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Abstract
“Oilfield Corrosion: Sweet Corrosion Scales ”

Mohammed Al Kindi, University of Manchester, 2020

Internal corrosion of oilfield pipelines, fabricated from carbon steel, due to
dissolved CO2 remains one of the major problems encountered in the oil
and gas industry. Under specific conditions, CO2 corrosion, more commonly
known as ’sweet corrosion’, can result in the growth of corrosion scale on the
inner pipeline walls. Such scale can lead to a considerable reduction in the
corrosion rates, if it is densely packed and well adhered to the surface. The
work in this thesis aims to improve understanding of the development of CO2

corrosion products and how different factors can influence the formation and
evolution of the formed scale.

Motivated by the recent identification of an unexpected ’cylindrical’ habit for
the primary sweet corrosion scale component, siderite (FeCO3), effort has
focused on examining habit variation as a function of environment. Initially,
scales formed on both corroding Fe substrates, and non corroding PTFE
substrates, after immersion in CO2-saturated salt solution were explored. The
siderite crystal habit was found to change as a function of Fe2+

(aq), varying
from rhombohedral to cylindrical as the the amount of Fe2+

(aq) is increased in
solution. These results are consistent with theoretical modelling of the FeCO3

crystal habit by collaborators from Imperial College, and may be the basis of
alternative approaches to corrosion control (e.g. habit engineering). Besides,
the addition of Ca2+ resulted in formation of FexCayCO3 solid solution, while
addition of the Mg2+ resulted in a formation of rhombohedral siderite with the
appearance of un-identified elongated rods.

The siderite crystal habit on Fe substrates was further explored as a function
of increasing CO2 partial pressure and temperature by developing and
implementing an autoclave facility for high pressures and high temperatures
(HPHT) testing. An increase in CO2 partial pressure from 0.5 to 4 bar was
found to change the siderite crystal habit from ’cylindrical’ to rhombohedral.
This observation is also found to be consistent with the theoretical modelling
of siderite crystal habit, and demonstrates that crystal habits are likely to vary
as fluids progress through an oilfield facility.

Finally, an improved design of a custom built cell for in situ synchrotron
grazing incidence X-ray diffraction was employed to gain insight into
sweet corrosion scale evolution as a function of time and temperature.
Electrochemical data and in situ GIXRD diffractograms reveal that siderite is
mainly responsible for the reduction in corrosion rate by forming a protective
scale on Fe substrate immersed in CO2-saturated water (buffered to pH = 6.8,
T = 80°C, PCO2 = 0.5 bar). Furthermore, a temperature excursion results in scale
dissolution as the temperature decreases to ∼ 25°C, and scale regrowth with
the increase in temperature back to 80°C, suggesting that local variations in
temperature may be detrimental to scale properties.
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Chapter 1. Introduction

Corrosion remains a widespread concern and accounts for a large percentage

of failures experienced in the oil and gas industry [1]. One of the main

corrosion issues is the internal corrosion of oilfield equipment due to the

produced CO2 gas, which becomes corrosive only when dissolved in the

aqueous phase flowing with the hydrocarbons [2, 3]. Moreover, carbon steel

is still the preferred material, selected because of its effective cost and

good mechanical properties [4]. However, it has poor corrosion resistance,

especially in aggressive oil and gas conditions.

Various factors influence the oilfield CO2, or sweet, corrosion process. Under

specific conditions, it is possible to form a corrosion scale on the steel surface

that can lead to a significant reduction in corrosion rate [5–7]. Furthermore,

the breakdown of this layer can lead to localised corrosion [8, 9]. Despite the

extensive research into CO2 corrosion, it is still not well understood. This is

partially because of the complexity of CO2 corrosion and scale formation as

it is greatly influenced by the change in testing conditions and environmental

parameters.

Figure 1.1: Schematic diagram illustrating the lifetime of CO2/H2S corrosion
scales. The diagram is courtesy of Dr Robert Lindsay (Department of
Materials, The University of Manchester)

Figure 1.1 shows an illustration of the lifetime of sweet corrosion scales where

it starts with scale precursors and ends by scale breakdown. Formation of

highly protective scale resulting in the reduction to low corrosion rates, as

illustrated by a green zone in Figure 1.1, can provide an attractive engineering
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solution to protect the steel surface. However, it is essential to understand if it

is possible to rely on corrosion scales to maintain operating in the green zone

without any local breakdown.

In light of the above, this project aims to fundamentally understand sweet

scale evolution and the influence of several parameters on the properties of

the formed scale. This project is systematically building upon a previous work

done within the research group by keeping the environmental conditions and

substrate microstructure as simple as possible in well-controlled laboratory

experiments.

In this project, the scale formation has been investigated on high purity Fe

samples, minimising microstructural influence. A number of techniques were

used for ex situ characterisation of the formed scale post-immersion, including

grazing incidence X-ray diffraction (GIXRD), scanning electron microscopy

(SEM), electron backscattered diffraction (EBSD), and 3D confocal laser

microscopy. In addition, focused ion beam (FIB) SEM was used to obtain cross-

sections of the scale-substrate interface. The degree of protection provided by

the scale was assessed using electrochemical techniques to estimate substrate

corrosion rates. Also, the use of synchrotron radiation GIXRD enabled in situ

characterisation of the scale.

This thesis is divided into seven chapters, including this introductory chapter.

Chapter 2 provides a general overview of corrosion in the oil and gas industry,

and introduces the sweet corrosion process and mechanisms. Subsequently, a

review of relevant literature is presented, focusing on sweet corrosion scale

and the influence of various parameters on its formation. Chapter 3 outlines

the various experimental techniques used in this study. Chapters 4-6 present

the results of the research programme. Chapter 4 focuses on iron carbonate

(FeCO3), a common component in the sweet corrosion scale, crystal habit

formed on corroding and non-corroding surfaces. Furthermore, the influence

of various factors on the iron carbonate, or siderite, crystal habit is also
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explored. Chapter 5 extends the investigation of siderite crystal habit formed

on Fe substrate, by focusing on the influence of changing the temperature and

CO2 partial pressure, implementing an autoclave facility. Chapter 6 explores

temporal and temperature-related evolution of sweet corrosion scale on Fe

substrate in an in situ synchrotron radiation GIXRD experiment. Finally,

Chapter 8 provides a summary of the research work and the potential for

future work.
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2.1 Electrochemical aqueous corrosion

Metallic corrosion is the deterioration of metals as a result of a chemical

reaction between the metals and its environment [10]. Unlike other materials

such as ceramics, almost all metals are chemically unstable [11]. The corrosion

process returns the metal to its more stable combined state, e.g. an oxide,

which was the state prior to extraction from a mineral source. Most of metallic

corrosion processes involves charge transfer in an aqueous environment [12].

It involves an oxidation reaction where a metal loses one or more electrons and

a reduction reaction where an the equivalent number if electrons are gained

[13]. For example, corrosion of a metal in acidic conditions proceeds according

to the overall reaction:

M + nH+ −−⇀↽−− Mn+ +
n

2
H2 (2.1)

where M is the metal, and Mn+ is the metal cation. This overall reaction can be

also represented by two half reactions:

M −−⇀↽−− Mn+ + ne− (2.2)

H+ + ne− −−⇀↽−−
n

2
H2 (2.3)

From the two reactions above, metal oxidation occurs through the anodic half

reaction and the reduction occurs through the cathodic half reaction of the

hydrogen cation in this case. These two half reactions occur at two different

reaction sites; an anode and a cathode (at the surface-electrolyte interface). A

conductive path is required for the electrons to transfer between an anode and

a cathode. An electrolyte is also required to provide an electrolytic conductive

path for the ions between the two reactions. This can be illustrated by a simple

schematic diagram of a metal corroding in an acidic environment as shown
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in Figure 2.1. At higher pH, other possible cathodic reactions are oxygen

reduction or water reduction (in the absence of oxygen). These cathodic

reaction are represented by the two half reactions below:

O2 + 2 H2O + 4 e− −−⇀↽−− 4 OH− (2.4)

2 H2O + 2 e− −−⇀↽−− H2 + 2 OH− (2.5)

Figure 2.1: Schematic illustration of an electrochemical cell at the metal-
solution interface.

2.2 Corrosion in the oil and gas industry

Worldwide demand for energy has risen in the past few decades and will

continue to increase in the coming years. Nearly 60% of global energy is

derived from crude oil and natural gas [14]. Figure 2.2, shows an illustration
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summarising the journey of crude oil/natural gas from the production wells

to the final end product of fuel. In addition to oil and gas, wells also

produce water, other organic compounds, and acid gases. Corrosion presents

economic, safety and environmental related issues in this process network.

A wide range of corrosion problems are encountered as a consequence of

materials exposure to a range of environments (e.g. production/injection) and

operating conditions (e.g. temperature, pressure, flow) [15].

Figure 2.2: Schematic illustration of oil/gas production with sources of
potential issues from the production operations. Reproduced from [16].
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Corrosion issues are estimated to cost approximately 1.37 billion USD annually

in the oil and gas production industry [1]. Internal corrosion accounts for

56% of corrosion-related failures suffered [17, 18]. Figure 2.3 shows main

types of internal corrosion issues of carbon steel surfaces exposed to the

oilfield brines. Nearly half of these problems occur in CO2-dominant and

H2S-dominant environments [2]. ’Sweet’ is commonly used to refer to CO2-

containing environments, and ’sour’ to refer to H2S-containing environments

and these terms will be used throughout this thesis. Despite extensive research

of sweet (see, for example, Ref. [4, 19–29]) and sour systems (see e.g. Ref.[30–

33]) in the past few decades, there is still no full understanding of corrosion

mechanisms and influence of many factors on corrosion.

Figure 2.3: Main types of corrosion during transport of produced fluids.
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2.3 Sweet corrosion

2.3.1 Overview of CO2-water system

CO2 as a dry gas is not corrosive under oilfield environments. However, it

becomes corrosive when dissolved in water. Therefore, solution chemistry of

CO2-water system must be described to help understand sweet corrosion.

The CO2-water equilibrium has been studied extensively [34–39]. CO2 gas

dissolves in water forming carbonic acid H2CO3, which further dissociates

to form bicarbonate (HCO3
– ) and carbonate(CO3

2 – ). Chemical reactions are

listed in Table 2.1 with the corresponding equation for their equilibrium

constants.

Table 2.1: Chemical reactions and equilibrium constant expressions of
CO2/water chemistry [40].

Chemical reaction Equilibrium constant
expressions

CO2(g) −−⇀↽−− CO2(aq) (2.6) KCO2
−−

[CO2(aq)]

pCO2(g)

(2.7)

CO2(g) + H2O(l) −−⇀↽−− H2CO3(aq) (2.8) Khyd−−
[H2CO3]

[CO2(aq)]
(2.9)

H2CO3(aq) −−⇀↽−− HCO3
−
(aq) + H+

(aq) (2.10) Kca−−
[H2CO3

−][H+]

[H2CO3]
(2.11)

HCO3
−
(aq) −−⇀↽−− CO3

2−
(aq) + H+

(aq) (2.12) Kbi−−
[CO3

2−][H+]

[HCO3
−]

(2.13)

H2O(l) −−⇀↽−− OH−(aq) + H+
(aq) (2.14) Kw−− [OH−][H+] (2.15)

The CO2 dissolution reaction (Eq. 2.6) can be expressed in the case of ideal gas
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and ideal solution behaviour by Henry’s law (Eq. 2.7) [41]. CO2 gas solubility

varies as a function of different parameters such as pressure, temperature,

and ionic strength [37, 42–46]. For the hydration reaction of CO2 (Eq. 2.8),

some studies report a lack of temperature dependence of the equilibrium

constant (Eq. 2.9) [35, 39, 47–49]. On the other hand, other studies developed

a temperature-pressure dependence relationship to describe equilibrium

constants of carbonic acid H2CO3 and carbonate HCO3
– dissociation reactions

[38, 46]. Note that non-ideal gas/solution behaviour and presence of foreign

ions can alter equilibria in CO2-water system [38, 42, 50].

