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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’, as evidenced by current initiatives such as Carbonet, and supercritical CO,
pipelines represent the anticipated mode of CO, transport from the capture to storage
sites". A thorough literature review was conducted, which includes studies of the
corrosion mechanism related to supercritical CO, 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 CO,. For
this, a high pressure autoclave was also used to simulate the high pressure (>7.5MPa)
during supercritical CO, 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 CO, 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 CO,, which gives merit to experimentation using high
throughput methods.

'http://www.co2crc.com.au/research/ausprojects.html
"J. Mack, B. Endemann, "Making carbon dioxide sequestration feasible: Toward federal regulation of CO,

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

1 Introduction

Carbon capture and storage (CCS) has recently emerged as a potentially effective and
promising solution to combat the threat of climate change®. CCS is a three-step process,
where waste carbon dioxide (CO,) 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 CO, from entering the atmosphere*®.

Three main methods of CO, capture exist and are used according to the process and
source of CO,. 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
CO; is separated 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 CO; 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 (H,) and CO,, which is then separated®. Finally, the
third method is known as oxyfuel combustion or oxyfiring. In this case, air is replaced
with O, during combustion, creating flue gases containing mainly CO, (80%) and water
vapour™. As evident from the three processes, streams of different CO, compositions
will result and have to be determined. After the capture process, CO, 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)*.

Currently, research studies on CO, capture and storage technologies are of great interest®”
4246 " \ith several governments showing interest in the imminent production of CCS
infrastructure. However there is very little open knowledge regarding the CO, transport
phase. Typically, CO, is transported as a supercritical fluid (>7.38MPa, 31.1°C) via
pipelines, taking advantage of its increased density and to avoid complicated two-phase

flow regimes*"

. In addition, transport at lower densities (i.e., gaseous COy) is
inefficient due to the relatively high pressure drop per unit length®®. However, the
increased pressure, combined with the presence of free water (carried over water from
capture processes or hydro-test operations) in the CO, mixture stream poses a real risk to

the durability of the pipeline®. 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®’. In
comparison to oil and gas pipelines where CO; is not the main transport component, the
corrosion rate of wet carbon steel in supercritical CO is potentially higher®. This is due
to the formation of carbonic acid (H,CO3) when CO, dissolves in water (H,0)>*. The
increased pressure from atmospheric to supercritical increases the solubility of CO, in
water, which produces a concentrated H,COj solution. In addition to H,COs, other
impurities such as sulfuric acid (H2SO,), nitric acid (HNO3), hydrochloric acid (HCI),
sulfur oxides (SOy) and nitrogen oxides (NOx) may contaminate the CO, stream
depending on the capture technology. CO; in the presence of (SOx) and (NOy) impurities
have never been transported before by pipeline, as such their effects on pipeline durability
and design are not fully understood™. 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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Chapter 2

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 CO, corrosion, which are

not covered in Sections 2.2 and 2.3.

The transport of CO, 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 CO,
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°. 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 CO,*.

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

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

(eg. pozwer plant)

Figure 2.1: Carbon Capture and Storage’
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The major current anthropogenic sources of CO, 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 MtCO; to 4
MtCO,®°. The first phase of CCS involves capturing or separating CO, from its initial gas
stream to produce a concentrated stream of supercritical CO, which is typically
compressed to a pressure above 8 MPa. This is to avoid two-phase flow regimes and
increase the density of the CO,, making it easier and more cost effective to transport>’.
Three main methods of CO, 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®® %80
(modelling and using alternate adsorbents). Typically, the process involves the use of
liquids such as an amine or ammonia to separate CO, 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 CO, 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 (H,) and
COg,, which is then separated. Similar to post-combustion technology, the design and
implementation of the pre-combustion process is widely researched*® %%, 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®®*, In this case,
air is replaced with O, during combustion, creating flue gases containing mainly CO,
(80%) and water vapour®’. After the capture process, CO is transported via pipelines for
various purposes, including injection into underground, the deep ocean, and enhanced oil
recovery (EOR).

The transportation of CO, 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, CO,
is nominally transported as a supercritical fluid (>7.5MPa, 31.1°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 CO, and CO, - containing mixtures*®. 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 CO, 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*®:

e Pressure: wall thickness, over-pressure protection systems

e Resistance to degradation: internal due to corrosion and external due to
environmental conditions

e Protection from damage: third party or installation damage

e Appropriate monitoring facilities and safety systems: periodic or remote

e Location consideration: local climates and fluctuations

An assumed CO, 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 CO,%. High durometer (>90) elastomer seals are also required
for these pipelines*®. Water content is of major concern in supercritical CO, transport
pipelines due to the formation of carbonic acid (H,COs3). In order to prevent hydrate
formation and internal corrosion of the carbon and low-alloy steel pipelines, the
transported CO, should be treated to a very low water content or a relative humidity of
less than 60%*, or less than 100 ppm (parts per million)>. For example, CO, transported
in the Weyburn pipeline contains less than 20 ppm HO. It is stated that the CO, flow is
dried to a 40 °C dew point to prevent corrosion and contains N»< 300 ppm, O, < 40 ppm
and Ar < 10 ppm®. This leaves the CO, 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 CO,. Another factor is the presence of H,S in the pipeline, which can be
found in CO; captured in gasification plants without proper desulfurization. In this case,
the concentration of H,S 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*.
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One of the most common causes of pipeline failure is corrosion®. 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:

Patential | volts, 5.H.E.)

[Immunity)
-1.4 |— —

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

FesO,4 and Fe,O3 are the only solid substances?

In terms of elementary background the term “CO; corrosion” is one that can be
misleading, since it is not CO, (which is a gas) that is corrosive. The term refers to the
situation when CO; is in an abundant presence, along with an aqueous phase (water),
where the opportunity then exists for CO, to dissolve in water — forming H,COs. It is thus
the H,COg 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 H,CO3; promotes the
dissolution of Fe to Fe?*, and has the ability to induce corrosion in a CCS pipeline. The
issue of H,COj3 corrosion can occur in many different situations. It can occur in scenarios
of widely varying pressure, in oil pipelines (where CO; is a minor constituent) and water
IS present as an impurity, and it can also occur in pipelines carrying CO, alone (where

CO; is the major constituent) and water is an impurity. CO, 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 CO, 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®”"*. However, the CO, corrosion issues in oil and gas transport
differ from CO, transport for CCS purposes due to stream composition and transport
operating conditions. In oil and gas transport, CO, is a minor component’? (0.5 to 2.5%)
compared to CCS purposes, where CO, constitutes a majority of the stream composition’
(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 CO, 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 CO, 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.”, where the addition of HNO3 into CO,-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 CO,-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 (icor) by manipulating the
corrosion potential (Ecor). The resulting icor Values are plotted versus Ecor, 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 icr and a shift of the cathodic curve

towards higher potentials.

The study of CO; 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 CO; 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.”* aims to simulate and study CO, corrosion in
methyl diethanolamine (MDEA) -based CO, 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°C, exposed to CO,, Oy,
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.”

regarding
the use of post-combustion capture, where amine-based solvents are used to
separate CO, 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 CO,
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 CO, stream can also be contaminated by a number of impurities during the

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

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.*®

, the corrosion behaviour of X70 steel with increasing
SO, concentration was investigated using weight loss measurements. The tests
revealed increasing corrosion rates with an increase in SO, concentration, which

enhances the corrosiveness of the water-saturated supercritical CO,. The influence
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of SO, is still a concern, although corrosion products observed to be ferrous
sulfate (FeSO,4) 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 CO, transport
play a major role in determining the corrosion properties of carbon steel.
Experiments were conducted by Choi et al.”’, where carbon steel samples were
subjected to 25 wt% NaCl under various set partial pressures (4, 8, 12 MPa) and
temperatures (65, 90°C). The authors revealed significant corrosion (~10mm/y) at
65°C, which decreased to ~0.05mm/y when temperature was increased to 90°C.
This phenomena was observed due to the behaviour of the corrosion products
formed under different temperatures. A protective iron carbonate (FeCOg3) layer
was formed at 90°C, while a non-protective and porous iron carbide (FesC) layer
formed at 65°C.

The challenges associated with CO, storage: The study of supercritical CO,
corrosion is not isolated to the capture and transport phases, and also involves the
final storage phase. A review conducted by Choi et al.” investigates the risks
associated with CO, sequestration in the form of wellbore integrity. Poorly
insulated (with cement) casings, when in contact with wet supercritical CO, will
lead to corrosion of the steel and cause CO; leakage. The authors conclude that
corrosion rates under supercritical CO; 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 FeCOs. In a similar study on CO, storage,
Esmaeely et al.” investigates the effects of addition of calcium ions to prevent
casing corrosion when in contact with injected CO,. The aim is to improve the
formation and protectiveness of the FeCOj3 layer with calcium ions. Carbon steel
samples were exposed to simulated saline aquifer environments (1 wt% NacCl, at
80°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 FeCOj3 layer to a non-protective calcium carbonate (CaCOs) layer.
Research on alternative materials for CCS purposes: In an effort to control and

reduce the high corrosion rates associated with supercritical CO, 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.®® 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 CO,. Potentiodynamic polarisation tests revealed
extensive pitting with pit depths of up to 100um 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 CO».

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

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

While the study of supercritical CO, 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 CO, 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 CO; in its
liquid and/or supercritical phase in the scale that is required for CCS

Based on the present understanding of CO, corrosion mechanisms at high partial
pressure, there exists significant uncertainty, particularly considering the effects of
other components in the CO, stream®’.

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 Avyello et al.”, and one by Choi et al.*

) 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

82, 83

international conferences , there is astonishingly little data regarding actual

corrosion rates of steel in CO; 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 CO, transport; Farelas et al.®*

conducted experiments on
different CO, phases (liquid and supercritical), with <1% SO, impurity at
650ppmv water. Weight loss experiments in supercritical CO, showed a decrease
in corrosion rate with a decrease in SO, content, and SEM images revealed no
localised attack. However, results obtained in high-pressure liquid CO, showed
significant localised corrosion.

An investigation of the corrosive effects of SO,, O,, and water vapour on pipeline
steels: Weight loss experiments conducted by Ruhl et al.** on pipeline steel
samples showed no severe corrosion when exposed to a continuous flow of SO,.
However, the addition of O, showed an increase of 0.3mg/cm? in material loss,
which gradually increases with the addition of water (up to 10mg/cm?). 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.* 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 CO; 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 CO; capture plants are investigated for
their effect on the resulting CO, stream. The second session, “Corrosion in
Supercritical Systems” comprises studies on the effect of impurities in
supercritical CO,. The technical challenges raised include the effect of varying
concentrations of impurities such as O, SO,, NO,, and CO on the corrosion of
pipeline steel. In most cases, experiments with increasing concentrations of O,

and SO, 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®. This
is largely due to economic reasons where the price of carbon remains low, effectively
delaying CCS commercial viability to 2020%". 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®, the National Low Emissions Coal Fund, and a legislated carbon price®. Small
to large scale demonstration projects such as The CarbonNet Project®™, the CO,CRC
Otway Project®, and the Latrobe Valley Post Combustion Capture Project® are also
underway, with more proposed projects to follow® . 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 CO, 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 CO, transport in CCS: Is

it a real problem?
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The transport of carbon dioxide (C0z) from capture to storage is a vital aspect of any C0: capture and
storage (CCS) process — and it is essential that it is effective, safe and economical. Transport by pipelines
is one of the preferred options and thus, for safe operations, such pipelines should not be subject to
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corrosion over the Last 20 years, however, such pipelines operate under stringent regulations with regard
- to water and contaminant levels in the C0y stream. This paper reviews the literature on the range of
Jéawaﬂs. potential compositions in OC5 COq streams and the likely phases that will be in such streams, the relevant
Corrosion history of O0; pipelines, and laboratory studies of C0; corrosion, with a view to understanding the
50, corrosion threat to pipelines where COy is the primary fluid
Transport Crown Copyright € 2011 Published by Elsevier B.V. All rights reserved.
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1. Introduction (0 pipelines have been extensively used in enhanced oil recov-

Inorder to minimise carbon dioxide {00 }emissions from power
plants and other industrial processes, safe and economical CO; cap-
ture and storage (CCS) systems are being developed (Carter, 2010;
Connell, 2005 ). Transport from the 00, source to the storage loca-
tion is a key element in all CC5 systems, with pipelines being the
logical and preferred transportation method, The aim of this review
is to ascertain if the literature contains sufficient information to
assess whether CCS (0, pipelines can be operated without the risk
of internal corrosion, and/or to identify any knowledge gaps that
need to be filled in order to make such an assessment.

+ Cormesponding author.

E-mai! adiress: [ | s. coi=)

ery (EOR) - currently ~-3100 miles {~-5000km) of COz pipeline is
used principally for EOR in the USA alone - for up to 20 yvears with
no significant record of corrosion (Gale and Davison, 2004). Such
pipelines are operated under strict limitations on contaminants,
particularly free water, H;5, 5 compounds and oxygen (Carter,
20107, In CC5, in order to avoid two-phase flow, C0, will be trans-
ported either in the supercritical or the liquid state—at pressures
ranging from =5 to > 10MPa!. At these pressures, the solubility
of water is limited (0.3-0.4 = 10-? mole fraction) (Spycher et al,
2003 ). If a separate, Hy(O rich, aqueous phase forms, it will be satu-
rated with C0y and will have an acidic pH of -3, via speciation of
carbonic acid, as shown Fig. 1.

T 100 bar= 10 MPa.

1750-5E36]S - see fromt matter. Crown Copyright & 2011 Published by Elsevier BV, All rights resensed.

thai: 10U101 B ijgge.2011.05.010

17



Chapter 2

750 15, Cole et al fIntermational [owrne of Greenhouse (s Conirod 5 (2017 ) 749-756

Fi. 1. The concentration (in logM ) of various species for aiypothetical water + 00,
mixture SROWing Carbanic 2cid in existence at acidic pH. Diagram was caloulated
wsing Hyrira-Medusa with a pressure of 100bar at 37 -C.

A recent paper by Choi and Nesic gave an excellent description
[theoretically and experimentally ) of the mutual solubility of water
im C0% and COy in water; certain aspects of which are reviewed
below, However, one key aspect of CCS transport systems, in partic-
ular, is that additional contaminants such as H; 5, 505 and NO5 will
also segregate to the aqueous phase and thus have the potential to
drop the solution pH further, via the in situ formation of sulphuric
and nitric acids (in addition to the existing carbonic acidl. Exper-
imental work (Ayello et al, 20010) has shown that the presence of
a second acidic aqueous phase has the potential to significantly
increase the cormosion rate of pipeline steels.

In a water-mediated system, three types of reactions can occur;

(2] The absorption of gaseous 005 and the acidification of the mois-
ture layer{Carter, 2010; Connell, 2005; Gale and Davison, 2004 ).

(b) Cathodic (Spycher et al, 2003; Ayelle et al., 2010) and anodic
(Zhang and Cheng, 2000 reactions.

(c) Reactions leading to the formation of an oxide layer (Glezakou
et al., 2008; Nesit, 2007 ; Granite and O'Brien, 2005),

The absorption of (07 occurs via:

COu(E) + HaO{1) + Ha(Os(aq) (1
HIL-D]_-- H_+H'|:ﬂ]_ (2]
HCOy— « HF + 0057 (1

In such a regime, cathodic reactions may accur either by the direct
reduction of hydrogen ions, or via carbonates;

2H* +2e- — H; 4]
HaC0q + e~ — HOOD5~ +1/2H; (5]
HCOR~ — C0 +1/2H: (6]
The anodic reaction ocours simply via the oxidation of iron;

Fe — Fe?*+2e- )

Oxides may form either via a one-stage reaction with carbonates,
or via a two-stage reaction with bicarbonates:

Fel+ + COh% — Fel0y (8)
Fel+ + 2HC0;~ — Fe(HOD;h (9
Fe(HOD4 )y — Felly + 005 + Hy0 (10}

Experimental evidence for the presence of carbonate (Fe{05) lay-
ers upon steel has been shown in Choi et al. {20100, Iron is known to
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be very active in acid solution, and this activity may be attributed
to the instability of any oxide or carbonate formation, and to the
support of the cathodic reaction (Glezakou et al, 2009) induced
by the high hydrogen ion concentration. Thus, the acidification of
the aqueous phase in C0z transport can very significantly increase
pipeline corrosion rates. The works to date, experimental and the-
oretical, indicate that a worst-case scenario can be a pH value of
the fluid of --3.2 (from carbonic acid alone). The impact of this low
PH can be predicted to some extent by the Pourbaix diagram for Fe,
which reveals the enhanced dissolution of Fe with decreasing pH.

At present, one of the major limitations in CC5 is the associated
infrastructure and running costs, and thus significant effort is being
directed at reducing these costs, Measures being considered include
reducing the extent of gas conditioning(i.e, COz drying) prior to gas
entering a pipeline, and/or combined gas capture (Carter, 2010),
however, both of these measures have the potential to increase
the levels of pipeline contaminants, thus increasing the threat to
durability.

Thiis review will not focus on the problem of corrosion in C05-
contaiming streams in which OO is not the principal phase, such
as those that occur in the oil and gas pipeline industry, Although
superficially similar to the corrosion problem in CC5, the scenario
in oil and gas streams is quite different, in part because the con-
centrations of 005 are different, but also because the pressures are
much lower (hence COz is in the gas phase) and the primary fluid
is mot (0. The reader is referred to the review of NeSil (2007 ) for
information on this topic.

2. Effect of capture on contamination in 00; streams

In considering the impurities in captured CO» that are required
to be transported, one needs to appreciate the different mech-
anizms of separation, and the likely impurities that will result
from each method. Technologies currently under consideration
for €0 capture include absorption, adsorption, membrane and
cryogenic processes (Granite and O'Brien, 2005). Of these, the
most likely candidate for commercial application in the near
future is chemical absorption using solvents (most commonly alka-
nolamines, particularly monoethanolamine | MEA) to form weakly
bonded intermediate compounds, which are subsequently recov-
ered through the application of heat (Granite and ('Erien, 2005),
However a major issue with MEA systems is that the amines react
irreversible with sulphur bearing compounds and Oy (Wolsky et al,
1904, As detailed later this is detrimental to the MEA (rendering it
inactive) but does also reduce the contaminants (particularty sul-
phur compounds) in the 002 gas stream. This interaction has been
observed in MEA C0; recovery pilot units attached to power plants
(Wilson et al, 1992; Suda et al., 1992 while Suda et al, (1992 ) indi-
cating that 100% of the 505 in the input gas stream reacted with the
MEA,

An analysis by Lee et al. (2009} of the likely impurities in cap-
tured C0, streams using MEA-based C0s absorption, indicated that
theinitial composition of flue gas from a coal-fired power plant may
consist of S00-3000 ppmy of 505, 20-30ppmvy of 504, and up to
100 ppmv of HCL, in addition to mercury and MO, {(which will con-
sist of 95% nitric acid and 5% NO; . Many of the components of flue
gas (particularly 50z ) may react with MEA, causing its irreversible
degeneration with the precipitation of stable salts. This suggests
that there are economical benefits to purifying the gas prior to C0,
absorption, although these must be balanced against the cost of
purification.

Fig. 2 shows possible pollutant control measures for a typical
coal-fired power plant, which include a low NO, burner (LNE],
selective catalytic reduction (3CR) (to reduce MO, levels), an elec-
trostatic precipitator (ESP) and flue gas desulphurization (FGD.
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Fig 2. Possible pollutant controd measures far a coal-fred power plant.

Adapted from Les at al. (2009).

Table 1
Estimated cortamanant kevels in captared C0; stream from a S00MW coal-fired power station, depending on lewel of contaminant cantral.
Case Description Contarminznt levels
1 Na contaminant contral 50 0.6-4.4 WIE, 50, 42-579 ppmv, MOy 24-111 ppm,
HO 36 B35 ppmv, HE™ 23- 261 ppmv
2 50, control by a wet FGD scrubber 507 337-2403 ppmv, 504 21-30Z ppmy, N0,
18-87 ppm, HOl 2-44 ppmw, Hg™* 2-27 ppmy
1 N, control by LNE) SCR 50, 0.5-4 4 WtE, 50, 42- 575 ppmv, MOy, 10-44 ppm,
HC 36835 ppmv, HE™ 23-261 ppmv
4 N, comtrol by LNE/ SCR plus 50 contral by 2 wet FGD scrubbser 50, 337-2403 ppmv, 504 21-302 ppmy, NO,
7-35 ppm, HOl 2-44 ppmv, Hg™* 2-27 ppmv
5 A5 incase 4, but also assuming that 2 commertial MEA-based C0, control unit is used totrapC0, 50, 34-135 ppmw, 50, <21 to <302 ppmw, N0, <7 to

<ISPpmw, HCI <2 [0 <44 ppmw, Hg™ <2 to <27 ppbw

Adapted from Lee et al. {2005).

In their estimate of contaminant levels in C0; streams from
a 500 MW coal-fired power plant, Lee et al. (2000) assumed five
case scenarios with different control measures, as per Table 1. It
is evident that, depending on the pollutant control procedures,
the contaminant levels varied dramatically from 0.5 to <0 1% It is
known that if SOy enters a C0; absorber, it may react with the MEA,
leading to the formation of heat-stable salts (isothiocyanatoethane
and tetrahydrothiophene ), which must be removed from the bot-
tom of the heat exchanger and disposed of. For case 5 in Table 1,
which includes MEA-based COy capture, it is assumed that either 0
or 75% of the S0y reacts to form such heat-stable salts, While there
i5 s0me uncertainity about the degree of capture of 502, 75% seems
a reasonable estimate based on the work of Suda et al_ (1992) and
others previously discussed. The best possible scenario {case 5 with
the formation of stable salts) leads to 34 ppmw of 504, <21 ppmw
of S0, <7 ppmw of NOz, <2 ppmw of HC and <2 ppbw of Hg™*.

In addition to the cleaning processes outlined above, C0; gas
streams may undergo conditioning before transport through pipes
(Aspelund and Jordal, 2007). Gas conditioning can include the
remaoval of water and other liquids in vapour-liquid separator
drums, the use of a volatiles remowval column to extract gases such
as Mz, 03, NO, CO, Hy and CHy, and additional physical and/or
chemical treatments to remove other unwanted components. In
liquid-vapour separation drums, water is initially removed using
gravity alone, and then additional water is removed using pres-
sures of between 20 and 40 bar, Indeed, Austegard et al, (2006)
indicate that water content can be lowered to 400-500 ppm. This
i5 below the solubility limit of Hz 0O in liquid or supercritical CO5,
which according to Spycher et al. (2003 ) is around 3 = 10~ glg or
approximately 730 ppm.

3. Chemistry (phases and pH) likely in C0; streams

For cost-efficient and safe transport, 00, needs tobe in either the
liquid or supercritical state, and so will be at pressures in excess of
50 and 20 MFPa, respectively, at temperatures above 0-C, Austegard
etal. (2006 ) compared a range of thermodynamic models with mea-
sured data on HyO-C0p—CHy mixtures, and the models and data on
the H30-05 system are of importance to this review, Fig, 3 shows
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the phases in such a system in the case where there is free water,
and it is evident that water will be in the liquid phase when C0- is
transported in either the supercritical or liquid state.

However, if the water content is kept low, it will remain
diszolved in the 00z phase, King et al. {1992 experimentally deter-
mined the solubility of water in supercritical and liquid C0, at
temperatures of 15-40°C and at pressures of 1-200bar, and found
that the mole fraction of water in OO0, ranged from just owver
0,22 = 10-2 at 15=C and 40 bar, to around 058 = 102 at 40°C and
200 bar, King et al, (1992) also provided an estimation of how
much molecular HxO0y may result from the hydration of CO,
{0.32% of C0, concentration ), Numerous researchers (Akinfiev and
Diamond, 2010; Austegard et al,, 2006; Ayello et al., 2010; Bermejo
et al, 2005; Bruusgaard et al., 2010; Chapoy et al., 2004; Fu et al,
2000; Glezakou et al, 2010; Jacquemet et al., 2009; Koglbauer and
Wendland, 2008; Kwon et al., 2010; Lachet et al, 2009; Lee et al,
2002; Li and Yan, 2009; Longhi, 2005; Pappaetal,, 2009; Song et al,
1987 ) have since developed models or experimental data for the
mutual solubility of water and COy, and these have been reviewed
by Spycher et al. (2003) and more recently by Choi et al. (2010)
Their analyses indicated that the solubility of water goes through a
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Fig. 3. Phases in the CO;-Hy0 system with free water. V=vapour, L=liguid,
H=hydraie, I=ice. The points are aciual measurements Trom different sources
{Austegard et al, 2006).
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sharp U-type curve [ see Fig. 4a for water solubility in 00, ), whereby
it decreases sharply as pressure is increased to 50-60bar, then it
increases rapidly before stabilising at 60-80 bar and then on being
only a weak function of pressure, with the solubility limit of water
increasing from around 0.2 = 10-? (mole fraction) at 100 bar, to
0.4 = 102 at 500 bar, The experimental data and the modelled data
reviewed by Spycher et al. (2003) are consistent with each other,
with the earlier data of King et al. (19092}, and with the later solu-
bility analysis of Austegard et al. (2006). In addition, the solubility
of C0; in water is also shown in Fig. 4b. The immediate practi-
cal information that is revealed from Fig. 4 is that as temperature
decreases, solubility increases, and as pressure increases, solubility
also increases,

As suggested abowve, a T8 COy pipeline is likely to operate at
pressures above B0 bar when the solubility of water is relatively
constant, however as indicated in Fig. 4, if there is a significant
change in pressure, the solubility of water in supercritical or liguid
05 can change dramatically, For example, increasing the pressure
from 20 to B0 bar at 200K would drop the solubility of water from
6,37 = 10-? to 2,02 « 10-3, and thus an aqueous phase would form
[as putlined in Section 2, this phenomenon is used in gas condition-
ing to lower the water content going into C0; pipesl, In this case,
assuming that H0O is at the solubility limit at the lower pressure
and that the pressure is increased to B0 bar, then the mass of the
water phase would be 0.45% and it would consist of 97X H;0 and
3% €0y, Further, a similar decrease in the solubility of water from
27 % 10-2 to 0.9 = 10-? could occur if the pressure was dropped
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from 80 bar (at 20-C) to 60 bar. Similar variations could ocour with
temperature changes, For example, at 300 and 320 K (at 80 bar) the
solubility of water in C03 would be 2,02 and 4.39 . 102, respec-
tively (Spycher et al., 2003}, so that if water was at saturation at
the higher temperature and then temperature decreased, the mass
of the water phase would be 0.24% (again 97% Hz0 and 3% COy ).
Such variations in pressure and/ or temperature could occur along
a pipeline (see Section 4).

