. To study the corrosion kinetics associated with the effects of carbonic acid 

(H2CO3) on carbon steel as a function of H2CO3 concentration. To realise the 

morphology associated with the corrosion in the presence of H2CO3. 

2. To elucidate the effects of SOx and NOx impurities and their corrosion mechanism 

on carbon steel. 

3. To study the effects of co-speciation of acids including H2CO3, H2SO4, HCl, and 

HNO3 on carbon steel. 

4. To outline the major variables controlling supercritical CO2 corrosion using 

sensitivity and fuzzy curve analysis. 
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5. To investigate the correlation between experiments conducted in atmospheric 

versus supercritical CO2 and study the effects of increased CO2 partial pressure. 

6. To use optical profilometry and scanning electron microscopy (SEM) to study the 

surface morphology of carbon steel under supercritical CO2 conditions, and 

quantify the instance and effect of pitting corrosion. 

7. To conduct supercritical CO2 experiments and identify a threshold in water 

concentration before severe corrosion occurs due to the formation of an aqueous 

phase. 

8. To study the effects of salt and acid impurities in supercritical CO2 and quantify 

associated corrosion rates. 

9. To investigate the influence of in-situ formed iron carbonate (FeCO3) and its 

properties on the corrosion rate of carbon steel. 

10. To create a functioning artificial neural network model (ANN) with high fidelity 

(i.e. a satisfactory R
2
 value) from experimental works to predict supercritical CO2 

corrosion in terms of acid and salt impurities. 
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4.1 Methodology 

The laboratory experiments conducted herein uses a variety of equipment for different 

analysis purposes. This section provides a general overview of the equipment used; a 

more detailed description specific to the tests conducted are provided in the relevant 

sections in Chapter 5. 

4.1.1 Potentiostat 

A Biologic SP-150 potentiostat (Figure 4.1) was used for electrochemical studies. 

 

Figure 4.1: Biologic SP-150 potentiostat 

 

The potentiostat is used to control a three electrode cell, which typically consists of a 

working (carbon steel sample), reference and counter electrode. The reference electrode 

used is a saturated calomel electrode, while a titanium mesh is used as the counter 

electrode (Figure 4.2). 
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Figure 4.2: Three electrode cell system, with a working electrode (carbon steel 

sample), counter electrode (titanium mesh), and reference electrode (saturated 

calomel electrode) 

 

EC-Lab is used to conduct the electrochemical tests, which consists of an open circuit 

potential (OCP) exposure followed by a potentiodynamic scan (PDS).  

 

4.1.2 Optical profilometer 

A Veeco Wyko NT1100 (Figure 4.3) was used for optical profilometry analysis. 

 

Figure 4.3: Veeco Wyko NT1100 optical profilometer 

 

After long term exposure experiments, the optical profilometer is used to determine each 

sample's surface morphology with high resolution 3D surface measurements. In addition, 

pit depths are also able to be quantified and recorded, providing a detailed analysis of the 

average and maximum pit depths. 
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4.1.3 Scanning electron microscope 

A JEOL JSM-7001F scanning electron microscope (Figure 4.4) was used for all SEM 

analysis. 

 

 

 

 
Figure 4.4: JEOL JSM-7001F scanning electron microscope 

 

The JSM-7001F, Thermal Field Emission SEM was used to take high resolution images 

of steel samples for surface analysis. This particular SEM was chosen due to its large 

specimen chamber, which allows simultaneous handling of two specimens.  

 

4.1.4 High pressure autoclave for supercritical CO2 experiments 

A high pressure 1L autoclave (Figure 4.5) was used for high pressure supercritical CO2 

experiments, which is paired with a high flowrate pump (Figure 4.6). 
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Figure 4.5: Image of supercritical CO2 high pressure autoclave setup, with stainless 

steel lid closed and thermal sleeve attached 

 

 

Figure 4.6: High flowrate pump for pressurizing autoclave with CO2 

 

The autoclave is constructed from stainless steel, and is able to withstand pressure as high 

as 15MPa. High temperature experiments are also able to be conducted with a thermal 

sleeve which is attached to the autoclave, as shown in Figure 4.5. As such, this allows 

supercritical CO2 experiments to be performed in a safe environment. CO2 is transferred 

to the autoclave from pressurized CO2 tanks with a high flowrate pump at a maximum 

flowrate of 204mL/min.  



Chapter 5 
 

 

83 

 

 

 

 

 

 

 

Chapter 5 

 

Results and Discussion  
 

 

  



Chapter 5 
 

 

84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This page is intentionally blank 

 

  



Chapter 5 
 

 

85 

 

5.1 Use of aqueous solutions to simulate supercritical CO2 

corrosion 
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5.2 Aqueous corrosion testing and neural network modelling 

to simulate corrosion of supercritical CO2 pipelines in the CCS 

cycle 
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5.2.1 Demonstration of artificial neural network model 

A demonstration of the neural network model
31

 is presented below with figures of the 

model, accompanied by descriptions.  

 

The user-interface of the model consists of an X-axis which allows manipulation of the 

concentrations of various salt and acid impurities, including temperature. The input 

variables that can be adjusted are concentrations of H2SO4, H2CO3, HNO3, HCl, Cl
-
, NO3

-

, SO4
2-

, and temperature. The concentrations are measured in M, while temperature is 

measured in 
o
C. The Y-axis represents corrosion rate measured in the form of icorr. On 

initial launch, the model displays all input variables (concentrations of salt and acid 

impurities) set to zero, except for temperature, which remains at 25
o
C (Figure 5.1).  

 

 

Figure 5.1: ANN with all concentrations of impurities set to zero at 25
o
C 

 

At this stage, icorr is low (0.6 µA/cm
2
), as it represents a CO2 transport environment where 

no impurities are present. As an example of the effect of acid impurities, Figure 5.2 shows 

the effect of increasing H2SO4 concentration to 0.04M, resulting in an increase of icorr to 

200µA/cm
2
.  

 

  

Figure 5.2: ANN with H2SO4 concentration increased to 0.04M at 25
o
C, resulting in 

an increase of icorr to 200µA/cm
2
 

 

As a simulation of supercritical CO2 where various salt and acid impurities can 

contaminate the CO2 stream simultaneously, H2SO4 concentration is maintained at 

0.04M, while NO3
-
 is increased to 0.4M (Figure 5.3). 
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Figure 5.3: ANN with H2SO4 concentration increased to 0.04M and NO3
-
 

concentration increased to 0.4M at 25
o
C, resulting in an increase of icorr to 

292µA/cm
2 

 

The result of increasing both H2SO4 and NO3
- 
concentrations caused a further increase of 

icorr to 292µA/cm
2
. Next, temperature is increased to 32

o
C as a simulation of supercritical 

CO2 temperature (Figure 5.4). 

 

 

Figure 5.4: ANN with H2SO4 concentration increased to 0.04M and NO3
-
 

concentration increased to 0.4M at 32
o
C, resulting in an increase of icorr to 

422µA/cm
2 

 

The result of increased temperature to 32
o
C caused a further increase of icorr to 

422µA/cm
2
. 

 

As presented herein, the supercritical CO2 corrosion prediction ANN is a versatile model, 

allowing manipulation of various salt and acid impurities (either individually or together) 

to predict the resultant CO2 corrosion rate.  
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5.3 Investigating the effect of water content in supercritical 

CO2 as relevant to the corrosion of carbon capture and storage 

pipelines 

 

5.3.1 Section overview 

Carbon capture and storage (CCS) is considered a critical process as a means of reducing 

fossil fuel emissions, and to potentially assist in controlling global warming
169

. As part of 

the 3-step process (capture, transport, and storage) of CCS, transportation of CO2 plays an 

important role in ensuring the captured CO2 is transported via a safe, reliable and cost-

effective method for geologic storage. Presently, carbon steel pipelines remain the most 

feasible solution for transportation across long distances
170

. However, to date, there is 

little knowledge regarding the corrosion behaviour of steel in the presence of CO2 streams 

(nominally 100% CO2) that are typical of those used in CCS. This is in contrast with CO2 

transportation in conventional oil and gas pipelines where it exists in small quantities as 

an impurity, and a body of knowledge has been accumulated over some decades. More 

importantly, CCS pipelines will operate at significantly higher pressures compared to oil 

and gas transport pipelines. To avoid complicated two-phase (gas + liquid) flow regimes 

and pressure drop
47

, CO2 gas is typically compressed into a supercritical fluid (>7.38MPa 

at about 31.1
o
C)

171
. Transportation of CO2 in the supercritical state is also preferred 

because it is economically easier/more feasible due to its higher density.  

 

The requirements of such extreme operating conditions pose a risk to the durability of 

steel pipelines during transport, specifically when the CO2 stream is contaminated by free 

water (H2O)
98, 172

; resulting in the in-situ formation of carbonic acid (H2CO3). A relatively 

high acid concentration may form as a result of water contamination and operating 

pressure
32

, which allows a solubility of CO2 in water of ~47g/L
173

. The in-situ speciation 

of H2CO3 in the aqueous phase leads to a low pH of ~3.2, as also demonstrated by 

Ayello
7
 via experiments and simulation

99
. This is an environment that is potentially 

aggressive and detrimental to carbon steels including mild and X-60/65/70/80 grades.  
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In addition to H2CO3, there is a possibility of coexistence (either individually or 

altogether) with acids such as sulfuric acid (H2SO4), nitric acid (HNO3), and hydrochloric 

acid (HCl) depending on the capture processes involved
95, 174

 and the type of CO2 source 

(i.e. coal power plant, etc). Other potential major air pollutants have been identified as 

SOx and NOx
175

. 

 

A framework of CCS CO2 corrosion by Cole et al.
119

 classified the scenarios, which are 

likely to prevail during supercritical CO2 transport in a pipeline as: 

 

A) Very low contaminant levels and extremely low water content. 

B) Low contaminant levels and water content below the solubility limit.  

C) Low contaminant levels and water content above the solubility content where the 

aqueous pH will be between 3.2 and 1.5. 

D) Moderate contaminant levels and water content above the solubility limit where 

the pH of the aqueous phase will be less than 1.5 and could be as low as -1.5. 

 

The first regime is typical of the CO2 transport in enhanced oil recovery (EOR), which to 

date represents the key body of empirical knowledge regarding CO2 transport pipeline 

durability. In the EOR process in existence in the USA, strict pollution control measures 

(including gas conditioning) are followed to ensure that high purity CO2 enters any CO2 

pipeline, as defined by the Kinder-Morgan guidelines
176

. In regime B, due to limited gas 

conditioning, contaminant levels are low but water content is sufficient to induce 

corrosion at 0.38mm/y
17

. Regimes C and D occur when there is little or absence of gas 

conditioning and limited cleaning of the gas at source, resulting in a separate aqueous 

phase containing H2O and H2CO3. 

 

In our prior work
31, 96

, we revealed that there is merit in conducting tests in „simulated‟ 

CO2 transport pipeline conditions with a laboratory setting, based on tests in aqueous 

solutions where CO2 is added to water to form H2CO3; or tests in dilute H2SO4 that was 

found to simulate the impact of H2CO3 upon steel. The additional role of Cl
-
, NO3

-
 and 

SO4
2-

 impurities was investigated, and results showed that corrosion is pH driven, and 

that impurities can permit the co-speciation of additional acids that further lower pH. 