In order to determine the pH of a CO2-saturated solution, an extra equation

is required to solve the system, which describes the electroneutrality of the

solution [51]:

[H+] = [HCO3
−] + 2[CO3

2−] (2.16)

The electroneutrality equation can be extended to include produced Fe2+
(aq) due

to the corrosion process. In addition, the hydrolysis of Fe2+
(aq) reaction is to be

also considered [51, 52]:

Fe2+(aq) + H2O <=> FeOH+
(aq) + H+

(aq) (2.17)

2.3.2 Sweet corrosion mechanism

The sweet corrosion mechanism has been extensively studied over the last 50

years [53]. Despite this effort, this topic is still debated, especially concerning

the cathodic reaction mechanism in CO2 environments, which has received

more attention. The challenge in studying the CO2 corrosion mechanism arises

from system complexity by the added chemical species as a consequence

of CO2 hydration and subsequent dissociation reactions. The main cathodic
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reactions proposed by several authors are listed below:

2 H+
(aq) + 2 e− −−⇀↽−− H2(g) (2.18)

2 H2CO3(aq) + 2 e− −−⇀↽−− H2(g) + 2 HCO3
−
(aq) (2.19)

2 HCO3
−
(aq) + 2 e− −−⇀↽−− H2(g) + 2 CO3

2−
(aq) (2.20)

2 H2O(l) + 2 e− −−⇀↽−− H2(g) + 2 OH−(aq) (2.21)

Reaction (2.18) is hydrogen ion reduction reaction, which is a common

cathodic reaction in acidic/deareated environments [54–58]. In CO2

environments, some studies suggest that the carbonic acid direct reduction

reaction (equation 2.19) occurs as a cathodic reaction [19, 59–62] while others

conclude that carbonic acid only acts as a buffer to produce H+ required for

hydrogen ion reduction reaction (equation 2.18) [21, 63, 64]. Carbonate ion

reduction is another proposed cathodic reaction (equation 2.20) [62, 65, 66].

However, it is unlikely to be the case at the pH range faced in oilfield

conditions and should only be considered at more alkaline pH. The water

reduction reaction (equation 2.21) has also minimal contribution as it is

kinetically slower and does not explain the high cathodic currents experienced

in sweet oilfield environments [40]. It is important to note that a combination

of these suggested cathodic reactions possibly occur at the steel surface [67,68].

As regards the anodic reaction, the overall electrochemical reaction of iron can

be expressed as:

Fe(s) −−⇀↽−− Fe2+(aq) + 2 e− (2.22)

It is still debated whether there is an influence of CO2 on iron dissolution

mechanism. This led to different proposed reaction pathways [23, 69–71]. As

mentioned earlier, CO2 system complexity presents a challenge to provide
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experimental evidence for the proposed mechanisms.

2.3.3 Sweet corrosion products

Siderite

Siderite (FeCO3) is a sparingly soluble salt that is isostructural with calcite

(CaCO3) and magnesite (MgCO3) [72]. Siderite crystallizes in the hexagonal

system as shown in Figure 2.4 The density of siderite (FeCO3) is approximately

3.96 g/cm3 [73].

The space group of siderite is R
−
3C and the unit cell consists of two Fe atoms.

Within the unit cell, the C atoms are surrounded by three O atoms forming

CO3
2 – planar that is perpendicular to the c axis. Six O atoms (CO3

2 – group)

surrounds each Fe atom, forming a FeO6 octahedron.

Siderite is considered the main corrosion product observed under CO2

environments [4, 68]. At certain conditions, formation of protective siderite

scale can result in a significant decrease in corrosion rates. Siderite forms from

ferrous ions (Fe2+) originated by the corrosion process and carbonate ions

(CO3
2 – ) present due to CO2 dissolution in water according to the precipitation

reaction:

Fe2+(aq) + CO3
2−

(aq) −−⇀↽−− FeCO3(s) (2.23)

Precipitation of FeCO3 occurs when the concentrations of Fe2+
(aq) and CO3

2 –
(aq)

exceeds the solubility limit Ksp of FeCO3 formation [75]. The driving force for

FeCO3 precipitation is supersaturation (S), which can described by equation

(2.24) [47, 76]:

S =
aFe2+ .aCO3

2−

Ksp

(2.24)
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Figure 2.4: Siderite crystal structure generated by CrystalMaker software
[74].

where aFe2+ is the ferrous ion activity, aCO3
2 – is the carbonate ion activity and

Ksp is the solubility product constant of FeCO3. Siderite Ksp is dependant on

aqueous solution temperature and ionic strength [77–81].

Precipitation theoretically initiates when supersaturation value is above >

1. However, critical values of supersaturation much higher than unity are

typically required to favour precipitation of FeCO3 [82, 83]. The two main

processes involved in precipitation are nucleation and crystal growth [76]. The

process starts with nucleation which results in a formation of FeCO3 nuclei

followed by crystal growth of the stable nuclei. Heterogeneous nucleation,

which occurs on imperfection sites on the corroded steel surface, is more

common than homogeneous nucleation, as it requires less energy of formation

[83]. Nucleation and crystal growth rates are both dependant on the degree of

supersaturation. It is believed that crystal growth rate increases linearly with
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supersaturation, while there is an exponential relation between nucleation rate

and supersaturation [73]. As a consequence, crystal growth process dominates

at lower supersaturation levels, whereas nucleation is more dominant at

higher levels of supersaturation [67, 75].

Siderite is often described as displaying a rhombohedral crystal habit (3D

shape), as shown in Figure 2.5 (a) [84–86]. However, in a recent work by

Joshi et al [5], siderite crystal habit was found to be a mircofaceted cylinder

with trigonal/pyramidal caps (Figure 2.5 b). This crystal habit is common

for siderite formed on corroded iron/steel, although not previously reported.

Siderite crystal habits are discussed in further detail in Chapters 4 and 5.

Figure 2.5: Different siderite crystal habits formed at on (a) PTFE substrate
immersed for 24 hours in CO2-saturated 0.01 M FeCl2 solution (T = 80°C, pH
= 6.8, PCO2 = 0.54 bar) (b) Fe substrate immersed for 24 hours in CO2-saturated
0.1 M NaCl solution (T = 150°C, pH = 4.55, PCO2 = 0.54 bar).

Chukanovite

Chukanovite (Fe2(OH)2CO3) is an iron hydroxide carbonate that is structurally

similar to pokrovskite, malachite and rosasite-group. It was observed for the

first time in 1976, as one of the corrosion products on a steel surface in a

heat exchanger and was described as ’malachite-like basic iron carbonate’ [87].

Chukanovite crystallizes in the monoclinic crystal system and belongs to P21/a

space group. Figure 2.6 shows the crystal structure of chukanovite generated

by Crystal Maker software [74], and using data from [88].
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Figure 2.6: Chukanovite crystal structure generated by CrystalMaker
software [74].

Figure 2.7: Chukanovite crystal morphology examples: (a) acicular/fibrous
[87], and (b) platy structure.

Chukanovite has been observed on archaeological samples [89, 90], as a

corrosion product on steel in nuclear-waste repository conditions [91–93],

and on iron/steel surfaces in oil and gas CO2-saturated conditions [5, 94].

Chukanovite morphology is described as acicular/fibrous or platy structure

as shown in Figure 2.7. As regards formation in oil and gas conditions,

chukanovite is not commonly observed in the formed corrosion scale. This

is possibly due to chukanovite being unstable with respect to siderite, and
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can rapidly oxidise in the presence of oxygen [87, 95]. Some studies have

observed chukanovite formation as a result of sample anodic polarisation

[96, 97]. However, other studies have formed chukanovite forming naturally

at the corrosion potential [5, 94]. It is still unclear whether the formation of

chukanovite can offer any degree of protection to steel against corrosion.
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2.3.4 Factors influencing sweet corrosion scales formation

Sweet corrosion scale formation is influenced by a wide number of

environmental, operational, metallurgical (corroding material) factors. This

section focuses on discussing the influence of temperature, CO2 partial

pressure, pH, solution chemistry and steel microstructure, as shown in Figure

2.8.

Figure 2.8: Main parameters influencing sweet corrosion scale formation
discussed in this section.

Temperature

Generally, an increase in temperature enhances corrosion kinetics leading

to higher corrosion rates [51]. However, the increasing temperature also

decreases siderite solubility leading to its formation on the steel surface [81].

At elevated temperatures (> 60°C), a dense and tightly packed layer forms

resulting in a decrease in corrosion rate [5, 27, 51, 75, 98, 98–104]. Studies show

either no detectable corrosion products or porous, loosely packed films form

at lower temperatures (< 40°C) [27].
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Siderite has been reported in many studies to be the most dominant

component in the scale layer formed at a temperature range 60°C - 150°C

[82, 104–107]. The solubility product of siderite decreases as a function of

temperature and this is shown in Figure 2.9, promoting precipitation and scale

formation resulting in the decrease in corrosion rate.

In addition to siderite, other carbonate compounds have been detected at

temperatures lower than 40°C, namely; chukanovite (Fe2(OH)2CO3), iron oxy-

carbonate (Fe2O2CO3), and carbonated green rust (Fe6(OH)12CO3)[108, 109].

Chukanovite is also observed in a few studies to form alongside siderite in the

scale layer at a higher temperatures [5, 110–113]. Although carbonated green

rust has been observed in deoxygenated CO2-environment at near-neutral and

alkaline pH, a more recent in situ GIXRD work by Ingham et al. showed that

carbonated rust forms as a result of oxygen ingress to the system [114].

Magnetite has been also observed as one of the corrosion products formed

in sweet environments. Some studies showed that magnetite forms in a mixed

layer of siderite/magnetite at temperatures above 100°C and becomes the most

dominant phase at 250°C [51, 84, 115–117].

Figure 2.9: Plots of FeCO3 solubility product constant as a function of
temperature. Plot is reproduced from [68].
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Solution pH

Solution pH can directly influence corrosion rates through the change in

hydrogen ions (H+) concentration, which is the primary cathodic reagent in

hydrogen evolution reaction. Furthermore, a change in pH can also influence

siderite (FeCO3) solubility, as carbonate species concentrations changes with

pH. As the pH increases, higher concentrations of carbonate ions exist

in solution, thus less Fe2+
(aq) is required to reach supersaturation. Figure

2.10 shows the influence of pH on the required concentration of Fe2+ to

reach supersaturation. As a consequence, higher pH solutions lead to lower

corrosion rates by suppressing cathodic reactions and also by promoting film

formation.

Studies typically suggest a more protective, compact, and dense layer of FeCO3

is formed at higher pHs across a range of temperatures [24, 86, 118–121]. At

CO2 partial pressure of 0.5 bar and temperature ∼ 60°C, studies showed that

protective scales only form when pH > 6 within 20 days of immersion [86,105].

This critical pH that is required to form a protective layer decreases with the

increase in temperature and CO2 partial pressure [119, 122].

Figure 2.10: Required amount of Fe2+ to reach saturation limits as a function
of pH (at T= 80°C, PCO2= 0.53 bar, 1 wt% NaCl). Reproduced from [121].
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CO2 partial pressure

Under film-free corroding conditions, an increase in CO2 partial pressure

leads to a greater corrosion rate [123]. This is mainly due to the increase in

dissolved CO2(aq) and H2CO3(aq) concentration that result in a decrease in pH.

Several studies have confirmed this increase in corrosion rate and showed that

no scale is detected on steel surfaces with increasing CO2 partial pressure

up to 80 bar at lower than the critical temperature to form scales (< 50°C)

[124, 125]. However, many studies have shown that an increase in CO2 partial

pressure promotes film formation even at lower pH, which becomes protective

only when formed at temperatures (> 60°C) [24, 29, 98, 125, 126]. The reason

behind this observation is that the increase in CO2 partial pressure increases

concentration of carbonate ions and thus decreases decreases the amount

of Fe2+ required to exceed the solubility limit of FeCO3. However, Dugstad

suggested that the influence of increasing CO2 partial pressure on the solubility

product of FeCO3 is more complex and depends on solution pH as shown

in Figure 2.11. From this study, the influence of CO2 partial pressure on the

required amount of Fe2+ to form FeCO3 was investigated at a constant pH.

NaHCO3 was added to compensate for the decrease in pH due to the increase

in CO2 partial pressure. From this work, the amount Fe2+ required at higher

pH (>5.5) decreases with the increase in CO2 partial pressure. Nevertheless,

the amount required of Fe2+ to exceed the solubility limits increases at low

constant pH (∼4) with an increase in CO2 (see Figure 2.11) [67]. This behaviour

can be related to the changes in the solubility limits of FeCO3 by the increase

in ionic strength, due to the addition of NaHCO3.

Few studies reported that although thicker, dense layers form, the increase

in CO2 partial pressure increased the likelihood of localised corrosion attacks

after analysing the surface after scale [24, 94, 103].

44



Chapter 2. Literature Review

Figure 2.11: Required amount of Fe2+ to reach saturation limits as a function
of CO2 partial pressure at pH = 4.5, 5, 5.5, 6. Reproduced from [68].

Solution chemistry

Formation water, which is usually produced from oil and gas wells, contains

a range of ions and other species, increasing the complexity of the system.

This includes dissolved Ca2+
(aq), Mg2+

(aq), Na+
(aq), Cl–

(aq), and organic compounds. A

number of studies focused on determining the influence of each factor on the

corrosion behaviour and scale formation under sweet environments.

The presence of Ca2+
(aq) and Mg2+

(aq) can result in the formation of mineral scales:

calcium carbonate (CaCO3), or magnesium carbonate (MgCO3) scales under

CO2-saturated environments. The solubility product of CaCO3 and MgCO3

decreases with the increase in temperature, which is similar to the behaviour of

FeCO3 [127,128]. In comparison, FeCO3 has the lowest Ksp compared to CaCO3

and MgCO3, as shown in Figure 2.12.
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Figure 2.12: Comparison between solubility product of FeCO3, CaCO3, and
MgCO3 as a function of temperature. Plot is reproduced from [129].