Ayello et al. {2010} examined (both experimentally and using a
simulation program by OLI Systems, 2010) phase mixtures of dif-
ferent impurities in pure C05 at 75.8 bar at 40-C, and found that
up to 2 g of water/kg of 00z (ie. 0.2 wik) would remain in solution,
after which a separate aqueous phase would form. This agueous
phase would have a pH of 2.1, independent of the water concen-
tration. The authors found that while the addition of MaOH did not
change the water solubility limit, it could change the pH, i.e. 1g of
MNa0H raised pH to & for water contents of 2- 5 glkg of 005, Likewise,
adding HCl to CO5-H; 0 mixtures did not change the water solu-
bility limit, but “high™ HCI contents (1 g HCl kg C0- ) dramatically
lowered the pH of the aqueows phase (to —4.1 ). Similar results were
found with the addition of HNOs, with water condensate having a
PH of —3.1 when 1 gof HNOy was added to C0--Hz( mixtures.

4. Pressure changes in pipelines and related operational
issues

Svensson et al. (2005) have looked at issues related to the trans-
port of 004 in CCS, and have highlighted that some EOR pipelines
are run at pressures greater than 10MPa (above the miscibility
pressure of (05 in oil ), however, there can be significant drops in
pressure and temperature along a line, Eldevik et al. (2009) also
highlight that frictional forces may reduce the pressure in a pipeline
during transmission if there is no intermediate compression or
large terrain variations, while temperature may be reduced due to
heat exchange with the environment. The impact of these changes
iz highlighted diagrammatically in Fig. 5, Across a pipeline from
inlet to outlet (green line in Fig, 5], the factors cutlined above could
lead to a drop in temperature and pressure, which in turm could
lead to a change from a supercritical fluid to a liquid, however the
{0y would remain in a single phase, The drop in temperature and
pressure would, however, reduce the solubility of water in the C0y
phase and, if the amount of water was close to the solubility limit at
the higher temperature and pressure, could lead to the formation
of an aqueous phase. Eldevik et al. {2009} also highlighted that if
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Fig. 6. The concentration {in 1ogM ) of various speciss for 3 iypothetical water + 00,
mixture containing 5043 impurities. Diagram was calculated using Hydra-Meduosa
wilth a pressure of 100bar at 37 *C.

the pipe is depressurised due to pipe failure or a planned opera-
tion, then the pressure will drop to the liguid-vapour line and C0;
vapour will form (blue line in Fig, 5). If the pressure continues to
drop, heat will be extracted from either the CO; or the ambient to
support the phase transformation from liguid to gas, and the con-
ditions will move down the liquid-vapour line, If depressurisation
is sufficiently fast, the conditions will reach the triple point where
dry ice will form, which can severely hamper the resumption in
operations. As the pressure drops, the probability of the formation
of an agueous phase would steadily increase (Fig. 6.

5. In-field data

The long-distance transport of CO05 is now common, with ~3100
miles (~-5000km) of CO, pipelines used principally for EOR in
the USA alone. Such pipelines operate under strict limitations on
contaminants, For example, those adopted by Kinder Morgan (the
largest operator of CO; pipelines in the USA) require no free water,
=20ppm H;5% =35ppm 5 compounds, <10ppm O, =4% nitro-
gen, =5% hydrocarbons (Carter, 201 0) and <600 ppm H, 0/ Connell,
20051, In general, (0, pipelines are made from high-strength car-
bon steels (X65-X80), however corrosion-resistant alloys such
as 304L are required for certain sections of pipe, such as those
upstream of the dehydration unit,

Analysis of corrosion rates in field exposures of C0y trans-
port pipelines in the US has shown low cormosion rates
(0.00025-0.0025 mm{year), while analysis of (02 pipeline inci-
dents in the US from 1990 to 2001 (Gale and Davison, 2004)
revealed only 10 incidents {only 2 associated with corrosion], or
0.32 incidents per 1000 km. This compares with 0,17 incidents per
1000 km for natural gas pipelines, and 082 incidents per 1000 km
for hazardous liquids pipelines.,

Some pipelinesin North America currently do carmy OO0y gas with
contaminants, for example a 325km pipeline conveys C0s with
up to 0.9% H;5 from a gasification facility in Morth Dakota to EOR
fields in Saskatchewan, Canada (Carter, 201 0). Further, in Alberta,
Camada, €0 and H55 are capturad at natural gas processing plants,
and transported via 20-200km pipelines to injection sites. Such
pipelines have been operating for two decades with no significant
incidents { Bachu and Gunter, 2005),

&. Corrosion data

There have been limited studies of corrosion in conditions
encountered in the transport of C05 in CCS, and these have been
undertaken under fairly severe conditions, however Bussick et al.
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(1995) and Whu et al, {20042} have studied corrosion in supercrit-
ical C0y (in relation to its role as a solvent). Russick et al, {199&)
investigated the corrosion of stainless steel (3041 and 318), alu-
minium (2024, 6061, and 7075), copper (CDA101 ) and carbon steel
{1018 in pure supercritical {0z, and C0z contaminated with water
{3%) or methanol {10%). They observed that no corrosion occurred
in pure supercritical C05, only the carbon steel corroded in water-
contaminated C05, and the copper and aluminium 2024 samples
corroded in methanol-contaminated C0;. Wu et al. (2004b) used
electrochemical impedance spectroscopy (EIS) to study the devel-
opment of surface films on carbon steel when exposed to water
saturated with supercritical 00y (60-150-C and 8.274 MPa). They
found that the films slowed down the cormosion rate (initially quite
significant at 8.6 mmyyear at 90°C over the first 24 h), and that
those produced at higher temperatures were more compact and
continuous, and thus more protective,

Very recently, Choi and Mesic ( 2010) performed some exposure
tests in am autoclave and suggest that corrosion rates of steel can
vary from ~-0.2 mm/year to 20mmjyear as the CO; goes from high
purity to water saturated. Ayello et al, (2010) also studied the cor-
rosion of steel in supercritical 00, contaminated with water plus
MaOH, methyl diethanolamine (MDEA], HCl and HNO; —conditions
that could pertain to 0y transport in CCS, although the con-
taminant levels were high compared to those reported earlier
in this review. While their modelling indicated that 2000 ppm
of water was required for the formation of an agueous phase
under their testing conditions, they found significant cormosion
[1.2mm/year-1) oocurred at 100 ppm of water. The cormosion rate
did increase with increased water content, although not dramat-
ically (25 mm/year-! at 200ppm), The authors suggest that the
COITOsion rate at low water contents may be due to either the pres-
ence of residual water on the steel from prior to exposure to the
supercritical Ty, or to crevices on the steel electrode that sta-
bilise the water films, The addition of 1 g of NaOH almost halved
the corrosion rate (at 1000 of water), while the addition of MDEA
dramatically reduced the corrosion rate {100 ppm of MDEA with
100 ppm of water resulted in a corrosion rate of 0,1 mmyyear-1). In
contrast, the addition of HCl and HRNOy dramatically increased the
corrosion rate. For example, 3.6 = 10-% g of HCl per kg of C0- (and
1000 ppm water) increased the corrosion rate to 5.6 mm/year'
[ fram 2.3 for the equivalent CO3-H;0 mixture), while 63 = 10-5g
of HNOy in the same mixture increased the corrosion rate to
4 5mm/year-! The phase analysis and the corrosion rates indicate
that the contaminants in C0y—H,0 mixtures segregate to the aque-
ous phase, and can dramatically change both the pH of this phase
and the corrosion rate induced by it.

McGrail et al, (2009) looked at the corrosion of steel in liquid
(05, both with and without a separate water phase, and initial
experiments revealed rapid corrosion when liquid CO; (7 MPa,
25 =) was saturated with water, More controlled corrosion exper-
iments at 998 and 510 ppmw of H, 0 resulted in visible cormosion
of steel after 21 days in the first environment, but no COMosion
after 42 days in the latter, which suggests that there is a thresh-
old water content limit at ~600 ppm, above which corrosion will
be induced. At this pressure, water solubility is 1100 ppmw in C0y
and thus corrosion would occur in the absence of a separate aque-
ous phase, McGrail et al, (2009) found that the addition of H;5
{321 ppmw] appeared to generate corrosion at a water contemt
lower (408 ppmw) than the limit indicated above, however they
argue, through reference to molecular simulation work, that CO,
absorption and cleavage from Fe surfaces may play a role in induc-
ing corrosion.

Choi et al. (2010) found that the corrosion rate of carbon steel
{API 5L X65) in water-saturated C0, at 80 bar was 038 mm/year.
Experiments with the addition of 0, at partial pressures of 1.6,
33 and 51 bar (2, 4 and 6%}, resulted in a Maximum Corresion
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rate of 1 mmy/year at the partial pressure of 3.3 bar, The addition
of 0.8 bar 50, increased the corrosion rate to 5.6 mmyjyear, while
the addition of 0.8 bar 50y plus 3.3 bar Oz increased the corrosion
rate to 7 mm/year. Interestingly, a 13Cr steel exposed to the latter
test solution alse corroded at 7 mm/'year. However, no Corrsion
was observed in the C0;-505-0; mixture without the presence of
water, Examination of corroded specimens indicated that a thick
Fe(( layer had formed in the water-saturated CO- test, while a
porous iron oxide layer formed if oxygen was added, The corrosion
preduct in the 30--containing mixtures was FeS05.3H,0, The work
of Choi et al. (2010) highlights the importance of O, which may
simultan=ously provide an additional cathodic reaction pathway
and inhibit the formation of a protective iron-carbonate layer. Par-
allel work by Singer et al.( 2007 ) on the corrosion of carbon steels in
oil and gas applications indicates that a small amount of H;5in the
presence of C0; may, in fact, significantly reduce the corrosion rate
by promoting the formation of a stable and compact mackinawite
film.

7. General discussion

T assess the possibility of corrosion during the transport of 00
in CC5, it is useful to classify the likely conditions that may prevail
in a pipeline into four different regimes:

A - Very low contaminant levels and extremely low water content.
B - Low contaminant levels and water content below the solubility
content,

C - Low contaminant levels and water content above the solubility
content,

D — Moderate contaminant levels and water content above the
solubility limit,

The first regime currently relates to OOy transport in EOR in the
USA (under Kinder Morgan guidelines) and would prevail if COn
were extracted wsing MEA in a plant with FGD and LNB/SCR, fol-
lowed by gas conditioning to lower the water content below the
pressure solubility limit{ 500 ppm]. The second regime would occur
if gas conditioning was limited or there was a limited source of Hz 0
into the pipe. The third could occur in the absence of gas condi-
tioning, or with gas conditioning and significant changes to pipe
conditions (lowering pressure and temperature], and/or an addi-
tional source of H, 0, The last condition would ocour if contaminant
removal was limited at a power plant or if, for economic reasons,
contaminant gases were transported along with the OO0y,

Regime A—Both established experience with COz pipelines and
laboratory work indicate that very low cormosion rates occur if both
H;0 and other contaminants are tightly controlled. The laboratory
studies of McGrail et al. {2009) indicate that ~600 ppmw is the crit-
ical value for water content to induce significant corrosion. This
is in contrast to the work of Ayelle et al. (2010) who found sig-
nificant corrosion at 100 ppmw, although they did indicate that
residual water may have contributed to this corrosion rate, The
experimental value of 600 ppmw water content derived by McoGrail
etal, (2009) matches the EOR CD; transport limit of G00 ppm, Thus,
although there is some concurrence for a critical value of GO0 ppm
of Hz0 in OO (below which no significant corrosion occurs), the
exact value of this limit needs to be confirmed.

Regime B— Laboratory studies (Ayello et al., 2001 0; Bussick et al.,
194&; Choi et al,, 2010) indicate that significant corrosion can occur
when the H;0 level exceeds a critical value, even in the absence
of an aqueous phase, In the absence of additional contaminants,
Chioi et al. {2010} found a corrosion rate of 0,38 mm/year for water-
saturated (0, while Ayello et al. (2010) found a corrosion rate
of 25mm/year-! at a3 water content of 200ppm (0 level not
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measured), The work of Choi et al, (2010) indicates that the cor-
rosion rate will increase as the level of other contaminants also
increases, however, the levels of these contaminants (e.g. 2-6% of
() are much higher than the limits imposed for EOR COy trans-
port (10 ppm of Oz or 35ppm of & compounds) or the 50z limit
that would arise by applying MEA capture to a clean power plant
(34 ppmw) (Lee et al, 2009). Thus, two questions remain unre-
solved:; What are the likely corrosion rates in liquid or supercritical
{05 with H,0 concentrations below the solubility limit but above
the critical limit? What is the effect of low levels of additional
pollutants on these contaminants?

Fegtme C—Laboratory studies indicate that corrosion rate can
increase dramatically if the H, O content passes the solubility limit
and an aqueous phase forms, particularly if other contaminants
are present. As indicated earlier, Avello et al. (2010} found that
the addition of small amounts of HNO; and HCl to 1000 ppm of
water in supercritical OO increased corrosion rates to 4.5 and
5.6mm/year-!, respectively, In fact, Ayello et al, (2010) added
36 ppb of HCI and &3 ppb of HNO,, which are significantly below
the HCI and NO, contamination levels cutlined by Lee et al. (2009)
for MEA-captured C0; from a clean coal-fired power plant, The high
Corrosion rates can be explained in part by HNO, and HC segregat-
ing to the aqueous phase and dramatically lowering the pH of that
phase, thus increasing the corrosion rate of steel, For a given con-
centration of additional contaminant (e.g, HNO3 or HCL), the pH of
the aqueous phase will decrease as the percentage concentration
of the aqueous phase increases, and thus it is unclear if the cormo-
sion rate will fall or rise as the water content increases above the
solubility limit.

Fegtme D—As yet, there are no direct records of corrosion rates
under this regime, however the work of Choi et al. {2010) revealed
high corrosion rates (up to 7 mmfyear-!) with HyO-saturated C0;
and high 305-05 levels (505 levels tested were of the same order
as those predicted by Lee et al. (2009] for COz streams prior to MEA
capture in the absence of FGD,

Significant cormosion is likely to cocur under regimes B-D, and
under regimes C and D it would certainly be at such levels to
necessitate intervention, either by the application of a coating tech-
nology, the use of a cathodic protection system, or by a program
of monitoring and repair, At present, the corrosion rate expected
under regime B is not clear, with more experimental work required
to resolve the significant differences between the two current stud-
ies, The exact regime applicable to CO; transport in CCS will depend
very much on the capture, gas cleaning and sequestration strategies
in place, If a comprehensive range of pollutant control measures
were adopted at a plant, combined with MEA-based capture and
gas conditioning, then the OOz would be very low in contaminant
levels (i.e. regime A} However, if for economic reasons a less rig-
orous strategy is adopted, then the pipeline may fall into regimes
B, Cor D, and additional corrosion prevention measures would be
required.

Experimental data indicates that if the H:0 content is above
00 ppm but below the solubility limit so there is no separate aque-
ous phase, then significant corrosion can occur, The experimental
data is supported by the modelling work of Glezakou et al. (20097,
which also indicates that a protective iron carbonate layer may
form that will slow the corrosion rate, but that this layer can be
replaced by iron oxides if significant oxygen is present. However,
this mechanism should occur even in the absence of water, and
50 cannot explain the apparent existence of a critical water con-
tent, More recent work by Glezakou et al. ( 2010) explores cormosion
mechanisms in the absence of an agqueous phase, using density
functional theory and periodic slab models to show that 00; is
spontanecusly activated in the presence of a clean Fe(1 00} sur-
face. In this process, there is a charge transfer from the surface to
the C0y moiety, The absorbed CO» may then dissociate and react
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with other C0; molecules, forming C0+2- on the surface. Inter-
estingly the formation of HzCOz is unlikely, Thus, Glezakou et al.
{2009, 2010} indicate that corrosion can occur in the presence of
only C0z, and that the formation of an iron carbonate layer would
be expected, Notwithstanding this work, currently the corrosion
community's understanding of corrasion in non-aqueous fluids is
very limited, and more in-depth studies are required to examing
the competitive or perhaps synergistic interactions between H;0,
C; and other contaminants, and Fe surface processes,

Experimental work indicates that high cormosion rates may
resultif an aqueous phase exists, particularly in the presence of con-
taminants that may acidify this aqueous phase, However, such tests
have been carried out in laboratory chambers and cannot account
for flow effects in pipelines. The agueous phase will have a lower
density than the C0y phase, which may have an influence on both
its transport and its agglomeration. In most system the aqueous
phase will be small [typically <1%, see Section 2. Corrosion would
occur when the aqueous phase comes into contact with a pipe wall,
however if the aqueous phase is well dispersed in the majority
fluid, then any given section of the pipe should only infrequently
come into contact with the aqueous phase, However, if a mixed
flow pattern leads to agglomeration of the aqueous phase or pref-
erential flow in certain regions of the pipe, then the frequency of
aquecus phase contact with particular parts of the pipe could be
dramatically increased.

There are a number of pertinent issues concerning the corrosion
rates of steel pipelines that need to be resolved experimentally.
These include:

{a) The highest concentration of dissolved HzO in liquid or super-
critical C0, before appreciable COrmosion OCCurs,

(b) The corrosion rate that eccurs when the water content in the
(0 phase excludes the critical value {point 1), but is less than
the solubility limit, and the effect of additional contaminants
on this corrosion rate,

{c) The variation of cormosion rate as water content is increased past
the solubility limit {given low but realistic levels of additional
contaminants).

The literature raises two intriguing questions for Cormosion sci-
entists;

{a) What are the mechanisms of corrosion when C05 is the fluid,
and what roles do dissolved species play in these mechanisms?
In particular, if chlorides are present in the contaminant water,
will this tend to localise corrosion and be an even more signif-
icant corrosion threat.

{b) Similarly, what are the corrosion mechanisms when water
exists as an isolated phase in C0y fluid, and how would the
dynamics of pipeline transport influence these mechanisms?

In regards to the above, one can see the impact visually by the
calculated diagram that reveals the solubility of phases in water
containing C0, containing S impurities (i.e, 5042-1. It is seen that
sulphuric acid can existin appreciable quantities at acidic pH, and as
such, the electrolyte pH can decrease significantly below the value
of ~3.2 which is 2 minimum - to values as low as 1. Such similar
diagrams could also reveal that nitric/nitrous acid can perform a
similar pH decreasing role via N-impurities,

As indicated previously, laboratory data on corrosion rates
under conditions likely to occur in C0y transport is limited. This
is in part because the equipment required to generate high pres-
sures is expensive and therefore only available in a few institutions.
However, modelling studies indicate that if an agueous phase is
present then contaminants will preferentially segregate to the
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aqueous phase, and it is this highly acidic phase that will be corro-
sive rather than the OO, phase that surrounds it, This knowledge
should enable the development of test methods that are able to
reproduce the most corrosive features of high pressure mixtures,
such as C0z-Hz0-50%, without the use of high pressures [ e.g. cyclic
exposure to highly acidic aqueous solutions, followed by immer-
sion inde-aerated C0y-rich solutions ). The validity of such methods
would, of course, need to be demonstrated.

8. Conclusions

A review of the literature on the corrosion of pipelines used for
the transport of Oy in OC8 indicates that:

(a) If conditions in a pipeline are maintained so that the water con-
tent and other contaminant levels are kept extremely low (i.e.
from drying), as is currently the case for EOR pipelines, then cor-
rosion rates are also likely to be sufficiently low, as suggested
by empirical evidence, This may cccur through a combination
of cleaning technolegies prior to C0; capture, the effect of cap-
ture itself ( particularly MEA reaction with sulphur compounds
and O;) and post capture gas treatment. However additional
research is required to fully quantify the residual contaminates
that may enter the C0; stram to be transported,

(b} From a corrosion perspective, iron is highly active in the acidic
pH range. The combination of water with C05 leads tothe in situ
formation of carbonic acid, which even at low concentrations
causes a major decrease in the pH of the agueous phase,

() The majority of typical impurities —which arise as a result of the
nature of the C0, source and are hence unavoidable —include 5-
and MN-bearing compounds, which are unfortunately detrimen-
tal and lead to the in situ formation of nitric and sulphuric acids
in the presence of acidified water. This increases the total acid
concentration, lowering pH further (dramatically), and in turn
enhancing cormosion rates,

(d) It would appear that the principal influence on corrosion rate
is the presence of water, since the acidification of water by the
(0 irself, and any contaminants, is readily possible, The lack
of an agueous phase will minimise corrosion, but there is some
evidence that corrosion may still occur even when the water
content is below a critical threshold. Further research is needed
into corrosion under water-free conditions.

(&) In all, experimental testing under conditions that directly relate
to CC5 is very limited, and significantly more experimental
work is required in order to define the fundamental corro-
sion mechanisms at play. Such testing is not trivial, given the
pressures and experimental considerations involved, however
there is an urgent and critical need to benchmark corrosion lev-
els, such that estimates of service life can be ascertained. This
includes testing over a wide range of variables, since if the corro-
sion mechanism is highly localised, the potential risk increases
accordingly.
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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%
NO;)” should read “... and NOx (which will comprise 95% nitric oxide and 5%
NO,)”.
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In the transportation of COy via steel pipelines in the OCS (Carbon Capture and Storage) process, a range of
impurities may exist in the C0; stream. Of the most important to the durability of pipelines with respect
to corrasion damage, is the presence of an agueous {water) phase. The reason for this is two-fold. Firstly
such an aqueous phase permits corrosion and is also acidic owing to speciation of carbonic acid, while
secondly, any other trace impurities which segregate to the aqueous phase may also enhance cormosion.
Calculations within this paper indicate that the conditions likely to pertain in transport of COg will likely
hawe an aqueous phase which exhibits stratified wavy flow predominantly along the bottom of the pipe.
This flow pattern will be rapidly established and will not be destabilized by geometric features in the
pipe. Contaminants such as HCl, HNOs and 504 will have a dramatic effect on the pH of the agueous phase

Transport
Water

even in small concentrations while the impact of 50, will be more moderate.

Crown Copyright & 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Transport from the (0, source to the storage location is a key
element in all carbon capture and sequestration systems, with
pipelines being the logical and preferred transportation method
(Carter, 2010). If the water content of a 00y stream is above the
solubility limit then a separate aqueous phase will exist, This aque-
ous phase may not only permit, but induce corrosion depending on
its form and chemical composition (Choi et al,, 2010). As such, the
nature of the distribution of the agueous phase in the (0 stream
is of critical importance to corrosion and prevention. If the aque-
ous phase stays well mixed as discrete droplets in the 0O0; phase,
then it may have only occasional impacts with the pipe surface and
limited potential to cause corrosion. If on the other hand the aque-
ous phase separates out and settles on the bottom of the pipe the
potential for corrosive effect is much greater, An agueous phase
immersed in a COy stream will absorb (05 to form carbonic acid
(HzC045) and lower the pH of the aqueous phase (to pH ~33 at a
pressure of 8 MPa). As further indicated in a previous review by the
current authors (Cole, 2011) and highlighted by Choi et al. (2010}
and Ayello et al. (2010} any contaminants in the COz stream {MO.,
S0, HCL, H;5) will in part segregate to the agueous phase and
thus further lower the pH. To have a good understanding of the
corrosivity of an aqueous phase in supercritical C05 it is necessary

* Comesponding authar.
E-man! adctress: [N - Co-)

to understand the chemistry distribution and flow pattern of the
phase, which is the aim of this study.

Unfortunately at present there is no standard controlling the
contaminants that may be piped along with captured CO; and these
contaminants may vary with source, Four regimes with different
risk of corrosion were outlined for supercritical 005 transport by
Cole (2011).

(A) Very low contaminant levels and extremely low water content.

(B) Low contaminant levels and water content below the solubility
content.

(C) Low contaminant levels and water content above the solubility
content.

(D) Moderate contaminant levels and water content above the sol-
ubility limit.

The purity of the gas stream is controlled by pollutant control
measures at the source of C0y (viz. power plant) and by gas con-
ditioning prior to piping the gas, The first regime is typical of C0;
transport in enhanced oil recovery (EOR) in the USA (under Kinder
Morgan guidelines (Carter, 2010)) and would prevail if C0; were
extracted using monoethanolamine (MEA) in a plant with strong
pollution control measures and gas conditioning to lower the water
content below the pressure solubility limit (500 ppm in C0z), The
second regime would cccur if gas conditioning was limited or there
was a limited source of Hz0 into the pipe. The third could ocour in
the absence of gas conditioning, or with additional sources of H;0
while the fourth would occur without gas conditioning and limited

17540-5836/% - see front matter. Crown Copyright & 2012 Published by Elsevier Lid All rights reserved.
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Table 1
Contaminant levels in C0; streams depending on conditioning processes.
Case Description Contaminant levels
1 No contaminant control 50, 0.6-4 4 Wik, 50, 42-573 ppmv, N0z
24-111ppm,
HCl 36-835 ppmv, Hg?* 23-261 ppmy
F. 50% control by a wet FGD scrubber 50 337-2403 ppmy, 30y 21-30Z ppmv, ND:
1887 ppm,
HIOl 2- 44 ppmw, Hgd= 2-27 ppmw
k| WO, control by LNE 5CR 50 0.6-4 4 WiE, 50, 42-579ppmv, N0z
10-44 ppm,
HICl 15-835 ppmv, Hg?+ 23-261 ppmv
4 N0, control by LNESCR plus S0, 50y 337- 2403 ppmy, 50= 21-02 ppmy, MO,
control by a wet FGI scruber 7-315ppm,
HIC1 2-44 ppmw, Hg™* 2-27 ppmy
5 A5 in Case 4, but 2150 assuming that 50, 34-115 ppmw, 50, <2 1--< 302 ppmw, N0,

2 commercial MEA-Dased (0,
control undt is wsed to trap 00,

<7< 35 P, HC <2- < 44 ppmw, Hg™
<3-«< ¥7 ppbw

Adapted from Lee et al. [2002).