According to Choi et al.
17

, addition of 1% SO2 in supercritical CO2 dramatically increased 
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corrosion rates of carbon steel. In aqueous simulants, corrosion rates were shown to 

increase logarithmically as pH decreased linearly
96

. In all cases, impurities showed an 

increase in corrosion rate (icorr) from potentiodynamic polarisation tests and long-term 

exposure tests (thickness loss and weight loss). Under acid conditions, corrosion was 

found to be general (i.e. uniform thickness loss) but also included regions of attack that 

were localised in nature over and above the uniform corrosion; however overall corrosion 

was observed to be rapid. These polarisation and weight loss experiments revealed that 

tests in simulated environments allow for a wider range of rates in a shorter time period. 

Therefore, harnessing such high throughput tests allows for a range of experimental 

variables to be altered, and to form a useful platform of information by consolidating 

results into an artificial neural network
31

 (ANN). It is however noted that validation of 

such tests will necessarily require benchmarking with the (lower throughput and more 

costly) tests in supercritical CO2. According to a study by Zhang et al.
3
, the corrosion 

behaviour and mechanism of pipeline steel is similar under both low CO2 partial pressure 

and supercritical CO2. However, corrosion rates start to differ when water, as an impurity 

is present. Due to the increased solubility of CO2 in water from increased CO2 pressure, 

experiments in supercritical CO2 produced significantly higher concentrations of H2CO3, 

resulting in increased corrosion rates. 

 

The effects of supercritical CO2 on carbon steel have been studied recently by a number 

of authors
8, 12, 32, 97-99

 with varying concentrations of water and impurities. Russick et al.
98

 

observed uniformly distributed discolourations in the form of light brown spots on a 

carbon steel sample exposed to 20,000ppm supercritical water-saturated CO2 

environment. Image analysis showed significant oxygen enrichment, interpreted as 

oxidation due to the test environment. The authors also speculate the formation of H2CO3 

which further enhanced corrosion. Choi et al.
32

 also conducted experiments in a water-

saturated CO2 environment with 400,000ppm water in a 1L autoclave. The variable for 

their tests was different partial pressures of CO2 (4MPa to 8 MPa) at 50
o
C. They revealed 

that the concentration of H2CO3 increased with increasing pressure but decreased with an 

increase in temperature, although there was no notable difference in corrosion rates 

between 4MPa to 8MPa. In all cases, corrosion damage was minimal at 18-20mm/yr.   
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Apart from water content as an impurity, other authors
8, 12, 97, 99

 also tested the effects of 

supercritical CO2 saturated with impurities. An experiment was conducted by Cui et al.
8
 

investigating the effects of supercritical CO2 saturated with water and minerals 

(15,000ppm calcium chloride and 1,100ppm sodium bicarbonate) on pipeline steels. The 

authors noted a decrease in corrosion rates when temperature and exposure time were 

increased. This was mainly due to the surface film becoming more compact with the 

increase in temperature. In a separate test, Farelas et al.
97

 investigated the effect of SO2 in 

a supercritical CO2 system with a fixed amount of water concentration. Weight loss 

measurements showed minimal corrosion in a solution containing 650ppm water with less 

than 0.1% SO2 impurities. The effect of SO2 and other impurities (H2O, O2, CO2) is 

further studied by Xiang et al.
99

. The authors looked at the effect of exposure time on X70 

pipeline steel in the presence of supercritical CO2/SO2/O2/H2O. SEM analysis showed 

that as exposure time increases, a corrosion product scale forms and thickens, hindering 

the diffusion of reactants from reaching the metal surface, which effectively stops any 

corrosion reaction from occurring. Han et al.
9
 performed a study exposing carbon steel to 

CO2-saturated NaCl solutions (1 and 10 wt%). Experimental data showed higher 

corrosion rates in the test conducted with a higher salt concentration. The authors 

concluded through aqueous thermodynamics simulation that a higher salt concentration 

increases bicarbonate ion (HCO3
-
) concentration, which in turn increased corrosion rates 

by inducing corrosion.   

 

Aki et al.
12

 conducted supercritical CO2 tests with more aggressive environments (nitric 

acid (HNO3), sulfuric acid (H2SO4), and hydrochloric acid (HCl)) in smaller 

concentrations (<1,000ppm). The authors revealed that the corrosion mechanism differed 

for each acidic solution tested. HCl and HNO3 were very aggressive towards both the 

carbon steel sample with localised corrosion, but no corrosion damage was observed on 

the austenitic autoclave material with the HNO3 solution. The authors also noted that no 

corrosion was observed in the presence of H2SO4, concluding that it does not migrate 

through supercritical CO2.  

 

In this work, our aim was to study the corrosion behaviour of carbon steel exposed to a 

simulated supercritical CO2 environment containing increasing water impurity 

concentrations in a systematic manner. As elementary as this may seem, such information 
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is lacking in the literature and considered essential on the basis of validating any 

threshold limits, and revealing the extent of damage that occurs. Further, there are some 

mixed reports of water solubility limits in CO2 in the literature, and hence establishing an 

empirical water threshold limit is useful. The corrosion mechanisms and morphology will 

also be described by scanning electron microscopy (SEM) and also optical profilometry 

to evaluate whether corrosion damage is localised or uniform. 

 

5.3.2 Experimental Procedures 

A total of 27 samples with the size of 11 x 20 x 0.6 mm were prepared via electrical 

discharge machining (EDM). The samples used for testing are carbon steel sheet (Fe: 

0.16, C: 0.5, Si: 0.8, Mn: <0.01, P: <0.01), with a surface preparation of 1200 grit SiC 

paper. Before the experiment, the specimens were cataloged and assigned a unique 

identification number for traceability and quality assurance. The samples were cleaned 

with alcohol, rinsed with distilled water and dried with lint free towels. The experimental 

matrix is presented in Table 5.1 (and the identification numbers are presented in Table 5.2 

with the experimental results). According to Choi et al.
32

, an approximation of the 

solubility of CO2 in water at the operating conditions used herein (8MPa, 40
o
C), is 0.022 

mole fraction of CO2 in 1 mole of water.   

 

Table 5.1: Experimental matrix for the exposure conditions tested herein 

P (MPa) T (oC) 
H2O 

(ppmw) 

8 40 100 

8 40 200 

8 40 300 

8 40 400 

8 40 500 

8 40 1500 

8 40 6000 

8 40 25000 

8 40 50000 
 

The total amount of DI water required (see Table 5.1) was deaerated with chemically pure 

(CP) grade nitrogen (N2) separately for at least 12 hours prior to testing. A 1L autoclave 

was used, and the autoclave head was fitted with a thermocouple sleeve. Figure 5.5 shows 
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a schematic of the setup used during experiments, where a set of three specimens were 

attached to a Teflon- rope to ensure galvanic isolation. 

 

Figure 5.5: Schematic setup of supercritical CO2 corrosion simulation in a high 

pressure autoclave as adopted herein. The location of the water is schematic to show 

the initial location prior to filling with CO2. Once the autoclave was full and 

supercritical conditions were achieved, the water phase would have been dispersed 

throughout the autoclave 

 

The specimens were then placed in the autoclave. The walls were electrically isolated by 

the use of Teflon sheet as a liner. The amount of water required was added to the 

autoclave, which was then sealed. The autoclave was deaerated with 100% nitrogen. All 

lines to the autoclave were purged with nitrogen and evacuated. The CO2 was transferred 

in the autoclave in order to reach the required pressure. The temperature was then 

increased to the set temperature and the pressure was checked. The specimens were 

exposed to the environment for a period of seven days. The experiment was conducted 

under stagnant conditions. The autoclave was then let to cool down and opened. The 

specimens were dried and photographed prior to being weighed. This weight was able to 

reveal the scale mass. Following this, the samples were chemically cleaned with 37.5% 

HCl and 1,3-di-n-butyl-2-thiourea (DBT), according to NACE standard RP0775-2005, 

and rinsed with acetone, and weighed again to determine the mass loss from corrosion. As 
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such, the mass of the specimens is presented in Table 5.2. The mass loss is the weight 

difference before and after exposure. The scale mass is the mass difference before and 

after cleaning, after exposure. 
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Table 5.2: List of specimens and raw gravimetric data. Specimen area was 2.2cm
2
 in all cases 

Water 
concentration 

(ppmw) 

Mass (g) 
Scale mass (g) Mass loss (g) 

Average scale mass 
(mg) 

Average mass loss (mg) 
Before After test After cleaning 

100 
0.5065 0.5064 0.5035 0.0029 0.003 

3.03 2.67 0.5684 0.5692 0.5661 0.0031 0.0023 
0.6188 0.6192 0.6161 0.0031 0.0027 

200 
0.5001 0.5015 0.4978 0.0037 0.0023 

3.60 2.30 0.4116 0.4129 0.4092 0.0037 0.0024 
0.4736 0.4748 0.4714 0.0034 0.0022 

300 
0.4096 0.4096 0.4076 0.002 0.002 

2.13 2.07 0.5123 0.5124 0.5102 0.0022 0.0021 
0.4312 0.4313 0.4291 0.0022 0.0021 

400 
0.599 0.5995 0.5963 0.0032 0.0027 

3.13 2.63 0.4589 0.4593 0.4564 0.0029 0.0025 
0.4498 0.4504 0.4471 0.0033 0.0027 

500 
0.4877 0.4888 0.4855 0.0033 0.0022 

3.27 2.47 0.4808 0.4818 0.4783 0.0035 0.0025 
0.5254 0.5257 0.5227 0.003 0.0027 

1500 
0.4649 0.4669 0.4633 0.0036 0.0016 

4.90 2.57 0.4175 0.4205 0.414 0.0065 0.0035 
0.5381 0.5401 0.5355 0.0046 0.0026 

6000 
0.4711 0.4732 0.4677 0.0055 0.0034 

6.10 3.53 0.5027 0.5051 0.4989 0.0062 0.0038 
0.467 0.4702 0.4636 0.0066 0.0034 

25000 
0.6062 0.6118 0.5986 0.0132 0.0076 

10.77 5.47 0.4771 0.4828 0.4722 0.0106 0.0049 
0.5305 0.5351 0.5266 0.0085 0.0039 

50000 
0.508 0.5114 0.5041 0.0073 0.0039 

9.10 3.57 0.4829 0.4893 0.4806 0.0087 0.0023 
0.451 0.4578 0.4465 0.0113 0.0045 
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5.3.3 Results and Discussion 

5.3.3.1 Post-exposure mass change results 

The results of the weight loss tests conducted in supercritical CO2 with varying water 

concentrations are presented in Table 5.2 and plotted in Figure 5.6. 
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 (a) 

 (b) 

Figure 5.6: (a) Average scale mass and mass loss of steel samples exposed to 

supercritical CO2 over a range of water concentrations with weight change plotted 

using a linear weight change scale, (a) linear weight change on Y-axis and 

(b)logarithmic weight change on Y-axis. 
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Figure 5.6(a) is plotted with weight change in linear scale, which shows the progression 

in weight change as water concentration increases. In Figure 5.6(b), weight change is 

plotted in log scale, which aids in identifying inflection points in weight change relative 

to water concentration. In general, there is an increase in mass loss as water concentration 

increases. Weight loss tests show that the mass loss results from 100 ppmw to 1500 

ppmw are not too dissimilar (~1.1mg/cm
2
 average mass loss). The difference in mass loss 

is more noticeable in the >1500 ppmw region, where a maximum mass loss of 1.6 

mg/cm
2
 was recorded at 1500 ppmw. This is in contrast from standards used by Kinder 

Morgan where a maximum concentration of 600 ppmw water is allowed for 

transportation for EOR purposes
108

, however such standards may be established to be 

conservative. According to experiments conducted herein, that limit could potentially be 

increased to ~1000 ppmw which improves the process economically in situations where 

water is the only impurity in the CO2 stream. This increase in water concentration limit is 

based on the assumption that the pressure and temperature for both processes are 

identical. From >1500 ppmw, mass loss starts to increase rapidly, reaching a maximum 

average of ~2.1 mg/cm
2
 for water concentration of up to 50000 ppmw.  