As mentioned earlier in section 2.3.3, siderite (FeCO3) is isostructural with

calcite (CaCO3) and magnesite (MgCO3) as they share the same hexagonal

structure. This means that Fe2+ can be replaced with Mg2+ and Ca2+ in the

crystal structure forming a solid solution [(Fe, Mg, Ca)CO3], which can alter

the protective properties of the formed scale.

The impact of Ca2+
(aq) and/or Mg2+

(aq) on the sweet corrosion mechanism and

formed scale properties has received little attention. Furthermore, the studies

investigating this topic so far have provided conflicting results. A number of

studies have found a negative impact on corrosion by the addition of Ca2+
(aq),

where corrosion rates increase [130, 131]. On the other hand, some researchers

concluded that the addition of Ca2+
(aq) promotes formation of a more protective

layer of FeCO3 or FexCayCO3 [132, 133]. In Esmaeely et al.’s work, where the

influence of a range of added concentrations of Ca2+
(aq) on scale formation was

investigated, it was observed that more protective FeCO3 can form by the

addition of small amounts of Ca2+
(aq) [134]. However, a non-protective CaCO3

scale formed at higher concentrations Ca2+
(aq), and FeCO3 no longer exist.

Several authors reported an increase in localised corrosion by the addition of
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Ca2+
(aq) [132, 135]. However, it is still not quite clear on the mechanism behind

the contribution of Ca2+
(aq) ions to localised corrosion.

As regards to the presence of Mg2+
(aq), a few studies suggested that addition of

Mg2+
(aq) ions can enhance the protectiveness of the formed FeCO3 scale [97,136].

Ingham et al. suggested that addition of MgCl2 promotes scale precipitation

at lower super-saturation and reduction in nucleation induction time [97].

Formation of FexMgyCO3 solid solution is less frequently observed compared

to FexCayCO3, possibly due to the higher solubility product of MgCO3 leading

also to an increase in the solubility of the solid solution [129].

Regarding the influence of increasing acetic acid (an organic acid) on the

corrosion behaviour, it will increase the corrosion rates mainly by decreasing

the solution pH and enhancing the cathodic reaction kinetics [137, 138]. In

terms of FeCO3 formation, it was suggested that more Fe2+
(aq) will be required

to precipitate FeCO3, thus an increase in the solubility [67, 137]. However, this

influence is insignificant at higher pH values (pH> 6) [139].

Steel microstructure

Various studies to investigate the effect of steel microstructure on sweet

corrosion rates and the formation of corrosion products focus on how iron

carbide (Fe3C) in carbon steel can influence these processes. Iron carbide,

commonly known as cementite, is electrically conductive, thus cathodic

reactions can possibly occur on its surface [140].

The role of cementite to modify the degree of protection of the scale is

still debated, with contradicting observations. The effect of cementite has

been studied mainly by comparing corrosion behaviour of normalised steels

with ferritic-pearlitic microstructure, and quenched and tempered steel with

martensitic microstructure [111, 141]. It has been suggested that the presence

of larger cementite particles in the normalised steel in the pearlite phase can

result in a higher corrosion rate than in quenched and tempered steel, where
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carbides are smaller and more distributed in solid solution [111]. However,

other studies suggest that the presence of cementite, especially in normalised

steel, can enhance the protectiveness of the formed corrosion scale [28, 142].

A number of studies suggest that presence of cementite in the corrosion scale

can act as an ’anchoring effect’, enhancing the protectiveness of the scale

[28, 143–145]. J. Crolet et al. suggested that a more protective morphology

can exist when a mixed siderite/cementite layer is formed on the surface

[143]. Farelas et al. suggested that the same morphology, where a mixture of

cementite and siderite scale formed on the steel surface, resulted in a protective

scale forming on two different heat treated carbon steel samples with a better

protection in the pearlite microstructure steel [142]. However, Dugstad et al.

concluded in their study that more coverage and better adherence of the

formed scale in a quenched-tempered steel (with no free carbides) under

flowing conditions, which contradicts the suggestion of the ’anchoring effect’

of cementite [146]. This has been also shown in a more recent work, where a

more protective scales formed on low carbon steel compared to a heat treated

ferritic-pearlitic high carbon steel [147]. In a recent study by Escrivà-Cerdán et

al, where they assessed a corrosion resistance of a Cr-Mo low-alloy steels at

different tempering states and showed that tempering at higher temperatures

can lead to a decrease in uniform CO2 corrosion rates [148].

In conclusion, it is not quite clear whether the steel microstructure has a direct

effect on the formation and protectiveness of the formed scale, or whether it

is possibly contributing to the initial corrosion rates and supersaturation near

the steel surface leading to the change in the properties of the scale formed.

2.4 Conclusion

The literature review above presented an overview of CO2 corrosion and

focused mainly on the sweet corrosion scales. The review demonstrated how
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sweet corrosion scales can provide protection to the steel surface under

specific conditions. Despite the extensive research, there is still no complete

understanding on how to control different variables to form a highly protective

scale. In fact, a number of studies investigating influence of different factors

reported contradicting results. The complexity of CO2 systems present a

challenge, that any subtle changes in the various parameters can significantly

change the scale formation process. A fundamental approach, where the

impact of different variables are investigated in a systematic fashion starting

with a simple system, can aid in providing a better understanding on the sweet

corrosion formation.

Since sweet scale formation is sensitive to the environmental conditions

including oxygen concentration, it is important to carefully design the

experimental setup and procedure to minimise exposure to air or oxygen

during and after samples immersion. Establishing good practices can

aid in improving the quality of the obtained results reducing any

experimental artefacts. Ideally, employing different techniques to perform in

situ experiments can provide useful insight on the kinetics of sweet scale

formation and can avoid any risk of scale modification post-immersion.

The work presented in this thesis will systematically build upon previous work

conducted in the research group [5, 149, 150]. This includes improving and

development of experimental setup and procedure for an in situ synchrotron

GIXRD work and HPHT autoclave testing. In addition, it will provide a first

attempt to link between theoretical modelling and experimental results of the

siderite crystal habit, the building block of protective sweet corrosion scale.
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3.1 Introduction

In this project, various experimental techniques have been used to investigate

scale growth on different surfaces immersed in CO2-saturated solutions.

Figure 3.1 presents the experimental techniques used. This chapter discusses a

basic theoretical background and some practical considerations of the various

techniques used.

Figure 3.1: Experimental techniques used in this project.
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3.2 Electrochemistry

Electrochemical techniques are suitable to evaluate the corrosion behaviour of

the samples and have been used in many CO2 corrosion studies (e.g. [151–

153]). In this project, electrochemical techniques are employed to determine

the corrosion rate of immersed Fe samples in CO2-saturated solution at

different conditions. The use of electrochemical techniques in conjunction with

surface characterisation can provide useful insight to assess the degree of

protection offered by the formed sweet corrosion scale on the investigated

surface at different conditions (Chapter 5 and 6). This section discusses the

electrochemical system setup, details of direct current (DC) and alternating

current (AC) techniques used for this work.

Figure 3.2: Schematic diagram showing the 3-electrode setup configuration
for electrochemical measurements.
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Basic three-electrode setup configuration was used as illustrated in Figure 3.2.

The working electrode (WE) is the sample under investigation, and high purity

iron (Fe) electrodes were used for all the electrochemical measurements carried

out in this project. The reference electrode (RE) serves as a reference point to

measure the WE potential. This means that RE should hold a stable potential

in the solution during the immersion experiments. Platinum (Pt) wire pseudo-

reference electrode was selected here due to the low solution conductivity,

elevated operating temperatures and to avoid solution contamination. The last

element in the three-electrode setup is the counter electrode (CE) which is an

inert electrode that completes the path of the current in this setup. Pt wire/flag

was used here as a counter electrode. The three electrodes were connected to

Gamry Interface 1000 potentiostat.

3.2.1 Open circuit potential (OCP)

Open circuit potential is the interfacial electrochemical potential of the

working electrode with respect to a reference electrode. Mixed or corrosion

potential (Ecorr) are other common terms used to describe the OCP. At this

potential, the rates of the anodic dissolution (ia) and the cathodic reduction

(ic) are equal to the rate of corrosion (icorr).

ia = ic = icorr (3.1)

Therefore, the sample is freely corroding in the solution without applying any

external voltage from the potentiostat. The reference electrode (RE) should

be at thermodynamic equilibrium with a stable electrochemical potential

throughout the whole duration of an experiment. Thus, any changes in OCP

throughout the conducted experiment will be mainly due to changes occurring

only on the surface of interest: (WE). Stability of OCP is important to ensure

reliability of the measurements before varying the potential in LPR and EIS
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measurements (details of these techniques will be discussed below).

3.2.2 Potentiodynamic Polarisation (PDP)

Potentiodynamic polarisation is a DC technique used to study the

electrochemical kinetics of the anodic and cathodic reactions occurring on a

corroding metal surface. In this technique, an external voltage is applied on the

surface away from OCP, and the current response is measured. The measured

current (i) will equal to the amount of increase in cathodic/anodic rates as the

external voltage is applied.

i = |ia − ic| (3.2)

As mentioned in the previous section, the cathodic and anodic rates are

equal at OCP, and the measured current is equal to zero (see Figure 3.3). The

current response by applying a negative over-potentials (away from OCP to

the negative side) is representative of the cathodic half-reaction in the system.

On the other hand, polarisation to a positive over-potentials is representative

of the anodic half-reaction. Ideally, data fitting of the PDP data produces a

linear relationship between anodic or cathodic over-potentials (ηa/c) and log

i (equation 3.3). These two lines can be extrapolated to obtain the corrosion

potential, and current at their intersection.

η(a/c) = β(a/c)log
i(a/c)
icorr

, (3.3)

where βa/c is the anodic or cathodic Tafel constant, and icorr is the corrosion

current density measured at Ecorr. Systems displaying such linear relationship

are commonly known as exhibiting ’Tafel’ or ’activation controlled’ behaviour.

However, usually polarisation curves deviate from this ideal Tafel behaviour
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and the straight lines cannot be obtained. This might be due to several

reasons such as, concentration polarisation, or ohmic resistance. PDP

is a destructive technique to the tested sample and not suitable for

studies requiring continuous monitoring of corrosion rates. Alternative non-

destructive techniques can be used to estimate the corrosion rate of a corroding

sample: linear polarisation resistance (LPR) and electrochemical impedance

spectroscopy (EIS) [154, 155].

Figure 3.3: Schematic of a PDP plot of an activation controlled behaviour
showing Tafel extrapolation, corrosion potential (Ecorr) and corrosion
current density (icorr).

3.2.3 Linear Polarisation Resistance (LPR)

Linear polarisation resistance is a DC electrochemical technique used to

estimate an average corrosion rate or charge transfer rate at the electrode

surface-environment interface. It is considered as a non-destructive technique

by applying small over-potentials, up to a few millivolts, from a steady-state

electrode corrosion potential [156]. At a small over-potentials (±), the (E-i)

relationship is linear in the polarisation curve. The slope of the graph (see
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Figure 3.4) gives the polarisation resistance (Rp) according to equation (3.4),

which can then be used to estimate corrosion rates as explained in section

3.2.5. It is important to note that a linear relationship is not always produced,

depending on the nature of the corroding system and when the Tafel behaviour

no longer applies [157].

Rp(slope) =
∆E

∆i
(3.4)

Figure 3.4: LPR plot showing a linear relationship between the potential and
current response at small applied over-potential (± 10 mV).

3.2.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a non-destructive AC

electrochemical technique used to determine the corrosion rate of an

electrode. It determines the corrosion response of an electrode at small

amplitude over-potentials (±10 mV) at various frequencies. Impedance (Z),

which is equivalent to the resistance in DC measurements, can be determined

from a time-dependent response current I(t) of an sinusoidally oscillating
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applied potential E(t) according to the equation:

Z(ω) =
E(t)

I(t)
=

Eosinωt

Iosin(ω(t+ φ)
= Z ′(ω) + jZ ′′(ω), (3.5)

where ω is the angular frequency, φ is the phase shift between the potential and

the current response, Z ′(ω) is the real impedance component, and Z ′′(ω) is the

imaginary impedance component.

Figure 3.5: EIS data representation by (a) Bode plot and (b) Nyquist plot.
Solution resistance (Rs) and polarisation resistance (Rp) can be obtained
from low and high-frequency range data.

The measured impedance data can be presented by either Nyquist or Bode

plots. In the Bode plots, the data are expressed as log of the impedance
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magnitude |Z| and the phase shift (φ) versus the frequency (Hz), as shown

in Figure 3.5 a). In the Nyquist plot, the data are expressed in terms of the

imaginary versus the real components of impedance (Z” and Z’), as shown in

Figure 3.5 b).