LM, bow MO, burneT; SCR, selective catalytic reduction; FGD, Mue gas desulfurization.

cleaning of the gas at source, In fact Lee et al. (2009) looked at five
different scenarios of post processing for a coal-fired power station
with the levels of contaminants proposed (Table 1),

Choi et al, (201 0) observed the chemistry of an aqueous solution
im a COy fluid in the absence of additional contaminants {one limit
of case C above). [twas found that the solubility of CO; in the liguid
phase was dependent on pressure and temperature and as a con-
sequence, 5o was the pH of the aqueous phase. The acidification of
the agueous phase due to absorption of 00s and the formation of
carbonic acid increased as the pressure increased. Choi etal, (2010)
found that the agueous phase pH was between 2,1 and 3.2 for pres-
sures from 5 to 15MPa (50-150bar) and temperatures from 32
to 42 =C, Avello et al, (2010) modeled the aqueous chemistry when
additional contaminants were added to a 00=-H> (0 mixture.In gen-
eral they found that the agqueous phase in C0; would have a pH of
3.1 but the addition of 1 g HCl per kg COz would drop the pH to —4.1
while 1 g of HNO 3 would drop the pH to —3.1. These concentrations
are much higher than likely given the contaminant levels indicated
by Lee etal.{2009). However Ayelloet al. (2010 reported that much
lower contaminant levels could still lead to significant corrosion of
steel, for example 2,6 < 10-5g of HCl per kg of CO; or 6.3 < 10-5g
of HNO per kg of T, (both with 1000 ppm of water] increased the
cormosion rate to 5.6 mm/year and 4.5 mmyyear. Choi et al. (2010)
also reported that impurities dramatically increased the corrosion
rate for pipeline steel, for 0.8 bar (0.08 MPa) of S0z and 33 bar
(032 MPa) of Oy an increase of Ccormosion rate in water saturated
0y at B0 bar (8MPa) from 0,28 mmyyear (without contaminants)
to 7 mm/year was chserved with contaminants.

Thus there is clear evidence that in case D (significant contam-
inants in a HyO-C0s mixtures where the water content is above
the solubility limit) can lead to both a very low pH in the aqueous
phase and (extremely) high corrosion rates. To clarify this situa-
tion it would be useful to systematically model the variation in the
aqueous phase pH as the contaminant level is varied, The present
study will investigate conditions likely to pertain under case C and
D outlined above, with contaminant levels ranging from 0 up to the
ranges proposed by Lee et al, (2009,

2. Flow pattern for the aqueous phase
2.1, Bulk fluid properties

In order to get the distribution of water, it is first necessary to
determine appropriate properties for the main bulk of the fluid,

the liquid carbon dioxide. The temperature of the system is close
to ambient, in the rough range of 15-33=C, To keep the carbon
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dioxide liquid or supercritical in that temperature range without
oversiressing the pipe, the pressure has to be in the rough range of
5-10MPa. The critical point of carbon dioxide is within this tem-
perature and pressure range, at 7.38 MPa and 31.1 =C. The pressure
at which carbon dioxide boils decreases with decreasing tempera-
ture so that it's roughly 5 MPa at 15=C. Because a gas has a much
lower density than a liquid, and because it is not as good a solvent
for impurities, the pressure needs to be kept high enough to avoid
the gaseous state,

The density of carbon dioxide over this range of tempera-
tures and pressures is in the rough order of o= 600-7 30 kg'm’
{Engineering, 201 1. The kinematic viscosity of carbon dioxide over
this range of temperatures and pressures is in the rough order of
v=0,08-0.09  10-¥m?/s2.

The flow regime of carbon dioxide in the pipe depends on the
REeynolds numbers:

v
T v

Re (1)
where d is the pipe diameter and ¥ the mean flow velocity.

The pipe diameters and flow rates from the IPCC Transport of
COy (IPCC, 2005) are stated as 0.315-0.762m and 12-20m per
second, The pipe diameters and flow rates from the WorleyPar-
sons Summary of Pipeline Sizing Study {Farsons, 2000) give values
that overlap, with pipe internal diameters of 0.39-1.26 m and flow
speeds of 0.9-2.6m per second. The pressure drop along the pipe
is in the range 5.5-16 Pa/m ( Parsons, 20097,

For these ranges of viscosity, pipe diameter and velocity the
Reynolds Mumber is approximately 105, This is high enough to
ensure that the flow is fully turbulent within the bulk flow over
the entire range of possibilities. Whether the flow is fully turbulent
near the pipe walls can be determined by calculating the thickness
of the laminar sublayer. This could be calculated directly but a suffi-
ciently accurate estimate based on the Moody Chart (Moody, 1944,
Mathwaorks, 2012) is 0.11 mm. That's small enough to ensure that
the flow is turbulent even adjacent to the pipe walls,

22 Conditlon of aqueous phase

A number of authors have published charts given the two phase
flow regimes as a function of the superficial velocities of two com-
ponents with one useful map being that by Mandhane et al. (10974,

The superficial velocity of water at the (relatively ) low flow rates
likely in CCS can be taken as volumetric flow of water {1-3%) scaled
up by the product of the density and the dynamic viscosity, to the
power 0.2, Based on this premise, the result increases superficial
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Fig. 1. Flow pattern map adapied from Mandhane et al. { 1974) compared to that from earlier maps. The red parallelogram shows the region of the map in wiich the current
application les. "W~ stands for stratifled wavy flow, *ST stands for stratifed Mow, "AM” stands for annuolar mist fow, *S" stands for shag fow.

velocity by a factor of 4.4 (and shown in Fig. 1 which has been
adapted from references for more general usage).

The flow type experienced by the water is “stratified wavy flow”.
In stratified wavy flow most of the water is on the bottom of the
pipe but waves of water travel up the sides of the pipe. The different
types of Alow are illustrated schematically in Fig. 2 from Bratland
(2010).

Although the flow regime indicates the preferred flow pattern, it
does not provide information on the time required to establish this
flow pattern. Assuming that at the time the fluids enter the pipe
the agueous phase is initially distributed throughout the CO5 fluid,
then the time to establish the stratified wavy flow regime will be
governed by how rapidly the aqueous drops fall to the bottom of
the pipe. This in turn will be governed by the initial aqueous droplet
size, Also of interest to understanding the corrosive impact of the
aquecus phase {but not defined by the flow regime) are the relative
speed of the water and carbon dioxide, and what happened to the
flow pattern in vertical pipes bends and fittings.

The turbulence intensity at the pipe centreline is 3.0% at
Reynolds numbers of likely operational temperatures and pres-
sures {10€) (Laufer, 1954). The turbulence intensity increases as
the wall is approached. For the radial velocity (which is the com-
ponent of interest here) it approaches a peak of 4.4% [ Laufer, 1954 ).
The wall shear can be calculated from the pressure drop along the
pipe or from the turbulence intensity using a mathematical model
of turbulence near the wall. The pressure drop along the pipe gives
wall shear in the range 0.7-5Pa, The turbulence intensity gives a
wall shear in the range 0.3-2.5 Pa, which is within a similar range.

The size of the drop in the body of the flow is limited by a flow
instability that turns a drop into a purse-like bag which shatters
into a multitude of smaller drops (Clift et al., 1978, This tends to
oCcur at a critical Weber number of 11-14 (Wierzba, 1990) where
the Weber number is calculated from

_ ovid
T @

we (2)
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where g is the density of water, V is the relative velocity between
the water and carbon dioxide, d is the drop diameter, and
a=72dynes/cm is the surface tension, The relative is approxi-
mately equal to the drop velocity which is given by;

| 2mg

Ve= o mg

(3]

where m is the mass of the drop, £ is the acceleration due to gravity,
A is the area of the drop in the horizontal plane, and C; is the drag
ceefficient calculated using the formulas in Cole (20110,

The relative velocity and water drop diameter were calculated
iteratively. A relative velocity from 0,08 to 0.2 m/ s gives a maximum
water droplet diameter of 22-140mm (Mandhane et al., 1974),
Aqueous drops of this size will settle rapidly from bulk carbon diox-
ide onto the bottom of the pipe (Clift et al., 1978) and so the flow
regime will become rapidly established.

To check, a balance was done between terminal wvelocity Vi
and upwards turbulent diffusion, » do/dz where w is the tur-
bulent viscosity, which is calculated to be 0.004-0013m?/s,
do'dz is the wertical concentration gradient which is cal-
culated to be about 3m-! so the characteristic length for
concentration variation is 1/3 m which is fairly steep. The con-
centration of water drops in the bulk CO+ decreases rapidly with
height.

The balance between wall shear and surface tension can indi-
cate us whether a water drop that is sitting on the on the surface
moves, and if so, how fast. [t turns out that the surface tension force
in a drop on the surface is of the order of 250 times smaller than
the pressure from the flow of the liquid C0; so a drop of diameter
22-140 mm will be rapidly blown along. The speed of the water can
be estimated to be 15/16 of the speed of the (0. This means that
the local volume faction of water is enhanced by only a negligible
amount, In other words, because the water is traveling at nearly the
same speed as the (liquid) carbon dioxide, the height of the water
layer up the side of the pipe in the absence of waves would be small.
Thus speed also means that the water in the pipe has no difficulty
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wavy Now (thowugh with a much lower water level then illustrated hene).

in flowing around bends and fittings and even up short inclined or
vertical pieces of pipe, despite its relative heaviness,

Finally, calculations were undertaken to see whether pres-
sure changes encountered at bends and in fittings could cause
water to dissolve into or condense out of the bulk 05, It turns
out that the maximum change in liquid water phase added or
removed at bends due to pressure changes cannot exceed 0.05%.
Thizs can be neglected relative to the base liquid H;O amount in
the flow of 1-3%, Further the aqueous phase will concentrate on
the bottom of the pipe and flow at nearly the same speed as
the C0. In all, this is a potential corrosive situation as it would
amplify the impact of the aqueous phase (i.e, the aqueous phase
may be continuouws as opposed to random droplets, and localised
at the pipe bottom) where corrosion is therefore expected to
QCCur,

23, Modeling aqueous phase chemistry with moderate levels of
contaminants

In order to model the state and chemistry of the two phase sys-
tem (liquid {0z and water) with a variety of contaminants, the
software package OLI Analyzer{OLI Systems, MorrisPlains, NJ, U5SA)
was employed. This models aqueous electrolyte thermodynamics
and can allow for a gas or a second liquid phase to be present. OLI
combines thermodynamic databases, thermodynamic framework,
and supporting numerical computation to simulate the chemical
and phase behavior, This therefore allowed for a parametric study
to be executed in the context of CCS conditions and reported herein.

Firstly the effect of pressure on the distribution of water(5gin
1 kg COz) between the two phases (aqueous and C0z) is shown in
Fig. 3 At 25=C the (0 phase will be liquid at all pressures shown,
but at 40-C the (0, phase will be gaseous or supercritical abowve
the critical point,

raphs of the solubility of water in C0; at different temper-
atures generally drop with increasing pressure and then show a
sharp increase around the condensation pressure Spycher et al.
(2003 ) and shown by calculations in OLI), In the range shown here
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G-10.6 MPa, the solubility is always greater at 25 “C because at40=C
the {0 phase has not condensed, At 25 =C, it is notable that at this
level of water most of the water is dissolved in the C0 fluid, The
pH of the water phase drops slightly as the pressure increases due
to the increasing amount of carbon dioxide in the existent ague-
ous phase, A similar trend is noted at the higher temperature but
there is a greater amount of the aqueous phase, at a slightly higher
pH. A pressure drop along the pipeline will create a larger aque-
ous phase if water is present in both these situations. In Table 1
the species found in the different phases for two pressures 6.6 and
8.1 MPa at 25 =C {when (0 should be in the liquid phase) are given
along with supercritical conditions (40°C and 10.6 MFPa). In Fig. 4
the distribution of oxygen in the COz-Hx0 mixture is given as a
functien of oxygen level for the same range of conditions, It is evi-
dent that most of the oxygen is dissolved in the C0z phase, leaving
negligible amounts in the aqueous phase to take part in COMTosion
reactions,
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Fig. 3. The effect of pressure and CO, state on the Mass of the aqueows phase and
pH.
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231. Effect of HO

Fig. 5 presents the impact of HCl at two different pressures
(6.6 and 8.1 MPa) at 25-C and 10,6 MPa at 40-C when added to
a Hy0-C0; mixture (5 g of water in 1 kg of 005 ).

Increasing the pressure increases the solubility of the water
slightly (as gaged in Fig. 3] 50 the mass of water in the second phase
decreases at the higher pressures, The HCl preferentially dissolves
in the water phase, as the mass decreases slightly with increas-
ing pressure, so the pH lowers with the increased pressure, It is
also notable that the addition of HCl decreases the solubility of the
water in (0 so that the mass of the aqueous phase progressively
rises with increases ppm of HCL. Presumably the increasing ionic
nature of the water content is the cause of the decrease in solubility
in the carbon dioxide phase.

Overlaid upon Fig. 5 the limits of HOl concentration suggested by
Lee et al, (2009) for given pollutant cleaning strategies in a power
plant are given, It should be recalled that Lee’s data are the contam-
inant levels after C0z is extracted from a power plant but before
any gas conditioning. Gas conditioning could reduce these levels
furthier. Concentrations in ppm of 2, 44 and 835 represent the min-
imum level assuming full contaminant control plus MEA-based C05
capture (case 5], the maximum level in the same conditions and the
maximum level with no contaminant control respectively. Itis evi-
dent that in the absence of contaminant control very low pH values
will be generated, under both liquid and supercritical COz condi-
tions, even with the minimum level of HCl contamination (2 ppm)
the pH falls to less than 1.5.
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Fig. 5. Theeffect of pressure on the mass of the agueous phase and pH, with increas-

ing HCI comtaminant.
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232 Effect of 50

Fig, & presents the impact of 50, under the same temperature
and pressure conditions as the HCl when added to two H;0-C05
mixtures (52 and 10g of water in 1 kg of C0- ). Unlike HCl where
almost all of contaminant was in the aqueous phase, in the case of
S0, most of the contaminant is in the C0y phase, This is illustrated
in Fig. G which shows the amount of 50y in the agueous and COy
phase with the S0y in the C0; phases varying from 91 to 100%, Itis
clear that the effect of SOz on the pH of the aqueous phase is less
dramatic than for HCI, Further the pH variation is almost unchanged
when the water content of the mixture is raised and only slightly
when the pressure is raised. 50, does not have a significant effect
on the solubility of water in 00,

Owverlaid upon Fig. G the variations of S0, suggested by Lee et al.
(20097 are given, In ppm, 34, 135, 337 and 2403 represent the mini-
mum level assuming full contaminant control plus MEA-based COy
capture (case &), the maximum level in the same conditions, and
the minimum and maximum level with full contaminant control
at the plant but without the further reduction obtained via a MEA
based CO; capture, It is evident that even with the higher 505 level
thie pH in the aqueous phase remained ~2,

233, Additional contaminants
The effect on pH for of the single contaminants listed in Table 2
is shown in Fig. 7 (for 5g Ha0 in 1 kg C0; at 6.6 MPa and 25-C). In
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Fig. 7. The effect on the pH of single contaminants (for 5g Hy0 in 1 kg 0., likely
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Table 2
Constituents in phases for | kg carbon dioxide with 5 g of water at 3 range of temperatures and pressures.
Conditions 25 -CJ6.6 MFa 25.C/B.1 MPa A0 10.EMPa
Species Aqueous {mol) C0z [mal) Aqueoas (mol} €0 (mol) AQUADOS (mod) C0: (mol)
Seate af OO, phase Liquid Liquid Supercritical
Water 037 » 10-2 0.184 0.05148 023 LET = 10-2 0.25
Carbon dioxide 275 107 273 126 = 1073 273 432 107 273
H* 1.40 = 1075 0 TE5 =107 0 2ED- 10 o
OH- 128 10-M 0 125 - 10-M 0 130 10— o
HO0,- 1.40 = 10-8 0 TE5 = 10-7 0 B9~ 10 o
CO:% D&l x 100 0 5.50 = 10-1 0 261 = 10-M o
Tatal (by phase) 050, 102 2201 52741077 2235 1.02 . 102 7200
pH 100 k) 108

the case of 505 the points at 21,42, 302 and 579 ppmv are the mini-
mum 505 level given full contaminant control at a power plant( case
4/5), the minimum given no contaminant control and the maximum
given full and no contaminant control respectively. It is apparent
that S0z has a much more dramatic affect than 505, This is largely
as almost all the 50 is absorbed in the aqueous phase whereas the
majority of $0; was in the (0 phase, Thus significant acidification
ocours (down to 1) even with the minimum level of 50, while the
maximum level leads to pH values less than zero.

In contrast to 504, MOy has a minimal effect of the pH. In fact
maost of the NO5 is absorbed into the C0y phase while HNO; hasa
dramatic effect on pH and is almost totally absorbed into the ague-
ous phase. However the agueous oxidation of NO; is very slow and
thus it is unlikely that there will be substantial amounts of HNOs
in the gas stream generated in power plants, The values obtained
here are consistent with the data reported by Lee et al. (2009) for
MO and 50 contaminants calculated, also using OLI Software.

Hydrogen sulfide is another common contaminant in some gas
fields, This was not found to have much effect on the pH of the ague-
ous phase with little variation with an increase from 1 to 00 ppm.
Addition of oxygen into the stream also had no effect on the pH
[with or without the presence of the Ha5).

In Table 2 the list of ions present in the agueous phase is given
when 50 ppm of the various contaminants are added (singularly) to
the 00z -Hz O mixture (5 gof waterin 1 kg of H20), The contaminamnt
can change the mutual solubilities of water and carbon dioxide, so
that the amount of water in the agueous phase can vary slightly.
It is notable that those contaminants that have a high solubility in
the agueous phase and which generate low pH's almost completely
dissociate in the aqueous phase (e.g, hydrogen chloride concentra-
tionis 3.85 « 10~ 'Y moles compared with chloride concentration of
1.38 = 102 moles when 50 ppm of HCl is added to the mixture).

The individual contaminant analysis is useful to understand the
role of each contaminant but it is likely that more than one con-
taminant may be present at one time. In Fig, 8 the effect of varying
levels of HCI, 505 and 503 is given. What can be gaged is that the
pH drops to low values even with very low contaminant levels of
either or both of HO or, 503 (e_g. the pH drops to 1.5 even with only
3 ppm of these contaminants ).

In fact the effect of additions of 505, HNO; and HCl on the pH
is reasonably close and thus it may be of practical use to define an
approximate relationship between contaminant level and pH, This
is given below for a C0y-H;0 mixture (5 g per 1 kgl and a pressure
of 6.6 MPa.

(5]
where the contaminant could be any mixture of 505, HNO, or HCL

pH={1.83)—-{0.41 = log(contaminant concentration in ppm}})

3. General discussion

This paper indicates that if the amount of water exceeds the sol-
ubility limit and an aqueous phase forms, such flow will be stratified
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wavy flow along the bottom of the pipe. This creates a potentially
corrosive emvironment and thus the chemistry of the aqueous phase
becomes critical. While the goal of this paper is not to heavily dis-
cuss corrosion of steel, it is well known that corrosion of ferrous
(mon-stainless grade Jalloys increases logarithmically with decreas-
ing pH (for pH below ~5), Established inhibiting systems for steel
can offer reasonable protection to pH values as low as 3, while
some developmental systems claim to offer protection down to a
pH as low as 1, However, protection at this acidic pH is difficult, and
protection of steel pipes at pH below one will be “very difficult’,

Given the presence of an aqueous phase the effect that various
contaminants have on that phase will depend on how readily these
contaminants dissolve in the aqueous phase relative to the C0;
fluid. Thus HCl, HNOs and S03 will have a marked affect on the
aqueous pH while the effect of 30, will be relatively minor. The
effect of HCl and 507 even at the minimum levels predicted by
Lee et al, {2009) for maximum pollutant control and MEA based
(0~ capture is to reduce the pH to below 1.5, Thus additional gas
cleaning-possible by the use of gas conditioning post 00y capture
and prior to piping the 00, would be required to minimize HCl and
504 levels. Because these readily dissolve in water, gas conditioning
should be effective at reducing these concentrations, In contrast the
combination of pollutant control at a power plant and MEA based
C0y capture should reduce the SO, concentration to values where
it will not substantially lower the pH,

If gas conditioning is not used then even with good pollutant
control at the C0z source the pH of an aqueous phase is likely to be

Fig. 8. pH of the aguegus phase for mixtares of 505, 504, and HCLL
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Table 3

List of ions present {in moles) in the aguepas phase when 50 ppm of warious contamanants is added to the C0; stream at 25<C and 65 atm with 5 g water in 1 kg C0,.
Constitwent HCl HNOy, 30y 50,
Water e oogy 0096 Doad
Carbon dioxide 235« 103 244 = 103 235 = 10-3 225 % 103
Hydrogen chloride 385 1072
Mitric acid 216 = 10®
Sulfar trioxide G.56 = 10°™
Sulnaricv) acid 515 = 10-12
Sulrur diokide 57B = 1077
Hydrogen ion (+1] 138 = 1077 796 = 104 741 = 1074 408 . 10°°
Hydroxide iom [-1) 525 107 956 = 1017 932« 10-7 BT = 105
Bicarbonate ion [—1) 257 1077 467 = 107 48E » 10°% 500 = 1077
Carbonate ion [—2) ET0 = 10 256= 107 28]« 10 5TE « 1077
Chioride sam {—1) 138 1077
Mitrate ion (1) T796= 10—+
Bisulrate{VT) ion [—1) 5.15 = 1074
Sulfate som (-2 113 = 1074
SaInee ion [—2) 124 » 10r™
Orthosulfabe] V) iomn [—2) 137 = 102
BisuIfte]V)ion [—1) 150 1078
Tatal (by phasa) s oo ooea D096

between 2 and 1 and thus new corrosion inhibition systems would
need to be developed for steel. Without good pollution control at
the 00, source the pH of the agueous phase could be less than
zero and it is unlikely that a protective system could be derived to
protect pipes transplanting this fluid (even stainless steels would
be attacked). The classification proposed by Cole (2011) can now
be refined to become

(C) Low contaminant levels and water content above the solubility
content where the agueous pH will be between 3.2 and 1.5,

[y Moderate contaminant levels and water content above the sol-
ubility limit where the pH of the aqueous phase will be less
than 1.5 and could be as low as -1.5,

Interestingly, it was determined if the COs-H:0 mixture is
contaminated with oxygen this will segregate to the 00, phase.
Typically oxygen may play three roles during aqueous corrosion in
polluted environments; it may be reduced at the cathode, it or its
reduced products may react to form metal oxides, it may oxidise
ather contaminants, notably S(IV) species to 5(V1) and promote the
on-going acidification of the aqueous layer. Clearly in the CO5-H,0
mixtures it will not perform these functions, yet corrosion will not
be restricted as hydrogen reduction (cff water itself) will be the
deminant cathodic reaction at the low pH.

4. Conclusion

This paper has modeled the probable physical and chemical
state of an aqueous phase in a HyO-C0; mixture when the C0;
is a supercritical or liguid fluid. It has found that;

(1) Under the conditions likely to pertain in transport of C0 the
water phase will exhibit stratified wavy flow and thus will
predominantly form along the bottom of the pipes. This flow
pattern will be rapidly established and will not be destabilized
by geometric features in the pipe,

(2] Contaminants such as HCl, HNOz and 503 will have a dramatic
effect on the pH of the aqueous phase even in small concentra-
tions while the impact of 507 will be more moderate,

(3] It is suggested that Cole et al.’s classification of the 4 condi-
tions pertaining to the (0, gas stream as a function of pollution

control at source post capture can be refined so that Class C
— which arises under good pollutant control at source but if
significant water enters the OO, stream can now be defined as,

Low contamirant [evels and water content above the solubility
content where the agueous pH will be between 3.2 and 1.5.

While alternatively, Class Dwhich arises under limited pollution
control at source and if significant water enters the COy stream can
now be defined as:

Moderate comtamimnant levels and water content above the solubil-
ity limit where the pH of the aqueous phase will be less than 1.5
and could be as lowas —1.5,
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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 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?/s instead of

m?/s?.
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2.4 A review of the protection strategies against internal
corrosion for the safe transport of supercritical CO, 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 CO..
This includes review of (a) relevant corrosion inhibitors, (b) corrosion resistant alloys
(CRAs) for CO;, transport pipeline, and (c) the role and physical properties of a protective
iron carbonate layer (FeCOs3). 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 (82.4) is

the most current aspect of the thesis.

2.4.1 Section overview

Currently, research studies on CO, capture and storage technologies are of great interest®”
4246 “however there is very little open knowledge regarding the CO, transport phase.
Typically, CO, is transported as a supercritical fluid (>7.38 MPa, 31.1°C) via pipelines,
taking advantage of its increased density and to avoid complicated two-phase flow
regimes*”*®, In addition, transport at lower densities (i.e., gaseous CO,) is inefficient due
to the relatively high pressure drop per unit length®®. However, the increased pressure,
combined with the presence of free water (carried over water from capture processes or
hydro-test operations) in the CO, mixture stream poses a real risk to the durability of the
pipeline®. Hence, the pipeline is normally dried upstream to reduce or potentially
eliminate the amount of free water to ensure minimal corrosion rates®. In comparison to
oil and gas pipelines where CO; is not the main transport component, the corrosion rate of
wet carbon steel in supercritical CO, (SCCO,) is potentially higher®%. This is due to the
formation of carbonic acid (H.CO3) when CO, dissolves in water (H,O), with dispersed
water droplet in CO, fluid being always saturated®®. The increased pressure from
atmospheric to supercritical increases the solubility of CO, in water, which produces a
concentrated H,COj3 solution. In addition to H,COg, other impurities such as sulfuric acid
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(H2S0,), nitric acid (HNO3), hydrochloric acid (HCI), sulfur oxides (SOx), and nitrogen
oxides (NOy) may contaminate the CO, stream (dissolving in the aqueous phase)
depending on the capture process. CO; in the presence of (SOx) and (NO) impurities
have never been transported before by pipeline, as such their effects on pipeline durability
and design are not fully understood®. The extreme operating conditions (outlined in

detail by Cole et al. *

) 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 SCCO, corrosion data from experimental tests
The effects of SCCO, on carbon steel have been studied recently by a number of authors

with varying concentrations of water and impurities® 1 32 969

at the lab scale. In general,
SCCO; corrosion can be divided into two categories - corrosion in the water phase and

CO; phase.