 

Generally, the data collected in Figure 5.6 showed that the weight of scale mass increased 

with the increase in mass loss. An interesting observation can be made in the 500 ppmw 

to 1500 ppmw range, where there is minimal increase in average mass loss for a, 

relatively, large increase in scale mass. This could suggest that the composition, thickness 

and adhesiveness of the FeCO3 layer are at their optimum states in this range (500 ppmw 

to 1500 ppmw water), which explains the relatively low mass loss. The effectiveness of 

the FeCO3 layer was also noted by Choi et al.
100

, where corrosion rates can decrease from 

~20mm/y without FeCO3 protection to ~0.2mm/y in long-term exposure due to the 

formation of a FeCO3 layer.  

 

As given by Choi et al.
32

, the mole fraction of CO2 in 1 mole of water is 0.022 at 8 MPa 

and 40
o
C. This information and equilibrium constant calculations were used to plot the 

graph shown in Figure 5.7(a).  
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 (a) 

(b) 

 

Figure 5.7: (a) The effect of water concentration in a supercritical CO2 environment 

at 8MPa, 40
o
C on the calculated concentration of H2CO3 and its corresponding pH, 

(b) The effect of H2CO3 concentration on the average mass loss of steel samples 

exposed to a supercritical CO2 environment at 8MPa, 40
o
C 
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In Figure 5.7(a), the effect of water concentration on the concentration of H2CO3 and its 

corresponding pH is shown according to the parameters in Table 5.1. The results in 

Figure 5.7(a) further confirm the hypothesis made from Figure 5.6, where 1000 ppmw is 

observed as the inflection point for increased mass loss. This suggests that there is a 

critical limit (~1000 ppmw) before H2CO3 concentration starts to increase at a higher 

ratio compared to at lower water concentrations. H2CO3 concentration continues to 

increase at higher rates until it reaches 0.06 mol/L at 50000 ppmw water concentration.  

 

5.3.3.2 Corrosion morphology 

Results from optical profilometry are shown in Figure 5.8, where steel samples subjected 

to tests in supercritical CO2 with a range of water concentrations are analysed for pitting 

damage. 

  



Chapter 6 
 

 

122 

 

 

Figure 5.8: The effect of water concentration on the pit depth rate of steel samples 

exposed to supercritical CO2 -- with corresponding sample images from optical 

profilometry. Note that the annual pit depth rate was extrapolated from the pit 

depths measured following the short term 7 day exposure 

 

Generally, the data shows a steady increase in the maximum and average pitting rates 

from 100 ppmw to 50000 ppmw. However, results show that the maximum pitting rate of 

all samples may be considered high in an engineering context, with an average of 0.62 

mm/y. The average pitting rate of all samples is not too dissimilar, suggesting that water 

concentration only plays a small role on pit growth for the conditions tested herein. We 

should point out however, that the pitting analysis here makes some first order 

assumptions, such that pitting initiates at the beginning of exposure, and that pit growth 

kinetics are linear into the future (as extrapolated from the results following 1 week of 

testing). These assumptions represent the worst case, since pit growth kinetics normally 

follow t
1/3

 kinetics
177

 and hence decelerate with time. More accurate determination of 
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pitting kinetics would be required in the future, however the general observation that 

general attack is of greater relevance across the water concentrations tests is an important 

observation, and some assertions can also be supported by the accompanying images 

taken from via optical profilometry, showing a surface contour image of the steel test 

samples (Figure 5.8). In the profilometry images observed, the indication of peaks, or 

corrosion products deposited on the steel surface, are evident, whilst the location of pits 

or localised sites of metal loss, are also evident. The corresponding scale on the right of 

each image shows depth, measured in μm. Analysis of the profilometry data indicates that 

the surface morphology for each sample is similar, with a minor increase in pit density 

observed in samples exposed to higher water concentrations, however this was not 

concomitant with greater pit depths. 

 

Figures 5.9 to 5.17 show the surface morphologies of steel samples exposed to 

supercritical CO2 at various water concentrations before and after cleaning (in accordance 

with NACE standard RP0775-2005).  
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(a) 

(b) 

Figure 5.9: Steel sample following exposure to 100 ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

Figure 5.10: Steel sample following exposure to 200ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.11: Steel sample following exposure to 300ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.12: Steel sample following exposure to 400ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.13: Steel sample following exposure to 500ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.14: Steel sample following exposure to 1500ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.15: Steel sample following exposure to 6000ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.16: Steel sample following exposure to 25000ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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(a) 

(b) 

 

Figure 5.17: Steel sample following exposure to 50000ppmw water in a supercritical 

CO2 environment for a period of 7 days, (a) before and (b) after cleaning according 

to NACE standard RP0775-2005 
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It can be seen that the morphologies were almost identical for all samples, where the 

surface was covered by corrosion products for samples before cleaning, indicated by the 

scattered white spots on the surface. Also, uniform corrosion was observed for all 

samples, and no localised corrosion was observed. This confirms the analysis from Figure 

5.8, where the average pit depth of all samples was very similar across the entire water 

concentration range (100 ppmw to 50000 ppmw). A similar conclusion was made by Choi 

et al.
32

, where only uniform corrosion was observed for samples exposed to similar 

conditions of 8 MPa, 50
o
C with water concentration up to 400000 ppm. According to 

Waard  et al.
148

, the formation kinetics of FeCO3 is more greatly affected by temperature 

as opposed to water concentration. In order to study this hypothesis, experiments were 

conducted at a similar water concentration range (50,000 ppmw) at higher temperature 

(90
o
C). Image analysis of SEM (Figure 5.18) results show significant differences from 

samples exposed to a similar water concentration (50,000 ppmw) at a lower temperature 

of 40
o
C (Figure 5.17). X-ray Photoelectron Spectroscopy (XPS) was also used to 

determine the elemental composition of the corrosion product (Figure 5.19). 

   

 

Figure 5.18: SEM analysis of steel sample following exposure to 50000ppmw water 

in a supercritical CO2 environment for a period of 7 days at elevated temperature of 

90
o
C 
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Figure 5.19: XPS analysis of steel sample steel sample following exposure to 

50000ppm water in a supercritical CO2 environment for a period of 7 days at 

elevated temperature of 90
o
C 

 

The SEM image in Figure 5.18 shows a dense formation of cube-shaped crystalline 

corrosion products as opposed to Figure 5.17 which shows patches of corrosion products 

with no distinct features (inset of Figure 5.17). Similar SEM images were also presented 

by Yu et al.
105

 when investigating scale properties from high pressure CO2 exposure at 

increasing temperatures. XPS analysis was also conducted to determine the elemental 

composition of the steel surface (Figure 5.19). Heiren, a similar result was observed with 

other studies which conducted XPS on the surface composition of steel samples from CO2 

corrosion
8, 178

. Carbon atoms are observed at ~290eV, followed by oxygen atoms at 

~530eV, and finally iron and iron carbonate in the ~730eV range. Whilst C pick-up can 

occur naturally for specimens analysed from XPS, the positive identification of 

characteristic FeCO3 peaks is evidence (Figure 5.19) that the key component of the 

surface film in Figure 5.18 is FeCO3.   
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5.3.4 General discussion 

The carbon capture and storage (CCS) process is considered one of the main techniques 

in reducing CO2 emissions
162

. The main problem in pipelines used for CCS purposes arise 

from water contamination, which reacts with CO2 to form H2CO3 – this is when corrosion 

starts to occur. As a fundamental approach, various concentrations of water were added to 

a supercritical CO2 environment to study the corrosion behaviour in CO2 pipelines. 

Potential corrosion damage due to H2CO3 in a supercritical CO2 environment is shown in 

Figure 5.7(b). It can be seen that corrosion damage in terms of mass loss is similar from 

0.0001 mol/L to 0.001 mol/L. The threshold for increased corrosion damage initiates at 

0.002 mol/L, which exists in a similar concentration region according to a study 

conducted by Ayello et al.
101

. The authors determined that up to 2000 ppm water would 

remain in solution in a supercritical CO2 environment, after which a separate aqueous 

phase would form. This separate aqueous phase contains both H2O and H2CO3, and is 

detrimental to the durability of steel pipelines. This could explain the inflection point 

observed in Figure 5.7(b), where mass loss starts to increase from 1.2 mg/cm
2
 to 1.6 

mg/cm
2
 at 0.01 mol/L. From here, it is shown that mass loss continues to increase as 

H2CO3 concentration increases. Through this work, we observed that water concentration 

plays an important role in supercritical CO2 corrosion. The data collected and analysis 

conducted herein provides information that is fundamental to the elementary durability of 

pipelines for CCS purposes. 

 

5.3.5 Section summary 

A total of 27 steel samples were subjected to supercritical CO2 tests with varying water 

concentrations from 100 ppmw to 50000 ppmw; revealing the effect of water 

concentration on the corrosion rate of steel pipelines in a supercritical CO2 environment. 

Experimental results and analysis reveal that: 

 

 Corrosion mass loss increases as water concentration increases. The rate of 

increase in mass loss was particularly evident when the water concentration was > 

1000 ppmw. 
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 Above 1500ppmw, mass loss starts to increase rapidly, reaching a maximum 

average of ~2.1mg/cm
2
 for the maximum water concentration tested (50000 

ppmw). 

 Corrosion scale (posited to be FeCO3)
8, 100

 produced at the 500 ppmw to 1500 

ppmw water concentration region is most effective at decreasing CO2 corrosion 

rates. H2CO3 concentration continues to increase at higher rates until it reaches 

0.06 mol/L at 50000 ppmw water concentration. 

 As water concentration increases, the solubility of CO2 in water also increases, 

resulting in an increase in H2CO3 concentration. From the water concentration vs 

H2CO3 concentration graph, 1000 ppmw is observed as an empirical threshold 

point for increased mass loss. 