EIS plots shown in Figure 3.5 is a basic example of an actively corroding

system where it can be represented by Randles electrochemical equivalent

circuit illustrated in Figure 3.6. From this circuit, Rs is the solution resistance

(Ω cm2), Rct is the charge transfer resistance (Ω cm2), and Cdl is the double-

layer capacitance. Rs and Rct values can be determined from EIS plots at the

high and low range of frequencies as annotated in Figure 3.5. These values are

then used to estimate the corrosion rate of the sample (details in section 3.2.5).

In addition to corrosion rate estimations, EIS data can provide useful insight

to understand the corrosion behaviour/scale formation when linked with

the physical characterisation data. Furthermore, EIS data for more complex

corrosion systems (e.g. formation of scale, coating) produce different plots

than can be only fitted with more complicated equivalent circuits. Data fittings

and equivalent circuits of a scaled Fe sample immersed in CO2 are discussed

further in the in situ synchrotron GIXRD work in Chapter 6.

Figure 3.6: Randles electrochemical equivalent circuit.
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3.2.5 Corrosion rate estimation (CR)

The values obtained from LPR and EIS measurements can be used to provide

a corrosion rate estimates in (mm/yr). After obtaining the Rp values from LPR

and EIS techniques, icorr can be calculated using equation (3.6), which can then

be used to estimate the CR according to equation (3.7):

icorr =
βaβc

2.303Rp(βa + βc)
=

β

Rp

(3.6)

CR =
icorrMW

ρnF
.31, 536, 000, (3.7)

where MW is the molecular weight of the WE, ρ is the density of the WE, n is

the number of electrons lost in the anodic reaction, and F is Faraday’s constant

(9.6485 x 104 Cmol−1). Tafel constants (βa and βc) can be obtained from PDP

plots which can be used to estimate Stern-Geary coefficient (β). The reported

β values are reported between β = 26 mV (for activation controlled systems)

and β = 52 mV (for diffusion-controlled systems) [158].

3.3 Electron microscopy techniques

3.3.1 Scanning electron microscopy (SEM)

Scanning Electron Microscope (SEM) can be used to produce high-resolution

images of a specimen surface. These images are produced when a focused

electron beam scans the surface of the specimen. The main two advantages

of a scanning electron microscope over an optical microscope are: (i) higher

resolution, and (ii) larger depth of field (focus). The shorter wavelength beam

of electrons enables much higher magnification than in optical microscopes. In
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addition, the larger depth of focus in a scanning electron microscope is due to a

smaller aperture angle from the objective compared to the optical microscope.

An SEM instrument consists of an electron column, a sample holder, and

detectors, as shown in Figure 3.7. An electron beam is produced by an electron

gun before passing through magnetic lenses (condenser and objective lenses),

where the electron beam can be finely focused. When an electron strikes a

specimen, various possible types of electrons and electromagnetic waves can

be emitted from the specimen, and can be collected by detectors installed in

the SEM (Figure 3.8).

Figure 3.7: Schematic representation of the main components of an SEM.
Interpreted and modified from [159].

Secondary electrons (SE) are produced due to an inelastic interaction between

the primary electron beam (incident beam) and the atoms in the specimen,

resulting in an expulsion of an electron from the atoms. SE are surface sensitive
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due to the ∼ low kinetic energy of SE (< 50 eV), and can provide topographic

information of the observed surface [160]. The topographic information in

the final SE image depends on the number of SE emitted and the number

of SE reaching the detector. Therefore, edges appear brighter as more SE are

emitted compared to a flat surface, as illustrated in Figure 3.9. In addition and

depending on the position of the detector, specimen topography can prevent

electrons from reaching the detector, thus resulting in darker shadowed

regions in the produced image.

Figure 3.8: Schematic representation showing electrons and electromagnetic
waves emitted from a surface bombarded with an incident electron beam.

In addition to SE, detection of backscattered electrons can produce an image

in the SEM. Backscattered electrons (BSE) are reflected incident electrons from

the sample surface. BSE are more sensitive to the atomic composition, as they

scatter from a larger depth than the secondary electrons [161]. Elements with

higher atomic numbers will result in more BSE signal compared to lower

atomic number elements due to a greater interaction between electron and

atoms. This reflects in the contrast of the produced BSE image, where brighter

areas correspond to higher atomic mass regions. SE imaging mode was used
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more frequently throughout this work as the lateral resolution of SE mode (∼

10 nm) is better than of BSE mode (∼ 1 µm). An example is shown in Figure

3.10, displaying the difference between BSE and SE imaging modes in the SEM.

Figure 3.9: Schematic illustration showing the effect of surface topography
on secondary electron detection. Secondary electrons are produced only
from the red highlighted region. Interpreted and modified from [160, 162].

Figure 3.10: Comparison between images taken in (a) SE mode and (b) BSE
mode using FEI Quanta 650 FEG-SEM of a corrosion scale formed on Fe
substrate after immersion in CO2-saturated solutions.
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3.3.2 Energy Dispersive Spectroscopy (EDS)

SEM capability can be extended to provide spatially resolved elemental

information, which can be obtained using an energy dispersive X-ray

spectrometer detector (EDS) that detects emitted X-rays from the sample.

For more accurate elemental identification, EDS measurements are typically

obtained using high energy beams (15 - 20 keV), to avoid peak overlaps at

the lower energy range of the spectrum [163]. However, the beam interaction

volume is larger at higher accelerating voltages. Therefore, it is necessary

to consider the beam interaction volume when performing analysis of

particularly small features on the substrate, especially compounds from the

feature of interest that has common elements with the substrate. For this work,

EDS technique was only used to perform a qualitative analysis of certain

features on the surface.

3.3.3 Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) is a suitable technique for the

measurement of a local crystallographic orientation with high spatial and

angular resolution. EBSD provides statistically relevant information about

local texture or micro-texture in a sample, which includes grain size,

grain orientation and local misorientation between grains. EBSD also has

the capability of identifying different phases based on knowledge from

crystallographic data emerging from diffraction processes rather than being

determined by the composition of a phase and then inferring the identity

of the phase (i.e. EDS). EBSD is used in this project in conjunction with

confocal microscopy to identify the crystallographic orientation of siderite

facets (Chapter 4).

The crystallographic information provided by the EBSD is held within the

Kikuchi diffraction patterns that are generated by a series of elastic and
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inelastic scattering events of the primary electron beam with the specimen

just beneath the surface [164]. The scattered electrons in bulk will interact

with the atomic lattice planes, and some electrons will eventually arrive at

Bragg’s angle at a set of lattice planes. These electrons will undergo elastic

scattering and produce an electron beam that escapes the sample surface. The

occurrence of this backscattering phenomenon at the various sets of lattice

planes forms the Kikuchi diffraction pattern. The Kikuchi diffraction pattern

is generated from one illumination point of the primary electron beam on the

specimen surface, thus by rastering across the sample surface microtexture

and phase maps can be obtained. The EBSD configuration in an SEM chamber

involves tilting the sample to 70 ° with respect to the pole piece to maximise

the backscatter coefficient to enhance the intensity of the Kikuchi patterns

(Figure 3.11) [165]. A position-sensitive detector with a phosphor screen is

positioned near the tilted specimen to capture the Kikuchi diffraction patterns.

The captured Kikuchi patterns on the phosphor screen are then transferred to

a charge-coupled device situated behind the phosphor screen to register the

pattern digitally for further processing of the data.

Figure 3.11: Schematic illustration of the EBSD configuration in the SEM.
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3.3.4 SEM- Focused Ion Beam (SEM-FIB)

Obtaining cross-sections of the scales formed on the surfaces can provide

useful information about the scale structure at the interface, scale thickness

and porosity. Focused-ion beam (FIB) milling can be used for cutting cross-

sections at specific sites across the sample. This technique offers several

advantages over mechanical cutting techniques, including site-specific and

accurate sub-µm cross-sections, while the rest of the sample is not disrupted.

Also, conventional methods include mechanical cutting, mounting, grinding

and polishing the sample can damage the formed scale, especially carbonate

scales of interest that are sensitive and can easily oxidise upon exposure to

water/air [114].

Fundamentally, the cutting/milling process using FIB occurs as a beam of

high-energy ionized atoms (Ga+ in this work) strikes the sample, expelling

surface atoms at a specific area of the sample. As a result of ions bombarding

the surface, secondary electrons are produced, which allows imaging of the

sample [166]. FIB and SEM can both be incorporated in a dual-beam system.

Dual platform instruments are usually equipped with a FIB column mounted

at an angle with respect to vertically mounted SEM column as shown in Figure

3.12. The use of SEM can be implemented for imaging without sputtering

the sample surface, and allows also for continuous observation of the milling

process [167]. The SEM-FIB instrument is usually equipped with gas injection

systems (GIS) that are used in conjunction with the ion beam to deposit metals

(e.g. platinum) on specific sites on the sample.

The milling procedure includes positioning the sample, using a motorised

stage within the vacuum chamber of the instrument, at a eucentric height

where the focus point of the electron beam and the ion beam is coincident.

The stage is tilted normal to the ion-beam at an angle of 52°, as shown in

Figure 3.12. A 0.5 - 1 µm thick layer of platinum is deposited on the area of

interest to protect the scale/substrate. This is followed by the milling process
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at higher ion beam currents (15-65 nA) in the area below the Pt-deposited

region. Milling at higher currents produce a rough cut, and a series of cuts are

required at lower ion beam currents (50-300 pA), to produce the final refined

cross-section. These process steps are illustrated in Figure 3.13.

Figure 3.12: Schematic diagram of SEM-FIB setup. See text for details of the
setup components.

Figure 3.13: SEM images explaining FIB cross-sectioning procedure starting
from (left) selection of desired cross-section region to (middle) Pt deposition
and bulk milling of the area in front and (right) final refined cross-section.
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3.3.5 SEM/FIB-SEM: Sample preparation and instrumentation

In order to prepare for SEM imaging, the samples were secured on 15 mm

diameter aluminium stubs using superglue adhesive. Silver paint was used to

ensure a conductive electrical path for electrons between the sample and the

mounting stub. Poorly-conductive samples (especially PTFE samples used in

Chapter 4) were coated with a thin layer of 2-5 nm of gold/palladium in a

40:60 ratio using a precision coating physical vapour deposition system. The

instruments used in this project are listed below:

SEM/EDS: FEI Quanta 650 FEG-SEM

FIB-SEM: FEI Quanta 3D FEG SEM

EBSD: Oxford Instruments EBSD detector inserted in TESCAN Mira3 FEG-

SEM.

3.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) is one of the most powerful techniques widely

used in materials science. It is used extensively to characterise crystalline

materials and for crystal structure determination. The X-rays are ∼ 5000

times shorter than the visible light, and similar to the interatomic spacing

within crystal structures (0.5 - 2.5 Å) [168, 169]. Therefore, scattering of X-

rays occurs due to the interaction between the electromagnetic waves from

X-rays and the electrons in the atoms. X-ray diffraction is the elastic scattering

of X-rays by periodically ordered atoms in a crystalline solid. The X-ray

"diffraction" phenomenon was first discovered in 1912 by Max von Laue.

After this discovery, W.H Bragg and W.L Bragg used this phenomenon for

crystal analysis with the development of Bragg’s law. Lattice parameters can

be obtained using Bragg’s law, which applies in a condition of constructive
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interference of diffracted beams. Bragg’s law is described below, and Figure

3.14 shows a schematic illustration of the law:

nλ = 2dsinθ, (3.8)

where n is the order of diffraction, λ is the wavelength of the incident x-ray,

d is the spacing between atom planes in a crystal, and θ is the angle at which

constructively interfering X-rays leave the crystal.

X-ray powder diffraction can be used to identify phases present in a specimen.

This can be done by comparing the recorded diffraction pattern of the phases

and known standard diffraction patterns of various compounds available in

the Powder Diffraction File (PDF) database [170].

Figure 3.14: Schematic illustration of Bragg’s law

XRD technique is employed in this work to examine formed corrosion scales

on the corroded Fe substrates. As the x-ray beam can penetrate the bulk

material deeply, a special configuration is necessary to control penetration

depth and maximise the diffraction signals from the top layers with respect to

the bulk of a specimen [171]. This enhanced surface sensitivity can be obtained

using grazing incidence x-ray diffraction (GIXRD) configuration, where the

incident beam is fixed at a small angle with respect to the sample surface.
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3.4.1 Laboratory source GIXRD

Laboratory source GIXRD has been employed to carry out most of the surface

characterisation in this project. For this purpose, a Philips X’Pert Philips X’Pert

Modular Powder Diffractometer (MPD) is used for these measurements. In

this instrument, X-rays are produced in an x-ray tube, where an electron beam

(cathode) is accelerated at a voltage of 40 kV and a current of 10 mA to hit a

copper target (anode). The energy emitted from the copper target is in the form

of characteristic CuKα radiation with a wavelength of λ = 1.54 Å. A nickel

filter is used to suppress CuKβ radiation. For the measurements undertaken

in the GIXRD mode for this project, the incidence angle is fixed at either

α = 3° or 6° with respect to the sample, which is placed on a stage within

the instrument (see Figure 3.15). Diffracted beams are detected using a point

detector which moves in the specified range from 2θ = 15°- 85° at 0.05° intervals

with scan step time of t = 8 s. A graphite monochromator and long Soller slits

are used to minimise x-ray fluorescence from Fe samples. Phase identification

and diffraction pattern analysis were carried out using the International Centre

for Diffraction Data (ICDD) database [172], and Highscore Plus software [173].