24.2.1 SCCO: corrosion in the water phase

SCCO; corrosion in the water phase is known to produce high corrosion rates (~20mm/y)
due to the increased concentrations of H,COg, especially when a protective FeCO3 layer

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

is not present
mechanism of pipeline steel is similar under both low CO, partial pressure and SCCO..
However, corrosion rates start to differ when water is present. Due to the increased
solubility of CO, in water from increased CO; pressure, experiments in SCCO, produced
significantly higher concentrations of H,COs, 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
CO; under low partial pressure and supercritical condition for 168 h at different

temperatures®

The relationship between CO, partial pressure and corrosion rate is also shown by De
Berry and Clark” 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 CO, partial pressure in
aqueous CO; solutions at 25°C. All data shown were obtained in solutions of CO; 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 CO; is directly related to the

partial pressure of CO,*

Additionally, the study of SCCO, corrosion also covers experiments conducted in high
pressure autoclaves (>7.5MPa, >31.1°C)* > 7 8 12 14,17, 32,33, 84, 85, 100107 | 3 separate
study, Sim et al.’ 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 CO, over a range of water concentrations with weight change plotted

using a linear weight change scale®

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®.
Choi et al.** also conducted experiments in a water-saturated CO, environment in a 1L
autoclave. The variable for their tests was different partial pressures of CO, (4MPa to 8
MPa) at 50°C. They revealed that the concentration of H,COs 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.”’, 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°C where corrosion rates exceeded
10mm/y. Experiments conducted by Han et al.? at atmospheric pressure also yielded

similar results where carbon steel was exposed to CO,-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

.19 conducted

increased corrosion rates by inducing corrosion. Masamura et a
experiments on the effect of relatively low (~1M) NaCl concentration on the corrosion
rate of carbon steel in strong acid concentrations (similar to SCCO; 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 CO, bubbling) were used by Henriquez et al.*® 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 CO, transport environments. A study by Raji et al.® on the corrosion
behaviour of carbon steel in varying concentrations (100ppm to 700ppm) of NaNOsj

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®

In most cases, the corrosion issues associated with CO, 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'* ™3 |t 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%
H,SO, on carbon steel™). Savage et al."'* identified impurities from CO, streams to
contain S- and N- bearing compounds, which leads to the in situ formation of HNO3 and
H,SO, in the presence of acidified water. The effects of acid addition (HNO3, HCI) to a
SCCO, system is further explained by Ayello et al.” 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 SCCO, 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
H,SO,4 and HNO3. The increase in concentration (acid strength) increases their oxidising
potential, causing nitrate ions (NO3") in HNOj3 and sulfate ions (SO,%) in H,SO, to act as
strong oxidising agents'™. In the case of HNOjs, the reduction process is catalyzed by

reduction products of HNOs, causing an increase in reduction rate*°

. A typical cathodic
reaction in a water-mediated system follows either of two pathways, namely a reduction

of hydrogen ions or carbonate reduction**':

2H* 4+ 2e~ - H, (1)
H,CO; +e~ - HCO; + H )
HCO; —» CO3™ +H (3)

This causes the cathode current density to increase, thus a shift in cathodic kinetics due to
an increase in H ions™. In addition, a significant increase in corrosion rates due to salt and
acid impurities is attributed to the instability of any oxide or FeCOj3 film due to the low

pH of the aqueous solution.

Further examples of acid corrosion in SCCO;, were shown by Ayello et al.’*, where
electrochemical impedance spectroscopy (EIS) results revealed detrimental effects from
the addition of low volumes of impurities (ImM HCI, 1mM HNO3) to a 1000ppm CO,-
H,O solution. Corrosion rates increased from 0.1lmm/y to 5.6mm/y with HCI and
4.5mm/y with HNOs;. 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’®. The
authors also showed that corrosion rates are four times greater (than in pure SCCO,)
when trace levels of HCl and HNO3; impurities are added in SCCO, with an aqueous
phase, despite no changes in water solubility limit’. Additionally, an initial comparison of
the corrosivity of fixed concentrations of HNO3;, H,SO, and HCI on carbon steel was
performed by Ruhl et al.™® in SCCO, conditions. It was noted that the corrosion
behaviour of the three acids differed completely in SCCO,. HNO3; was observed to be
very mobile and corrosive towards carbon steel while H,SO, did not migrate through the

118

SCCO; to react with the steel surface™™. A 7-day exposure test performed by Osarolube
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et al.’® showed similar results when mild carbon steel was immersed in varying
concentrations (0.3M to 2M) of HNO3; and HCI. In their tests, HNO3 showed increased
corrosion rates of 3 magnitudes over HCI. 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**°. The mechanism
is explained as the primary displacement of H* ions from the solutions, which is followed
by HNO; reduction rather than hydrogen evolution since the acid reduction leads to a
marked decrease in free energy®:

Fe + 4HNO; - Fe(N0Os), + 2H,0 + 2NO, (4)

The reaction in Equation 4 leads to the evolution of nitrogen (I1) oxide and the production
of Fe(NOs), which led to coloration of the medium®®. Ruhl et al.*? conducted SCCO, tests
with more aggressive environments (nitric acid (HNO3), sulfuric acid (H,SO,), and
hydrochloric acid (HCI)) in smaller concentrations (<1,000ppmw). The authors revealed
that the corrosion mechanism differed for each acidic solution tested. HCI 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 H,SOy,
concluding that it does not migrate through SCCO,. According to Cole et al.'*® the
addition of CI" impurities from hydrochloric acid (HCI) appears to alter the mass of H,O
in the aqueous phase, due to the increased stability from an increase in ionic
concentration. The solubility of water in CO, is decreased with increasing HCI
concentration, causing the mass of the aqueous phase to progressively rise. A minimum
level of HCI contamination (2ppmw) in SCCO, caused a decrease of pH to less than 1.5.

Recently, Dugstad et al.*?°

observed that corrosion takes place in dense phase CO, at low
water content (less than 500 ppmv) in the presence of SO, and NO,. The corrosion rate
was further increased when NO, 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’) 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 SCCO, 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 CO, 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 CO,
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 SCCO: corrosion in the COz phase
Corrosion data from various authors® >** are shown in Figure 2.7 to present a general

overview of the extent of damage expected from SCCO, conditions.
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Figure 2.7: Comparison of corrosion rates from tests in various SCCO, conditions
including varying water content, type/concentration of salt and acid impurities, and

operating conditions® >*°

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 (<1lmm/y), there was low water concentration. In general, all authors observed
that no corrosion occurred in pure SCCO..

Sim et al.%

studied CO,, corrosion in atmospheric conditions where H,CO3 was produced
in-situ in a laboratory setting, with subsequent tests in H,SO,4 to simulate the acidity in
SCCO, environments. The role of CI', NOs™ and SO,* impurities was also investigated.
Subsequently, corrosion data was used to create a neural network (ANN) model which
can be used to predict SCCO, corrosion® within the experimental framework.
Concentrations of H,COg3, H,SOy4, hydrochloric acid (HCI), nitric acid (HNOs), sodium
nitrate (NaNOj3), sodium sulphate (Na,SO,), 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.?® showed uniformly distributed discolourations in the form of light brown spots on a

carbon steel sample exposed to water-saturated CO, environment.

During the CCS process, various types of acid and salt impurities can contaminate the
CO, stream in the capture phase depending on the capture technology**™*2*. A study by
Sim et al.** investigates the effects of salt (NaNOs, Na,SO., NaCl) and acid (HNO3)
impurities in SCCO; (Figure 2.8).
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Figure 6: Average scale mass and mass loss of steel samples exposed to supercritical
CO; 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*® developed from testing in

aqueous conditions™
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Results showed that corrosion rates for all samples were rather high, with a range of
0.74mg/cm® to 1.09mg/cm?® (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 HNOg. In addition to the
impurities studied by Sim et al.*, the effect of SO, on steel under SCCO, conditions has
been researched by a few authors™ > %" Farelas et al.”” investigated the effect of SO,in a
SCCO;, 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%
SO, impurities. In contrast, Choi et al.!” revealed that the addition of 1% SO, in SCCO,

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

Corrosion rate (mm/y)

! !
co CO,+0, CO,+S0O,  CO,+0,+S0,

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 CO, phase
(8MPa) for 24 h. The addition of 1% SO, 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 O, and SO,
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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

H,SO3 and/or H,SO,4 with steel is the cause of high corrosion rates in their tests.
In the case of corrosion inhibition, SCCO, corrosion in the CO, 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 CO, corrosion prevention method

The topic of corrosion inhibitors in CO, saturated solutions is widely studied™?**?,
however the applications studied most comprehensively to date include those where CO,
is present in oil and gas pipelines, i.e. low partial pressure of CO,. 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, CO, is a minor
component’? (0.5 to 2.5%) compared to CCS purposes where CO, constitutes a majority
of the stream composition” (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 CO; 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 CO,
pressure, and water and other impurities), the performance of corrosion inhibitors have
been reported to be unreliable or inefficient*. 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 CO, corrosion in general. As a guideline for future inhibitor studies specific
to CCS purposes, a list of inhibitors experimentally tested by various authors*®2® has been

compiled based on various conditions related to CO; corrosion (Figure 2.10).

49



Chapter 2

10 I \Without inhibitor
[ With inhibitor

= _
S 3
@ 3
—_ - i
1)
> i - = E
~ o BC\) =
e g = 3 n
N S / c —
= 14 < © — £ =
. S > @ < ke R
~— - o ~ » @ = 8
i > = [=2] (=} I
ﬂ) T —~ £ ~ o v -_— o
> = - >
-— 4 =R = = e <2} £ e
5 O k= @ S
© 1 3 s} =3 3| < o 2 <
= & [ = = £ c £ R=]
J s £ £
c o ° - 3 [} o © ©
o = % 0 T = N © =]
4 ] N 5 © o =]
—— c 0] 2 ™ [ o I <]
2] = c 8 N =2 & K=l
o) 5§l sl = sl =l E| s B
S 2 5
[l 0 1 _ 5 N = © £ o > ©
= -3 3 3 c £ = s © el
o ] E ‘g =] = k] o 0 ‘5
O ] H = o oo <l 2 o
] o = = a L
1 2 0 5 E 8 ) £
< @© © © £ S
= =)l 2 E 2l B @
S © = i E 9 8
= 2 © B 0 & S
< o > 2] m o o

Imidazoline (10-99%)
Imidazoline (60-90%
Thiazoles (89-98%

Various

|
Gulbrandsen Desimone Zhao Miksic Mustafa Flores Villamizar Farelas Morad Doner Qian
etal et al. etal. etal et al. et al. et al. etal. etal etal. etal

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 CO, pressure as a result of sweet corrosion*®
24 varying CO, partial pressures from 1 to 6 MPa®, 0.5 to 5M H,S04**?’, and 3%
NaCl?®

The corrosion rates before and after inhibitor addition is shown, in addition to inhibitor
efficiency. A more detailed list of inhibitors experimented under CO, 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 CO, 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 Comments
efficiency
Ammonium salts of O,0'- Synthetic brine (ASTM D1141- | 70-99% The authors revealed that inhibitor efficiency increased with
dialkyldithiophosphoric acid**® 90) saturated with CO, at 25- temperature.
70°C, pH 5.3
Amphiphiphilic amido-amine, | Atmospheric CO, pressure with | 28-99% This type of inhibitor works by reducing the number of
N-[2-[(2-aminoethyl) amino] 5% NaCl at 25°C, pH 6 available surface sites for corrosion and also by decreasing the
ethyl]-9-octadecenamide™® rate of the corrosion reactions.
Cyclomin®® Water saturated supercritical 70-90% | The authors revealed that inhibitor efficiency decreased with an

CO, at 9.5 to 21.5 MPa, with
experiments varying from 50 to
130°C

increase in temperature. In all cases, corrosion rates were

unable to be reduced below 1 mm/y.
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Imidazoline® Water saturated CO, at 1, 4,and | 20-98% The inhibitor significantly influenced the surface morphology
6MPa at 60°C and thickness of the corrosion product film. Localized
corrosion decreased with increased inhibitor concentration
Amido-imidazoline™® CO,-saturated solution with 68-95% | Amido-imidazoline showed increased inhibitor efficiency with
3wt% NaCl increase in inhibitor concentration, which could further benefit
from addition of iodide ions due to synergistic effect.
(1-(2-hidroxyethyl)-2(heptadec- CO,-saturated solution with 91-99% | In this test condition, the bis-imidazoline variant formed a more
8-enyl)-imidazoline and 1-(2- 3wt% NaCl at 80°C compact inhibitor layer compared to its imidazoline
aminoethyl)-2(heptadec-8-enyl)- counterpart, which further decreased corrosion rates.
bis-imidazoline®
Hydroxyethyl, amino ethyl and CO,-saturated solution with 80-90% Among the three inhibitors tested, amid ethyl imidazoline
amid ethyl imidazolines® 3wt% NaCl at 50°C showed the highest inhibitor efficiency due to the relatively
higher stability of the surface film.
Volatile corrosion inhibitors CO,-saturated solution with 87-91% The effectiveness of the VpCl inhibitors tested depends on the

(VpCl®

500mg/L H,S at 70°C. pH 4.5

flow rate and inhibitor concentration.
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Oleic-based imidazoline and CO,-saturated solution with 5-82% Both inhibitors tested showed synergistic effects when used
sodium benzoate** various salt impurities including concurrently, which resulted in higher inhibitor efficiency.
Na,SO,4 and NaCl
Quaternary alkynoxymethyl CO,-saturated solution with 2-78% Flow velocity played a major role in inhibitor efficiency, with a
amine (IMC-80-Q) and 3wt% NacCl critical value also dependent on inhibitor concentration.
imidazoline®®* Imidazoline performed better under static conditions but IMC-
80-Q showed better performance at 5m/s.

Sodium thiosulfate™ CO,-saturated solution with 91-94% Sodium thiosulfate showed high inhibitor efficiencies when

5kmol/m? of monoethanolamine tested at a concentration range of 250-10000 ppm. However,
(MEA) at 80°C long term exposure will decrease inhibitor efficiency due to the

instability of the passive film.

4-carboxyphenylboronic acid CO,-saturated solution with 76-96% | CPBA performed efficiently in CO,-saturated media with a low

(CPBA)™*

0.01M NaCl, pH 4

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.™** studied the effects of Mn - Mg based zinc phosphate and
vanadate for corrosion inhibition of CO, rich fluids for CCS transportation. The authors
proposed the use of sodium orthovanadate (Nas;VO,) 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 HCI solution (pH 4) to
simulate environments where only H,CO3 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 CO,-saturated environments has been studied by a few

authors!® 20: 23-25, 28, 134

, although most studies were conducted in atmospheric conditions.
The most common type of inhibitor used for CO, environments are high molecular
weight amines, typically the imidazolines or amine/acid salts'**. Specifically, the use of
imidazoline-based inhibitors is common practice for oil and gas purposes due to their
adsorption properties™® **". Mustafa et al.?® 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 CO,-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™*® ¥, the inhibition
efficiency is dependent on inhibitor concentration and CO; 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.?® investigated the corrosion
behavior of hydroxyethyl, amino ethyl and amid ethyl imidazolines in CO,-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 (VpCl) in CO; + H,S containing environments was studied by Miksic
et al.?%, 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.?*

, Where oleic-based imidazoline (OIM) and
sodium benzoate (SB) was used as a corrosion inhibitor for mild steel in a CO,-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.'® conducted experiments with
N-[2-[(2-aminoethyl) amino] ethyl]-9-octadecenamide corrosion inhibitor at 25°C in CO,-
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'®. 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.?

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 CO,. 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 CO, 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.”, where the addition of HNO; into
CO,-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® #2627,

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

, 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 H,SO,. 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.?®
investigates the use of 2,2'-dithiobis(3-cyano-4,6-dimethylpyridine), abbreviated as
(PyS),, as an inhibitor for the corrosion of mild steel in varying concentrations of H,SO,
(1, 3, 5M) at 35-50°C using polarisation resistance, potentiostatic and electrochemical
impedance (EIS) techniques. The authors noted that the efficiency of (PyS), 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 H,SO, corrosion inhibition

includes the work of Qian et al.*’

where the synergistic effect of polyaspartic acid (PASP)
and iodide ion (KI) were investigated for the corrosion inhibition of mild steel in 0.5M
H,SO,4. 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 H,SO,, inhibition of HCI acidified media is

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

investigated by Flores et a
corrosion inhibitors for carbon steel in aqueous 0.5M HCI 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°C and
60% at 40°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'* 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 CO; 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® (Figure 2.11).
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B Average mass loss (g)
[ Average scale mass (g)

10

Weight change (mg/cm?)

Oppm water 50,000ppm water 50,000ppm water with  50,000ppm water 50,000ppm water
at 40°C at 90°c 0.001M NaOH with 0.001M L-cysteine at 40°C

at 40°C at 40°C

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 CO, with various operating conditions and additions including NaOH

and L-cysteine®

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 FeCOj3; 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 FeCO; due to their molecular

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

structure
inhibitors in liquid and supercritical CO, phases. Most of the inhibitors mentioned above
are water-soluble, but for CCS purposes, for example, CO,-soluble inhibitors or high

diffusion rate of corrosion inhibitors in CO, is required.
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2.4.4 lron carbonate: A potential source of corrosion protection

The oil and gas industry has relied on the formation of a protective iron carbonate layer
(FeCO:s) to control CO; corrosion in CO;-saturated water present in a multiphase pipeline
stream™*?. One particular method known as pH stabilisation uses sodium hydroxide
(NaOH) or sodium bicarbonate (NaHCO3) to induce FeCOj5 precipitation'*® 244, However,
in supercritical conditions, the control of FeCOj3 production could be problematic. From
Figure 2.11, it can be seen that in supercritical CO; in fully dehydrated conditions, a small
scale mass is measured (~2 orders of magnitude less than that in the case of 50,000ppm
H,0). However, in the case of fully dehydrated conditions, no mass loss was observed. In
the case of 50,000ppm H,O at 40°C versus 50,000ppm H,O at 90°C, it is noted that at
90°C, the extent of carbonate scale formed is greater. Concomitantly however, the extent
of mass loss from 50,000ppm H,O at 90°C is on average between 2 to 3 times lower that
realised at 40°C.

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.**® based on Equation 5:

Rieco, == -f(T).K,, - f (55) -

where Rp.co,is the rate of precipitation of FeCOg, A is the surface area of the electrode,
V is the solution volume, T is temperature, K, 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'*, is noted to be the most important
factor in determining the precipitation rate of FeCOs. This explains the minimal
formation of a FeCOjz layer under atmospheric conditions (0.1MPa, 25°C). The effects of
temperature on FeCO; formation was further investigated by Cui et al.®, where
experiments showed that the FeCO; film formed at a relatively lower temperature (60°C)
was more stable than that formed at a higher temperature (150°C). In a separate
experiment, studies show an increase in corrosion rate as temperature increases up to a

certain point (nominally about 90°C), and then decreasing due to the formation of a
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protective FeCO; layer*’. Although temperature is one of the key variables*®, CO,
partial pressure and solution pH plays an equally important role in determining FeCO3
formation. According to recent SEM analysis by Choi et al.*, the grain size of FeCO;
decreases with increasing CO; partial pressure. This results in a protective layer which
reduces corrosion rates (from ~20mm/y to ~0.2mm/y) even when pressure is high*®. The
mechanism of FeCOjz; formation in water-saturated SCCO, is attributed to the
condensation of water from the CO, phase, from which it immediately becomes saturated
with CO, and forms a FeCOg 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.**°

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?*. However, FeCOj3 precipitation can
also occur at low pH if temperature is sufficiently high. For example, in their tests, FeCOj3
was observed at pH 6 at 80°C, while it was only present at pH 4 at elevated temperatures
of 120°C. However, experiments have shown that the FeCOj3 layers are susceptible (due
to instability of the layer) to corrosion in acidic solutions*®. To study the effects of
FeCOj3 in SCCO, conditions with NaCl impurities, Choi et al.”’, exposed steel samples to
25 wt% NaCl at varying partial pressures (4, 8, 12 MPa) and temperatures (65, 90°C).
The authors revealed significant corrosion (~10mm/y) at 65°C, which decreased to
~0.05mm/y when temperature was increased to 90°C. The authors attributed the decrease
in corrosion rates to the behaviour of the corrosion products formed under different

temperatures. Choi et al.”’

noted that the corrosion products formed at different operating
conditions were different, where a protective FeCOs layer was formed at 90°C, while a
non-protective and porous iron carbide (FesC) layer formed at 65°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

60



Chapter 2

appears as though the issues associated with the formation and stability of carbonate

51 and pressure™®?.

layers merit further study, such as the effects of flow rate
During CO; transportation, SO, in gaseous form is a common impurity, and its effects on
steel under has been researched by a few authors™ > °". SEM showed the successful
formation of a FeCOs; layer as exposure time increases, hindering the diffusion of
reactants from reaching the metal surface, effectively stopping any corrosion reaction
from occurring’. The effect of exposure time on FeCO; formation is further studied by
Wu et al.®, where steel samples exposed to SCCO, 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°C to 150°C, Wu et al.** observed faster film formation with a more

compact and continuous form.

The effect of pressure on FeCO; formation was investigated by Zhang et al., 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 FeCOs; formed under both
atmospheric and supercritical conditions were similar, and attributed the increased
corrosion rates to the increased solubility of CO, in water from SCCO, tests. However,
surface analysis from prior work®® % shows that tests in SCCO, induce a FeCOj3 layer

which is otherwise not obvious or present under atmospheric conditions.

As of current, the mechanisms of FeCO3 formation in SCCO, 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 SCCO, stream is unique (due to
its location, CO, 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 FeCOg3 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 FeCO; formation from prior work®.

- N
L lpm JEOL 11/05/2013
15.0kV SEI SEM WD 10.6mm 1:34:35

Figure 2.12: SEM analysis of steel sample following exposure to pure SCCO; (Oppm
water) for a period of 7 days at 40°C
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Figure 2.13: SEM analysis of steel sample following exposure to 50000ppm water in
a SCCO, environment for a period of 7 days at elevated temperature of 90°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.*®.
The SEM image in Figure 2.13 is similar to those presented by Yu et al.'®, 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 CO, transportation, a viable alternative is to use CRAs as a replacement to
carbon steels which are known to be weak against acid corrosion® 1" %1% 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'*

and also briefly
discussed by DeBerry and Clark? 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®,
CRAs containing more than 12% Cr are resistant to corrosion in wet CO,, even at high
CO, partial pressures. The report by Marsh and Teh'* 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.'” showed decreased corrosion rates
when 13Cr steel was exposed to a CO,-water system, however the addition of SO,
impurities showed similar rates to carbon steel.

A study was conducted by Hermas et al.™

, Where 304 stainless steel samples were
exposed to H,SO,4 with increasing concentrations (0.1 to 0.5M) and temperature (20 to
60°C). Generally, corrosion rates were high (>300pA/cm? in 0.5M H,SO, at 60°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
H,SO, impurities could be present. In addition, both 304 and 316 stainless steels are not

|.30

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

corrosion behaviour of 9 to 25% Cr steel exposed to CO; 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 CO,-saturated environment (Figure 2.14).
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Figure 2.14: Effect of CO, partial pressure and temperature on corrosion rate of Cr
steel in the autoclave (5% NacCl; 3.0 and 0.1 MPa at CO, at 25°C; test duration, 96

h; flow velocity, 2.5 m/s)*
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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 SCCO, corrosion, with focus on acidic
environments. In cases of high HNOj; concentration, 304 stainless steels have been

156-158

studied extensively as a durable material in these conditions.

In a separate study, Yevtushenko et al.*

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 CO,. Potentiodynamic
polarisation tests revealed extensive pitting with pit depths of up to 100um 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 SCCO,.

A number of experiments have also been conducted on CRAs to investigate their
corrosion properties for CO, transport purposes™*¢*. Pfennig et al.**®® conducted a review
of different pipeline steels exposed for 2 years to a CO,-saturated saline aquifer
environment. The experiment was conducted at 60°C with a continuous flow of CO; 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
0.1mml/y for both steels was observed. The authors concluded that both steels will be able
to be used for CO, storage purposes for 2 years without serious corrosion damage. In a
separate study, Tan et al.’®! investigated the corrosion behavior of austenitic stainless
steels (alloys 800H and AL-6XN) and ferritic-martensitic steels (F91 and HCM12A)
exposed to SCCO, at 650°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.*®*

are to be expected, where no
corrosion is observed when no water is present in the SCCO; 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.**®, where three austenitic alloys (316SS, 310SS and Alloy 800H)
were exposed to SCCO, at 650°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 (SiO;) 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 SCCO, at high temperatures (~650°C).

However, as of current, studies from authors in high pressure autoclaves® * -8 12 14.17.32

$3,84,85,100-105 (35_90°C) have not reported any corrosion products on the autoclave surface

after SCCO; 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 CO, emissions*®. One of the major issues delaying CCS
implementation is pipeline corrosion during SCCO, transportation, caused by water
contamination which reacts with CO, to form H,COs. 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 CO, 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 CO; (and indeed as mimicked to some extent in agueous simulants) is high,
especially if free water is present and the CO, stream is contaminated with salt and acid
impurities. This creates an environment which is low in pH, promoting the break

down/retardation of a FeCOj3 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) CO; 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'®. 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 H,O maximum existed at Scurry Area

Canyon Reef Operators (SACROC) which is now the Kinder-Morgan operation.

(b) CO,_corrosion in wet oil and gas (sweet corrosion)

Aspects regarding sweet corrosion as covered by Marsh and Teh** indicate that corrosion

control is managed by:

e 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.

e 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 CO; will vary in terms of industry type,
location, and nation to nation, the precise chemical nature of the CO, 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 CO, 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™® 4

, recommendations that CO, dehydration levels
be below 50ppm of water (near complete dehydration) can be justified on the basis that
no corrosion was observed at Oppm water (Figure 2.11), however evidence for both scale
and mass loss occurred at 100ppm water”. 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 CO,

corrosion prevention in general.

There remains a number of issues to be resolved experimentally before protection
strategies can be practically applied to CCS pipelines:

e From the reports in the literature, corrosion inhibitors showed efficiencies in CO,
corrosion tests of ~71-99%, however the effects of increased pressure (>7.35MPa)
and acidity (pH~1) requires further experimentation.

e A major difference regarding corrosion in supercritical CO; is the presence of
FeCOj3 layers - which form at appreciable rates. Such carbonate layers may not be

protective in a large range of circumstances (which include at low temperatures,
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and in the presence of impurities and flow). This distinguishes supercritical CO,
from aqueous simulants, and to a large extent, sweet corrosion. However the
protective capabilities of the FeCO; 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 SCCO, 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

140.

considerations that need critical assessment include™™:

Inhibitor efficiency.

If the efficiency of an inhibitor (IE) is given by:

IE% = 100 x (CR uninhibited — CR inhibited) / CR uninhibited.

A reasonable 1IE% 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.

h*4, inhibitor availability has to be factored into

According to Marsh and Te
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:

o Top grade logistics supply and management structure set up well in advance.

s 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).

o The organisation, management and training of personnel must be of the highest
quality.

o The operator will need to commit to maintaining these capabilities.

o 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. CO, 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 CO, with moderate
impurities. Reliable corrosion protection in H,O-CO,-CI™ 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™. 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*®>™*°.