 Pitting corrosion analysis using the optical profilometer shows that the maximum 

pitting rate of all samples is quite uniform for the conditions tested, but rather 

high, with an average of ~0.62 mm/y based on extrapolation of results herein, 

however this is a worst case scenario based on a linear extrapolation of pit 

penetration rates that are likely to diminish with time. Nonetheless, at a snapshot 

in time, average pitting rate of all samples is not too dissimilar, suggesting that 

water concentration may only play a minor role on pit growth in a supercritical 

CO2 environment. However, more detailed work in the future is needed to fully 

describe pitting kinetics. SEM results of all samples show that uniform corrosion 

was observed as the corrosion mechanism, with no localised corrosion. 
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5.4 Investigating the effect of salt and acid impurities in 

supercritical CO2 as relevant to the corrosion of carbon 

capture and storage pipelines  

 

5.4.1 Section overview 

Carbon capture and storage (CCS) is an essential process in an effort to reduce CO2 

emissions
162

. The CCS process is divided into three main steps: capture of CO2 from 

anthropogenic sources, transportation of CO2 and finally storage in geologic sites. As 

such, CO2 transport is a vital part of the CCS process in ensuring the captured CO2 is 

transported via a safe, reliable and cost-effective method. However, to date, there is little 

knowledge regarding the corrosion behaviour of steel pipelines in the presence of CO2 

streams (nominally 100% CO2) that are typical of those used in CCS. This is due to 

operating conditions and stream compositions in CCS pipelines which differ from CO2 

transportation in the oil and gas industry. Mainly, CCS pipelines will operate at 

significantly higher pressures, where CO2 gas is typically compressed into a supercritical 

fluid (>7.38MPa, or 70 bar, at about 31.1
o
C)

171
. The purpose is to avoid complicated two-

phase (gas + liquid) flow regimes and pressure drop
47

.  

 

In addition to the extreme operating conditions, impurities from various capture sources 

pose a risk to the durability of steel pipelines during transport, specifically when the CO2 

stream is contaminated by free water (H2O)
98, 172

. In addition to H2O, there is a possibility 

of coexistence (either individually or altogether) with acids such as nitric acid (HNO3) 

and hydrochloric acid (HCl) depending on the capture processes involved
95, 174

. When 

these impurities react with H2O and form an aqueous phase, it creates an environment that 

is potentially aggressive and detrimental to carbon steels including mild and X-

60/65/70/80 grades.  

 

In our prior work
31, 96

, tests were conducted in „simulated‟ conditions where CO2 is added 

to water (and vice versa) to form H2CO3. However, H2CO3 concentration was low 

because only atmospheric pressure was used. Hence, weight loss tests of carbon steel 

samples were also done in H2SO4 that was found to simulate the acidic nature of H2CO3. 
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In addition, the role of Cl
-
, NO3

-
 and SO4

2-
 impurities was also investigated. Results 

showed that corrosion is pH driven, and that impurities can permit the co-speciation of 

additional acids (HNO3, HCl) that further lower pH. Corrosion rates were shown to 

increase logarithmically as pH decreased linearly
96

. In all cases, impurities showed an 

increase in corrosion rate (icorr) from potentiodynamic polarisation tests and long-term 

exposure tests (thickness loss and weight loss). Under acid conditions, corrosion was 

found to be general (i.e. uniform thickness loss) but also included regions of attack that 

were localised in nature over and above the uniform corrosion. The tests were conducted 

as a fundamental approach to understanding corrosion behaviour of a pipeline 

transporting the potential impurities (H2SO4, Cl
-
, NO3

-
, SO4

2-
), and will be benchmarked 

by results from this current work, which is conducted in a supercritical CO2 environment. 

A study by Zhang et al.
3
 showed that the corrosion behaviour and mechanism of pipeline 

steel is similar under both low CO2 partial pressure and supercritical CO2. However, the 

authors noted an increase in corrosion rates when water is present. Due to the increased 

CO2 pressure, there is a higher solubility of CO2 in water, which resulted in significantly 

higher concentrations of H2CO3, translating to increased corrosion rates. 

 

Subsequently, the tests revealed that there is merit in consolidating results into an 

artificial neural network (ANN), which is presented in our prior work
31

. The model 

comprises of weight loss data on carbon steel conducted in aqueous solutions (potentially 

found in CCS streams) under atmospheric pressure. Sensitivity analysis was also 

performed using fuzzy curves, which shows that salt and acid impurities outweigh the 

effect of H2CO3 concentration in relation to corrosion rates. An overall comparison of all 

input factors (H2CO3, H2SO4, HCl, HNO3, NaNO3, Na2SO4, NaCl) showed that HNO3 has 

the highest influence on corrosion rates, while H2CO3 was shown to be the “weakest” 

acid among H2SO4, HCl, and HNO3. In this work, the effects of HNO3 in a supercritical 

CO2 environment is further studied, and the corrosion data from supercritical tests will be 

compared against modelling data to examine the corrosion behaviour under supercritical 

CO2. 

 

The effects of water on carbon steel in supercritical CO2 have been studied by a number 

of authors
7, 32, 33, 98, 100

. In general, all authors observed that no corrosion occurred in pure 

supercritical CO2. Russick et al.
98

 observed that corrosion started to occur when steel 
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samples were exposed to water in the form of oxidation and significant oxygen 

enrichment. Ayello et al.
7
 showed that corrosion rates can increase by a factor of two (1.2 

to 2.5mm/y) when water concentration was increased from 100 to 2000wppm. It was 

shown that the concentration of H2CO3 increased with increasing pressure but decreased 

with an increase in temperature
32

. The decreased corrosion rates could be attributed to the 

formation of an iron carbonate (FeCO3) layer, which passivates the steel surface layer and 

retards corrosion. Electrochemical impedance spectroscopy (EIS) data has shown that the 

surface film develops and continues to strengthen its protective ability as temperature 

increases
33

. The effectiveness of the FeCO3 layer was further studied by Choi et al.
100

, 

where CO2 corrosion rates on carbon steel were reduced by two orders of magnitude due 

to the formation of a FeCO3 layer.   

 

During the CCS process, various types of acid and salt impurities can contaminate the 

CO2 stream in the capture phase depending on the capture technology
121-123

. Particularly, 

the effect of SO2 on steel under supercritical CO2 conditions has been researched by a few 

authors
13, 15, 97

. Weight loss experiments conducted showed minimal corrosion when 

exposed to a small volume of SO2 impurities (<0.1%). As exposure time increases, a 

corrosion product scale forms and thickens, hindering the diffusion of reactants from 

reaching the metal surface, effectively stopping any corrosion reaction from occurring. 

However, the addition of O2 resulted in the formation of SO3, which showed increased 

corrosion rates over SO2. A few studies on salt impurities were also conducted by various 

authors
6, 8

. Experiments conducted in 100-700 wppm NaNO3 showed increased corrosion 

rates as NaNO3 concentration increased, with uniform corrosion observed as the corrosion 

mechanism
6
. In a separate study, the effects of calcium chloride and sodium bicarbonate 

on steel were also investigated. In contrast, a decrease in corrosion rates was observed 

when temperature and exposure time was increased. This was mainly due to the surface 

film becoming more compact with the increase in temperature
8
. 

 

In this work, our aim was to study the corrosion behaviour of carbon steel exposed to a 

simulated supercritical CO2 environment containing various salt and acid impurities that 

may form in a CCS pipeline. The aqueous test solutions include various concentrations of 

NaCl, Na2SO4, NaNO3, and HNO3 with concentrations varied from 1g/L to 3g/L 

(1000wppm to 3000wppm). According to Cole et al.
119

, the minimum sulfur trioxide 
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(SO3) level recorded in CO2 from a power plant with a good cleaning system was 

21wppm, while one with no contaminant control could be up to 579wppm. As such, the 

concentrations tested herein cover the worst case scenario from contaminant levels in CO2 

streams that undergo the least amount of conditioning processes. Although impurity 

levels can be reduced from cleaning processes, potential impurities from the air (SOx and 

NOx) can still contaminate the CO2 stream during pipeline transport. The tests conducted 

herein are a significant contribution to the study of supercritical CO2 corrosion, where the 

corrosion behaviour of pipeline steels exposed to these impurities is limited. Image 

analysis includes scanning electron microscopy (SEM) to determine the surface 

morphology and composition of the corrosion product layers, and also optical 

profilometry to evaluate whether corrosion damage is localised or uniform. 
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5.4.2 Experimental Procedures 

A total of 21 samples with approximate sizes of 11mm x 20mm x 0.6mm were prepared 

via electrical discharge machining (EDM). The samples used are carbon steel sheet 

(0.25% carbon), with a surface preparation of 1200 grit SiC paper. Before the experiment, 

the samples were cataloged for traceability and quality assurance, then cleaned with 

alcohol and rinsed with distilled water. The samples were exposed to test environments 

for a period of 7 days, with the experimental matrix and mass change of the specimens 

detailed in Table 5.3. 
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Table 5.3: List of test solutions used and the relative mass change recorded. Tests 

were all conducted for 7 days at 7.6MPa and 50°C. Specimen area was 2.2cm
2
 in all 

cases. The average values are reported here, and the scatter in collected data has 

been indicated in subsequent figures where error bars are present. 

Solution 
Average scale mass 

(mg) 
Average mass loss 

(mg) 

10g/L H2O with 1g/L NaCl 

3.03 2.27 
(10000wppm H2O with 1000wppm 

NaCl) 

  

10g/L H2O with 1g/L Na2SO4 

2.80 2.27 
(10000wppm H2O with 1000wppm 

Na2SO4) 

  

10g/L H2O with 1g/L NaNO3 

2.80 2.23 
(10000wppm H2O with 1000wppm 

NaNO3) 

  

10g/L H2O with 3g/L Na2SO4 

3.13 2.30 
(10000wppm H2O with 1000wppm 

Na2SO4) 

  

10g/L H2O with 3g/L NaNO3 

2.67 2.03 
(10000wppm H2O with 1000wppm 

NaNO3) 

  

10g/L pH 4 HNO3 

2.13 1.63 (10000wppm pH 4 HNO3) 

  

10g/L H2O with 3g/L NaCl 

2.90 2.40 
(10000wppm H2O with 1000wppm 

NaNO3) 

  

 

A 1L autoclave was used, and the autoclave head was fitted with a thermal sleeve as 

shown in Figures 5.20(a), (b), and (c).  
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(a) 

 

 (b)  (c) 

 

Figure 5.20(a): Setup of supercritical CO2 corrosion test arrangement used herein. 

(b): Image of supercritical CO2 autoclave setup, with stainless steel lid open. (c): 

Image of supercritical CO2 high pressure autoclave setup, with stainless steel lid 

closed and thermal sleeve attached 

 

During each experiment, a set of three specimens were attached to a Teflon-made rope to 

ensure galvanic isolation. The specimens were then placed in the autoclave. The required 

solution was prepared and added to the autoclave, which was then sealed. The CO2 was 

transferred in the autoclave in order to reach the required pressure of 7.6MPa. The 

temperature was then increased to the set temperature of 50
o
C and the pressure checked. 