Figure 3.15: Schematic illustration laboratory source GIXRD configuration.
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3.4.2 Synchrotron radiation source GIXRD

Performing in situ GIXRD measurements can provide valuable insight on

sweet corrosion scale formation. Limited space, lower energy X-rays and

inappropriate detectors present an obstacle to feasibly perform in situ

experiments using our laboratory source GIXRD. On the other hand, the

higher energy beams and higher brilliance of a synchrotron radiation source

are some of the advantages over a laboratory source, allowing for such in situ

experiments. Synchrotron radiation (SR) is emitted by accelerating electrons to

high velocities in a circular orbit [174]. Currently, there are more than 70 such

facilities in the world producing synchrotron radiation that are employed in

experiments with a wide range of applications. For the in situ work detailed

in Chapter 6, the experiment was conducted at the European Synchrotron

Radiation Facility (ESRF) in Grenoble, France. Figure 3.16 shows a schematic

layout of the ESRF facility.

A synchrotron facility consists of an electron accelerator, a storage ring and

beamlines. At the ESRF, the electrons are produced by an electron gun, then

gradually accelerated in ’bunches’ to velocities close to the speed of light. The

electrons are accelerated up to 200 MeV in a linear accelerator (Linac), and

then injected into a booster synchrotron, which is a ring with a circumference

of 300 meters. The electrons circulate around the booster synchrotron gaining

additional energy, that reaches 6 GeV. Then the electrons are transferred to the

storage ring (844 meters circumference), which stores the 6 GeV electron beam.

The electrons produce electromagnetic radiation (synchrotron radiation) as

they pass through bending magnets and insertion devices (ID) in the beamline.

As a result of this radiation, the electrons lose energy and it is restored

using radio frequency cavities, maintaining the energy level close to 6 GeV

in the storage ring. The ESRF has 43 different beamlines and the experiment

conducted in this project was carried out at the BM28 (XMaS) beamline.
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Figure 3.16: Schematic of ESRF facility. Modified from [175].

BM28 (XMaS) beamline

This beamline is designed to perform various scattering experiments on an

11-axis Huber diffractometer over an energy range of 2.4 keV to 15 keV. The

optics configuration of this beamline, as shown in Figure 3.17, consists mainly

of a double-crystal monochromator and a toroidal mirror. The monochromator

comprises of two Si{110} crystals used to select a specific wavelength of X-rays

from the broad white beam. The toroidal mirror focuses the monochromatic

beam to a small spot that exits through a station shutter to the sample surface

mounted on the diffractometer in the experimental hutch. The toroidal mirror

surface is coated with a thin layer of rhodium enhancing the X-ray reflectivity

up to 15 keV. Experimental details regarding the in situ setup geometry
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on the Huber diffractometer, in situ synchrotron cell design, and operating

procedures are discussed further in Chapter 6.

Figure 3.17: Schematic of optics in BM28 at ESRF facility. Reproduced from
[176].

3.5 3D confocal laser scanning microscopy

Confocal microscopy is a powerful tool to obtain topographical information

from a sample surface. In addition, confocal microscopy can produce higher-

resolution, and sharper images of the sample compared to a conventional light

microscope. Depth information obtained from a series of images at different

heights using the confocal microscope can be used to reconstruct 3D images

of the surface. In this project, a Keyence VK-X200K 3D confocal laser scanning

microscope is used in this project to obtain height information and produce

3D reconstructed images of siderite crystals formed on Fe surfaces after

immersion in CO2 saturated solution (Chapter 4).

In the confocal microscope optics, the use of a pinhole positioned in front

of the detector (photoreceptor) ensures that only the reflected light from the

focal point of the sample passes through to the detector [177]. This eliminates

out-of-focus scattered lights from the sample that usually responsible for

blurred images in conventional light microscopes (Figure 3.18). In the confocal

microscope used here, the sample can be placed on a motorised stage. After
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selecting the area of interest, the sample surface is moved in µm steps through

the focal point producing a stack of images. These series of images can be

assembled using Multi-File Analysis software to produce a 3D reconstructed

image from which information about surface profile/height can be acquired

[178].

Figure 3.18: Schematic illustration of confocal microscope and the use of
pinhole to (a) allow reflected light from the focal plane to pass to the detector
and (b) eliminate out-of-focus reflected light. Reproduced from [179].

3.6 Solution analysis

3.6.1 pH measurements

A glass body pH electrode with refillable double junction (Hanna Instruments

Model: HI-1043B) connected to a pH meter (Hanna Instruments Model No.

2210) was used to carry out pH measurements. The instrument was calibrated

prior to immersion by a 2 point calibration procedure using pH = 4.01 and 7.01

buffers. Solution pH measurements were undertaken during pH adjustment
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of CO2-saturated solutions, prior to immersion of the WE and at the end of

an immersion. The pH electrode was stored in saturated KCl storage solution

and was washed thoroughly before taking any measurements. As the pH

reading is influenced by temperature, all measurements were undertaken at

the experimental condition (usually 80°C). The temperature compensation

feature was also used by recoding the temperature reading in the instrument

to measure the pH accurately.

3.6.2 Dissolved oxygen concentration measurements

Dissolved oxygen can influence the CO2 corrosion process and alter the

formation of corrosion products [85, 114]. Therefore, dissolved oxygen

concentration measurements were required to ensure low oxygen levels.

These measurements were undertaken using an electrochemical oxygen sensor

(Orbisphere A1100) for experiments performed using a pressure vessel to

prepare the CO2-saturated solutions (Chapter 5 and Chapter 6). In addition,

a luminescence-based oxygen dipping probe (PreSens, DP-PSt8) was used

for oxygen measurements for the glass-cell/glovebox experimental setup

(Chapter 4).

The electrochemical oxygen sensor measures the current response as a result

of the electrochemical reaction of oxygen from the solution flowing through

the sensor. This measured current response is proportional to the amount

of oxygen in the solution, which is displayed on a meter (Orbisphere 410).

During the measurements, the solution is required to flow continuously to

avoid erroneous recordings. Regarding the procedure followed for oxygen

measurements, the solution was delivered to the sensor from the pressure

vessel using a peristaltic pump (Masterflex, Cole Parmer). Low-oxygen

permeable viton tubing was used to transfer the solution through the oxygen

measurement loop, as shown in Figure 3.19. It was found that 16-24 hours of

CO2 sparging is required to reduce dissolved oxygen concentrations to <10
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pbb.

Figure 3.19: Schematic diagram of the flow loop for oxygen measurements
using an electrochemical sensor.

For the luminescence-based oxygen sensor, the instrument transduces changes

in luminescence characteristics of organic/inorganic dyes, as a result of

interaction with oxygen, to an electrical parameter that provides a reading of

oxygen content in the system in parts per billion (ppb) [180]. Measurements

were taken by dipping the probe through one of the glass-cell ports prior and

after WE immersion (setup described in Chapter 4). The O2 probe is connected

to a portable oxygen meter (Presens, Microx 4 trace). Luminescence-based

oxygen sensors are sensitive to measurements at high temperatures and can

result in larger drifts. Therefore, the measurements were undertaken at room

temperature, and the oxygen levels were ensured to be < 10 ppb. After that,

the solution was heated to the desired experimental temperature condition.
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4.1 Introduction

Internal corrosion of pipelines due to dissolved CO2 produced from wells

presents both safety and economic problems for the oil and gas industry

[17, 181]. Corrosion product scales formed on the steel surface can provide

a mean of protection by acting as a barrier reducing the steel corrosion rate

significantly [182]. On the other hand, local breakdown of corrosion scales

can lead to problematic localised corrosion issues [183–187]. Many factors can

influence the formation and protectiveness of such corrosion scales, including

temperature, pH, pressure, flow and solution chemistry. Understanding the

impact of those factors on corrosion scale, particularly iron carbonate (FeCO3),

has been of an interest in various studies, e.g. [4, 68]. Despite the effort,

scale formation is still not understood enough to enable prediction of its

formation/protectiveness behaviour and to incorporate it effectively in sweet

corrosion prediction models or mitigation strategies.

Iron carbonate, commonly known as siderite, is identified as the main

corrosion product formed in sweet environments. It has been widely reported

that siderite (FeCO3) forms rhombohedral shaped crystals (e.g. Figure 4.1 (a)

and Ref. [24, 85, 107]). However, another siderite crystal habit is seen when

reviewing various studies, where siderite is formed on corroded surfaces

under CO2- saturated environments in a range of operating conditions. Figure

4.1 (b-d) shows selected SEM images from different studies showing siderite

forming a different habit. Only recently Joshi et. al described this siderite

habit, which formed on corroded Fe sample in CO2-saturated solution at T =

80°C and pH =6.8, as micro-facetted cylinder with trigonal/pyramidal caps. In

fact, although it has not been described, this habit is quite common for siderite

forming under corroding sweet environments [24, 86, 94, 105, 125, 188–193].

Given the above, one topic of interest is to focus on siderite crystal habit

and investigate changes as a function of different conditions. Therefore, this
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chapter focuses on the influence of different factors on the siderite crystal

habit. This includes a comparison of siderite habits formed on corroding and

non-corroding surfaces immersed in CO2-saturated solution at T = 80°C and

pH = 6.8. The influence of other factors, namely: Fe2+
(aq) concentration, NaCl

concentration, added Ca2+
(aq) and Mg2+

(aq) will also be investigated. In addition,

observed results will be compared with theoretical ab initio modelling

of siderite crystal habit: a work that been conducted with collaborators

at Imperial College, London. Furthermore, crystallographic orientation of

siderite facets will be obtained by employing EBSD and confocal microscopy

techniques. SEM and GIXRD techniques will also be employed to characterise

the formed scale under investigated conditions.

Figure 4.1: Examples of siderite (a) rhombohedral crystal habit and (b-d)
micro-facetted cylinder with trigonal/pyramidal caps crystal habit, formed
in CO2-saturated solutions at a range of temperatures, pressure, and pH.
SEM images are reproduced from: (a) Ref. [86] (b) Ref. [94] (c) Ref. [5] (d)
Ref. [24].
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4.2 Experimental Details

4.2.1 Materials

High purity Fe discs (depth ∼ 4 mm) were cut from a 10 cm rod (10 mm

diameter, 99.99+% , sourced from Goodfellow). Minor elements present in the

Fe sample are shown in Table 4.1. Figure 4.2 shows an EBSD orientation map

of the Fe substrate displaying the microstructure, which consists of irregular

grains of ferrite. The samples were polished to 4000 grit using silicon carbide

paper (series of 240, 600, 1200, 2400, 4000). In order to suspend the Fe sample

in solution, the back face of the sample was secured to a capillary glass tube.

Lacomit stopping-off lacquer (supplied by MacDermid plc) was used to paint

the sides of Fe sample to ensure only one surface exposure to the solution.

Table 4.1: Other elements present in high purity Fe sample. Values are in
ppm.

Al Cr B Co Cu Ga Ge Mn

1.6 6.6 0.77 12 2.1 0.7 6.2 4.1

Mo Ni P Ta Sn Ti W Zn

0.36 2.8 7.2 1 0.15 1.4 0.15 0.3

Polytetrafluoroethylene (PTFE) samples were used in some immersion

experiments to observe growth of siderite on a non-corroding surface. PTFE

is chemically stable and can also resist high temperatures [194]. The PTFE

samples used were cut (20 x 15 x 3 mm) from a PTFE sheet (supplied by

Direct Plastics). Prior to immersion, the samples were washed thoroughly

with deionised water and ethanol, then dried. The samples were suspended

in solution by a PTFE thread tape passed through a drilled hole (∼2 mm

diameter) on top side of the PTFE sample.
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Figure 4.2: EBSD map showing the microstructure of Fe substrate used
for the immersion experiments performed in this chapter. The plot is
reproduced with the permission of Raunaq Singh [195].

4.2.2 Immersion Experiments

All immersion experiments were performed in a 1-L jacketed glass cell

(Pine Instruments) located in a N2-filled glovebox (see Figure 4.3). Prior to

immersion, 0.9 L of CO2 saturated base aqueous solution was prepared by

bubbling high purity CO2 gas (99.95%, supplied by BOC) for 18-24 hours.