The economics between full drying (i.e. to <50ppm H,0) and stainless steels is beyond

h 140

this review. Marsh and Te 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 CO, unless liquid water is also present. Low
(plain) alloy steels are particularly attacked by mixtures of CO, / water. The rate of attack
is extensive® 3 21 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 CO, 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 SCCO, transportation

relevant to CCS purposes. Key aspects from the review can be summarised as:

107,108 show that

e Corrosion data from experiments and international conferences
expected corrosion rates are high when carbon steel is exposed to SCCO;
environments (containing water, salt and acid impurities).

e A reduction in corrosion rates was observed in all cases where a protection
strategy has been applied.

e Corrosion inhibitors showed high efficiencies in CO, corrosion tests (71-99%),
however the effects of increased pressure (>7.35MPa) and acidity (pH~1) are
unknown and requires further experimentation.

e A layer consisting mainly of FeCOs; is able to reduce corrosion rates
significantly'®, 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.

e Stainless steels showed reduced corrosion rates in COj-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 COj-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 CO, 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 CO, 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 H,CO3 concentration. To realise the
morphology associated with the corrosion in the presence of H,COs.

2. To elucidate the effects of SO, and NOy impurities and their corrosion mechanism
on carbon steel.

3. To study the effects of co-speciation of acids including H,CO3, H,SO4, HCI, and
HNO; on carbon steel.

4. To outline the major variables controlling supercritical CO, corrosion using

sensitivity and fuzzy curve analysis.

75



10.

Chapter 3

To investigate the correlation between experiments conducted in atmospheric
versus supercritical CO, and study the effects of increased CO, partial pressure.
To use optical profilometry and scanning electron microscopy (SEM) to study the
surface morphology of carbon steel under supercritical CO, conditions, and
quantify the instance and effect of pitting corrosion.

To conduct supercritical CO, experiments and identify a threshold in water
concentration before severe corrosion occurs due to the formation of an aqueous
phase.

To study the effects of salt and acid impurities in supercritical CO, and quantify
associated corrosion rates.

To investigate the influence of in-situ formed iron carbonate (FeCO3) and its
properties on the corrosion rate of carbon steel.

To create a functioning artificial neural network model (ANN) with high fidelity
(i.e. a satisfactory R? value) from experimental works to predict supercritical CO,

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.

Ul

77N\
Al N="Va

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 CO, experiments
A high pressure 1L autoclave (Figure 4.5) was used for high pressure supercritical CO,

experiments, which is paired with a high flowrate pump (Figure 4.6).
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Figure 4.5: Image of supercritical CO; high pressure autoclave setup, with stainless

steel lid closed and thermal sleeve attached

Figure 4.6: High flowrate pump for pressurizing autoclave with CO,

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 CO, experiments to be performed in a safe environment. CO; is transferred
to the autoclave from pressurized CO, tanks with a high flowrate pump at a maximum
flowrate of 204mL/min.
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Chapter 5

Results and Discussion
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5.1 Use of aqueous solutions to simulate supercritical CO,

corrosion

CORROSION SCIENCE SECTION

Use of Aqueous Solutions to Simulate Supercritical

CO, Corrosion

5. 8im**** P. Corrigan,** I.5. Cole,** and N. Birbilis*

ABSTRACT

Capturing and storage of anthropogenic carbon diosdde (0]
requires the transport of OOy with parying combinations of
impurities depending on the capture technology and source.
Traditionnl pipelines are nod designed for the transport of such
relatively low-purtty OO0y in_foct, nitial research indicates thod
a loar-prerify OO, environment poses a sigrificant dirablity
nisk to conventional [gas) pipelines. The presence of water inoa
supercritical OOy stream will l2ad to acidic conditions via the
Jormuztion of carbonic actd ([HCO). In this work, a round robin
of experiments has been executed in aqueons solutions where
Oy hos been added fo water to_form HzO04 in sohe, along
with testing tn sulfuric actd (H50,) that was fowrnd fo sime-
late the tmpact of HyO0, upon steel. The role of CI, NO,, and
B07 tmpurities was also neestigated. Conclusions have been
droiemn from electrochemioal, welghi-loss, and optical profilom-
etry resulis, with fitture work outlined. While not a replace-
ment fo supercritical OOy, experiments, we see that there s
significant merit tn such high throughyet tests to_form an irni-
tied understanding. which can be subsequently benchmarked
by supercritical COy fests.

KEY WORDS: carbonic, carbon capiure and storage, corbon
dioadde, cormosion, pipeline, supercrifical, sulfuric actd

INTRODUCTION

Transport of supercritical carbon dioxde (CO,) from
capture locations o storage locations will require
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Victoria 3800, Australia.
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cost-effective and durable pipelines. However, to date,
little is known about the corrosion behavior of steel
in the presence of CO, streams that are typical of
those used in carbon capture and storage (CC5). A
simplified diagram of the CCS process is presented

in Figure 1.

Although COy corrosion of pipelines used in oil
and gas indusiries has been studied widely in the last
few decades,' in those instances, CO, is an impurity
in the siream, not the main component as in CCS.
Further, CCS pipelines will operate at significantly
higher pressures so that care must be taken in trans-
lating information from ofl and gas transport to CCS.
The transport of CO; by pipelines in enhanced ofl
recovery (EOR) systems, however, sees operation under
similar pressures and temperatures to that which will
be used in CCS. There are currently ~3.100 miles
{~5.000 km) of EOR-CO, pipeline in existence in the
United States. The EOR-CO, pipelines have been
operating for up to 20 years with no significant record
of corrosion. Such pipelines are operated under strict
limitations on contaminants, particularly free water,
hydrogen sulfide (HyS), S compounds. and nygen.s

The area of CCS has only started to gain support
in terms of development and implementation over the
last decade (compared to renewable energy which has
been researched since the 1970s) because of the envi-
ronmental risks associated with high CO, emissions®
(global warming, etc.). In a recent paper by Goodman,
et al., the United States Department of Energy (U.5.
[OE) has developed a methodology for estimating
C0, storage potential for ofl and gas reserves and
saline formations’ (“geclogical storage” step in Fig-

ISSN 0010-3312 (print), 1938-153X (onling)
12/000063/55.004+ 30,5000 © 2012, NACE Intermnational
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Power plant Capture and Transport
comprassion pipeline

Geological
storage

Injection
tacility

FIGURE 1. Simpiifled diagram of GCS process

TABLE 1
Passible CO-Rich Gas Composition
from Pasi-Combustion, Pre-Combustion, and Oxyfual
Capture Basad on a CoalFired Power Station™

Post-Combustion  Pre-Combustlon  Oxyfuel
component (vole) [vale) {voles)
co, 99.97 06.30 95.80
CHa — 0.0
M, 0.0033 0.2 1.23
H.5 — 0.6 —
Cs — — —
co — 0.4 —
o, 0.0033 0.2 123
NO, 0.0 — 0.0
s0, .01 — 0.5
H, — 20 —
Ar 0.0033 0.2 123

ure 1). Their interest in this area shows the contin-
ued advancement of CCS despite knowledge gaps in
the transportation phase associated with supercritical
C0y and potential impurities.

The reasons for the need to take care when trans-
lating experience in ofl and gas transport to CCS are
two-fold. First, the precise chemical nature of the
streams remains unknown and will vary depending
on the nature of the source (l.e.. combuston of fos-
sl fuel—coal, oil and gas in power plants, and indus-
trial processes such as mineral or metal production).
Second, COy from CCS is destined to be transported
most economically as a supercritical fuid (>7.38 MPa
[or 70 bar] at about 31.1°C)® because of its high den-
sity and to avold complicated two-phase (gas + lguid)
flow regimes and pressure drop.” As such, determi-
nation of actual corrosion kinetics in such conditions
= not trivial, since the CCS pipeline pressure s more
than 3 times greater than that used for oil and gas.
Only recently has experimental data collection been
attempted and reported,’™ "™ where a imited but crit-
cal data set will emerge in coming years.

As seen in Figure 1, capture and compression of
C0, precedes the transportation phase, hence deter-
mining CO, siream composition. Table 1 gives an ap-
proximation of the stream composition based on the
three primary capture technologies—post-combustion,
pre-combustion, and oxyfuel. The source of COy for all
three technologies is from coal-fired power stations.

045004-2

From Table 1, this compilation of data shows
that post-combustion yields the highest percentage
of CO, at 99.97% purlty. All three processes are able
to yleld high-purity CO,. but are held back by the
same techmical difficulty—the challenge of Bmiting
NOy and 50y impurifies. In recent months, the oxyfuel
process has been discussed widely as being one of
the most promising processes for CCS, with research
focused on reducing NO, and 50, by using flue gas
cleaning systems. ™

In a study by Ayello, et al.. electrochemical
impedance spectroscopy (EIS) resulis revealed detri-
mental effects from the addifton of low volumes of
impurities (1 mM hydrochloric actd [HCI], 1 mM niiric
acid [HNO.]) to a 1,000 ppm CO,-H:0O solution. Corro-
sion rates increased from 0.1 mm/y to 5.6 mm,/y with
HCI and 4.5 mm /v with HNC,. This was belleved to be
attributed to a low dilution factor when water levels
are low. Thermodynamic modeling also revealed that
higher volumes (0.5 M to 1 M) of impurities would
further increase corrosion rates, though there 1s still
limited knowledge on the chemical reactions that
potentially could occur.™ Subsequently, experimen-
tal tests in this paper aim to fill this knowledge gap by
providing corroston rates of C17, NOs, and 50) impuri-
tes in a similar acidic environment.

In a recent review by Cole, et al..* four regimes
with different risks of corrosion were outlined for
supercritical CO, transport.

Very Low Contaminant Levels and Extremely
Low Water Content

In this regime, corrosion damage {s minimal or
nonexistent. It contains very low contaminant levels
and extremely low water content. In a laboratory
study conducted by MeGrail, et al,'® it was indicated
that approximately 600 ppmw is the critical value
fior water content from which corroston will occur.
This concurs with the EOR-CO,, transport limit of
600 ppmw. However, this is in contrast with the work
of Ayello, et al.," who found significant corroston at
100 ppmw.

Low Contaminant Levels and Water Content
Below the Solubility Limit

In this regime, contaminant levels are low but
water content has exceeded the critical value, Cor-
rosion staris to take place at 0.38 mm/y'" in the
absence of impurities. However, at this stage, water
content 1s still below the solubility Imit so a separate
phase does not occur.

Low-Moderate Contaminant Levels and Water

Content Above the Solubility Limit

In these regimes, the solubility limit of water
in CO; has been exceeded, resulting in a separate
phase. The difference between these two regimes is
the increased concentration of impuriiies, where they
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tend to segregate into the aqueous phase containing
C0y, carbonic acid (HoCO5), and water.

The purity of the gas stream s controlled by pal-
lutant control measures at the power plant or other
sources of COy. by the effect of CO, capture and gas
conditioning prior to piping the gas. The first reglme
is typical of COy transport in EOQR in the USA (under
Kinder Morgan guldelines®) and would prevatl if CO,
were extracted using monoethanolamine (MEA) in
a plant with strong pollution control measures and
gas conditioning to lower the water content below the
pressure solubility mit (500 ppm in C0y). The sec-
ond regime would occur if gas conditioning was Hm-
ited or there was a Imited source of H,O in the pipe.
The third could occur in the absence of gas condi-
tioning, or with additional sources of HyO, while the
fourth would occur without gas conditioning and m-
ited cleaning of the gas at source.

In the CCS process, potential damage may occur
to ferrous pipelines when the CO, stream 15 contami-
nated by free water (Hy0),">" resulting in the in situ
formation of HyCOq. A relatively high acid concentra-
tion may evolve, owing to the high operating pres-
sure, which allows a (relatively] high solubility of
0, in water.” Empirical evidence suggests that cor-
rosion rates can increase by two times (1.2 mm/v to
2.5 mm/y) when water concentration 18 increased
(100 ppm to 2,000 ppm)."" The in sttu speclation of
H;COy in the aqueous phase leads to the generation
of low pH. ~3.2. as determined by Ayello. et al.,"™
experiments and stmulation.' This is an environment
that 15 aggressive and detrimental to carbon steels
Including mild and X-60/65/70 /80 grades. Experl-
ments have shown that carbonate (FeCOy) layers can
form on a steel surface. which 1s suscepiible (as a
result of the instability of the layer) to corrosion in
acidic solutions. " Despite this, ferrous metals are
essentially the only viable candidate for CCS pipelines
based on the operating pressure of such pipelines.
Another concern {5 pressure drop in pipelines that
occur because of frictional forces, thus reducing the
solubility of water in the CO, phase, which could lead
to the formation of an agqueous phase.®

To date, experimental and theoretical works have
found that the lowest pH attributed from H,CO, alone
i about 3.2.% In addition, the aggressive nature of
impurities such as sulfates (S0y). nitrates (NOy), and
chlorides (C1) from capture technologles™ * can cause
an addittonal. and presently uncharacterized. dura-
bility threat. Current capture technologles include
absorption, adsorption. and membrane and cryo-
genic processes, of which chemical absorption via sol-
vents (1Le.. MEA) will be the most lkely candidate for
commercial purposes.™ In a water-CO; system, these
impurities tend to segregate into the aqueous phase,
which can potentially drop the pH further by the in
situ formation of sulfuric acid (H,50,) and nitric acid
(HMNO) (in addition to the existing H,CO4). Experd-
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FIGURE 2. Simpitied phase diagram of the walsr-Co, systam (from
et to rght), showing GO, In watar (100% H.O + H.C0,), 8n8queous
region comtaining H,O and CO, with H.CO, In H,0, and watar In CO,
{100% CO, + HiCO).

mental work has shown that corrosion rates are four
times greater (than in pure supercritical CO,) when
trace levels of HCI and HNO, impurities are added in
supercritical CO, with an agqueous phase, desplite no
changes in water solubility Umit."

At present, no construction or operation stan-
dards for CCS pipeline transportation have been
developed at the national level: however. while there 15
now much activity in this area.” there remains insufl-
Aicient benchmark data for both the stream chemis-
try and corrosion rates achieved in the presence of
HyCO, to understand fully the extent of damage from
supercritical COy corrosion. To begin to understand
the amount of damage accumulated in such environ-
ments, the goal of this study was to use environmenis
that may begin to simulate the agqueous phase in
impure supercritical CO, by the use of simulants
(CO, in water, alternate acid, and impurities), on the
premise/hivpothestis that corrosion damage 18 dictated
by actd strength (and subsequently the concentration
of HyCOy in practice). To rationalize the hypothesis,
Figure 2 shows a schematic simplified phase diagram
for the water-CO, system.

What can be seen from Figure 2 is that there are
concetvably three phase flelds (simplified by neglect-
ing pressure and intermediate phases). The phase
that poses the corrosion risk 1s H,CO,. The existence
of HyCO, in the C0O, stream as a result of trace levels
of water in COy 15 indicated by point A. The existence
of HyCO In water s indicated by point B, sugdesting
that a given concentration of H;CO, can be achieved
in conditions that readily allow the kinetics of corro-
slon to be measured.

Consequently, in this paper. we standardized the
electrolyte nomenclature according to the concentra-
tion of HyCO, present (to allow a pressure-indepen-
dent parameter o be established for which data in
supercritical CO, conditions ultdtmately can be com-
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pared), along with the solutton pH that arises for a
given H,COy concentration. We additionally studied
the impact of some common impurities in the context
of corrosion rates measured electrochemically, and
damage accumulation (profilometry, weight loss, and
thickness loss). The environment of the experimental
tests herein mimics conditions relative to regime four,
where gas conditioning and cleaning of the gas at the
source s very lmited or non-existent.

This work will form part of a baseline for cor-
roslon rates in supercritical CO, systems in a high
throughput manner (owing to the use of aqueous elec-
trolytes), and be particularly useful when calibrated
with high-pressure data in follow-up experiments
(which 1s inherently a low throughput methodology).

EXPERIMENTAL PROCEDURES

Four different tests were conducted to quantify
corrosion in the presence of actd electrolytes in the
laboratory setting. Potentiodynamic polarization tests
were conducted to reveal kinetic and mechanistic
aspects related to electrochemical processes; weight-
loss and thickness loss tesis were able to give a
ground truth fcumulative representation of corrosion;
Anally. optical profilometry was able to reveal corro-
sion mode in regard to where there was pitting, etec.,
in additton to quantifiable damage statistics.

Experimental Procedures for Electrochemical
Tests in Carbonic Acid Environments

Since HyCOy only exists in solufion, water was
routinely carbonated in-house via high-pressure COy
injection (using compressed CO, and a Soda Stream’
apparatus). In all cases, Melbourne (Australia) tap
water was used to serve as a better simulant to
impure water than distilled HyO would. As the pH of
solutions containing H,CO, increases over tme in the
open environment (i.e., carbonation), their pH was
measured with an electronic pH meter before and
after the experiments to ensure accuracy. [deally, the
idea of the experiment was to obtain results in solu-
tions that ranged from low to high pH. corresponding
with various concentrations of HoCO.. However. since
atmospheric pressure was used in these experiments,
a range from pH 3.5 to ~7 was obtained. The pH was
increased from 3.5 to desired levels by addition of
water while monitoring with the pH meter. The mini-
mum pH achieved of 3.5 s not too dissimilar to the
theoretical pH achieved at higher pressures as
reported by Chol and Nefié. ™ However, in this work,
to expand the range of pH of the test solutions, addi-
tional tests were undertaken to gain results over a
wider (Le., lower] pH range (pH 1 to 7), using solu-
tions prepared with H.50, to stimulate the concen-
trated acidic environment present in supercritical C0O,

" Trade name.

045004-4

conditions. The samples used for testing were carbon
steel (UNS G152566) sheet (0.22% to 0.20% carborn).
with a surface preparation of 1200 grit silicon carbide
(S1C) paper.

Electrochemical tesis were conducted using a
Biologic SP-50° potentiostat and a purpose-built
three-electrode “fat cell.” The cell consisted of a plas-
tic vessel with cut-outs to accommodate 1 cm® of sam-
ple exposure to the electrolyte [carbonated water]. as
well as the reference and counter electrodes. The ref-
erence electrode used was a saturated calomel elec-
trode, while a titanium mesh electrode (approximately
2 cm by 7 cm) was used as the counter electrode.

A Luggin probe was not required for these expert-
ments. Three sets of experiments were conducted

at every ~0.5 pH increment with 100 mlL of respec-
tive test solution, where all experiments were done in
quiescent conditions. The cell had cut-outs to allow
injection of CO, as needed, and a cut-out to allow con-
tinual pH monttoring. Under the control of EC-Lab,!
experiments began with an open-circult potential
(OCF) exposure of 10 min followed by a potentiody-
namic scan (PDS) at a scan rate of 1 mV /s,

Experimental Procedures for Long-Term Tests

Including Weight Loss and Optical Profilometry

Steel samples with an approximate size of 1 cm
by 1 cm were prepared. Samples then were divided
into groups depending on the intended exposure, with
each having 3 sets. Before experiments commenced.,
surface preparation included grinding to 1200 grit S1C
paper under ethanol. Sample dimensions were mea-
sured with digital calipers and then weighed with a
digital balance to 4 decimal places (of grams). Immer-
slon time was 1 week in all cases.

After carefully removing the samples from the
exposure beakers, any corrosion product was removed
by a slight brushing following a 10 s agitation in a
dilute HNO, solution. They then were measured with
the digital calipers and balanced again to quantify
changes in dimension and weight loss that occurred.
Surface analysis was also conducted on these sam-
ples using a Veeco Wyko NT1100' optical profilometer.
Each surface was sampled 3 times at random loca-
tions; and output from profilometry analysis was
used to quantify pit depths and density upon the
samples.

RESULTS AND DISCUSSION

Polarization Test Results Analysis

Example Polarization Curves — Rather than pres-
ent large amounts of raw polarization data, typical
plots are seen in Figure 3.

Figure 3 reveals that increases in corroston rate
assoclated with acidic electrolytes are largely governed
by increases in the rate of the anodic reaction. As
pH decreases from 7 (potable water) to 1 (He50,). the
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polarization curve shifts toward higher current values,
indicating a marked increase in corrosion rate.

Polarization Response in Carbonic and Sulfiric
Arids — Tafel extrapolation was performed on the
polarization data collected in H,CO,-containing elec-
trolytes and H,50, electrolytes (over a range of con-
centrations of both acids) to obtain thelr corroston
potential (E..) and corrosion current density (i) val-
ues. As a result, abridged plots are constructed from
the data obtained. Figure 4 shows the overall resulis
of the H,CO, and H,50, tests over the range of aclidic
pH. A further magnified version of the graph, which
focuses on similar pH values (3.9 to 4.5) for both data
sets, 1s also shown (Figure 4 inset].

The polarization response in both acids showed
similar behavior, indicating that the corrosion
mechanics [under acidic conditions) are largely pH-
driven, independent of the chemistry between the
acids. To show that similar mechanistic behavior
occurs, a plot was made (Figure 5] of the Eqe: v8. Loy

CORROSION—Vol. 68, No. 4

values, which revealed the trend is anodically driven
[i.e., decreasing E with increasing i) and holds
between the two acids, untll a critical E.,; s reached.

As a further example, there 1s also very little dif-
ference between the polarization response when com-
paring the polarization curve in both aclds adjusted to
the same pH. This is seen in Figure 6.

The data on the basis of acid concentration are
depicted in Figure 7.

It can be observed that both acids display a simi-
lar relationship. in which an increase in concentra-
tion increases the corrosion rate (Figure 7). However,
it can be seen that H,50,; 15 ~ 100 times (L.e., 2 orders
of magnitude) more corrostve compared to HyCO, on a
concentration basis (not pH basis), which s synony-
mous with HyCO, being a comparatively “weak™ acid.
This has immediate implications, as discussed below,
in that should other “stronger” acids be able to spe-
clate in situ owing to impurites, even low concentra-
tions could amplify corrosion disproportionately.
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The ability to be able to replicate electrochemi-
cal data for HyCO, electrolytes using H,50, (as in Fig-
ure &) is important. since it means a much wider pH
range (and much better control of test pH) can be
achieved to study mechanistic aspects and electrode
kinetics in a laboratory setting, As previously men-
tloned, HyCOy can only be produced in-solution and
is. hence, very difficult to work with; higher concen-
trations can only be achieved under high pressure (in
which instances of large matrices of polarization tests
are difficult to obtain).

This is experimentally shown in Figure 8, where
the corrosion rate of steel in supercritical CO, from
two other authors was plotted against results obtained
from steel samples immersed in H,50,.

From Figure 8. it can be seen that corrosion rate
results obtained from steel samples in Hz50, 15 not
too dissimilar with those in supercritical CO.—both
from electrochemical and thickness loss measure-
ments (the latter 18 discussed further below, but pre-
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sented here for completeness). The supercritical CO,
tests run by both authors are focused around pH

~3, as a result of a pressure threshold that imits pH
to ~3, from which point onward 1s not experimen-
tally or practically feasible. The similarity in corrosion
rates gives merit to the hypothesis that the corro-
sive property of supercritical CO, 15 attributed to the
high actdity of HyCO, formed in situ. A higher corro-
sion rate can be seen from experiments run by Avello,
et al.,'" which is possibly because of the higher pres-
sures used (75.8 bar compared to 50 bar by Chol and
Mef1é™), We also note that Avello has performed tests
in the presence of impurities; however, these were not
included in Figure 8§ since we are looking at the role of
a single (HoCO4) acid to compare with in Figure 8.

Response in Sulfirric Acid + 0.6 M Sodium Chioride
NaCl) — The corrosion rate measured in H,50, solu-
tion with and without 0.6 M NaCl additions is seen in
Figure 9,

As previously shown, the characterstic decrease
in the rate of corrosion with tncreasing pH 1s observed;
however, there {s an incremental increase in the i,
measured in the presence of 0.6 M NaCl. with the
increment being more obvious as pH increased. If
chemical modeling is carried out (via the use of
MEDUSA™* shown In Figure 10) as a function of con-
centration vs. pH for Ho50, + 0.6 M CI', it can be seen
that the concentration of H,50, starts to decrease
below pH ~1. and reaches a minimum value near pH
~4, while there is no species formed in situ that con-
tain or bind CI'. Consequently, the CI is free to
enhance corrosion.

It 1= noted that there Is an increase in COrrosion
rate with 0.6 M NaCl impurities, although it s more
evident above pH 4. According to Masamura. et al. /™
the corrosion rate of carbon steel is affected only
slightly by NaCl content up to 10% at 150°C and
5.5 MPa. However, at 20% NaCl. a corrosion rate of
17 mm,/y was reported. This is because of carbomc
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substances that accelerate corrosion of carbon steel
through their cathodic reactions on the steel surface
in the low pH region.

Response in Sulfuric Acid + 0.6 M NaNO; — The
abridged corrosion results from the tests in H,50, +
0.6 M NaNOQ, are given in Figure 11.

Electrochemical results show that NaNO, impuri-
ties tend to increase corrosion rates when added to an
acidic environment. However. corrosion rates show a
steep decline from pH 4.5 onward, unlike resulis seen
with CI” impurities, where corrosion rates stabilized at
pH 4.

In Figure 12, it can be seen that a system consist-
ing of NO: impurities is more complex than a H.50, +
CI system. Chemical modeling® simulation showed
that the amount of species formed in situ 18 two Hmes
that of a H,50, + CI” system.

In particular, HNO, is formed in this system (in
situ). possibly lowering the pH in solution even fur-
ther (a test intended for pH 3 could be at a lower pH).

CoRROSION—Vol. 68, No. 4

which could explain the relatively higher corrosion
rates observed in the presence of 0.6 M NaNCy,.
Among all the impurities (and tests), the corrosion
rate including NO; impurities was the highest. A
review of the Uterature indicated that Samiea, et al..*
perhaps also have observed synergy between HNO,
and sulfur-containing solutions.

Response in Sulfuric Actd + 0.6 M Sodium Sulfate
(NS0} — The third potential impurity tested was
the addition of additional 307 lons in H;50,, thus
increasing the H,50, concentration overall. In Figure
13, a similar trend is observed in which impurities
showed higher corrosion rates. However, this was only
observed from pH 3 onward, where pH 1 to 2 showed
minimal difference despite the increased H,50, con-
centration.

Figure 14 shows the corresponding system via
chemical modeling simulation. In comparison to Fig-
ure 10, resulis in pure H,50, showed a maximum log
concentration of 10° M at pH 1. while the increased
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concentration of H,50, in Figure 14 showed that a
similar concentration was achieved at a pH as high as
3. This could explain why the graph showed steady
corrosion rates after pH 3 with SOF impurities, while
pure H,50, continued to decrease in terms of corro-
slon rate.

According to Chot, et al.,' addition of 1% S0, in
supercritical CO, dramatically increased corrosion
rates of carbon steel. Corrosion products on the sur-
face were ldentified via Raman spectroscopy to con-
tain fron, sulfur, and oxygen. It 18 hypothesized that
the formation and reaction of H,50, with steel is the
cause of high corrosion rates in their tests.