After a period of 7 days, the autoclave was then let to cool down and opened. The 

specimens were dried and photographed prior to being weighed. The specimens were 
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photographed, weighed, cleaned with 37.5% HCl and 1,3-di-n-butyl-2-thiourea (DBT) 

according to NACE standard RP0775-2005 (Preparation, Installation, Analysis, and 

Interpretation of Corrosion Coupons in Oilfield Operations). The samples were then 

rinsed with acetone, and weighed again.  

 

From Table 5.3, the mass loss is the weight difference before and after exposure. The 

scale mass is the mass difference before and after cleaning, after exposure. Surface 

analysis was conducted on all samples using a Veeco Wyko NT1100 optical profilometer 

and JEOL JSM-7001F FEGSEM scanning electron microscope. 

 

5.4.3 Results and discussion 

5.4.3.1 Post-exposure mass change results 

Weight change results of all steel samples exposed to supercritical CO2 in a variety of salt 

and acid solutions were consolidated into a graph (Figure 5.21). 
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Figure 5.21: Average scale mass and mass loss of steel samples exposed to 

supercritical CO2 in a variety of salt and acid solutions for a period of 7 days. The 

scale mass is a weight gain, which is then removed via the cleaning procedure 

according to NACE standard RP0775-2005. The mass loss is the actual mass lost 

after cleaning of products, and determined from final specimen weight and after 

exposure and cleaning compared to the mass of the specimen prior to exposure. The 

diamonds represent results derived from a neural network model
31

 developed from 

testing in aqueous conditions 

 

Figure 5.21 is sorted according to average mass loss in ascending order, where all 

impurities were added to 10g/L H2O. Overall, Figure 5.21 shows that the range of weight 

change among all samples tested was not too dissimilar (0.7 to 1.1mg/cm
2
). Steel samples 

exposed to 3g/L NaNO3 showed the lowest mass loss, followed by 3g/L Na2SO4. The 

addition of pH4 HNO3 did not increase mass loss by a significant amount, and is similar 

to the mass loss caused by salt impurities. Exposure to 3g/L NaCl showed the highest 

mass loss, with an average mass loss of 1.09mg/cm
2
. Similar results were obtained in our 

prior work using aqueous solutions at atmospheric pressure
96

, where steel samples were 

exposed to water-saturated Cl
-
, NO3

-
 and SO4

2-
 salt impurities at atmospheric pressure and 

temperature to simulate supercritical CO2 environments. The addition of 0.6M NaCl 

resulted in the highest corrosion rates in terms of weight and thickness loss, followed by 
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an equal amount in 0.6M NaNO3 and 0.6M Na2SO4. According to Cole et al.
119

, the 

addition of Cl
-
 impurities from hydrochloric acid (HCl) appears to alter the mass of H2O 

in the aqueous phase, due to the increased stability from an increase in ionic 

concentration. The solubility of water in CO2 is decreased with increasing HCl 

concentration, causing the mass of the aqueous phase to progressively rise. A minimum 

level of HCl contamination (2wppm) in supercritical CO2 caused a decrease of pH to less 

than 1.5. 

 

The mass loss test results herein (under supercritical CO2) are compared with the average 

mass loss data obtained from a model
31

, which is compiled from a database of tests 

conducted in aqueous solutions of similar concentration under atmospheric pressure and 

temperature. Figure 5.21 shows that corrosion damage calculated from the model is not 

too dissimilar with actual corrosion rates under supercritical CO2. The corrosive ability of 

salt impurities were enhanced by the increased pressure, while only a relatively minor 

change was observed with the pH4 HNO3 solution. It is speculated that the increased CO2 

pressure increased the solubility of CO2 in water (present in the aqueous salt solutions), 

resulting in the co-speciation of H2CO3, which in turn increased acidity and corrosion 

rates. 

 

An observation of the change in scale mass for all samples shows that it does not follow 

the similar general pattern portrayed by mass loss (Figure 5.21). The corrosion product of 

each solution tested is different; hence not all scales produced had an impact on mass 

loss. However, an interesting observation can be made from NaCl solutions, where the 

highest average scale mass was recorded at 1.42mg/cm
2
 by 1g/L NaCl. It appears that 

NaCl crystals deposited on the steel sample surface aided in retarding mass loss, where a 

decrease in scale mass from 1g/L NaCl to 3g/L NaCl saw an increase in average mass 

loss. A similar retarding effect was observed in an experiment by Fang et al.,
179

 where 

corrosion rate of carbon steel decreased with an increase in NaCl concentration. The 

authors concluded through potentiodynamic test results that the presence of salt retards 

both the cathodic and anodic reaction, thus decreasing corrosion rates. 

 

A comparison was made between mass loss tests conducted in supercritical CO2 (salt and 

acid impurities conducted herein and effect of water concentration
5
) and mass loss 
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expected according to aqueous solution tests that can be ascertained from the neural 

network model presented in our prior work
31

 (Figures 5.22 (a) and (b)).  

 

(a) 
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(b) 

Figure 5.22(a): Mass loss of steel samples exposed to salt and acid impurities from 

supercritical CO2 tests conducted herein (all data including replicates) versus the 

mass loss expected according to aqueous solution tests that can be ascertained from 

the neural network model presented in our prior work
31

. (b): Mass loss of steel 

samples exposed to H2CO3 from supercritical CO2 tests
5
 (all data including 

replicates) versus the mass loss expected according to aqueous solution tests that can 

be ascertained from the neural network model presented in our prior work
31

 

 

The aqueous solution tests were conducted at atmospheric pressure and temperature, 

while supercritical tests were conducted at 7.6MPa and 50
o
C. The 45

o
 line in Figures 5.22 

(a) and 5.22(b) represents data points at which average mass loss from atmospheric CO2 

corrosion equals supercritical CO2 corrosion. It appears that data points in Figure 5.22(a) 

are closer to the 45
o
 line, indicating that tests conducted in salt and acid impurities in 

aqueous solutions are a better representation of supercritical CO2 data compared to 
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H2CO3 in Figure 5.22(b). In both cases, data shows that corrosion rates increase as CO2 

pressure increases from atmospheric to supercritical. This shows that with sufficient 

corrosion data, adjustments can be made to the aqueous corrosion model to better predict 

CO2 corrosion. 

 

Supercritical CO2 corrosion test results herein
*
 were compared with results from various 

authors
5, 7, 8, 12, 32, 33

 who conducted tests under similar operating conditions and test 

environments (Figure 5.23).  

 
Figure 5.23: Overall comparison of corrosion rates from tests in supercritical CO2 

conducted herein (denoted by ) and tests conducted in other studies
5, 7, 8, 12, 32, 33

 

 

In all cases, the data collected herein showed less corrosion rates when compared with 

other authors. The difference in corrosion rates is more significant when comparing 

results exposed to NaNO3 and Na2SO4 impurities. It is revealed that a small volume of 

NO2 and SO2 impurities from tests conducted by Ayello et al.
7
 are more detrimental 

compared to NaNO3 and Na2SO4. Also, data comparison with Ruhl et al.
12

 show a 

significant increase in corrosion rates in acid solutions with increased concentration (pH 4 
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HNO3 from results herein* to pH 1 HNO3). This shows that acid impurities are a major 

concern in mitigating corrosion in supercritical CO2 pipelines.  

5.4.3.2 Corrosion morphology 

The corrosion morphology of all samples were analysed using an optical profilometer to 

investigate for pitting corrosion damage (Figure 5.24(a)). 
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(a) 

(b) 

Figure 5.24(a): The effect of salt and acid solutions on pit depth rate of steel samples 

exposed to supercritical CO2. (b): The effect of water concentration on pit depth rate 

of steel samples exposed to supercritical CO2
5
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The test solutions are arranged in ascending order according to the recorded average pit 

depth rate. The lowest pit depth rate was recorded by the 1g/L NaCl solution, with an 

average of 0.12mm/y. However, exposure to 1g/L NaCl showed a high amount of weight 

change as shown in Figure 5.21. This suggests that uniform corrosion is the main 

corrosion mechanism compared to localised corrosion when exposed to NaCl impurities 

in a supercritical CO2 environment. The highest pit depth rate recorded was from 

exposure to pH 4 HNO3, with a maximum rate exceeding 3mm/y. This shows that small 

amounts of acidic solutions such as HNO3 pose a high durability risk in a supercritical 

CO2 environment, even when average mass loss appears to be relatively small (Figure 

5.21). A high percentage of mass loss from HNO3 exposure was due to pitting corrosion, 

where the average pit depth rate was recorded at 1.3mm/y (Figure 5.24(a)). However, it is 

important to note that the pitting analysis made herein makes some first order 

assumptions, such that pitting initiates at the start of exposure, and that pit growth kinetics 

are linear into the future (as extrapolated from the results following a test period of 7 

days). These assumptions represent the worst case, since pit growth kinetics normally 

follow t
1/3

 kinetics
177

 and hence decelerate with time. The effect of HNO3 corrosion on 

steel was also researched by a number of authors
10, 12, 101, 116, 180

. Ruhl et al.
12

 revealed that 

HNO3 was very aggressive towards the carbon steel sample with localised corrosion, 

while Ayello et al.
101

 found similar results with electrochemical impedance spectroscopy 

(EIS), which showed detrimental effects from the addition of a low volume of HNO3 

(1mM) to a 1000wppm CO2-H2O solution. Corrosion rates increased from 0.1mm/y to 

4.5mm/y when HNO3 was added. This was believed to be attributed to a low dilution 

factor when water levels are low. Recently, an initial comparison of the corrosivity of 

fixed concentrations of HNO3, H2SO4 and HCl on carbon steel was performed by Ruhl et 

al.
12

 under supercritical CO2. It was noted that the corrosion behaviour of the three acids 

differed completely in supercritical CO2. Results showed that HNO3 was very mobile and 

corrosive towards carbon steel while H2SO4 did not migrate through the supercritical CO2 

to react with the steel surface
12

. Experiments conducted by Osarolube et al.
10

 also showed 

similar results when carbon steel was immersed in varying concentrations (0.3M to 2M) 

of HNO3 and HCl. In their tests, HNO3 showed increased corrosion rates of 3 magnitudes 

over HCl, which is attributed to the rapid autocatalytic reduction of HNO3, which is 

known to be a strong oxidising agent, generating oxidants at a geometrically increasing 

rate
116

. The mechanism is explained as the primary displacement of H
+
 ions from the 
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solutions, which is followed by HNO3 reduction rather than hydrogen evolution since the 

acid reduction leads to a marked decrease in free energy
10

. Experimental tests have also 

shown that although HNO3 increases pitting potential, it makes the carbon steel 

susceptible to crevice corrosion in water-containing impurities
180

. 

 

The effect of water concentration on the pit depth rate of steel samples exposed to 

supercritical CO2 was investigated (Figure 5.24(b)). In comparison to Figure 5.24(a), 

Figure 5.24(b) shows pitting corrosion damage when exposed to 10g/L H2O without the 

addition of impurities. It can be seen that there is no significant increase in average pitting 

rate from 1g/L to 25g/L. This result is expected as there is no significant change in acidity 

of the aqueous solution with increasing water concentration. The tests conducted herein 

show that salt impurities within the low concentration range studied do not contribute 

significantly to pitting corrosion rates. 