Table 4.2 summarises the salt solutions used for immersion experiments

performed in this chapter.

To prepare the salt solution, the required amount of FeCl2 /CaCl2 /MgCl2 was

added to produce 0.1 L of the solution. This solution was bubbled with N2 gas

in a Dreschel bottle for 18-24 hours. Dissolved oxygen concentrations were

checked to be less than 10 ppb using optical oxygen sensor (PreSens, DP-

PSt8), before adding the 0.1 L FeCl2 /CaCl2 /MgCl2 solution to the base CO2-

saturated 0.9 L solution. In all experiments, the pH was adjusted to 6.8 ± 0.05

using NaHCO3 and temperature was maintained at 80± 1°C by circulating hot

water from a temperature regulated water bath. Figure 4.4 shows a summary

plot of the conditions discussed in this chapter.
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Figure 4.3: (a) Photo of a N2-filled glovebox. (b) Schematic diagram of a
jacketed glass cell used for immersion experiments of a Fe and PTFE
substrates.

Table 4.2: Experimental conditions and salt component of CO2-saturated
solutions for experiments performed in this chapter.

Solution Temperature pH Number of experiments

0.01 M FeCl2

80°C 6.8

4

0.1 M FeCl2 2
0.01 M FeCl2

+ 0.18 M NaCl 2

0.01 M FeCl2

+ 0.001 M CaCl2
2

0.01 M FeCl2

+ 0.001 M MgCl2
2
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Figure 4.4: 3-D parameter space plot illustrating experimental conditions
used in this chapter

4.2.3 Post immersion characterisation

Scales formed on the samples were characterised post-immersion using

GIXRD, SEM, EDS and laser confocal microscopy. GIXRD measurements

were undertaken at an incidence angle of αi = 3° from 2θ = 15°- 85°,

using Philips X’Pert MPD diffractometer. SEM and EDS were performed

using a FEI Quanta 650 SEM. Laser confocal microscopy was used to obtain

topographical information of the formed scales, using a Keyence X200K

3D Laser Microscope. EBSD measurements were undertaken with Oxford

Instruments EBSD detector inserted in a TESCAN Mira3 FEG-SEM.
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4.3 Results and discussion

The results presented in this chapter are discussed in three main sections.

The first section shows the variation of siderite habit on corroding and non-

corroding surfaces. Then the presumed crystal habit is further confirmed by

explicitly determining the crystallographic orientation of one of the facets.

Finally, the influence of other factors on siderite crystal habit is discussed, i.e.

concentration variation of Fe2+
(aq), NaCl, addition of Ca2+

(aq) and Mg2+
(aq).

4.3.1 Exploring siderite crystal habit formation on corroding

and non-corroding substrates

Siderite crystal habits were explored here on corroding Fe and non-corroding

PTFE samples immersed in CO2-saturated 0.01 M FeCl2 solution. This amount

of FeCl2 added is sufficient to reach supersaturation FeCO3 (SS ≈ 200) and

ensure its formation on non-corroding PTFE substrate. Figure 4.5 shows

GIXRD patterns of Fe and PTFE samples prior to immersion. Peaks can be

attributed to either α-Fe and PTFE.

Figure 4.5: GIXRD diffractograms (acquired at α = 3°, CuKα source λ = 0.154
nm) of polished (a) Fe substrate and (b) PTFE substrate prior-immersion.
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Figure 4.6 shows post-immersion GIXRD diffractograms of Fe and PTFE

samples in CO2-saturated 0.01 M FeCl2 at 80°C and pH = 6.8 for 24 hours.

Both diffraction patterns indicate formation of siderite scale.

Figure 4.6: GIXRD diffractograms (acquired at α = 3°, CuKα source λ = 0.154
nm) of (a) Fe substrate and (b) PTFE substrate immersed in CO2-saturated
0.01 M FeCl2 solution (T = 80°C, PCO2= 0.54 bar, pH = 6.8) in a jacketed glass
cell setup for a total of 24 hours.

Comparing the corresponding crystal habits, as shown in the SEM images in

Figure 4.7 (a), it can be seen that the dominant siderite crystal habit on non-

corroding PTFE substrate is rhombohedral. In contrast, a different siderite

habit is observed on the corroding Fe substrate, as shown in Figure 4.7 (b),

which can described as microfaceted cylinder with trigonal pyramidal caps,

as per Joshi et al. [5]. For simplicity, this siderite crystal habit observed on Fe

substrate will henceforth be referred to as the ’cylindrical’ habit.

The only source of Fe2+
(aq) to form siderite on the non-corroding PTFE substrate

is from the added FeCl2. On the other hand, the corroding metal provides

an additional Fe2+
(aq) source near the surface of Fe substrate, as illustrated

in the schematic diagram in Figure 4.7 (a) and (b). This suggests that the

local concentration of Fe2+
(aq) can result in a change of siderite crystal habit.

At low Fe2+
(aq), rhombohedral siderite crystals form and as the Fe2+

(aq) increases,

cylindrical shaped crystals form.
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Figure 4.7: SEM images of siderite (FeCO3) crystallites formed on (a) Fe
substrate and (b) PTFE substrate after a total of 24 hours of immersion in
CO2-saturated 0.01 M FeCl2 solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8)
in jacketed glass cell setup. Schematic illustrations shown to left of SEM
images show the difference in [Fe2+

(aq)] near the surface of (a) PTFE and (b) Fe
substrate [196].

The obtained result can be compared to a theoretical model predicting

the siderite crystal habit published recently in collaboration with Nicholas

Harrison research group at Imperial College London [196]. From this work,

a correlation between relative chemical potential of iron (∆µFe) and surface

energies of selected facets is obtained by employing density functional theory

(DFT) calculations. Then the ab initio crystal habit was predicted using Wulff

construction as shown in Figure 4.8. Stoichiometric (S) and non-stoichiometric

(NS) surfaces were selected and from the Figure 4.8 it is clear that S surfaces

display constant surface energy, whereas NS surfaces display a change in the

surface energy as a function of ∆µFe. Furthermore, ab initio modelling of
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siderite revealed that by increasing the Fe chemical potential (analogous to

increasing [Fe2+
(aq)]), the siderite crystal habit changes. In Fe poor conditions,

the habit forms a rhombohedral shape with {104} surfaces (see Figure 4.8 a and

b). Under Fe rich conditions, NS{110} now becomes more thermodynamically

stable and forms hexagonal shaped facets capped by trigonal S{104} facets

(see Figure 4.8 c and d). Clearly, siderite crystal habits obtained from this

model, specifically at ∆µFe= -5.95 eV (rhombohedral) and ∆µFe= -4.95 eV

(cylindrical), are very similar to experimental observations seen in Figure 4.7.

Figure 4.8: Computed surface free energies of formation of siderite (FeCO3)
surfaces plot as function of ∆µFe. Predicted siderite crystal habits are shown
at the top at (a, b) ∆µFe= -4.95 eV and -4.7 eV (cylindrical) and (c, d)
∆µFe= -5.7 eV and -5.95 eV (rhombohedral). The plot is reproduced with
the permission of Dr. Ehsan Ahmed [196].

Based on the modelling results, the crystallographic orientation of facets can be

suggested as illustrated in Figure 4.9. Rhombohedral crystals facets are likely
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to be suggested to be of {104} crystallographic orientation, as shown in Figure

4.9 (a). The same {104} orientation is also suggested for the trigonal/pyramidal

caps of the cylinderical shaped siderite crystals (Figure 4.9 (b)). However,

only NS{110} is considered in the model, which resulted in a hexagonal

shaped facets instead of microfacetted cylinders observed experimentally. It

is suggested that these mirco-facets are likely to be of multiple {hk0} planes [5].

Figure 4.9: Schematic representation of the suggested habits of siderite at
(a) lower [Fe2+

(aq)] and (b) higher [Fe2+
(aq)] conditions. Facets are labelled with

suggested crystallographic orientation.

In order to confirm the assignments of the facets experimentally, the following

section discusses employing EBSD and confocal microscopy techniques to

identify the crystallographic orientation of siderite crystal facets.

4.3.2 Identification of crystallographic orientation of siderite

facets

As shown in the previous section 4.3.1, there is an apparent agreement

between the theoretical model of the siderite habit and what has been observed

experimentally.

EBSD technique has been employed to confirm the crystallographic orientation

of flat surfaces/facets [165]. This approach requires the use of additional

techniques, such as photogrammetry or confocal microscopy to obtain

facet geometry with respect to the specimen [197, 198]. The use of EBSD
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coupled with photogrammetry techniques has been used previously to

investigate the crystallography of fracture surfaces [199–202]. EBSD diffraction

information is used here in conjunction with confocal microscopy to confirm

the crystallographic indices of the flat surfaces of the trigonal/pyramidal caps

of siderite formed on high purity Fe substrate in CO2-saturated 0.1 M NaCl

solution at 80°C, PCO2= 0.54 bar and pH = 6.8. This technique is suitable

for planar, and relatively large grains/surfaces [165]. Therefore, it is more

challenging to employ such technique to identify crystallographic orientation

of the micro-faceted cylinders of the siderite crystals, and it has not been

investigated as part of this work.

Figure 4.10: Illustration of siderite crystal on Fe substrate, which represents
the specimen reference geometry system. Illustration shows the deviation
of the siderite facet of interest crystallographic orientation from specimen
normal direction (Z) by an angle α.
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The main challenge here is that the facets are inclined with respect to the

specimen coordinate system as shown in Figure 4.10. The specimen coordinate

system is defined by the sample setup for EBSD measurements in the SEM,

where Z is the normal direction of the Fe surface and parallel to the normal

direction from the EBSD detector. In order to obtain the crystallographic

orientation of siderite facets that are not flat with respect to the specimen

geometry, two measurements are required:

1- The crystallographic orientation of the grains across the facet of interest.

This can be accomplished from direct EBSD measurements.

2- The inclination of the facet with respect to the specimen reference geometry

coordinate system. This can be accomplished using 3D-reconstruction from

measurements obtained from confocal laser microscopy.

The information obtained from the two techniques can be correlated to identify

the crystallographic orientation of a particular facet. The results from each step

are discussed below.

1- Crystallography results from EBSD

Figure 4.11 shows an SEM image of siderite crystals formed on a high purity

Fe substrate immersed for 24 hours in 0.1 M NaCl CO2-saturated solution at

80 °C, PCO2 = 0.54 bar and pH = 6.8. EBSD was acquired from 10 facets as

highlighted in the SEM image in Figure 4.11. Note that due to the topography

of the crystals, not all of the siderite crystals produce a clear diffraction patterns

that could be indexed. In fact, most of the clear patterns produced were from

facets of trigonal/pyramidal caps that appear to deviate by relatively small

angles from the specimen coordinate system. At least 22 data points and up to

44 data points were acquired from each facet selected for the analysis.
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Figure 4.11: SEM image of siderite (FeCO3) crystallites formed on Fe
substrate after a total of 24 hours of immersion in CO2-saturated 0.1 M NaCl
solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in a jacketed glass cell setup.
Highlighted facets 1-10 were selected for EBSD measurements to determine
the crystallographic orientation.

Figure 4.12 shows a {104} pole figure with plotted stereographic projection of

poles from the 10 facets marked in the SEM image. It can be seen that a pole

from all of the facets, marked in the dotted red box, is always close to the

centre of the diagram (Z direction). This recorded crystallographic orientation

is unlikely to be representing facet planes as it is certainly deviates from
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the EBSD geometry set-up. The facet normal direction deviates from the the

normal direction of the EBSD detector (along Z axis) by an angle α. The

angle (αEBSD) between the 10 poles marked in red box and the Z axis ranges

between 6-24°. The angles were determined from the pole figure using Oxford

CHANNEL5 software.

Figure 4.12: {104} pole figure of 10 siderite facets (see SEM image in Figure
4.11). Stereographic projection of one pole from each facet is highlighted
within the red box showing a small deviation from the pole figure centre (Z
direction).

2- Facet inclination from 3-D reconstruction images

Now moving to the next step where the 3-D reconstructed images of the

siderite crystals from confocal microscopy are used to determine inclination

of the facets with respect to specimen reference axes. Figure 4.13 presents an

example of a 3-D reconstructed image of siderite crystals. The inclination of

the facet can be determined by obtaining the direction of the facet normal.

This can be done by obtaining the coordinates of three points on the facet of
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interest; A (x1, y1, z1), B (x2, y2, z2) and C (x3, y3, z3).

Figure 4.13: Example of a 3-D reconstruction of siderite crystals formed on
Fe substrate using confocal microscopy. Planar view 2-D laser image of one
siderite crystal is shown at the top with the selected coordinate points A, B,
C on the surface needed to obtain the direction of facet normal.