In general, the effect of CI°, NO;. and S0F impu-
ritles in acidic environments have been proven detri-
mental (in terms of measured |, values and chemical
modeling simulation®) to steel. Through chemical
modeling simulation®™ simulation, it was discovered
that Cl- does not bind to any species formed in H,50,,

1673
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FIGURE 15. Rale of welghtloss vs. pH dala of stesl samples
immersed in H.50, H.S0, + 06 M Naci, H,50, + 0.6 M NaNo,
and H50, + 0.6 M Na 50, eleciolytes at 25°C.

leaving it free to Increase corrosion rates as expected
for steel corrostion. In contrast. the addifton of sodium
nitrate (NaNO-) showed a more complex system in
chemical modeling simulation.™ and increased corro-
slon was attributed to the synergistic effect between
NO: and acidic solutions. On the other hand, the
addition of SO to H,50, further increased the acidity
of the electrolyte, thus enhancing corrosion.

Weight and Thickness Loss Test Results

Long-term immersion tests were initially con-
ducted in H50y electrolytes that were adjusted to
be between pH 1 and 5, followed by repeat tests with
added tmpurties (C1°, NOs. S07). The welght and
thickness loss results are shown in Figures 15 and
16. respectively.

It can be seen that weight loss follows a log-linear
decreasing pattern with increasing pH. where solu-
tions containing impurities show higher corrosion
rates. It is also noted that the two measures, weight
and thickness loss. seem to show the same trend.
Both graphs show a significant amount of weight and
thickness loss in pH 1 solutions. and more stable and
lower rates from pH 2 onward.

A similar analysis can be applied to results with
NO; and 303 impurities. The highest corrosion rate
(weight and thickness loss) is recorded in pH 1 solu-
tions, followed by significantly reduced rates. In
general, solutions with impurities showed higher cor-
rosion rates compared to HeS0, alone.

Out of all the impurities, the addition of 0.6 M
NaCl resulted in the highest corrosion rates in terms
of welght and thickness loss, followed by an equal
amount in 0.6 M NaNQO; and 0.6 M Na,50,, and finally
lowest in pure H,50,. Although the addition of s0F
impuriiies does not significantly alter weight loss,
thickness loss results in Figure 16 showed improved
rates over pure H,50, from pH 2 onward.
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FIGURE 18. Rate of thickness Inss vs. pH dals of skeel samples
immersed In H.80, H.S0, + 0.6 M NaC, HS0, + 0.8 M NaNO,,
and H.50, + 0.6 MNs S0, eleckolylos af 25°C.
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Profilometry Results

Following exposure tests to characterize the
nature and extent of corrosion evolved in acidic elec-
trolytes, data was collected using optical profillometry
(OF). The reason for this was to assess if the corro-
sion morpholody was uniform or localized, and to
what extent any localization would occur. This has
direct relevance to pipeline systems where the man-
agement of corrosion differs significantly when corro-
sfon is non-uniform and local rates of attack can be
large. Sample OP images are seen in Figure 17, and
abridged presentation of OP data is given in Figures
18 and 19.

From Figure 17, it is evident that the form of
attack observed did indeed take the form of localized
corrosion, and pitting was observed. This is revealed
by the valleys in the OP imagdes, with concomitant
untform corrosion throughout. Figure 17 shows that
an increase in pH from 2 to 4.5 decreases pit density
and maximum pit depth (-23.7 um to —12.7 pm), indi-

1 UNS numbers are listed in Metals and Alloys in the Unified Num-

bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.

CORROSION—Vol. 68, No. 4

cating that there is a relationship between pit activity
and acid strength (L.e., pH).

Image analysis vields the pitting relevant parame-
ters in Figure 18 (maximum rate of pit depth) and Fig-
ure 19 (average rate of pit depth) in mm/y.

In general, the graphs show minimal difference
in average pit depth across all pH ranges. However,
maximum pit depth (Figure 18) across all experiments
revealed depths measured to exceed a localized corro-
sfon rate of 2.5 mm/y, signifying extensive pitting cor-
rosion may occur during these simulated conditions
that are typical of CO, corrosion. A common pattern
for all experiments showed the highest damage in
pH 1 solutions, followed by decreased depths from
pH 2 onward.

Experimental tests show that the critical chlo-
ride concentration to initiate pitting in Type 304 (UNS
S30400)" stainless steel is 10 M.* which indicates
that localized corrosion occurred during the tests
with CI' impurities (>1 M). In a separate test, it is
shown that CI" lons tend to increase the chances of
passive film breakdown (rather than inhibit surface
repassivation).*
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93



Chapter 5

CORROSION SCIEMCE SECTION

OF data for H.50, in NaNO, is not too dissimi-
lar to the rest of the OF resulis. although it 1s widely
known that nitrates are a common corrosion inhibitor,
This 15 probably because of the co-speciation of acids,
with nitric acid (HNO,) seen in Figure 12, Experimen-
tal tests have shown that although HNO, increases
pitting potental, it 15 susceptible to crevice corrosion
in water-containing impurities,™

The highest amount of pitting was found in H,50,
with 0.6 M Na,50, impurities, where a maxmum pit
depth rate of 3.26 mm/y was recorded.

General Discussion

The area of COy pipeline corrosion (s a topic that
will emerge at the forefront of technical challenges
in the coming years. As a fundamental approach.,
small amounts of H,CO; and H,50, acids were used
in experimental tests with a selection of impuri-
ties at fixed concentrations. Ultimately, a threshold
limit in terms of the concentration of all the compo-
nents likely to be in the CO, pipe stream will need to
e quantified before any confidence or national stan-
dards in COy pipelines can exist.

The elementary tests herein have shown the
issues that can arise in supercritical CO, corrosion
by way of simple tests in aqueous electrolytes. It is
observed that corrosion is pH- and acid strength-
driven, and that impurities can permit the co-spe-
clation of additional acids that further lower pH.
Corrosion rates were shown to increase logarithmi-
cally as pH decreased linearly. We revealed that tesis
in simulated environmenis give merit for benchmark-
ing and show the wider range of rates that can be
expected. In all cases, impurities Increased the rate of
corrosion, including thickness and weight loss, Corro-
sion was found be localized in nature, in spite of low
bulk pH. We observed that the ensuing extent of cor-
rosion is very rapid (L.e.., mm/y) in many cases and
if this work is benchmarked with supercritical CO,
tests, then a holistic framework for corrosion dam-
age accumulation assessment can be revealed. This is
essential in the assessment of CCS technology.

CONCLUSIONS

Experiments in aqueous electrolvies containing
HyCOs, Hy50,, and impurities likely to be present in
CCS streams were Investigated. This will begin to
build a simple knowledge base of information that may
be useful in simulating supercritical CO, corrosion.
The impurities investigated were H,50y, CI, NOg, and
S07. Results from electrochemical, weight and thick-
ness loss, and profllometry tests show the following:
4 Corrosion Kinetics in the presence of HCO, are
pH-driven.

% Carbonic actd (and H,50,) corrosion is under
anodic control. As pH is lowered. the measured corro-
slon rates Iincrease logarithmically.

045004-10

% Carbonic acid 15 100 times less corrosive compared
to Ha50, on a concentration basis, which is expected
since H,CO, 1s a weak acid. NO; impurities show the
highest impact on corrosion rates among all tests con-
ducted.

4 Welght and thickness loss tests revealed that severe
corrosion occurs in highly acidic solutions. The differ-
ence between pH 1 and pH 2 15 about 10 to 15 tmes.
This shows rather starkly that co-speciation of actds
in the presence of impurities (which can lead to a
decrease in pH) can be very detrimental in terms of
COrToSion.

4+ Welght and thickness loss tests revealed that solu-
tlons with impurities show relatively stable corrosion
rates across a pH range of 1 to 5, similarly having
highest rates in pH 1 solutions.

4 Optical profilometry results suggest that extensive
pltting occurs during HyCO. factd corrostion. with all
tests exceeding a maximum piting corrosion rate of
2.5 mm/y.
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Aqueous Corrosion Testing and Neural Network
Modeling to Simulate Corrosion of Supercritical
CO, Pipelines in the Carbon Capture and Storage

Cycle

5. 8im**** M.K. Cavanaugh,* P Cowigan,** .S. Cole,** and N. Birbilis *

ABSTRACT

A database was constructed from tests n aguenus elacirolytes
simulating the damage that moy ooour to fermous transport
pipelines in the carbon copture and storage (CCS] process.
Temperature and concentrations of carbonic actd (HC00), sul-
firie actd [HS0,), hydrochloric actd [HCL, ndric acid (HNOL,
sodinm nitrate (NaNOy), sodium sulfale (Na,S0,), and sodiim
chiloride (NeCl) were paried; the potentiodyremic polorizabion
response, along with physical domage from exposure, was
measured. Sensitinty analysis was condiected pin generation
of fuzzy cures, and a newral netirork model also was depel-
oped. A correlntion betieen corrosion ouwrend ([, ) and expo-
sure fests fmeasured in the form of welght and thirkmess loss)
wnis ohsemed: hmpever, the key outrome of the work is the
presentation of a mode] that captures comosion mie as a_func-
tion of emronments relepant to (OCS) pipeline, revealing the
axtent of the threat and the variables of nferest.

KEY WORDS: carbonic acid, carbon capture and stonage,
orbon dinxdde, corrosion, nevral netivork, pipeline, sulfieric,
spercriticol

INTRODUCTION

The carbon capture and storage (CCS) process
requires safe and cost-effective methods for the trans-
portation of carbon dioxide (COy) from its capture
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to storage locations. For this purpose, carbon steel
pipelines are considered the most feasible solution
for transporiation across long distances.! However,
to date, little is known about the corrosion behav-
lor of steel in the presence of CO, streams (nominally
100% COy) that are typical of those used in CCS. This
Is because CO, is the main component being trans-
ported In CCS, unlike in conventional ofl and gas
pipelines where it exists in small quantities as an
impurity. Further, CCS pipelines will operate at sig-
nificantly higher pressures compared to ofl and gas
transport. More specifically. CO, from CCS is destined
to be transported as a supercritical fluid (>7.38 MPa
Jor 70 bar] at about 31.1°C)* as a result of its high
density and to avold complicated two-phase (gas +
lguid) flow regimes and pressure drop.®

In high-pressure pipeline conditions, potential
damage may occur in ferrous pipelines when the CO,
stream is contaminated by free water (H,0),*® result-
ing in the in situ formation of carbonic actd (HaCOy).
A relatively high acid concentration may form as a
result of operating pressure,® which allows a solubil-
Ity of COy in water of ~47 g/L.” The in situ speciation
of HyCO; in the aqueous phase leads to the generation
of a low pH, ~3.2, as also demonstrated by Ayello. et
al..® via experiments and stimulation.” This is an envi-
ronment that 1s potentially aggressive and detrimental
to carbon steels including mild and X-80/65/70/80
grades. In addition to HyCO,, there s a possibility
of coexistence [elther individually or altogether) with
arcids such as sulfuric acld (Hy50,). nitric actd (HNO,),
and hydrochloric actd (HCI), depending on the capture

ISSN 0010-9312 (print), 1938-159X (onling)
13/000087/85.00+50.50/0 © 2013, NAGE Intermational 477
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processes involved. ™! Other potential major air pol-
lutants were identified as 50, and NO,."™ These con-
taminants will be known as “impurities” throughout
this paper. defined as residual compounds remaining
from gas cleaning.

A framework of CCS €O, corrosion by Cole, et
al..” classifled the scenarios that are likely to prevail
during supercritical CO, transport in a pipeline as:

—very low contaminant levels and extremely low

water content

—low contaminant levels and water content below

the solubility content
—low contaminant levels and water content above
the solubility content where the aqueous pH will
be between 3.2 and 1.5

—moderate contaminant levels and water content
above the solubility limit where the pH of the
aquecus phase will be less than 1.5 and could
be as low as -1.5

The first regime 1s typlcal of COy transport in
enhanced ol recovery (EOR) in the United States
where strict pollution control measures (gas con-
dittoning) are followed to ensure high punty of CO,
(defined by the Kinder-Morgan guidelines™). In reglme
B, because of imited gas condittoning, contaminant
levels are low but water content is sufficient to induce
corrosion at 0.38 mm//v."* Regimes C and D ocour
when there 1s little or absence of gas conditioning and
lmited cleaming of the gas at source, resuliing in a
separate aqueous phase containing Hx0 and HaCO,.

In our prior work,' we revealed that there is
merit in conducting tests in “simulated” conditions
with a laboratory setting, including tesis in ague-
ous solutions where COy, s added to water to form
H,CO-, or in H;50, that was found to simulate the
impact of Hy,COs; upon steel. The role of ClI-, NOg, and
50§ impurities was also investigated. Results showed
that corrosion is pH-driven. and that impurities can
permit the co-speciation of additional acids that fur-
ther lower pH. According to Chol. et al.," addition of
1% 50, in supercritical CO, dramatically increased
corrosion rates of carbon steel. Corroston rates were
shown to increase logarithmically as pH decreased
linearly.'® In all cases. impurities showed an increase
in corrostion rate (i) from potentiodynamic polari-
zation tests and long-term exposure tests (thickness
loss and weight loss). Under acld condifions, corro-
sion was found to be general (1.e.. uniform thickness
loss) but also included reglons of attack that were
localized in nature over and above the uniform cor-
rosion; however, overall corrosion was ohserved to be
rapid (L.e.. mm/¥). These polarization and exposure
experiments revealed that tests in simulated environ-
ments allow for a wider range of rates in a shorter
time period. Therefore, harnessing such high through-
put tests allows for a range of experimental variables
to be altered. and to form a useful platform of infor-

" Trade name.
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mation by consolldating results into an artificial new-
ral network [ANN].

The fleld of corrosion of pipeline steels in acids
has been. and remains to be, of great interest.'™20
In such works, it {s evident that acids can cause
alarmingly high rates of corrosfon (1.91 mm/y with
93.5% H,S0, on carbon steel'™) and the amount of
work in that field justifies the requirement for further
research, such as that herein with a range of acids
and the view of determining the durability of CC5
pipelines where contaminants are present. More spe-
cifically, the area of CO; corrosion has been investi-
gated widely for decades™ ™ in the fleld of oll and gas
transport pipelines. As a result, numerous CO, cor-
rosion prediction models have existed since the 20th
century.*** These models have been developed since
and categorized into three groups according to their
theoretical base: the empirical, semi-empirical, and
mechanistic models. According to a review conducted
by MNegic, et al., In 1997, comparing model eficiency
for CO, corroston prediction.™ the fully empirical neu-
ral network model outperformed other models. For a
neural network model to function effectively, it first
has to be trained. A portion of empirical data collected
is used for training (the accuracy of this represented
by the R* value); as more data Is obtained, the pre-
diction accuracy between a set of inputs and outpuis
improves.* The prediction mechanism les in the use
of nodes, or “neurons.” which are connected together
to form a network of nodes.*' A review regarding the
number of hidden nodes suggests that there are an
optimum number of nodes, beyond that the network
starts to develop Inaccuracies as a result of overtrain-
ing.** Each connection 1= governed by an algorithm
designed to alter the strength of the connections in
the network, until the error of prediction is mind-
mized.*

In this work, our goal was to develop an empiri-
cal database comprised of information in a wide range
of environmental variables and corrosion damage
metrics, to create a neural network model to predict
supercritical CO, corrosion as a function of environ-
ment. A list of impurities tested to produce this model
is listed in Table 1. The model used in this work is of
a similar framework to that used for corrosion predic-
tlon purposes involving multiple input variables
In additton, sensitivity analysis was also conducted
via generation of fuzzy curves that had major value
in identifving the root causes of Increases in corro-
sion rate, which when coupled with interpretation of
raw polarization data, contributed toward a combined
modeling-mechanistic basis for rationalizing super-
critical CO, corrosion.

EXPERIMENTAL PROCEDURES

Potentiodynamic polarization tests were con-
ducted using a Biologic SP-50° potentiostat and a
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TABLE 1
Inpuis Selected for Neural Network Modeal™

Inputs

Range

Carbonic acid concentration
Sumgric acid concentration
Hydrochions acid concantration
Mitric acid concantration
Sodium nitrata concentration
Sodium suiate concentration
Sodium chioride concantration
Temperatura

varied to give pH 3.5 10 -7
varied to give pH 1 to 4
variad to give pH 1 to 4
varied to give pH 1 to 4
D3MandosM
D3MandosM
Di1MandosM
2°C o 50°C

¥ Tha variation In parametars represants the axperimental vanabls Winoow 1or 8ach paramatear,

three-electrode “flat cell.” Three sets of experiments
were conducted at every ~1 pH increment with

300 mL of respective test solution in quiescent condi-
tions. Injection of gaseous CO, and continual pH
monitoring was done during testing. Open-circuit
potential was measured for 10 min followed by a
potentiodynamic scan (PDE) at a scan rate of 1 mV/s.
The samples used for testing are carbon steel sheet

2 mm thick (0.22% to 0.29% carbon). with a surface
preparation of 1200 grit silicon carbide (SIC) paper.

Carbonic Acid Solution Preparation

Since HyCOy only exists in solution, water was
routinely carbonated via high-pressure CO, injection
(continuously bubbling compressed CO, and inter-
mittent injection via a Soda Stream’ apparatus). In
all cases, Melbourne (Australia) tap water was used
to serve as a better simulant to impure water than
distilled H,O. Chemical analysis of the tap water
showed trace amounts of sulfates and chlorides
with a pH of ~6.9. As the pH of solutions containing
HyCO, increases over time in the open environment
(Le., carbonation), their pH 18 measured with an elec-
tronic pH meter before and after the experiments to
ensure accuracy. ldeally. the idea of the experiment
is to obtain resulis in solutions that range from low
to high pH. corresponding with various concentra-
tlons of H.CO,. However, since atmospheric pressure
was used in these experiments, a range from pH 3.5
to ~7 was obtained. The pH was increased from 3.5 to
desired levels by addition of water while monitoring
with the pH meter. The mindimum pH achieved of 3.5
is not too dissimilar to the theoretical pH achieved at
higher pressures as reported by Chot and Nesié =

Experimental Procedures for Long-Term Tests
Including Weight Loss and Optical Profilometry
Samples with an approximate stze of 1 cm by
1 cm were prepared. Samples then were divided into
groups depending on the intended exposure, with
each having three replicates. Before experiments com-
menced, surface preparation included grinding o
1200 grit SIC paper under ethanol. Sample dimen-
sions were measured with digital calipers and then
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weirhed with a digital balance to 4 decimal places

(of grams). Immersion tme was 1 week in all cases.
Corrosion product was removed by a slight brushing
following a 10 s agitation in a dilute HNO, solution.
Surface analysis was also conducted on these sam-
ples using a Veeco Wyko NT1100' optical profilome-
ter. Each surface was sampled three times at random
locations; output from profilometry analysis was used
to quantify pit depth and density upon the samples.

Artificial Neural Network Modeling

An ANN was used to characterize |, values
obtatned from polanzation tests conducted using
aqueous solutions. JMP Software’ was used to create
the neural network model. Following model trial and
optimization, the best neural network was determined
to be a three-layver network architecture with four hid-
den nodes. An exponential transfer lunction was used
for all nodes, along with random holdback cross-vali-
dation to reserve 66.67% of overall data for tralning.

A total of elght input varfables were selected for
this study. as shown in Table 1. The environments
studied were all poteniial conditions that could occur
in supercritical COy pipelines. The emphasis on acidic
solutions 1s dertved from the co-speciation of acids
(H,CO + HCI, HyCOy + HNOy) when the stream is con-
taminated with free water and impurities from cap-
ture technologies. Subsequently. experimental tests
in this paper aim to fll the knowledge gap by provid-
ing corroston rates of CI°, NO;. and SOF impuritles in
a similar acidic environment. The effect of tempera-
ture was also imvestigated, resulting in a total of 238
unique test conditions for the development of the ANN
presented.

Fuzzy Curve Analysis

Fuzzy curves were used to study the sensitiv-
ity and significance of each input variable. This tech-
nique also was used in previous corrosion studies. %47
Fuzzy curves, developed by Lin and Cunningham,*
are generated based on the Gaussian function:*®

_I’xk.x r
Pul(X)=e" ® - (1)
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where @, i the membership function used to form
the fuzzy curve for each input candidate, x;. According
to Lin and Cunningham,* a fuzzy curve (C) for each
input (x) can be constructed by using the center of
the area methed for defuzzification:

¥l v
C{X]:th Ik i J K {2
o E.i"-lﬂ"u:[a‘h} ]

RESULTS AND DISCUSSION

Polarization Response in a Variaty of Acids
and Impurties Over a Range of Concentrations

Results of polarization tests, which were corn-
ducted in H,CO. with small quantities of HC] and
HNO, are shown in Figure 1. It can be observed that
a small concentration of HC1 and HNO, coexisting
with H,CO, can decrease the pH of the solution (pH 4
to pH Z) significantly. As HCl and HNO, 15 added into
a pH 4 H,CO; solution, the polarzation curve shifts
toward higher current values, indicating a marked
increase in corrosion rate (accompanied by a shift in
corrosion potential [E,] to less noble values). This
data reproduces similar results from a study con-
ducted by Ayello, et al. * where electrochemical imped-
ance spectroscopy (EIS) results revealed detrimental
effects from the addition of low volumes of impuri-
ties (1 mM HCL 1 mM HNO) to a 1,000 ppm CO,-H,O
solution. Corrosion rates increased from 0.1 mm/y to
5.6 mm/y with HCl and 4.5 mm /v with HNC..

In addition to H,CO., polartzation curves with a
range of acids (i.e.. simulated impurity). concentra-
tions were selected and plotted in Figure 2. It can
be seen that solutions with lower concentrations
(0.00005 M HyS0,, 0.0001 M HCL 0.02 M HyCOy)
showed only slightly less noble E,,; values than H,CO,
alone. It is also evident that the plois shift toward
the lower right region of the plot (Figure 2) as con-
centration increases (0.01 M HNO; and 0.001 M HCI).
This shift also occurs when impurities (0.6 M NO;
and 0.6 M CI') are added to the same concentrations
(0.02 M HaCOs and 0.00005 M H,50,) of acids. The
shift to lower corrosion potentials and higher currenis
with increased acld concentration or impurities indi-
cates (mechanistically) that corrosion is governed by
the anodic reaction.

A similar observation can be made from Flgure
3. where E_, vs. |, was plotted for all polarization
test samples. Figure 3 shows a decrease in E.; gen-
erally yielded an increase in iy, suggesting that the
corrosion mechanics of a majority of test samples was
under anodic control.

Comrelation Between Weight and Thickness Loss
V5. foor

Figures 4 through & show raw data collected for
samples subject to long-term exposure tests in H50,
and HyCOy solutions. While polarization tests have the
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ability to show mechanistic aspects of corrosion, long-
term exposure tests allow estimation of the durability
of carbon steel In simulated CO, environments over
a prolonged period. Hence, there 1s merit in studying
the correlation between polarization and weight-loss
tests. These exposure tests indtially were conducied in
H,50y ipH 1 to 4) and H,CO, (pH 4) electrolytes, fol-
lowed by fdentical tests with added tmpurities (CI,
NO:. S07). Since long-term exposure tests were only
run for a perfod of 7 days, corrosion rates collected in
this study may not be reflective of the effects of a sur-
face film because of the sediment of corroston prod-
ucts such as fron carbonate (FeCO,). However, EIS
data have shown that the surface film develops and
continues to strengthen its protecttve ability from
long-term exposures.™ Weight-loss tests run by Wu,
et al..™ showed decreased corrosion rates when expo-
sure time was increased from 24 h to 144 h. Analysis
of the EIS spectra also showed that temperature had
a larger impact on surface film formation and its pro-
tective strength as opposed to exposure time. As tem-
perature was increased from 60°C to 150°C, Wu, et
al..™ observed faster film formation with a more com-
pact and continuous form.

The lower left reglon of Figure 4 shows a major-
ity of data points with low welght loss (less than
0.001 mg/em®/day). but increasing i . This particu-
lar reglon belongs to samples immersed in (relatively)
high-pH solutions (pH 4). signifying that the correla-
tion in solutions of relatively weaker actd strength is
poor. This suggests that the highest pH solutions may
tend to induce corrosion during the early stages of
immersion (within 20 min). and corroston may be less
generalized with less uniform and more local atiack—
with corroston morphology discussed further below.
The correlation improves from 0.002 g/cm?®/day (pH 3
solutions) onward. indicating that correlation between
short- and long-term tests improve with increasing
acld strength. This pattern from Figure 4 also can be
observed in Flgures 5 and &, which show thickness
loss as a function of weight loss and 1., respectively.
The highest correlation factor was seen in Figure 5
(R* = 0.67). followed by Figure 4 [R* = 0.53) and Figure
6 (R? = 0.38). The high correlation factor shown in Fig-
ure 5 between thickness loss and welght loss sugdesis
that uniform corroston is the dominant active corro-
slon mechanism as opposed to locallzed corrosion.

Correlation Between Weight Loss and Pit Depth

Optical profilometry (OF) was used to determine
if the corrosion morphology was uniform or local-
tzed, and to what extent localization would occur. This
information is vital to the maintenance and opera-
tion of pipeline systems where corrosion management
methods differ significantly when corrosion is non-
uniform and local rates of attack can be large.

Figure ¥ shows raw data collected from exposure
tests [welght loss) vs. pit depth data from profilom-
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etry analysis. Observation of average pit depth data
vs. welght loss shows that there 18 minimal increase
in pit depth as weight loss increases. This indicates
that pits are growing at the same or slower rate as
the surface is corroding, which further confirms the
hypothesis made from Figure 5, sugdesting that uni-
form corrosion s occurring for the majority of the test
period (1 week). with some locallzed corrosion—par-
ticularly at higher acid concentrations (Le.. higher
wedght loss). Following on from the above discussion
also, it 15 evident that the greatest scatter in the pit
depth and weight-loss plot exists at low welght loss,
indicating that in the less concentrated actd solutions,
corrosion s more localized with less general attack,
and this transitions to more general attack and less
localized as pH decreases.

It 1z important however to note that in the range
of tests executed herein, maximum pit depths of up
to ~3.3 mm/y were discovered in solutions containing
NO:, 505, and CI” impurities, signifying extensive pit-
ting corrosion may occur during these conditions that
are typical of COy corroston.