 

Surface analysis was conducted on all steel samples using an SEM and optical 

profilometer (Figures 5.25(a) to (d)).  

 

 

(a) 

 

27.9 

-36.8 

μm 
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(b) 

 

(c) 

 

  

30.2 

-31.9 

μm 

28.6 

-31.2 

μm 
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(d) 

 

Figure 5.25: SEM (left) and optical profilometry (right) images of steel sample in a 

supercritical CO2 environment for a period of 7 days after cleaning according to 

NACE standard RP0775-2005 following exposure to (a): 10g/L H2O with 1g/L NaCl. 

(b): 10g/L H2O with 3g/L Na2SO4. (c): 10g/L H2O with 3g/L NaNO3. (d): 10g/L pH 4 

HNO3 

 

The steel samples selected comprise of samples showing the least amount of pitting 

(Figures 5.25(a) and (b)) and the highest amount of pitting (Figures 5.25(c) and (d)) in 

ascending order. In the optical profilometry figures, it is shown that there is an increase in 

pit density in Figures 5.25(c) and (d) compared to Figures 5.25(a) and (b), despite their 

similar maximum pitting rates. Figure 5.25(d) shows an increase in pit size (blue patches 

signifying pits) compared to the other samples, which was also found by other authors
12, 

180
 conducting experiments on HNO3 exposure. 

 

It can be seen that the morphologies were almost identical for all samples, where the 

surface was covered by corrosion products for samples before cleaning, indicated by the 

scattered white spots on the surface. Also, uniform corrosion was observed for all 

samples, and no localised corrosion was observed. This confirms the analysis from Figure 

5.23, where the average pit depth of all samples was very similar across the entire water 

concentration range (100 ppm to 50000 ppm). A similar conclusion was made by Choi et 

al.
32

, where only uniform corrosion was observed for samples exposed to similar 

conditions of 8 MPa, 50
o
C with water concentration up to 400000 ppm. 

26.2 

-24 

μm 
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5.4.4 General discussion 

The carbon capture and storage (CCS) process remains the most feasible method in 

reducing CO2 emissions
162

. The study of corrosion of pipelines used for CCS purposes is 

complicated due to the vast amount of potential impurities from capture sources. The 

effect of these impurities on the durability of pipeline steel is largely unknown, and 

ultimately a threshold limit in terms of the concentration of all the components likely to 

be in the CO2 pipe stream will need to be quantified before any confidence or national 

standards in CO2 pipelines can exist. As a fundamental approach, various concentrations 

of salt and acid impurities were added to a supercritical CO2 environment to study the 

corrosion behaviour in CO2 pipelines. Potential corrosion damage in terms of weight 

change is shown in Figure 5.21. It can be seen that corrosion damage in terms of average 

mass loss is similar for all samples, but rather high, with a range of 0.74mg/cm
2 

to 

1.09mg/cm
2
 (0.35mm/y to 0.51mm/y). The exposed test environments also caused 

localised corrosion damage to the steel samples, with a maximum pit depth rate exceeding 

3mm/y.  

 

Analysis of corrosion data herein from aqueous tests at atmospheric pressure versus 

supercritical CO2 showed a direct correlation, bearing in mind an “offset” which results in 

increased corrosion in supercritical CO2 conditions (>7.39 MPa, 31.1
o
C). This difference 

in corrosion rates is investigated by Zhang et al.
3
, where properties of the corrosion 

product (FeCO3) formed under both atmospheric (1MPa) and supercritical (9.5MPa) were 

studied. The authors observed increased thickness of the corrosion scale under 

supercritical conditions, but SEM revealed that scale compactness was the main factor in 

determining its protective capabilities in terms of corrosion. The authors concluded that 

the characteristics of FeCO3 formed under both atmospheric and supercritical conditions 

were similar, and attributed the increased corrosion rates to the increased solubility of 

CO2 in water from supercritical CO2 tests. However, surface analysis from prior work
31, 96

 

shows that tests in supercritical CO2 induce a FeCO3 layer which is otherwise not obvious 

or present under atmospheric conditions. As such, this translates to increased mass loss 

from supercritical CO2 tests due to the presence of the FeCO3 layer. 

 

Factors affecting the precipitation of the FeCO3 scale were further explained by Hunnick 

et al.
145

, who provided the following expression for the precipitation of FeCO3 scale: 
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                      Eqn. 1 

 

where       
is the rate of precipitation of FeCO3, A is the surface area of the electrode, 

V is the solution volume, T is temperature, Ksp is the solubility product limit, and SS is 

supersaturation. From Eqn. 1, there is a direct proportionality with temperature, and 

according to Johnson 
146

, temperature is noted to be the most important factors in 

determining the precipitation rate of FeCO3, which explains minimal formation of a 

FeCO3 layer under atmospheric conditions (0.1MPa, 25
o
C). The influence of temperature 

on FeCO3 formation and morphology was further investigated by Cui et al.
8
, where 

experiments showed that the FeCO3 film formed at a relatively lower temperature (60
o
C) 

was more stable than that formed at a higher temperature (150
o
C). Although FeCO3 scale 

formation has been widely studied
8, 145, 146, 181

, its mechanisms and physical properties 

(morphology, porosity, thickness) in the presence of CCS stream compositions (low 

purity CO2) requires further investigation. In particular, the effect of temperature on 

FeCO3 scale properties remains wholly unknown and is an opportunity for future work.   

Through this work, we observed that the internal corrosion of CO2 pipelines can 

potentially be detrimental, and corrosion prevention techniques will have to be employed 

to reduce corrosion rates. This study on the corrosion behaviour of potential impurities for 

CCS pipelines provides information that is fundamental in maintaining the durability of 

pipelines for CCS purposes. 

 

5.4.5 Section summary 

A total of 21 steel samples were exposed to supercritical CO2 tests with varying 

concentrations of salt and acid impurities. The salt impurities were varied from 1 to 3g/L, 

and a pH 4 HNO3 solution was prepared as the acid impurity. Experimental results and 

analysis reveal that: 

 The range of weight change among all samples tested was not too dissimilar (0.7 

to 1.1mg/cm
2
). The addition of pH4 HNO3 did not increase mass loss by a 

considerable amount, and is similar to the damage caused by salt impurities. The 

highest mass loss was shown by 3g/L NaCl, with an average mass loss of 

1.09mg/cm
2
. 
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 The corrosion product of each solution tested is different; hence not all scales 

produced had an impact on mass loss. NaCl crystals deposited on the steel sample 

surface aided in retarding mass loss, where a decrease in scale mass from 1g/L 

NaCl to 3g/L NaCl saw an increase in average mass loss. 

 Pitting corrosion analysis using the optical profilometer shows that the lowest pit 

depth rate was recorded by the 1g/L NaCl solution, with an average of 0.12mm/y. 

The highest pit depth rate recorded was from exposure to pH 4 HNO3, with a 

maximum rate exceeding 3mm/y. Corrosion mechanism (uniform or localised) 

differs for each test solution exposed to a supercritical CO2 environment. 

 In comparison to aqueous modelling results, tests in supercritical CO2 showed 

increased corrosion rates, which is believed to be attributed to the increased 

solubility of CO2 in water due to an increase in pressure. Also, the morphology 

and physical properties of the FeCO3 scale formed under supercritical CO2 

(otherwise not present in aqueous tests) could have contributed to the increased 

corrosion rates. 

 SEM results show that there is little difference in scale and surface morphology of 

all samples. However, optical profilometry analysis revealed an increase in pit 

density and size when exposed to HNO3, which was similar to results obtained in 

similar studies
12, 180

. 
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6.1 Discussion 

This thesis provides a thorough review that is relevant to the state of the art as it is 

presently reported, along with a practical laboratory investigation as relevant to the 

internal corrosion of supercritical CO2 transport pipelines.  

 

In general, a review of the literature reveals that corrosion rates for CCS pipelines are 

likely to be sufficiently low if the water content and other contaminant levels are kept 

sufficiently low. However, this level of purity (in both the water content and other 

chemical contaminants) can only be achieved through a combination of cleaning 

technologies prior to and during the CO2 capture and is reported as not being the most 

practical approach, especially when off shore operations are taken into account.  

 

As such, the presence of free water in CCS pipelines remains an issue, which if 

unavoidable, warrants the corrosion implications on carbon steel pipelines to be 

experimentally studied as done herein. It was shown that the dissolution of CO2 in water 

leads to the in situ formation of H2CO3, which poses a durability risk even at low 

concentrations due to a decrease in pH of the aqueous phase. The acidity of H2CO3 is 

demonstrated in Section 5.3, where carbonated water was used to simulate the corrosion 

of H2CO3 in a carbon steel pipeline. The experiments show that H2CO3 existence led to 

the pH being as low pH as ~3, even when the concentration was comparatively low (i.e. 

at atmospheric pressure and temperature). This provides an insight into the corrosion rates 

of possible field pipes where the pH in the aqueous phase is poised to be lower when 

pressure is increased to supercritical (>7.5MPa) values. A study on the flow patterns of 

the aqueous phase during CO2 transport shows that the water phase exhibits stratified 

wavy flow and will primarily form along the bottom of the pipeline. This flow pattern is 

rapidly formed, and geometric features in the pipeline will have little to no effect on its 

stability.  

 

According to a report conducted by Last et al.
34

 for the U.S. Department of Energy 

(DoE), the major source of anthropogenic CO2 emissions is the combustion of fossil fuels 

for electricity generation, which comprises 34% of total CO2 emissions in the United 

States. Further analysis of the CO2 stream from coal combustion reveals that the 

concentration and type of impurity varies due to the different combinations of CO2 
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feedstock and capture/purification technologies. A report by Savage et al.
114

 identified 

impurities from CO2 streams to contain S- and N- bearing compounds, which leads to the 

in situ formation of HNO3 and H2SO4 in the presence of acidified water. A typical CO2 

stream composition is presented in Table 6.1 by Lee et al.
182

. The table has been modified 

by a unit conversion from ppmv to M and shows an average of the impurity concentration 

range for comparison purposes. 