The points selected on each facet are spread as far as possible to ensure

reliability of information obtained about the facet inclination. From these three

points, the angular direction of the plane normal (−→n ) is then computed by the

cross product of vectors from the facet plane BA and CA where:

−→
BA = (x2 − x1)i + (y2 − y1)j + (z2 − z1)k (4.1)

−→
CA = (x3 − x1)i + (y3 − y1)j + (z3 − z1)k (4.2)

The angle between the plane normal (−→n ) and the specimen reference Z axis is
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then obtained from direction cosine as follows:

αc = cos−1(
−→n .k
|−→n |

) (4.3)

Table 4.5 lists the obtained angles αconfocal for facets 1-10 shown in Figure 4.11

and compared with the calculated αEBSD angles from the {104} pole figure. It

can be seen that the angles are in general agreement with an uncertainty of

less than 1°. Correlating the results from these measurements confirms that

the trigonal caps facets’ crystallographic orientation is {104}.

Table 4.3: Obtained deviation angle of the 10 selected siderite facets from the
normal direction in specimen geometry by EBSD and confocal microscopy.

Facet number Angle measured by
confocal (αc) [°]

Angle determined from
pole figure (αEBSD) [°]

Absolute angle
difference [°]

1 7.0 7.1 0.1

2 12.3 12.5 0.2

3 16.8 17.7 0.9

4 14.4 14.7 0.3

5 9.8 9.7 0.1

6 7.1 6.4 0.7

7 24.7 25.6 0.9

8 9.1 8.6 0.5

9 14.2 14.1 0.1

10 23.8 23.9 0.1

From the above results, only one facet out of the three facets in the

trigonal/pyramidal caps from each crystal has been analysed to determine the

crystallographic orientation, which has been found to be {104}. To determine

if the three facets represent the same crystallographic orientation, the angles

between each facet from confocal 3-D reconstructed images is determined

using MultiAnalyzer software [178], as illustrated in Figure 4.14. The selected

crystals were oriented so that the three facets are visible in the 2D image.

93



Chapter 4. Exploring Siderite Crystal Habit

Figure 4.14: Laser/optical image of siderite siderite (FeCO3) crystallites
formed on Fe substrate after a total of 24 hours of immersion in CO2-
saturated 0.1 M NaCl solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in a
jacketed glass cell setup. Dotted red marker highlights facets oriented with
all 3 trigonal/pyramidal caps visible.

The average angle between the three facets of the trigonal/pyramidal caps

from 5 different siderite crystals was calculated and it was found to be

105.5°±5.2°.

The angle difference between two planes of {104} family, for example the

angle between (104) and (1
−
1
−
4), can be calculated using CrystalMaker software

[74] (see Figure 4.15). The calculated angle was found to be 106.93°, which

is in close agreement with the values obtained experimentally using 3-

D reconstructed siderite crystal image. This further confirms that all three

facets of the trigonal/pyramidal caps are identical and of {104} family

crystallographic orientation planes.
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Figure 4.15: Crystal structure of siderite (FeCO3) generated by Crystal Maker
software [74]. Examples of (104) and (114) planes are shown from {104}
family planes.

4.3.3 Influence of [Fe2+] on siderite habit

The results obtained from both ab initio modelling and experiments presented

in section 4.3.1 suggest that Fe2+
(aq) concentration has an influence on siderite

crystal habit. In order to investigate if the increase in the amount of Fe2+
(aq) in

the bulk solution can replicate this change, the amount of FeCl2 in solution is

increased from 0.01 M to 0.1 M. The influence of this change is then observed

on non-corroding PTFE and corroding Fe samples.

Figure 4.16 shows SEM images of typical siderite crystals formed on a PTFE

substrate immersed for 24 hours in CO2-saturated 0.01 and 0.1 M FeCl2

solutions at 80°C, PCO2= 0.54 bar and pH = 6.8. It can be seen that there is a

change in siderite crystal habit from rhombohedral to cylindrical shape. Such

an observation further confirms the ab initio modelling results, which suggest

that an increase in Fe2+
(aq) stabilises NS{110} (or {hk0} facets) and resulting in this
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habit change.

Figure 4.16: SEM images of siderite (FeCO3) crystallites formed on PTFE
substrate after 24 hours of immersion in CO2-saturated (a) 0.01 M FeCl2

solution and (b) 0.1 M FeCl2 solution, (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in
a jacketed glass cell setup.

Looking more closely at multiple SEM images from substrates immersed in

both conditions, it appears that both shapes form under each condition (Figure

4.17). However, the majority of crystals formed in 0.01 M FeCl2 solutions form

rhombohedral shape while less rhombohedral crystals form at 0.1 M FeCl2.

Table 4.4 presents average percentage of the amount siderite crystals formed

and their habit at under both conditions. This is done by analysing multiple

SEM images of PTFE samples post-immersion from total of 6 repeated

experiments (4 at 0.01 M FeCl2 and 2 at 0.1 M FeCl2). From the table, it can

be seen that 85% of the formed siderite crystals in 0.01 M FeCl2 solutions

are rhombohedral while majority of the crystals formed at 0.1 M FeCl2 are of

cylindrical shape with a fraction of 60%.
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Figure 4.17: SEM images of showing the formation of (a) cylindrical siderite
(FeCO3) crystal on PTFE substrate after 24 h immersion in CO2-saturated
0.01 M FeCl2 and (b) rhombohedral crystals in CO2-saturated 0.01 M FeCl2.

Table 4.4: Calculated percentage of each habit of siderite crystallites formed
on PTFE after immersion for 24 hours in CO2-saturated (a) 0.01 M FeCl2

solution and (b) 0.1 M FeCl2 solution, (T = 80°C, PCO2= 0.54 bar, pH = 6.8).

Solution Number of
analysed crystals

Rhombohedral
crystals

Micro-faceted cylinders
with trigonal caps crystals

0.01 M FeCl2 3664 ∼85% ∼15%

0.1 M FeCl2 661 ∼40% ∼60%

Moving now to the Fe substrate, Figure 4.18 shows SEM images of siderite

crystals formed on high purity Fe substrate immersed in CO2-saturated 0.01

and 0.1 M FeCl2 solution at 80°C, PCO2= 0.54 bar and pH = 6.8. The crystal

habit of siderite remained as ’cylindrical’ when the [Fe2+
(aq)] increased from 0.01

to 0.1 M in the solution. However, the increase in [Fe2+
(aq)] resulted in elongation

of the micro-faceted cylinder of the crystallite. For example, the ratio between

micro-faceted cylinder/total crystal length increased from ∼ 0.34 at 0.01 M

FeCl2 to∼ 0.58 at 0.1 M FeCl2 in the SEM image presented in Figure 4.18, which

confirms the elongation of the micro-faceted cylinders relative to the change

in crystal size. This suggests that an increase in [Fe2+
(aq)] concentration further

stabilises {hk0} facets resulting in its elongation/growth. Such an observation

is consistent with the ab initio modelling results and referring back to Figure
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4.8 (a and b), the increase in ∆µFe= -4.95 eV to -4.7 eV resulted in an elongation

of NS{110} facet. Elongation of the micro-faceted cylinder in siderite has been

also observed previously due to the addition of malic acid, but to an even

larger extent than observed here [149].

Figure 4.18: SEM images of siderite (FeCO3) crystallites formed on Fe
substrate after 24 hours of immersion in CO2-saturated (a) 0.01 M FeCl2

solution and (b) 0.1 M FeCl2 solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8)
in jacketed glass cell setup.

To summarise and combining the results observed from the two substrates,

it is clear that the increase in the concentration of Fe2+
(aq) alters the siderite

crystal habit. Initial increase in Fe2+
(aq) (from Fe poor to medium conditions),

as shown in Figure 4.19, results in a change from rhombohedral shape to

micro-facetted cylinder with trigonal-pyramidal caps. A further increase in the

amount of Fe2+
(aq) results in an elongation of the micro-faceted cylinder of the

crystallite. Similarly and as predicted by ab initio modelling, the increase to

Fe-rich conditions thermodynamically stabilise the formation of {110} surfaces

leading to its appearance and then further elongation as shown in Figure 4.8.
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Figure 4.19: Schematic representation of siderite habits change as a function
of increasing [Fe2+

(aq)].

4.3.4 Influence of NaCl on siderite crystal habit

In the experiments investigating the influence of increasing the amount of

Fe2+
(aq) in solution, the concentration of FeCl2 is varied from 0.01 M to 0.1 M. The

amount of Cl– is also increasing by 0.18 M. Therefore, this was a motivation

to decouple these two factors and investigate if NaCl can influence siderite

crystal habit in addition to Fe2+. This was performed by immersion of a PTFE

substrate in CO2-saturated 0.01 M FeCl2 + 0.18 M NaCl solution at 80°C, PCO2=

0.54 bar and pH = 6.8. Figure 4.20 shows SEM images of siderite formed on a

PTFE substrate with and without the addition of 0.18 M NaCl. It can be seen

that by the addition of NaCl, more siderite crystals formed a cylindrical habit.

However, there is still considerable number of rhombohedral shaped crystals

formed.

Table 4.5 presents a quantitative analysis on the percentage of crystals

formed in each habit. Although there is a change in the crystal habit by the

addition of NaCl, the majority of formed crystals exhibit a rhombohedral

habit with a percentage of 58%. Therefore, this indicates that the change in

NaCl concentration can enhance the ability of changing habits. It is not quite

clear whether only Cl–
(aq) resulted in such a change, as Na+

(aq) is also added

and can possibly influence such a change in crystal habit. This can be further

investigated by the addition of Na+ salts, e.g. sodium sulphate (Na2SO4).
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Figure 4.20: SEM images of siderite (FeCO3) crystallites formed on PTFE
substrate after 24 hours of immersion in CO2-saturated (a) 0.01 M FeCl2

solution and (b) 0.01 M FeCl2 + 0.18 NaCl solution, (T = 80°C, PCO2 =0.54
bar, pH = 6.8) in a jacketed glass cell setup.

Table 4.5: Calculated percentage of each habit of siderite crystals formed on
PTFE after immersion for 24 hours in CO2-saturated (a) 0.01 M FeCl2 solution
and (b) 0.01 M FeCl2 + 0.18 M NaCl solution, (T = 80°C, PCO2= 0.54 bar, pH =
6.8).

Solution Number of
analysed crystals

Rhombohedral
crystals

Micro-faceted cylinders
with trigonal caps crystals

Without NaCl 3664 85% 15%

With 0.18 M NaCl 450 58% 42%

4.3.5 Influence of Ca2+ on siderite crystal habit

This section discusses the influence of the addition of Ca2+
(aq), which is a typical

compound present within solutions in oilfield conditions. First, focusing on

the influence of Ca2+
(aq) on scale formation on corroding surfaces, Figure 4.21

(a) shows post immersion GIXRD diffraction pattern of corroded Fe substrate

in CO2-saturated 0.001 M CaCl2 + 0.01 M FeCl2 solution. The observed peaks

appeared to be shifted away from pure siderite/calcite when compared with

the reference patterns as shown in Figure 4.21 (a).
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Figure 4.21: (a) GIXRD diffractogram (acquired at α = 3°, CuKα source λ =
0.154 nm) and of Fe substrate immersed for 24 hours in CO2-saturated 0.01
M FeCl2 + 0.001 M CaCl2 solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in
jacketed glass cell setup. (b) Peak shifts from pure siderite and pure calcite
shown in the region of 2θ = 29°- 35°

To illustrate this further, Figure 4.21 (b) shows the diffraction pattern in the

range of 2θ = 29° to 32.5°, focusing on the shifts of the observed peaks from

the most intense {104} peak of pure siderite and calcite. At this range, two

observed peaks are shown at 2θ = 30.15° and 31.62°(± 0.05°). The first peak

is slightly shifted to a higher 2θ value from calcite {104} peak (2θ = 29.35°),
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changing the d-spacing from d= 3.035 Å to d= 2.961 Å (± 0.019 Å). The second

peak is shifted from siderite {104} peak (2θ = 32.03°), changing the d-spacing

from d= 2.791 Å to d= 2.827 Å (± 0.019 Å). These peak shifts are consistent

when comparing other observed peaks in Figure 4.21 (a) with the reference

siderite/calcite peaks across the full measured range of 2θ = 15°- 85°. Peak

shifts of pure siderite peaks to a larger d-spacing value (or lower 2θ) indicates

substitution of Fe2+ (ionic radius = 0.75 Å) with the larger Ca2+ (ionic radius =

1.14 Å) in lattice positions [203]. On the other hand, peak shifts of pure calcite

peaks to a smaller d-spacing value (or higher 2θ) indicates substitution of Ca2+

with the smaller Fe2+ in lattice positions. Peak shifts suggest formation of a

mixed iron/calcium solid solution phase: FexCayCO3, where x + y = 1. The

formed solid solution phase exist in two different ratios/molar fractions of

Fe2+ and Ca2+, one with x closer to unity where few Fe2+ substituted by Ca2+

in the lattice structure, while in the other y is closer to unity where few Ca2+

substituted by Fe2+ in the lattice structure.