482

Neural Network Modsling of CO; Comosion
Analysis of COy corrosion data is challenging
because of the wide range of variables and impuri-
ties that are present in a low-purity supercritical CO,
stream. Therefore, experimental results were con-
solidated to develop an ANN for the simulated COy
corrosion system to predict i, values from poten-
tial impurities (Figure 8). A total of four hidden nodes
were selected based on the R value of the model vali-
dation and to ensure that the model does not overfit
data. The accuracy of the fit is represented by the B
value, which was calculated to be 0.97 (Figure 9).
The ANN model used in this work relies on empir-
ical data for its training and predictive capabili-
ties. Currently, the model would be unable to predict
behavior for “upset condittons” outside of the preset
experimental matrix (1 atm, 2°C to 50°C). Ongoing
work using a high-pressure vessel (7.5 MPa, 31.1°C)
will supplement this study, with the present work
serving as a platform for experimental conditions to
be studied at higher pressure. As more data s added
to the ANN, its predictive ability increases (including
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pressure becoming a variable). which may be able to
account for upset conditions in the future.

The influence of all the input variables stud-
fed herein is available at the following site (http://
dl.dropbox.com /1 /32640656 /Neural%20network%20
maodel.swi].”! This interactive model allows the user
to vary the amount of impurities and see the effect on
loer in real time, which is discussed below. Further,
the readers are directed to the Appendix, which pro-
vides the raw syntax for the ANN and hence allows
anyone to reproduce the model in a simple spread-
sheet. This allows readers to perform a parametric
study, or to determine the corrosfon rate of the cor-
rosion rate predicted as a function of any value of the
variables in this paper (in isolation or in combination).

Sensitivity Analysis with Fuzzy Curves

Sensitivity analysis was conducted with the gen-
eration of fuzzy curves to identify the major variables
controlling CO, corrosion. Plots of Ho50,, H,CO,, HCI,
and HNO, are shown in Figure 10. The sensitivity of
the output (i) to the input (variably altering) is given
by the C, parameter.

From Figure 10, it 15 evident that an increase in
H;30,, HCL and HNO,; concentration constitutes an
increase in corrosion rate. The general pattern where
an overall increase in corrosion rate occurs with
increasing actd concentration (decreasing pH) is
reproduced. This is more pronounced in the reglon
of 0.04 M to 0.07 M, where there is a constderable
increase in corrosion rate. At higher acld concentra-
tions, the sensibivity plateaus and corroston rate sus-
tains a maximum at pH ~1. The I, shows a relatively
higher sensitivity to HNOy compared to H50, and
HCL. In all cases, there is a critical concentration
from where the data predicts corrosion rate will start
to increase rapidly. In contrast. HoCOy 15 shown to
be a weaker acld in terms of corrostvity than the
other three acids, demonstrated by a C, range (L.e.,
Cylmin] - Cylmax]) of 0.16 compared to an average Cy
range of ~0.4 from the three other acids tested. This
supports what is generally known of H,CO, being a
weaker acid, and that impurities are a significant fac-
tor in determining durability of CCS pipelines.

Figure 11 shows the fuzy curve for the three
impurities (MO, S07, and CI that were dissolved in
H,50, and HyCOy. The collected data shown in Figure
11 comprises resulits from both acidic solutions
ranging from pH 1 to pH 4. Of the three impurities
in Figure 11, NO; showed the highest corrosion rates,
recording a Cy range of 0.13 compared to a C, range
of 0.01 and 0.03 from 507 and Cl, respectively. The
inflection point for NOS impuritles inftiates at 0.2 M.
suggesting a critical concentration of NO; before
severe corrosion occurs. A review of the literature
indicated that Samiea, et al.,” also have observed syn-
ergy between NO3- and sulfur-containing solutions,
resulting in increased corrosion rates. Also, a study
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by Rajl. et al..* on the corrosion behavior of carbon
steel in varying concentrations (100 ppm to 700 ppm)
of sodium nitrate (NaNO,) solution showed that corro-
sion rate increases with NaNO, concentration. Rajl, et
al..* also noted that uniform corrosion was observed
as the corrosion mechanism in the specific concentra-
tlon range. Judging by their relatively flat slopes, CI°
and 503 did not show a large influence on corrosion
rate. According to Masamura, et al.,™ the effect of rel-
attvely low (~1 M) NaCl concentration on the corrosion
rate of carbon steel 15 negligible in strong acid concen-
trations. However, corrosion rates of up to 17 mm/y
was reported at ~4 M concentration. This indicates
that within the CI" range studied, the concentration of
CI" 15 insufficient to enhance corrostion above the
background variables. The relatively low sensitivity of
CI" and S0F to corrosion rate under similar conditions
also was observed by Clubotariu, et al *® from electro-
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chemical tests in 0.5 M NaCl and 0.5 M Na,50, com-
pared to 0.5 M H.50,.

Figure 12 shows the fuzzy curve for temperature
and demonsirates a steady increase up to 30°C, at
which point a steep increase can be seen. The effects
of temperature on C0, corrosion has been well doc-
umented,* ™ with an expected increase in corrosion
rates up to 80°C. This trend 15 reproduced in Figure
12 and gives credibility to the predictive value of the
neural network model.

An overall range comparison for all fuzzy curves
is fllustrated in Figure 13. In terms of acids tested.
HMNO, shows the highest influence in corrosion rate
followed by H,50,, HCI, and last H,CO,. H,CO, proved
to be the weakest actd with the lowest range among
all acids. Recently. an initial comparison of the corro-
sivity of fixed concentrations of HNO,, H,50,. and
HCI1 on carbon steel was performed by Ruhl and
Krangmann® in supercritical CO, conditions. It was
noted that the corrosion behavior of the three acids
differed completely in supercritical CO,. Results simi-
lar to those in Figure 13 were observed, where HNO,
was very mobile and corrostve toward carbon steel
while H.50, did not migrate through the supercritical
0, to react with the steel surface.™ A 7-day exposure
test performed by Osarolube, et al. ® showed similar
results when mild carbon steel was immersed in vary-
ing concentrations (0.3 M to 2 M) of HNO, and HCL In
their tests, HNO, showed Increased corrosion rates of
3 magnitudes over HCL which is reproduced in Figure
13. The significantly high corrosion rates in HNO, is
attributed to the rapid antocatalytic reduction of
HNO,. which 1s known to be a strong oxidizing agent.
generating oxidants at a geometrically increasing
rate.” The mechanism is explained as the primary
displacement of H* ions from the solutions, which s
followed by HNO. reduction rather than hvdrogen evo-
lution since the acid reduction leads to a marked
decrease in free energy.™ In this case, the data sug-
gests that the type of impurity(s) present in the CO,
stream outweighs the effect of free water in the pipe-
line (H,CO, concentration) and temperature on corro-
sion rates. Also, the notlon that the trends in Figure
13 capture the empirical observations from focused
studles™ * supports this neural network model as a
useful tool for assessing pipeline corrosion in CCS
applications. The value of the work herein Is sup-
ported by the information at http: / /dl.dropbox.com/
u/ 32640656 /Neural%20network¥20model. swi™'
and the presentation of the raw syniax in Appendix 1.
Readers are encouraged to pursue these tools.

COMNCLUSIONS

A neural network model has been created using
potentiodynamic polartzation data from corrosion
testing a laboratory setting. Experiments in aqueous
electrolytes contalning HaCOy, Ha50,. and impurities
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likely to be present in CCS streams were investigated.
This was done to create a database for COy corrosion
of CC5 transport pipelines—to be benchmarked later
via a selection of inherently low throughput (and com-
paratively expensive) supercritical CO, tests. Results
from the model developed, along with weight loss,
thickness loss, and profllometry tests, reveal the fol-
lowring:

4 An increase in H,50,, HCI, and HNOy concentra-
tlons consttuies an increase in corrosion rate, and is
maore pronounced from 0.04 M to 0.07 M. At higher
acld concentrations, the sensitivity plateaus and cor-
rosion rate sustains a maximum at pH ~1.

4 HNO, 15 approximately twice as corrosive when
compared to H.50, and HCL

% HyCO, 1= shown to be the “weakest™ acld among
H50,, HCL, and HNO..

4 In terms of impurities, NO; showed the highest
influence in corrosion rates while SO showed the
least.

% Fuzzy curve analysis suggesis that the type of
impurity present in the CO, stream outwelgh the
effect of H,CO, concentration and temperature in rela-
tion to corrosion rates. This is an important outcome,
since the presence of water in supercritical CO, s
not =0 much a concern as the ability of the aqueous
phase to become vulnerable to impurities. An overall
comparison of all input factors show that HNO; has
the highest influence in corrosion rates followed by
H:50,.

4+ A correlation was observed between corrosion test
results from short- (Iy.) and long-term exposure
(weight and thickness loss) tests. In an electrochemi-
cal sense, the corrosion was under anodic control.

4+ Weight-loss and optical profilometry data suggests
that uniform corrosion 15 the major form of corrosion.
However, maximum pit depths of up to 3.3 mm/vy
have been discovered in solufions containing NO.,
50y, and C1" impurities (which also had large rates of
general corrosion attack).
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5.2.1 Demonstration of artificial neural network model

A demonstration of the neural network model® 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 H,SO,4, H,CO3, HNO3, HCI, CI', NO3
, SO,%, and temperature. The concentrations are measured in M, while temperature is
measured in °C. The Y-axis represents corrosion rate measured in the form of icor. OnN
initial launch, the model displays all input variables (concentrations of salt and acid

impurities) set to zero, except for temperature, which remains at 25°C (Figure 5.1).

"] @
4007 | | | i
3004 ; ;
Icorr
(uAfem?2) 2004 ! i | H
Formula H
100 ; H H H
061 f |
£ 4 5 i 5 & o 5
0.00000 0.04 0.070.10 0.00000 0.04 0.070.10 0  0.00085 0.01 0 0.001 0.1 0.00000.20.30.40.50.6 0.00000.20.30.40.50.6 0.00000.20.30.40.50.6 0 10 :25.000 40 50
jmp H2504 (M) H2C03 (M) HNO3 (M) HCl (M) Cl- (M) NO3 (M) 504(M) Temp (oC)

Figure 5.1: ANN with all concentrations of impurities set to zero at 25°C

At this stage, icor is low (0.6 pA/cm?), as it represents a CO, transport environment where
no impurities are present. As an example of the effect of acid impurities, Figure 5.2 shows
the effect of increasing H,SO,4 concentration to 0.04M, resulting in an increase of igorr t0
200pA/cm?.

-] @
400 ‘ : s ‘ ‘
300 ; ;
leoy H : : H H
(uAfem2)  200.5+ : / ; ; ;
Formula ; ;
100 ‘ s s ‘ ‘
0 : :
i & as & = s - L
0.010.040002.070.10 0.00000 0.04 0.070.10 0  0.00088 0.01 0 0.001 0.1 0.00000.20.30.40.50.6 0.00000.20.30.40.50.6 0.00000.20.30.40.50.6 0 10 25.00) 40 50
jmp H2504 (M) H2CO3 (M) HNO3 (M) HCl (M) al- (M) NO3 (M) 504(M) Temp (0C)

Figure 5.2: ANN with H,SO, concentration increased to 0.04M at 25°C, resulting in

an increase of igorr tO 200pA/cm2
As a simulation of supercritical CO, where various salt and acid impurities can

contaminate the CO, stream simultaneously, H,SO, concentration is maintained at
0.04M, while NOg3’ is increased to 0.4M (Figure 5.3).
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-] @
400 i i i i i
292.54 ; ; ; . i
Lani) i % | i i | | |
(uAfem2) 200 ; : : ; ; : : :
Formula ; : : ; ; : : :
gen i | | i i | | |
0 ; ; ; ; ;
& - o e e Y <

0.010.040002.070.10 0.00000 0.04 0.070.10 0 0.00099 0.01 o 0.001 0.1 0.00000.20.30.40.50.6 0.00.10.200.400050.6 0.00000.20.30.40.50.6 0 10 25.00) 40 50
Jjmp H2504 (M) H2CO3 (M) HNO3 (M) HCl (M) al- (M) NOZ (M) 504(M) Temp (0C)

Figure 5.3: ANN with H,SO,4 concentration increased to 0.04M and NO3’
concentration increased to 0.4M at 25°C, resulting in an increase of icorr to
292pAlcm?

The result of increasing both H,SO,4 and NO3™ concentrations caused a further increase of
icorr t0 292uA/cm?. Next, temperature is increased to 32°C as a simulation of supercritical

CO; temperature (Figure 5.4).

® @
422,44
200 H ; ;
Icorr
(uA/cm2) 200 H ; :
Formula : :
100 ‘ : :
. H ; ;

5, S k7 57 2 5 F—_—

0.010.040003.070.10 0.00000 0.04 0.070.10 0  0.00099 0.01 O 0.001 0.1 0.00000.20.30.40.50.6 0.00.10.200.400050.6 0.00000.20.20.40.50.6 0 10 20 32.00:0 50
jmp H2504 (M) H2C03 (M) HNO3 (M) HCl (M) al- (M) NO3 (M) 504(M) Temp (0C)

Figure 5.4: ANN with H,SO, concentration increased to 0.04M and NO3’
concentration increased to 0.4M at 32°C, resulting in an increase of icorr to
422pAlcm?

The result of increased temperature to 32°C caused a further increase of icor tO
422pAlcm?,

As presented herein, the supercritical CO, corrosion prediction ANN is a versatile model,

allowing manipulation of various salt and acid impurities (either individually or together)

to predict the resultant CO, corrosion rate.
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5.3 Investigating the effect of water content in supercritical
CO, 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™®

. As part of
the 3-step process (capture, transport, and storage) of CCS, transportation of CO, plays an
important role in ensuring the captured CO; 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'™®. However, to date, there is
little knowledge regarding the corrosion behaviour of steel in the presence of CO, streams
(nominally 100% CO,) that are typical of those used in CCS. This is in contrast with CO,
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®’, CO, gas is typically compressed into a supercritical fluid (>7.38MPa
at about 31.1°C)*™*. Transportation of CO, 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 CO, stream is contaminated by free
water (H,0)% 1"; resulting in the in-situ formation of carbonic acid (H,COs). A relatively
high acid concentration may form as a result of water contamination and operating
pressure®?, which allows a solubility of CO, in water of ~47g/L*". The in-situ speciation
of H,COj3 in the aqueous phase leads to a low pH of ~3.2, as also demonstrated by
Ayello” via experiments and simulation®®. 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 H,COgs, there is a possibility of coexistence (either individually or
altogether) with acids such as sulfuric acid (H,SOy), nitric acid (HNO3), and hydrochloric
acid (HCI) depending on the capture processes involved® ™ and the type of CO, source
(i.e. coal power plant, etc). Other potential major air pollutants have been identified as
SO, and NO™.

A framework of CCS CO, corrosion by Cole et al.™*® classified the scenarios, which are

likely to prevail during supercritical CO; 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 CO, transport in enhanced oil recovery (EOR), which to
date represents the key body of empirical knowledge regarding CO, 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 CO; enters any CO,
pipeline, as defined by the Kinder-Morgan guidelines'”®. In regime B, due to limited gas
conditioning, contaminant levels are low but water content is sufficient to induce
corrosion at 0.38mm/y"’. 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 H,O and H,COs.

In our prior work® %, we revealed that there is merit in conducting tests in ‘simulated’
CO; transport pipeline conditions with a laboratory setting, based on tests in aqueous
solutions where CO, is added to water to form H,COs; or tests in dilute H,SO, that was
found to simulate the impact of H,CO3 upon steel. The additional role of CI", NO3™ and
SO,> 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.

17
l.

According to Choi et al.”*, addition of 1% SO, in supercritical CO, 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®. In all cases, impurities showed an
increase in corrosion rate (icor) 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® (ANN). It is however noted that validation of
such tests will necessarily require benchmarking with the (lower throughput and more
costly) tests in supercritical CO,. According to a study by Zhang et al.®, the corrosion
behaviour and mechanism of pipeline steel is similar under both low CO, partial pressure
and supercritical CO,. However, corrosion rates start to differ when water, as an impurity
is present. Due to the increased solubility of CO, in water from increased CO, pressure,
experiments in supercritical CO, produced significantly higher concentrations of H,COs,

resulting in increased corrosion rates.

The effects of supercritical CO, on carbon steel have been studied recently by a number

of authors® 12329799

with varying concentrations of water and impurities. Russick et al.”
observed uniformly distributed discolourations in the form of light brown spots on a
carbon steel sample exposed to 20,000ppm supercritical water-saturated CO,
environment. Image analysis showed significant oxygen enrichment, interpreted as
oxidation due to the test environment. The authors also speculate the formation of H,CO3

which further enhanced corrosion. Choi et al.*?

also conducted experiments in a water-
saturated CO, environment with 400,000ppm water in a 1L autoclave. The variable for
their tests was different partial pressures of CO, (4MPa to 8 MPa) at 50°C. They revealed
that the concentration of H,COj3 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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8129799 also tested the effects of

Apart from water content as an impurity, other authors
supercritical CO, saturated with impurities. An experiment was conducted by Cui et al.?
investigating the effects of supercritical CO, 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.”” investigated the effect of SO, in
a supercritical CO, 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% SO, impurities. The effect of SO, and other impurities (H,0, O,, CO,) is

further studied by Xiang et al.*

. The authors looked at the effect of exposure time on X70
pipeline steel in the presence of supercritical CO,/SO,/0,/H,O. 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.? performed a study exposing carbon steel to
CO,-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 (HCOj3") concentration, which in turn increased corrosion rates

by inducing corrosion.

Aki et al.'? conducted supercritical CO, tests with more aggressive environments (nitric
acid (HNOg), sulfuric acid (H,SO4), and hydrochloric acid (HCI)) in smaller
concentrations (<1,000ppm). The authors revealed that the corrosion mechanism differed
for each acidic solution tested. HCI 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 HNOj3 solution. The authors also noted that no
corrosion was observed in the presence of H,SO,, concluding that it does not migrate

through supercritical CO..
In this work, our aim was to study the corrosion behaviour of carbon steel exposed to a

simulated supercritical CO, 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 CO; 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.*

, an approximation of the
solubility of CO, in water at the operating conditions used herein (8MPa, 40°C), is 0.022

mole fraction of CO, in 1 mole of water.

Table 5.1: Experimental matrix for the exposure conditions tested herein

H,0
P(MPa) | T(°C) (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 (N_) 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.

Inlet pressure Outlet pressure

Supercritical CO;
(8MIPa, 40°C)

Steel samples

Figure 5.5: Schematic setup of supercritical CO, 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 CO;. 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 CO, 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%
HCI 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

114



Chapter 5

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.

115



Chapter 5

Table 5.2: List of specimens and raw gravimetric data. Specimen area was 2.2cm? in all cases

Water Mass (g)
concentration ] Scale mass (g) | Mass loss (g) Average scale mass Average mass loss (mg)
Before After test After cleaning (mg)
(ppmw)
0.5065 0.5064 0.5035 0.0029 0.003
100 0.5684 0.5692 0.5661 0.0031 0.0023 3.03 2.67
0.6188 0.6192 0.6161 0.0031 0.0027
0.5001 0.5015 0.4978 0.0037 0.0023
200 0.4116 0.4129 0.4092 0.0037 0.0024 3.60 2.30
0.4736 0.4748 0.4714 0.0034 0.0022
0.4096 0.4096 0.4076 0.002 0.002
300 0.5123 0.5124 0.5102 0.0022 0.0021 2.13 2.07
0.4312 0.4313 0.4291 0.0022 0.0021
0.599 0.5995 0.5963 0.0032 0.0027
400 0.4589 0.4593 0.4564 0.0029 0.0025 3.13 2.63
0.4498 0.4504 0.4471 0.0033 0.0027
0.4877 0.4888 0.4855 0.0033 0.0022
500 0.4808 0.4818 0.4783 0.0035 0.0025 3.27 2.47
0.5254 0.5257 0.5227 0.003 0.0027
0.4649 0.4669 0.4633 0.0036 0.0016
1500 0.4175 0.4205 0.414 0.0065 0.0035 4.90 2.57
0.5381 0.5401 0.5355 0.0046 0.0026
0.4711 0.4732 0.4677 0.0055 0.0034
6000 0.5027 0.5051 0.4989 0.0062 0.0038 6.10 3.53
0.467 0.4702 0.4636 0.0066 0.0034
0.6062 0.6118 0.5986 0.0132 0.0076
25000 0.4771 0.4828 0.4722 0.0106 0.0049 10.77 5.47
0.5305 0.5351 0.5266 0.0085 0.0039
0.508 0.5114 0.5041 0.0073 0.0039
50000 0.4829 0.4893 0.4806 0.0087 0.0023 9.10 3.57
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 CO, with varying water

concentrations are presented in Table 5.2 and plotted in Figure 5.6.
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Figure 5.6: (a) Average scale mass and mass loss of steel samples exposed to

supercritical CO; 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? 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? 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'®®, 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 CO, 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? 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 FeCOj3 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 FeCOs layer was also noted by Choi et al.'®, where corrosion rates can decrease from
~20mm/y without FeCOj3 protection to ~0.2mm/y in long-term exposure due to the
formation of a FeCOg layer.

.32, the mole fraction of CO, in 1 mole of water is 0.022 at 8 MPa

As given by Choi et a
and 40°C. This information and equilibrium constant calculations were used to plot the

graph shown in Figure 5.7(a).
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Figure 5.7: (a) The effect of water concentration in a supercritical CO, environment
at 8MPa, 40°C on the calculated concentration of H,COs and its corresponding pH,
(b) The effect of H,COj3 concentration on the average mass loss of steel samples

exposed to a supercritical CO, environment at 8MPa, 40°C
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In Figure 5.7(a), the effect of water concentration on the concentration of H,CO3 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 H,CO3 concentration starts to increase at a higher
ratio compared to at lower water concentrations. H,CO3 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 CO, with a range of water concentrations are analysed for pitting

damage.
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Figure 5.8: The effect of water concentration on the pit depth rate of steel samples
exposed to supercritical CO; -- 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

1/3

follow t*® kinetics'”” 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 um. 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 CO; at various water concentrations before and after cleaning (in accordance
with NACE standard RP0775-2005).
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16/12/2012

Figure 5.9: Steel sample following exposure to 100 ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.10: Steel sample following exposure to 200ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.11: Steel sample following exposure to 300ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.12: Steel sample following exposure to 400ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.13: Steel sample following exposure to 500ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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15.0kV SEI SEM

Figure 5.14: Steel sample following exposure to 1500ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.15: Steel sample following exposure to 6000ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.16: Steel sample following exposure to 25000ppmw water in a supercritical
CO; environment for a period of 7 days, (a) before and (b) after cleaning according
to NACE standard RP0775-2005
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Figure 5.17: Steel sample following exposure to 50000ppmw water in a supercritical
CO; 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.*, where only uniform corrosion was observed for samples exposed to similar
conditions of 8 MPa, 50°C with water concentration up to 400000 ppm. According to
Waard et al.'*, the formation kinetics of FeCOj 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°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°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 CO, environment for a period of 7 days at elevated temperature of
90°C
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Figure 5.19: XPS analysis of steel sample steel sample following exposure to

50000ppm water in a supercritical CO, environment for a period of 7 days at

elevated temperature of 90°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

1.1% when investigating scale properties from high pressure CO, exposure at

by Yu et a
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 CO,
corrosion® 1’8, 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 FeCOs.
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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 CO; emissions'®?

. The main problem in pipelines used for CCS purposes arise
from water contamination, which reacts with CO, to form H,CO3 — this is when corrosion
starts to occur. As a fundamental approach, various concentrations of water were added to
a supercritical CO, environment to study the corrosion behaviour in CO, pipelines.
Potential corrosion damage due to H,COgsin a supercritical CO, 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.*®. The authors determined that up to 2000 ppm water would
remain in solution in a supercritical CO, environment, after which a separate aqueous
phase would form. This separate aqueous phase contains both H,O and H,COg, 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? to 1.6
mg/cm? at 0.01 mol/L. From here, it is shown that mass loss continues to increase as
H,COj3 concentration increases. Through this work, we observed that water concentration
plays an important role in supercritical CO, 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 CO, 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 CO, environment.

Experimental results and analysis reveal that:
e 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® for the maximum water concentration tested (50000
ppmw).

Corrosion scale (posited to be FeCOs3)* ® produced at the 500 ppmw to 1500
ppmw water concentration region is most effective at decreasing CO, corrosion
rates. H,COj3 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 CO, in water also increases,
resulting in an increase in H,COj3 concentration. From the water concentration vs
H,COj3 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
CO; 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 CO,
emissions*®. The CCS process is divided into three main steps: capture of CO, from
anthropogenic sources, transportation of CO, and finally storage in geologic sites. As
such, CO; transport is a vital part of the CCS process in ensuring the captured CO; 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 CO,
streams (nominally 100% CO,) that are typical of those used in CCS. This is due to
operating conditions and stream compositions in CCS pipelines which differ from CO,
transportation in the oil and gas industry. Mainly, CCS pipelines will operate at
significantly higher pressures, where CO, gas is typically compressed into a supercritical
fluid (>7.38MPa, or 70 bar, at about 31.1°C)'"*. The purpose is to avoid complicated two-
phase (gas + liquid) flow regimes and pressure drop®’.

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 CO,
stream is contaminated by free water (H,0)% *"2. In addition to H,O, there is a possibility
of coexistence (either individually or altogether) with acids such as nitric acid (HNO3)
and hydrochloric acid (HCI) depending on the capture processes involved®™ *. When
these impurities react with H,O 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® %, tests were conducted in ‘simulated’ conditions where CO, is added
to water (and vice versa) to form H,COs;. However, H,CO3; concentration was low
because only atmospheric pressure was used. Hence, weight loss tests of carbon steel

samples were also done in H,SO, that was found to simulate the acidic nature of H,COs.
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In addition, the role of CI', NOs and SO,* impurities was also investigated. Results
showed that corrosion is pH driven, and that impurities can permit the co-speciation of
additional acids (HNOs3, HCI) that further lower pH. Corrosion rates were shown to
increase logarithmically as pH decreased linearly®. In all cases, impurities showed an
increase in corrosion rate (icor) 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 (H,SO., CI', NO3', SO,*), and will be benchmarked
by results from this current work, which is conducted in a supercritical CO, environment.
A study by Zhang et al.® showed that the corrosion behaviour and mechanism of pipeline
steel is similar under both low CO, partial pressure and supercritical CO,. However, the
authors noted an increase in corrosion rates when water is present. Due to the increased
CO; pressure, there is a higher solubility of CO, in water, which resulted in significantly

higher concentrations of H,COs, 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®:. 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 H,CO3 concentration in relation to corrosion rates. An overall comparison of all
input factors (H,COg3, H,SO4, HCI, HNO3, NaNO3, Na,SO4, NaCl) showed that HNOj3 has
the highest influence on corrosion rates, while H,CO3; was shown to be the “weakest”
acid among H,SO,4, HCI, and HNOg. In this work, the effects of HNO3 in a supercritical
CO; environment is further studied, and the corrosion data from supercritical tests will be
compared against modelling data to examine the corrosion behaviour under supercritical
CO..