 

Table 6.1: Estimated contaminant levels in captured CO2 stream from a 500MW 

coal-fired power station, depending on level of contaminant control by Lee et al.
34

 

after unit conversion 

Component No 

contaminant 

control (M) 

SO2 control by 

a wet flue gas 

desulfurization 

scrubber (M) 

NOx 

control by 

low NOx 

burners/ 

selective 

catalytic 

reduction 

(M) 

NOx control 

by low NOx 

burners/ 

selective 

catalytic 

reduction plus 

SO2 control by 

a wet flue gas 

desulfurization 

scrubber (M) 

As in case 

4, but also 

assuming 

that a 

commercial 

MEA-based 

CO2 control 

unit is used 

to trap CO2 

(M) 

SO2 1 0.19 1 0.19 0.28 

SO3 0.27 0.29 0.27 0.29 <0.29 

NO2 0.3 0.3 0.13 0.12 <0.12 

HCl 0.19 0.32 0.19 0.32 <0.32 

Hg
2+

 0.16 0.21 0.16 0.21 <0.21 

  

The concentrations of impurities in Table 6.1 range from 0.1 to 0.4M (except in cases 

where there is insufficient SO2 cleaning), which is consistent with the concentrations of 

impurities from experiments conducted in Sections 5.2 and 5.4. In Section 5.2, an ANN 

was constructed with a range of acids (0.1 to 0.4M H2SO4, HCl, HNO3) and salt 

impurities (0.3 to 0.6M NaNO3, Na2SO4, and 0.1 to 0.6M NaCl), with the aim to simulate 

the composition of impurities that are potentially found in supercritical CO2. A similar 

concentration of impurities was used in Section 5.4, where the effect of addition of salt 
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and acid impurities (0.1 to 0.2M NaCl, Na2SO4, NaNO3, and 0.4M HNO3) in supercritical 

CO2 was investigated. As such, the ANN is a valuable resource as a consolidate approach 

in gauging expected corrosion by simulating concentration levels of various impurities. It 

is fundamental in its nature in that it was derived from experimental results that were 

reproduced and cross-validated (i.e. mass loss, electrochemistry, profilometry). While the 

ANN is accurate in its representation of the concentration range of impurities presented in 

Table 6.1, a number of research gaps will have to be addressed before the ANN can be 

adopted for field use, including : 

 

Addition of impurities as input variables from Table 6.1 such as SO2, SO3, and NO2 

gases: The study of SO2 gas addition to CO2 streams remains an interesting research 

topic
13, 15, 97

, and its effects on the CO2 stream along with other potential impurities from 

Table 6.1 and capture technologies will need to be thoroughly examined.  

 

 The potential addition of exposure time as a variable: The high throughput method 

has the ability to produce a high amount of corrosion data in a relatively short 

amount of time. However, long term immersion tests (4-8 weeks) may provide a 

better representation of corrosion data in the field by investigating the corrosion 

mechanisms of carbon steel from prolonged exposure to select impurities. In 

addition, the lessons from longer exposure times and subsequent profilometry may 

also bring revelation to the kinetics of pit growth, since (as acknowledged in 

Section 5.3) the extrapolated pit depths are worst case scenario with t
1
 kinetics 

imposed, whereas in the literature
177

, pit growth kinetics are reported to have 

kinetics of t
<<1

 (i.e. t
1/3

 or t
1/5

). 

 

 Addition of flow rate as a variable: This provides a practical simulation of the CO2 

stream during transportation with the addition of flow rate (1m/s), and presents a 

study of its effects on corrosion rate.  

 

 Addition of pressure and temperature as a variable: The effects of supercritical 

pressure and temperature are studied in Sections 5.3 and 5.4, with a particular 

focus on the effect of supercritical pressure and temperature on salt and acid 

impurities in Section 5.4. During supercritical CO2 transport, pressure and 
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temperature will vary due to weather and contamination of impurities. As such, 

there is potential merit in conducting tests with varying pressures (7.5MPa to 

15MPa) and temperatures (31.1
o
C to 90

o
C). The higher temperatures may also be 

of direct importance to the issue of FeCO3 as discussed below. In addition, for the 

model to become completely holistic and harness the literature values, tests at 

intermediate pressures (such as those reported by Choi et al.
77

) would allow the 

pressure variable to be cross validated. In that vein however, the major merit from 

the ANN presented to date, is that it allows all other researchers to validate / 

compare and benchmark their results with that of a variable representation of data. 

Prior to the commencement of this project, very minimal data existed on the 

corrosion of steel in contaminated supercritical CO2, and this issue has now been 

addressed. 

 

One of the main focuses of the ANN is the prediction of corrosion rates of various acids 

on steel, and how their additions would affect the aqueous solution, particularly in terms 

of synergistic effects. The effects of acid addition (HNO3, HCl) to a supercritical CO2 

system is further explained by Ayello et al.
7
 using thermodynamic modeling. Modeling 

results suggested no changes with the solubility limit upon addition of either acid. 

However, it is shown that the initial condensate that precipitates is acidified (from pH 2.6 

to pH -3.3) by addition of increasing HNO3 content. This indicates that HNO3 has a 

detrimental effect on steel‟s corrosion rates even in low amounts, and is amplified at low 

water concentration. The corrosion mechanism of acids and their role in a supercritical 

CO2 stream is explained by the lowering of pH of the aqueous solution. The co-speciation 

of acids from impurities in the aqueous solution results in the formation of oxidising acids 

such as H2SO4 and HNO3. The increase in concentration (acid strength) increases their 

oxidising potential, causing nitrate ions (NO3
-
) in HNO3 and sulfate ions (SO4

2-
) in H2SO4 

to act as strong oxidizing agents. The effect of these oxidising agents (NO3
-
, SO4

2-
 and Cl

-

) were further discussed in Sections 5.1, 5.2, and 5.4. In the case of HNO3, the reduction 

process is catalyzed by reduction products of HNO3, causing an increase in reduction rate. 

This causes the current density in reduction to increase, resulting in a shift of the cathodic 

curve towards higher potentials. In addition, a significant increase in corrosion rates (as 

seen in experiments and ANN modeling) due to salt and acid impurities is attributed to 

the instability of any oxide or FeCO3 film due to the low pH of the aqueous solution.   
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Conclusions drawn from research work from Chapter 5 indicate high corrosion rates on 

carbon steel. This brings into view the significance of research on alternative materials for 

CCS pipelines. In order to assess the difference in corrosion rate experienced by stainless 

steels versus mild steel (0.22% to 0.29% carbon), a set of experiments was conducted to 

provide information in this regard, and to address the issue of whether stainless steel is a 

complete durability solution. Potentiodynamic polarisation was used to quantify corrosion 

rates on a select few stainless steel samples (Figure 6.1). The grades tested include: 

 420 Stainless: High strength stainless with the highest strength of the 12Cr 

(ferritic) grades (nominal composition Fe, <0.15% C, 12-14% Cr, <1% Mn, <1% 

Si, <0.04% P, >0.03% S) 

 304 Stainless: The basic austenitic grade with 17-19% Cr and 8-12% Ni 

 321 Stainless: Grade 321 is the basic austentitic 304 steel, stabilised by Ti 

additions of 0.3 to 0.7% 

 

 

Figure 6.1: Average corrosion current density (icorr) along with the associated scatter 

presented for corrosion rate measurements collected via potentiodynamic 

polarisation on mild steel, 420 stainless, 304 stainless and 321stainless 
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The results presented in Figure 6.1 indicate that stainless steel is significantly more 

durable than mild steel in a range of aqueous acidic (simulated CCS) environments. 

Interestingly, the stainless steels did not perform admirably against mild steel in sulphuric 

acid (H2SO4) environments. 304 stainless steels showed significantly higher corrosion 

rates when exposed to the pH 1 H2SO4 + NaCl solution. A similar study was conducted 

by Hermas et al.
155

, where 304 stainless steel samples were exposed to H2SO4 with 

increasing concentrations (0.1 to 0.5M) and temperature (20
 

to 60
o
C). Generally, 

corrosion rates were high (>300μA/cm
2
 in 0.5M H2SO4 at 60

o
C), with results indicating 

an increase in corrosion rates with increase in acid concentration. This shows that 304 

stainless steels are not suitable to be used as pipeline material where H2SO4 impurities 

could be present. Apart from the pH 1 H2SO4 + NaCl solution, the stainless steel samples 

performed better than mild steel in all other environments (HCl, HNO3 or Na containing). 

Among all solutions tested, experiments in H2CO3 showed the least amount of corrosion 

for all steel samples. This shows that corrosion is related to acid strength, and suggests 

that H2CO3 is a “weaker” acid. Of the stainless steels, the austenitic grades (304 and 321) 

showed lower corrosion current densities than the ferritic (420) with 321 indicating the 

lowest average corrosion rates. This suggests that 321 stainless steels are the best 

candidate as an alternative to CCS pipeline material. However, its corrosion properties in 

more aggressive environments (co-speciation of acids, ie. HNO3 + HCl, etc.) will require 

further experimentation. In addition, long term immersion tests are also recommended to 

investigate its durability in acidic environments. 

 

Besides stainless steels, the oil and gas industry has relied on the formation of a protective 

iron carbonate layer (FeCO3) to control CO2 corrosion in CO2-saturated water
142

. The 

general understanding of iron carbonate in the corrosion field is less reported since the 

carbonate is produced in-situ, nominally at elevated temperature and pressure, such that it 

is not at atmospheric phenomenon (and, as we report, was not observed in any of our 

water + CO2 simulant electrolyte tests). In saying that however,  the effect of temperature 

on the mechanism of FeCO3 formation is now well established in the relevant sector, with 

studies showing an increase in corrosion rate as temperature increases up to a certain 

point (nominally about 90
o
C), and then decreasing due to the formation of a protective 

FeCO3 layer
147

. Although temperature is one of the key variables, CO2 partial pressure 

and solution pH plays an equally important role in determining FeCO3 formation. 
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According to recent SEM analysis by Choi et al.
32

, the grain size of FeCO3 decreases with 

increasing CO2 partial pressure. This results in a protective layer which reduces corrosion 

rates (~0.2mm/y) even when pressure is high. The mechanism of FeCO3 formation in 

water-saturated supercritical CO2 is attributed to the condensation of water from the CO2 

phase, from which it immediately becomes saturated with CO2 and forms a FeCO3 layer. 

A study reported in 2013 by Tanupabrungsun et al.
149

 investigates FeCO3 formation with 

regards to solution pH and temperature. It was concluded that FeCO3 only precipitates at 

high pH levels and/or at high concentrations of Fe
2+

. However, FeCO3 precipitation can 

also occur at low pH if temperature is sufficiently high. For example, in their tests, FeCO3 

was observed at pH 6 at 80
o
C, while it was only present at pH 4 at elevated temperatures 

of 120
o
C. Currently, the mechanisms of FeCO3 formation in supercritical CO2 are not 

fully understood, and will require future research work to take advantage of its protective 

properties. As the pH, pressure, and temperature in any given supercritical CO2 stream are 

unique (due to its location, CO2 source and capture technology), experiments with 

varying scenarios will have to be conducted to provide a practical analysis of FeCO3 

formation. For example, experiments can be conducted at extremely low pH (~1) with 

increasing temperatures with the aim of establishing a temperature threshold in such 

aggressive environments before the formation of a protective FeCO3 layer is observed. In 

this regard, with respect to impurities and operating conditions, Figures 6.2 and 6.3 show 

the effect of water concentration and temperature on FeCO3 formation.  
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Figure 6.2: SEM analysis of steel sample following exposure to pure supercritical 

CO2 (0ppm water) for a period of 7 days at 40
 o
C 

 

 

Figure 6.3: SEM analysis of steel sample following exposure to 50000ppm water in a 

supercritical CO2 environment for a period of 7 days at elevated temperature of 

90
o
C 
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The SEM images presented in Figures 6.2 and 6.3 reveal that water concentration and 

temperature greatly affects the corrosion product formed. The characteristics of FeCO3 

are known as crystalline deposits formed on the steel surface, as shown by Yu et al.
105

. 

The SEM image in Figure 6.3 is similar to those presented by Yu et al.
105

, where a similar 

shape and grain size was observed.  

 

Through this project, the three major challenges associated with supercritical CO2 

transport can be summarised as “impurities, high pressure, and temperature”. The 

knowledge gaps have been discussed and addressed / supplemented with experimental 

work, providing a comprehensive overview on supercritical CO2 corrosion as relevant to 

CCS pipelines at this point in time, and to the extent that laboratory work permits. The 

valuable resource provided herein should be used alongside future studies on potential 

corrosion prevention methods. The presented ANN should also serve as a benchmark for 

future works of other groups, and can be readily augmented to harness additional data- 

particularly with the inner workings and associated syntax being published. Successful 

integration of protection strategies such as the use of stainless steels, and the manipulation 

of operating conditions and/or solution chemistry to influence FeCO3 formation are key 

factors in achieving safe and reliable CO2 transport.  
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6.2 Future work 

Future work in research and development may need to address the following: 

 

 Fully explore the possibilities of using select stainless steels to investigate their 

practical uses for supercritical CO2 transport. Specifically, steels with high 

chromium content (13% Cr such as Alloy 31) should be given priority, especially 

alloys that show low corrosion rates in acidic environments. In addition, alloys 

with Nickel or Titanium addition (such as 321 stainless steels) should also be 

experimented against supercritical CO2 corrosion, with focus on acidic 

environments. In cases of high HNO3 concentration, 304 stainless steels have been 

studied extensively
156-158

 as a durable material in these conditions.  

 

 Further investigate the effect of variables (impurity concentration, pressure, 

temperature) on the formation and behavior of a protective layer – iron carbonate 

(FeCO3) or iron carbide (Fe3C). A general consensus exists that the layer is porous 

at low temperature (~50
o
C) and does not act as a protective layer. Reduced 

corrosion rates were observed as temperature increases (~90
o
C), due to the 

improved adhesiveness of this layer. In particular, investigation of the formation 

mechanism of protective layers in highly acidic conditions (pH ~1) should be 

given priority, as this presents the worst case scenario in supercritical CO2 

transport when the amount of impurities are high.  

 

 Investigate the effect of flow on supercritical CO2 experiments using an irrigation 

system in an autoclave. This provides a practical view on the flow conditions in 

the pipeline during supercritical CO2 transport and studies how the aqueous phase 

is affected. Experiments can be conducted by investigating the effect of increasing 

flow rates (1m/s, 2m/s, 3m/s, etc.) to study the differences between a stagnant and 

flowing solution in terms of corrosion rates. Other properties such as its influence 

on the formation of a protective layer can also be studied. 

 

 Further understand the effect of gaseous impurities (SO2, NO2, O2) and their 

corrosive potential in supercritical CO2. Experimental results with increasing SO2, 
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NO2, or O2 concentrations would be beneficial in understanding supercritical CO2 

corrosion and can be consolidated into an ANN. In particular, high concentrations 

of SO2 gas are often present in CO2 systems with poor cleaning technologies, or 

technologies that only focus on the purification of NOx impurities. In a study 

conducted by Choi et al.
17

, results show significant corrosion when SO2 is added 

into a water-saturated supercritical CO2 environment (increase from 1 to 

5.5mm/y) due to an increase in hydrogen ion concentration. However, its effects 

when combined with other impurities such as NO2 and HCl (Table 6.1) remain 

unclear, and merits further experimentation.  

 

 Study the effects of inhibitors on supercritical CO2 corrosion as a prevention 

method. Although the topic of corrosion inhibitors in CO2 saturated solutions is 

widely studied
124-127

, the applications remain for CO2 transport in the oil and gas 

industry. Nevertheless, this serves as a valuable resource for inhibitor selection in 

supercritical CO2 conditions. Initial studies of inhibitors should focus on inhibitors 

that work on steel under CO2 saturated solutions, to further understand their 

effects on the aqueous phase. A few studies have been conducted on the effect of 

inhibitors in CO2 streams related to CCS applications before the transport 

phase
138, 139

. Generally, corrosion was successfully reduced with inhibitor 

efficiencies of 70-80%. However, there is a knowledge gap on the performance of 

inhibitors during supercritical CO2 transport, where the stream could be 

contaminated with a variety of impurities. To simulate the low pH that could 

occur in CCS pipelines, studies should focus on inhibitors that perform well in 

acidic conditions, such as thiazoles
183

. In addition, the role of inhibitors on FeCO3 

formation in supercritical CO2 environments should be investigated. For example, 

inhibitors such as aminopropylimidazol (API) and imidazoline-based products 

have shown to influence the properties and formation of FeCO3 due to their 

molecular structure
141

.  

 

 Conduct research in an effort to compile and organise corrosion data into creating 

a standard for the transport of CCS pipelines. The standard and pipeline design 

should take into account weather conditions to minimise the effect of varying 

pressure and temperature, particularly in seasonal countries such as Australia. 
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Pipeline thickness and design material should be optimized specifically based on 

stream composition, capture technologies, and cleaning processes. 
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7 Conclusion 

The corrosion mechanisms of supercritical CO2 as relevant to CCS pipelines have been 

discussed in this thesis with a literature review developed, and supplemented by the 

review content in Chapter 2, and experimental works from Chapter 5. The following 

points are main conclusions drawn in Chapter 5. 

 

 Electrochemical (potentiodynamic polarisation) tests reveal that corrosion kinetics 

in the presence of H2CO3 are pH driven and under anodic control. Corrosion rates 

were shown to increase logarithmically as pH decreases. The acidic conditions 

destabilise the steel surface, allowing more rapid anodic kinetics (dissolution). 

This was well documented. In addition to the increase in anodic conditions, in the 

case of excessively acidic environments, the increase in the kinetics of the 

cathodic reaction (due to the excess H
+
) which is water reduction can also lead to 

a further acceleration of corrosion kinetics. As such, decreases in pH below the 

pH value of H2CO3 alone are significantly problematic. 

 Tests conducted in H2SO4 with a fixed amount of salt impurities showed that NO3
-
 

had the highest impact on corrosion rates. In the case of co-speciation of acids, 

weight loss experiments revealed severe corrosion rates in pH 1 solutions 

compared to pH 2 (10 to 15 times). 

 Results from ANN modeling showed that an increase in acid (H2SO4, HCl, and 

HNO3) concentration constitutes an increase in corrosion rate, and is more 

pronounced from 0.04M to 0.07M. A comparison of acid strength shows that 

HNO3 is approximately twice as corrosive when compared to H2SO4 and HCl, 

while H2CO3 is shown to be the “weakest” acid.  

 Fuzzy curve analysis shows that the types of impurities present in the CO2 stream 

outweigh the effect of H2CO3 concentration and temperature in relation to 

corrosion rates. This suggests the presence of water in supercritical CO2 is not so 

much a concern as the ability of the aqueous phase to become vulnerable to 

impurities.  

 Weight loss results in supercritical CO2 with increasing water concentration 

revealed that corrosion mass loss increases as water concentration increases. 

The rate of increase in mass loss was particularly evident when the water 
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concentration was > 1000 ppmw. This water concentration level (1000ppmw) 

could be viewed as an empirical threshold point for increased mass loss. 

Specifically, significant corrosion was observed above 1500ppmw, where mass 

loss starts to increase rapidly, reaching a maximum average of ~2.1mg/cm
2
 for the 

maximum water concentration tested (50000 ppmw). Pitting analysis from optical 

profilometry suggests that water concentration may only play a minor role on pit 

growth in a supercritical CO2 environment. SEM images of all samples show that 

uniform corrosion was observed as the corrosion mechanism, with no localised 

corrosion. 

 The effect of corrosion scale (FeCO3) on corrosion rates was also incipiently 

investigated at various water concentrations. Analysis of mass loss data showed 

that corrosion scale produced at the 500 ppm to 1500 ppm water concentration 

region is most effective at decreasing CO2 corrosion rates.  

 Weight loss tests of samples exposed to salt and acid impurities in supercritical 

CO2 showed that the range of weight change among all samples tested was not too 

dissimilar (0.7 to 1.1mg/cm
2
). The highest mass loss was shown by 3g/L NaCl, 

with an average mass loss of 1.09mg/cm
2
. The addition of a small concentration 

of HNO3 (pH 4) did not show a significant increase in mass loss, however optical 

profilometry suggests that pitting damage caused by HNO3 is high, with a 

maximum rate exceeding 3mm/y.  

 A correlation was observed when comparing aqueous modelling results to tests 

conducted in supercritical CO2. In general, supercritical CO2 tests showed 

increased corrosion rates, which is believed to be attributed to the increased 

solubility of CO2 in water due to an increase in pressure. The different 

morphology and physical properties of the FeCO3 scale formed under supercritical 

CO2 compared to atmospheric conditions are also believed to play a role in the 

increase of corrosion rates. 
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Appendix A: Raw syntax for artificial neural network model, 

as discussed in Section 5.2 

icorr= 
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Appendix B: Additional images of steel samples from 

experiments exposed to increasing water content in 

supercritical CO2, as discussed in Section 5.3 

 

Figure B.1: Steel sample following exposure to 100ppm water in a supercritical CO2 

environment for a period of 7 days  

 

 

Figure B.2: Steel sample following exposure to 200ppm water in a supercritical CO2 

environment for a period of 7 days 
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Figure B.3: Steel sample following exposure to 300ppm water in a supercritical CO2 

environment for a period of 7 days 

 

 

 

Figure B.4: Steel sample following exposure to 400ppm water in a supercritical CO2 

environment for a period of 7 days 
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Figure B.5: Steel sample following exposure to 500ppm water in a supercritical CO2 

environment for a period of 7 days  

 

 

 

Figure B.6: Steel sample following exposure to 1500ppm water in a supercritical 

CO2 environment for a period of 7 days  

 

 

 

Figure B.7: Steel sample following exposure to 6000ppm water in a supercritical 

CO2 environment for a period of 7 days  
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Figure B.8: Steel sample following exposure to 25000ppm water in a supercritical 

CO2 environment for a period of 7 days  

 

 

 

Figure B.9: Steel sample following exposure to 50000ppm water in a supercritical 

CO2 environment for a period of 7 days  
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Appendix C: Additional SEM images of steel samples from 

experiments exposed to various salt and acid impurities in 

supercritical CO2, as discussed in Section 5.4 

 

Figure C.1: SEM images of steel samples in a supercritical CO2 environment for a 

period of 7 days after cleaning according to NACE standard RP0775-2005 following 

exposure to 10g/L H2O with 3g/L NaCl 
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Figure C.2: SEM images of steel samples in a supercritical CO2 environment for a 

period of 7 days after cleaning according to NACE standard RP0775-2005 following 

exposure to 10g/L H2O with 1g/L NaNO3 

 

 

Figure C.3: SEM images of steel samples in a supercritical CO2 environment for a 

period of 7 days after cleaning according to NACE standard RP0775-2005 following 

exposure to 10g/L H2O with 1g/L Na2SO4 

 

 