The effects of water on carbon steel in supercritical CO, have been studied by a number

of authors” 3233 %190 15 general, all authors observed that no corrosion occurred in pure

|.98

supercritical CO,. Russick et al.”™ 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.” 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 H,COj3 increased with increasing pressure but decreased
with an increase in temperature®?. The decreased corrosion rates could be attributed to the
formation of an iron carbonate (FeCQO3) 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®. The effectiveness of the FeCOj3 layer was further studied by Choi et al.*®,
where CO; corrosion rates on carbon steel were reduced by two orders of magnitude due

to the formation of a FeCOj; layer.

During the CCS process, various types of acid and salt impurities can contaminate the
CO, stream in the capture phase depending on the capture technology***™*?. Particularly,
the effect of SO, on steel under supercritical CO, conditions has been researched by a few
authors™® > % Weight loss experiments conducted showed minimal corrosion when
exposed to a small volume of SO, 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 O, resulted in the formation of SO3, which showed increased
corrosion rates over SO,. A few studies on salt impurities were also conducted by various
authors® 8. Experiments conducted in 100-700 wppm NaNO3 showed increased corrosion
rates as NaNOj3; concentration increased, with uniform corrosion observed as the corrosion
mechanism®. 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®.

In this work, our aim was to study the corrosion behaviour of carbon steel exposed to a
simulated supercritical CO, environment containing various salt and acid impurities that
may form in a CCS pipeline. The aqueous test solutions include various concentrations of
NaCl, Na,SO4, NaNOsz;, and HNOj3; with concentrations varied from 1g/L to 3g/L

11
|19

(1000wppm to 3000wppm). According to Cole et al.”, the minimum sulfur trioxide
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(SO3) level recorded in CO, 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 CO,
streams that undergo the least amount of conditioning processes. Although impurity
levels can be reduced from cleaning processes, potential impurities from the air (SO and
NOy) can still contaminate the CO, stream during pipeline transport. The tests conducted
herein are a significant contribution to the study of supercritical CO; 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? 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.

Average scale mass | Average mass loss

Solution (mg) (mg)

10g/L H,0 with 1g/L NaCl
(10000wppm H,O with 1000wppm

NaCl) 3.03 2.27

10g/L H,O with 1g/L Na,SO,
(10000wppm H,0O with 1000wppm

Na,S0.) 2.80 2.27

10g/L H,O with 1g/L NaNO;
(10000wppm H,O with 1000wppm

NaNO) 2.80 2.23

10g/L H,O with 3g/L Na,SO,
(10000wppm H,O with 1000wppm

Na,SO.) 3.13 2.30

10g/L H,0 with 3g/L NaNO3
(10000wppm H,O with 1000wppm

NaNO,) 2.67 2.03

10g/L pH 4 HNO;
(10000wppm pH 4 HNO3) 2.13 1.63

10g/L H,0 with 3g/L NaCl
(10000wppm H,O with 1000wppm

NaNO) 2.90 2.40

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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Figure 5.20(a): Setup of supercritical CO; corrosion test arrangement used herein.
(b): Image of supercritical CO, autoclave setup, with stainless steel lid open. (c):
Image of supercritical CO; 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 CO, 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°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% HCI 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 CO; 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 CO; 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®! 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 H,0. 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?). Steel samples
exposed to 3g/L NaNOj showed the lowest mass loss, followed by 3g/L Na,SO,4. The
addition of pH4 HNOs 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?. Similar results were obtained in our
prior work using aqueous solutions at atmospheric pressure®, where steel samples were
exposed to water-saturated CI", NOs™ and SO, salt impurities at atmospheric pressure and
temperature to simulate supercritical CO, environments. The addition of 0.6M NacCl

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 NaNO; and 0.6M Na;SO,. According to Cole et al.**®, the
addition of CI" impurities from hydrochloric acid (HCI) appears to alter the mass of H,O
in the aqueous phase, due to the increased stability from an increase in ionic
concentration. The solubility of water in CO; is decreased with increasing HCI
concentration, causing the mass of the aqueous phase to progressively rise. A minimum
level of HCI contamination (2wppm) in supercritical CO, caused a decrease of pH to less
than 1.5.

The mass loss test results herein (under supercritical CO,) are compared with the average
mass loss data obtained from a model*!, 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 CO,. The corrosive ability of
salt impurities were enhanced by the increased pressure, while only a relatively minor
change was observed with the pH4 HNOj3 solution. It is speculated that the increased CO,
pressure increased the solubility of CO, in water (present in the aqueous salt solutions),
resulting in the co-speciation of H,COs3, 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? 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

I.,1° where

loss. A similar retarding effect was observed in an experiment by Fang et a
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 CO, (salt and

acid impurities conducted herein and effect of water concentration®) 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® (Figures 5.22 (a) and (b)).
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Figure 5.22(a): Mass loss of steel samples exposed to salt and acid impurities from
supercritical CO, 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®. (b): Mass loss of steel
samples exposed to H,COs from supercritical CO; tests® (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®

The aqueous solution tests were conducted at atmospheric pressure and temperature,
while supercritical tests were conducted at 7.6MPa and 50°C. The 45° line in Figures 5.22
() and 5.22(b) represents data points at which average mass loss from atmospheric CO,
corrosion equals supercritical CO, corrosion. It appears that data points in Figure 5.22(a)
are closer to the 45° line, indicating that tests conducted in salt and acid impurities in

aqueous solutions are a better representation of supercritical CO, data compared to
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H,COs3 in Figure 5.22(b). In both cases, data shows that corrosion rates increase as CO,
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

CO, corrosion.

Supercritical CO, corrosion test results herein” were compared with results from various

57,8, 12, 32, 33

authors who conducted tests under similar operating conditions and test

environments (Figure 5.23).

100 |
_— -1
> |
€
S I
o 104
R -
m -
s 1 - <
19" @ — I
c 1=z @, O
S 13 5 el
‘O i — o ||o
8 lE € E — Z||»
bt e 5 a __ E|lE
— o o o alla
(@] [=] o o ol
O 143 8 3 o SRR
]+ + + o Oll=|l= [|©
() ] O o + ||O
(@)} ] ON ON Ow (@] O o @) @) o + o) o
© 1 T o 1S o |2 [|S]1S]]2|]|S]|S]]| 2
— 4 & ~f X ~|| ® I I © T || © ()
o e||o’||E|lx ||| S = 5 (2
a]lallz a £l a 2||EI[IE||I2 E(E [[2 [z
> allal|l|T|l&|lEllellellEllm|lellel|lw|lacllal|l®||T
o =] o Ql|lallo a||l®» o|lol||lw ol @
<L {12 (e (l=(lgll&llellellellalle|le|lalls]le|ld ||z
BRI IR s
=2 (l2ll=|l=|la|[B[||S|[[T|[=[lx|[ZT|[S]|[=]|T]||l=
T T T T T T T T T T T T T T T T
* * * * Sim Sim Sim Ayello Wu Ayello Ayello Cui Ayello Ayello Choi  Aki
etal. etal. etal etal. etal etal. etal etal etal. etal etal. etal

Figure 5.23: Overall comparison of corrosion rates from tests in supercritical CO;

conducted herein (denoted by *) and tests conducted in other studies® "8 1232 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 Na,SO, impurities. It is revealed that a small volume of
NO, and SO, impurities from tests conducted by Ayello et al.” are more detrimental

12
l.

compared to NaNO; and Na,SO,4. Also, data comparison with Ruhl et al.”* 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 HNOg3). This shows that acid impurities are a major
concern in mitigating corrosion in supercritical CO, 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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Figure 5.24(a): The effect of salt and acid solutions on pit depth rate of steel samples
exposed to supercritical CO,. (b): The effect of water concentration on pit depth rate

of steel samples exposed to supercritical CO,
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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 CO, 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 HNO; pose a high durability risk in a supercritical
CO;, environment, even when average mass loss appears to be relatively small (Figure
5.21). A high percentage of mass loss from HNOj3 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

% kinetics'’” and hence decelerate with time. The effect of HNOs corrosion on

10, 12, 101, 116, 180 Ruhl I 12

follow t

steel was also researched by a number of authors et al.” revealed that
HNO3; was very aggressive towards the carbon steel sample with localised corrosion,
while Ayello et al.*®* found similar results with electrochemical impedance spectroscopy
(EIS), which showed detrimental effects from the addition of a low volume of HNO;
(ImM) to a 1000wppm CO,-H,O solution. Corrosion rates increased from 0.1mm/y to
4.5mm/y when HNO3z; 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, H,SO,4 and HCI on carbon steel was performed by Ruhl et
al.'? under supercritical CO,. It was noted that the corrosion behaviour of the three acids
differed completely in supercritical CO,. Results showed that HNO3; was very mobile and
corrosive towards carbon steel while H,SO, did not migrate through the supercritical CO;
to react with the steel surface?. Experiments conducted by Osarolube et al.'® also showed
similar results when carbon steel was immersed in varying concentrations (0.3M to 2M)
of HNO3 and HCI. In their tests, HNO3 showed increased corrosion rates of 3 magnitudes
over HCI, which is attributed to the rapid autocatalytic reduction of HNOj3, which is
known to be a strong oxidising agent, generating oxidants at a geometrically increasing

rate’*®. 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'®. Experimental tests have also
shown that although HNO; increases pitting potential, it makes the carbon steel

susceptible to crevice corrosion in water-containing impurities*®,

The effect of water concentration on the pit depth rate of steel samples exposed to
supercritical CO, 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 H,O without the
addition of impurities. It can be seen that there is no significant increase in average pitting
rate from 1g/L to 25¢/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)).

279
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Figure 5.25: SEM (left) and optical profilometry (right) images of steel sample in a
supercritical CO, environment for a period of 7 days after cleaning according to
NACE standard RP0775-2005 following exposure to (a): 10g/L H,O with 1g/L NaCl.
(b): 10g/L H,O with 3g/L Na,SO,. (c): 10g/L H,O with 3g/L NaNOs. (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™*

180 conducting experiments on HNO; 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.®®, where only uniform corrosion was observed for samples exposed to similar
conditions of 8 MPa, 50°C with water concentration up to 400000 ppm.
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5.4.4 General discussion

The carbon capture and storage (CCS) process remains the most feasible method in
reducing CO, emissions*®. 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 CO, pipe stream will need to be quantified before any confidence or national
standards in CO; pipelines can exist. As a fundamental approach, various concentrations
of salt and acid impurities were added to a supercritical CO, environment to study the
corrosion behaviour in CO; 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? to
1.09mg/cm? (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

3ammly.

Analysis of corrosion data herein from aqueous tests at atmospheric pressure versus
supercritical CO, showed a direct correlation, bearing in mind an “offset” which results in
increased corrosion in supercritical CO, conditions (>7.39 MPa, 31.1°C). This difference
in corrosion rates is investigated by Zhang et al.?, where properties of the corrosion
product (FeCO3) formed under both atmospheric (LMPa) 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
CO, in water from supercritical CO, tests. However, surface analysis from prior work®"
shows that tests in supercritical CO, induce a FeCOs layer which is otherwise not obvious
or present under atmospheric conditions. As such, this translates to increased mass loss

from supercritical CO, tests due to the presence of the FeCOj3 layer.

Factors affecting the precipitation of the FeCO3 scale were further explained by Hunnick

I 145

et al.™, who provided the following expression for the precipitation of FeCOj3 scale:
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Rrecos =5 -f(T).Kgp . (SS) Eqn. 1

where Rp.co,is the rate of precipitation of FeCOgs, A is the surface area of the electrode,

V is the solution volume, T is temperature, K is the solubility product limit, and SS is
supersaturation. From Egn. 1, there is a direct proportionality with temperature, and

according to Johnson 4

, temperature is noted to be the most important factors in
determining the precipitation rate of FeCOs;, which explains minimal formation of a
FeCOs layer under atmospheric conditions (0.1MPa, 25°C). The influence of temperature
on FeCO; formation and morphology was further investigated by Cui et al.?, where
experiments showed that the FeCO; film formed at a relatively lower temperature (60°C)
was more stable than that formed at a higher temperature (150°C). Although FeCOj scale

formation has been widely studied® 4 146 181

, its mechanisms and physical properties
(morphology, porosity, thickness) in the presence of CCS stream compositions (low
purity CO,) requires further investigation. In particular, the effect of temperature on
FeCOs scale properties remains wholly unknown and is an opportunity for future work.

Through this work, we observed that the internal corrosion of CO, 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 CO, tests with varying
concentrations of salt and acid impurities. The salt impurities were varied from 1 to 3g/L,
and a pH 4 HNOj; solution was prepared as the acid impurity. Experimental results and

analysis reveal that:

e The range of weight change among all samples tested was not too dissimilar (0.7
to 1.1mg/cm?). The addition of pH4 HNO; 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?.
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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 CO, environment.

In comparison to aqueous modelling results, tests in supercritical CO, showed
increased corrosion rates, which is believed to be attributed to the increased
solubility of CO, in water due to an increase in pressure. Also, the morphology
and physical properties of the FeCO; scale formed under supercritical CO;
(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 HNOj3, which was similar to results obtained in

similar studies*? *€°,
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Discussion and Future Work
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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 CO, 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 CO, 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 CO, in water
leads to the in situ formation of H,CO3; which poses a durability risk even at low
concentrations due to a decrease in pH of the aqueous phase. The acidity of H,CO3 is
demonstrated in Section 5.3, where carbonated water was used to simulate the corrosion
of H,COg3 in a carbon steel pipeline. The experiments show that H,COj3 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 CO, 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.>* for the U.S. Department of Energy
(DoE), the major source of anthropogenic CO, emissions is the combustion of fossil fuels
for electricity generation, which comprises 34% of total CO, emissions in the United
States. Further analysis of the CO, stream from coal combustion reveals that the

concentration and type of impurity varies due to the different combinations of CO,
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feedstock and capture/purification technologies. A report by Savage et al.™* identified
impurities from CO; streams to contain S- and N- bearing compounds, which leads to the
in situ formation of HNO3 and H,SOy in the presence of acidified water. A typical CO,
stream composition is presented in Table 6.1 by Lee et al.’®. 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 CO; stream from a 500MW
coal-fired power station, depending on level of contaminant control by Lee et al.**

after unit conversion

Component | No SO, control by | NOy NOx control | As in case
contaminant | a wet flue gas | control by | by low NOy | 4, but also
control (M) | desulfurization | low NOx | burners/ assuming

scrubber (M) | burners/ selective that a
selective catalytic commercial
catalytic reduction plus | MEA-based
reduction | SO, control by | CO, control
(M) a wet flue gas | unit is used

desulfurization | to trap CO,
scrubber (M) | (M)

SO, 1 0.19 1 0.19 0.28

SO3 0.27 0.29 0.27 0.29 <0.29

NO, 0.3 0.3 0.13 0.12 <0.12

HCI 0.19 0.32 0.19 0.32 <0.32

Hg* 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 SO, 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 H,SO4, HCI, HNO3) and salt
impurities (0.3 to 0.6M NaNOs, Na;SO4, and 0.1 to 0.6M NaCl), with the aim to simulate
the composition of impurities that are potentially found in supercritical CO,. 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, Na,SO,4, NaNOs, and 0.4M HNOs) in supercritical
CO, 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 SO,, SOs, and NO;
gases: The study of SO, gas addition to CO, streams remains an interesting research

13, 15,97

topic , and its effects on the CO, stream along with other potential impurities from

Table 6.1 and capture technologies will need to be thoroughly examined.

e 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* kinetics
imposed, whereas in the literature’’’, pit growth kinetics are reported to have

15
).

kinetics of t ort

<<l (|e tl/3
e Addition of flow rate as a variable: This provides a practical simulation of the CO,
stream during transportation with the addition of flow rate (1m/s), and presents a

study of its effects on corrosion rate.

e 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 CO, 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°C to 90°C). The higher temperatures may also be
of direct importance to the issue of FeCOj 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.””) 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 CO,, 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, HCI) to a supercritical CO,
system is further explained by Ayello et al.” 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
CO; 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 H,SO, and HNO3. The increase in concentration (acid strength) increases their
oxidising potential, causing nitrate ions (NO3") in HNO3 and sulfate ions (SO4%) in H,SO.
to act as strong oxidizing agents. The effect of these oxidising agents (NO5", SO4* and CI
) were further discussed in Sections 5.1, 5.2, and 5.4. In the case of HNOj3, the reduction
process is catalyzed by reduction products of HNOj3, 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:
e 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)
e 304 Stainless: The basic austenitic grade with 17-19% Cr and 8-12% Ni
e 321 Stainless: Grade 321 is the basic austentitic 304 steel, stabilised by Ti
additions of 0.3 to 0.7%

i I Vild steel

400 - [ 420 stainless steel
i I 304 stainless steel

[[1321 stainless steel

(uA/cm?)

corr

pH 1 pH 1 HCI pH 1 pH1HNO,  pH35
H,SO, + NaCl H,SO, + NaNO, H,CO, + Na,SO,

Test Solutions
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 (H,SO,) environments. 304 stainless steels showed significantly higher corrosion
rates when exposed to the pH 1 H,SO,4 + NaCl solution. A similar study was conducted
by Hermas et al.™>, where 304 stainless steel samples were exposed to H,SO, with
increasing concentrations (0.1 to 0.5M) and temperature (20 to 60°C). Generally,
corrosion rates were high (>300pA/cm? in 0.5M H,SO, at 60°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 H,SO,4 impurities
could be present. Apart from the pH 1 H,SO,4 + NaCl solution, the stainless steel samples
performed better than mild steel in all other environments (HCI, HNO; or Na containing).
Among all solutions tested, experiments in H,CO3 showed the least amount of corrosion
for all steel samples. This shows that corrosion is related to acid strength, and suggests
that H,COg 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 + HCI, 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 CO, corrosion in CO,-saturated water'>. 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 + CO, simulant electrolyte tests). In saying that however, the effect of temperature
on the mechanism of FeCOj3 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°C), and then decreasing due to the formation of a protective
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FeCOs3 layer~'. Although temperature is one of the key variables, CO, 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.*

, the grain size of FeCO3 decreases with
increasing CO; 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 CO is attributed to the condensation of water from the CO,
phase, from which it immediately becomes saturated with CO, and forms a FeCOs layer.
A study reported in 2013 by Tanupabrungsun et al.**® investigates FeCO5 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?*. However, FeCOj3 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°C, while it was only present at pH 4 at elevated temperatures
of 120°C. Currently, the mechanisms of FeCOs; formation in supercritical CO, 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 CO, stream are
unique (due to its location, CO, 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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-\
- lpm JEOL 11/05/2013
15.0kV SEI SEM WD 10.6mm 1:34:35

Figure 6.2: SEM analysis of steel sample following exposure to pure supercritical

CO, (Oppm water) for a period of 7 days at 40°C

Figure 6.3: SEM analysis of steel sample following exposure to 50000ppm water in a
supercritical CO, environment for a period of 7 days at elevated temperature of
90°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 FeCOj3
are known as crystalline deposits formed on the steel surface, as shown by Yu et al.*®.
The SEM image in Figure 6.3 is similar to those presented by Yu et al.’®, where a similar

shape and grain size was observed.

Through this project, the three major challenges associated with supercritical CO,
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 CO, 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 CO, transport.
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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 CO, 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 CO, corrosion, with focus on acidic
environments. In cases of high HNO3 concentration, 304 stainless steels have been

156-158 a5 a durable material in these conditions.

studied extensively
Further investigate the effect of variables (impurity concentration, pressure,
temperature) on the formation and behavior of a protective layer — iron carbonate
(FeCOg) or iron carbide (FesC). A general consensus exists that the layer is porous
at low temperature (~50°C) and does not act as a protective layer. Reduced
corrosion rates were observed as temperature increases (~90°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 CO,

transport when the amount of impurities are high.

Investigate the effect of flow on supercritical CO, experiments using an irrigation
system in an autoclave. This provides a practical view on the flow conditions in
the pipeline during supercritical CO, 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 (SO,, NO,, O;) and their

corrosive potential in supercritical CO,. Experimental results with increasing SO,
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NO,, or O, concentrations would be beneficial in understanding supercritical CO,
corrosion and can be consolidated into an ANN. In particular, high concentrations
of SO, gas are often present in CO, systems with poor cleaning technologies, or
technologies that only focus on the purification of NOy impurities. In a study
conducted by Choi et al.”, results show significant corrosion when SO, is added
into a water-saturated supercritical CO, 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 NO, and HCI (Table 6.1) remain

unclear, and merits further experimentation.

Study the effects of inhibitors on supercritical CO, corrosion as a prevention
method. Although the topic of corrosion inhibitors in CO, saturated solutions is

widely studied***?’

, the applications remain for CO, transport in the oil and gas
industry. Nevertheless, this serves as a valuable resource for inhibitor selection in
supercritical CO, conditions. Initial studies of inhibitors should focus on inhibitors
that work on steel under CO, saturated solutions, to further understand their
effects on the aqueous phase. A few studies have been conducted on the effect of
inhibitors in CO, streams related to CCS applications before the transport

phase138, 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 CO, 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'®. In addition, the role of inhibitors on FeCO;
formation in supercritical CO, 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®**.

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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Chapter 7

Conclusion
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7 Conclusion

The corrosion mechanisms of supercritical CO, 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.

e Electrochemical (potentiodynamic polarisation) tests reveal that corrosion kinetics
in the presence of H,COj3 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 H,COj3 alone are significantly problematic.

e Tests conducted in H,SO,4 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).

e Results from ANN modeling showed that an increase in acid (H,SO,4, HCI, 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
HNO; is approximately twice as corrosive when compared to H,SO, and HCI,
while H,CO3 is shown to be the “weakest” acid.

e Fuzzy curve analysis shows that the types of impurities present in the CO, stream
outweigh the effect of H,CO3; concentration and temperature in relation to
corrosion rates. This suggests the presence of water in supercritical CO; is not so
much a concern as the ability of the aqueous phase to become vulnerable to
impurities.

e Weight loss results in supercritical CO, 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? 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 CO, 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 CO, corrosion rates.

Weight loss tests of samples exposed to salt and acid impurities in supercritical
CO; showed that the range of weight change among all samples tested was not too
dissimilar (0.7 to 1.1mg/cm?). The highest mass loss was shown by 3g/L NaCl,
with an average mass loss of 1.09mg/cm?. 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 HNOj is high, with a
maximum rate exceeding 3mm/y.

A correlation was observed when comparing aqueous modelling results to tests
conducted in supercritical CO,. In general, supercritical CO, tests showed
increased corrosion rates, which is believed to be attributed to the increased
solubility of CO, in water due to an increase in pressure. The different
morphology and physical properties of the FeCOj3 scale formed under supercritical
CO, 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=

1.5872 x ([H,S0,] — 0.0109)
wherea= 1.2791 +

1.3217 + (4525 X 1

+e e’ 0.0285
1.2253 X ([H,C0,] — 0.0048)]
+ —0.0278 X [HNO,;] — 0.0502 X [HCI]
0.0109
. —0.1793 X ([C1"] — 0.0668) . —0.3369 X ([NO; ] — 0.0933)
0.1875 0.1958
. —4.1615 X ([S02"] — 0.0958) N —2.3774 X ([Temperature] — 26.8903) N
0.1985 8.5427 )

2.3192 x ([H,S0,] — 0.0109)
0.0285

1
(—5.4056 X H—_b,where b=0.2632 +
a

0.8128 X ([H,CO,] — 0.0048)
+ + 0.0165 X [HNO,] + 0.1969 X [HC]]

0.0109
L 06064 x ([CI"] — 0.0668) , 04579 % ([NO,™] — 0.0933)
0.1875 0.1958
, T41675x% ([S027] — 0.0958) , 11813 ([Temperature] — 25.5903jj .
0.1985 8.5427

—1.4506 X ([H,50,] — 0.0109)
wherec= 24141+

1
(5.0549 ¥
1+

gc’ 0.0285
3.6904 X ([H,CO;] — 0.0048)
+ — 0.01957 X [HNO;] — 0.1895 X [HCI]
0.01089
N —0.7869 x ([C1"] — 0.0668) N —0.6477 X ([NO,"] — 0.0933)
0.1875 0.1958
N —0.4762 x ([SO}2"] — 0.0958) N 3.0078 X ([Temperature] — 26.8903) .
0.1985 8.5427 )

(—5.26 X ([H,50,] — 0.0108)
0.0285

1
(—63562 X F,Where d=—0.8337 +
e

0.3866 X ([H,CO;] — 0.0048)
+ + 0.175 X [HNO,] + 0.1018 X [HCI]

0.0109
L 05609 x ([CI"] — 0.0668) , 05885 x ([NO,"] — 0.0933)
0.1875 0.1958
L 01139 ([S027] —0.0958) L T12058x ([Temperature] — zﬁ.sguzjj y
0.1985 8.5427

86.8951 + 63.8808
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Appendix B: Additional images of steel samples from
experiments exposed to increasing water content in

supercritical CO,, as discussed in Section 5.3
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Figure B.1: Steel sample following exposure to 100ppm water in a supercritical CO,

environment for a period of 7 days
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Figure B.2: Steel sample following exposure to 200ppm water in a supercritical CO,

environment for a period of 7 days
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Figure B.3: Steel sample following exposure to 300ppm water in a supercritical CO,

environment for a period of 7 days
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Figure B.4: Steel sample following exposure to 400ppm water in a supercritical CO,

environment for a period of 7 days
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Figure B.5: Steel sample following exposure to 500ppm water in a supercritical CO,

environment for a period of 7 days
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Figure B.6: Steel sample following exposure to 1500ppm water in a supercritical

CO; environment for a period of 7 days
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Figure B.7: Steel sample following exposure to 6000ppm water in a supercritical

CO; environment for a period of 7 days
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Figure B.8: Steel sample following exposure to 25000ppm water in a supercritical
CO; environment for a period of 7 days
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Figure B.9: Steel sample following exposure to 50000ppm water in a supercritical

CO; environment for a period of 7 days



Appendix C: Additional SEM images of steel samples from
experiments exposed to various salt and acid impurities in

supercritical CO,, as discussed in Section 5.4

100pm JEOL
15.0%KV SEI SEM

Figure C.1: SEM images of steel samples in a supercritical CO, environment for a
period of 7 days after cleaning according to NACE standard RP0775-2005 following
exposure to 10g/L H,O with 3g/L NaCl
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Figure C.2: SEM images of steel samples in a supercritical CO, environment for a
period of 7 days after cleaning according to NACE standard RP0775-2005 following
exposure to 10g/L H,O with 1g/L NaNO;

Figure C.3: SEM images of steel samples in a supercritical CO, environment for a
period of 7 days after cleaning according to NACE standard RP0775-2005 following
exposure to 10g/L H,O with 1g/L Na,SO4
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