Molar fractions of Fe2+ and Ca2+ in FexCayCO3 solid solution can be determined

using the XRD data. This can be done firstly by calculating unit cell parameters

a and c, knowing that FexCayCO3 is of hexagonal crystal structure. For a

hexagonal crystal structure (Figure 4.22), unit cell parameters a and c can be

calculated by the following equations:

sin2θ = A(h2 + hk + k2) + Cl2 (4.4)

A =
λ2

3a2
(4.5)

C =
λ2

4c2
, (4.6)

where h, k, and l represent the Miller indices of a plane, λ is wavelength

of the incident x-ray, a and c are the unit cell parameters. Here the angle

θ can be obtained from the GIXRD plot and hkl plane can be obtained

from corresponding planes of siderite/calcite reference data. Once unit cell
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parameters of each phase is determined, molar fraction (y) of calcium in

FexCayCO3 can be calculated using equation (4.7) assuming linear behaviour

of Ca2+ incorporation in the crystal structure [135].

y = 0.5922c− 9.1045 (4.7)

Figure 4.22: Hexagonal crystal structure with unit cell parameters a and c.

Table 4.6 shows the molar fractions of FexCayCO3 present on the Fe surface.

From the table, it can be seen that the first phase formed has only 0.1 molar

fraction of calcium. This is possibly as result of Ca2+ incorporation in formed

siderite usually due to the corrosion process resulting in high Fe2+ near the

corroding surface. On the other hand, the second phase with higher calcium

molar fraction of 0.72 is likely to deposit on the Fe surface after precipitation

from the bulk solution.

Table 4.6: Calculated unit cell parameters and composition of the FexCayCO3

solid solution phase formed on Fe substrate after 24 hours of immersion in
CO2-saturated 0.01 M FeCl2 + 0.001 M CaCl2 solution, (T = 80°C, PCO2 = 0.54
bar, pH = 6.8).

No.
Calculated unit cell parameter FexCayCO3

a c x y

1 4.76 ± 0.03 15.63 ± 0.09 0.90 ± 0.05 0.10 ± 0.05

2 4.89 ± 0.01 16.59 ± 0.01 0.28 ± 0.01 0.72 ± 0.01
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Moving to the influence on crystal habit, SEM images in Figure 4.23 shows also

formation of much rough cylindrical shaped crystals. Interestingly, although

FexCayCO3 phase formed at two different molar fractions, all crystals have

similar shape.

Figure 4.23: SEM images of siderite (FeCO3) crystallites formed on Fe
substrate after 24 hours of immersion in CO2-saturated 0.01 M FeCl2 + 0.001
M CaCl2 solution, (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in jacketed glass cell
setup.

Regarding the non-corroding substrate, Figure 4.24 (a) shows post immersion

GIXRD diffraction pattern of non-corroding PTFE substrate in CO2-saturated

0.001 M CaCl2 + 0.01 M FeCl2 solution. Similar to the scale formation on

Fe substrate, the GIXRD pattern indicate formation of a mixed iron/calcium

carbonate solid solution phase FexCayCO3. The formed phase has two different

ratios/molar fractions of Fe2+ and Ca2+. This is evident by the presence of two

shifted peaks at 30.04° and 31.29° across 2θ range from 29° to 32.5° as shown

in Figure 4.24 (b). Table 4.7 shows the molar fractions of FexCayCO3 present on

the PTFE surface. The first solid solution phase formed on the PTFE consist of

less Fe atoms compared to the phase formed on Fe surface. This is expected as

more Fe ions are provided by the corroded Fe substrate.
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Table 4.7: Calculated unit cell parameters and composition of the FexCayCO3

solid solution phase formed on PTFE substrate after 24 hours of immersion
in CO2-saturated 0.01 M FeCl2 + 0.001 M CaCl2 solution, (T = 80°C, PCO2 =
0.54 bar, pH = 6.8).

No.
Calculated unit cell parameter FexCayCO3

a c x y

1 4.77 ± 0.02 15.78 ± 0.05 0.75 ± 0.03 0.24 ± 0.03

2 4.93 ± 0.01 16.59 ± 0.01 0.28 ± 0.01 0.72 ± 0.01

Figure 4.24: (a) GIXRD diffractogram (acquired at α=3 °, CuKα source λ =
0.154 nm) and of PTFE substrate immersed for 24 hours in CO2-saturated
0.01 M FeCl2 + 0.001 M CaCl2 solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in
jacketed glass cell setup. (b) Peak shifts from pure siderite and pure calcite
shown in the region of 2θ = 29°- 35°.
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As regards to the crystal habit, SEM images in Figure 4.25 shows formation

of cylindrical-like crystals. Here, a change in crystal habit is seen compared to

athe formation of rhombohedral crystal habit on PTFE substrate without the

addition of 0.001 M CaCl2, as shown previously in Figure 4.7 (a). Furthermore,

the micro-facets between the two trigonal/pyramidal caps grow here to clear

steps as shown in Figure 4.25 (b). These steps are is not usually observed in

pure siderite crystals formed either in corroded iron surface on non-corroding

PTFE at various conditions.

Figure 4.25: SEM images of siderite (FeCO3) crystallites formed on PTFE
substrate after 24 hours of immersion in CO2-saturated 0.01 M FeCl2 + 0.001
M CaCl2 solution, (T = 80°C, PCO2 =0.54 bar, pH = 6.8) in jacketed glass cell
setup.

4.3.6 Influence of Mg2+ on siderite crystal habit

The influence of Mg2+
(aq) on siderite crystal habit by adding 0.001 M of MgCl2

and 0.01 M FeCl2 in CO2-saturated solution and observing the habits on non-

corroding PTFE substrate and corroding Fe substrate.

Figure 4.26 shows post immersion GIXRD diffraction pattern of PTFE substrate

in CO2-saturated 0.001 M MgCl2 + 0.01 M FeCl2 solution. The diffraction

pattern indicate formation of a mixed layer of siderite and chukanovite on

PTFE substrate.
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Siderite crystals formed, as shown in Figure 4.27, have a rhombohedral shape.

This suggest that the presence of Mg2+
(aq) at such concentrations does not alter

the crystal habit of siderite. However, looking at the magnified SEM image in

Figure 4.27 c), relatively small elongated rods shaped crystals have formed on

the surface.

Figure 4.26: GIXRD diffractogram (acquired at α=3 °, CuKα source λ=0.154
nm) and of PTFE substrate immersed for 24 hours in CO2-saturated 0.01
M FeCl2 + 0.001 M MgCl2 solution (T = 80°C, PCO2 = 0.54 bar, pH = 6.8) in
jacketed glass cell setup.

In order to investigate the elongated rods, an EDS line-scans were performed

across the rods and adjacent siderite crystals. It can be seen from the line scan

in Figure 4.28, that there is no apparent change in Fe or oxygen amount across

the selected region. In addition, the Mg amount remained almost zero and

relatively constant across the scanned line. This suggest that these elongated

rods are possibly siderite crystals. Since these rods have not been observed

previously without the addition of Mg2+
(aq), it is possible that Mg2+

(aq) alters the

growth of these crystals resulting in formation of such elongated rods.
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Figure 4.27: SEM images of siderite (FeCO3) crystallites formed on PTFE
substrate after 24 hours of immersion in CO2-saturated 0.01 M FeCl2 + 0.001
M MgCl2 solution, (T = 80°C, PCO2=0.54 bar, pH= 6.8) in jacketed glass cell
setup.

Figure 4.28: SEM image and overlaid EDS linescan across elongated rod
crystals.
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As regards to the influence of Mg2+ on siderite crystal habit formed on

corroding Fe substrate, Figure 4.29 shows GIXRD diffraction pattern Fe

substrate in CO2-saturated 0.001 M MgCl2 + 0.01 M FeCl2 solution. The

diffraction pattern also indicate formation of a mixed layer of siderite and

chukanovite on corroding Fe substrate.

Focusing on crystal habit, as shown in Figure 4.30, cylindrical shaped siderite

formed on Fe substrate, which is similar to the habit observed without the

addition of Mg2+
(aq) ions. This indicates that adding 0.001 M of Mg2+

(aq) does

not alter the phase formed and crystal habit compared to adding the same

concentration of Ca2+
(aq). This is possibly due to higher solubility of magnesium

carbonate (MgCO3) compared to calcium carbonate (CaCO3) [129].

Figure 4.29: GIXRD diffractogram (acquired at α=3 °, CuKα source λ=0.154
nm) and of PTFE substrate immersed for 24 hours in CO2-saturated 0.01 M
FeCl2 + 0.001 M MgCl2 solution (T = 80°C, PCO2=0.54 bar, pH= 6.8) in jacketed
glass cell setup.
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Figure 4.30: SEM images of siderite (FeCO3) crystallites formed on Fe
substrate after 24 hours of immersion in CO2-saturated 0.01 M FeCl2 + 0.001
M MgCl2 solution, (T = 80°C, PCO2=0.54 bar, pH= 6.8) in jacketed glass cell
setup.
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4.3.7 Summary

The influence of number of factors on siderite crystal habit has been studied

in this chapter. The factors investigated include: Fe2+ concentration, NaCl

concentration, addition of Ca2+ and Mg2+. It was found that these factors

can possibly alter siderite crystal habit. Figure 4.31 presents a summarised

illustration of the influence of each factor, which are:

• Increase in Fe2+ concentration: it was found that increasing [Fe2+]

results in a change from rhombohedral to cylindrical shape that further

elongates with the increase in [Fe2+]. This is due to stabilising {hk0}

surfaces at higher [Fe2+]

• Increase in NaCl concentration: the increase in [NaCl] have a similar

influence to the increase in [Fe2+] where rhombohedral habit changed

to cylindrical habit. However, such an influence does not seem to be as

strong as the increase in [Fe2+]. Further work is required to understand

the influence of Na+ and Cl– ions separately on the siderite crystal habit,

as both of these ions can have a contribution in the change of the crystal

habit.

• Addition of Ca2+: this resulted in formation of FexCayCO3 solid solution

phase.

• Addition of Mg2+: addition of the same concentration of Mg2+ as Ca2+

has not resulted in a similar shape. In fact, siderite crystal habit remained

the same before and after the addition of Mg2+.

The observed results has been compared with ab initio modelling of siderite

crystal habit. Similar result is observed in the model and experimental results

as the increase in Fe2+ concentration changes the habit from rhombohedral to

cylindrical habit. Controlling the siderite crystal habit can be key to improve
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forming more protective scale with less susceptibility to dissolution and

breakdown. Being able to link theoretical models to experimental observation

is crucial to help achieving the goal of forming protective scales.

Figure 4.31: Summary of the influence of factors investigated in this chapter
on siderite (FeCO3) crystal habit.
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5.1 Introduction

Iron carbonate (FeCO3) is identified as the main corrosion product formed

under sweet environment and can offer significant protection against

corrosion. It was reported by a number of authors that higher temperature,

pH and CO2 partial pressure can result in a formation of compact, dense

and protective layer of siderite [86, 105, 204, 205]. Others reported a porous

or non-protective layer of siderite at lower temperatures (<50°C) and pH

[67, 86]. Although a more protective film forms at higher temperature and

pressure, some studies suggested that it can lead to an increase in localised

corrosion issues [103, 183]. Despite the number of studies focusing on sweet

scale formation, scale formation mechanisms and the degree of protection at

higher pressures and higher temperatures (HPHT) has received less attention.

In addition, chukanovite Fe(OH)2CO3 has been observed in a few studies

alongside siderite [5,97,206,207]. Magnetite has been also reported to be one of

the scale components, specially at higher temperatures (>120°C) [24, 115, 188].

The presence of magnetite can be due to oxygen ingress to the experimental

setup at temperatures < 150°C [114,208]. However, at temperatures above >200

°C, it is believed that magnetite is the dominant scale component replacing

siderite [94].

Ab Initio modelling to predict siderite crystal habit, as mentioned previously

in Chapter 4, showed an influence of increasing iron chemical potential

(∆µFe) (analogous to increasing [Fe2+
(aq)]) on changing the crystal habit. It is

also possible to express this change as a function of CO2 chemical potential

(∆µCO2), as shown in Figure 5.1. Therefore, according to the model, it is

possible that the change in CO2 concentration can result in a change of siderite

crystal habit.
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Figure 5.1: Computed surface free energies of formation of siderite (FeCO3)
surfaces plot as function of ∆µFe and ∆µCO2. Predicted siderite crystal
habits are shown at the top of the plot, at ∆µFe= -5.70 eV, ∆µCO2= -0.75
eV (rhombohedral) and ∆µFe= -4.95 eV, ∆µCO2= -1.50 eV (cylindrical) [196].

Given the above, this chapter focuses on the impact of changing the

temperature and pressure on scale formation and siderite crystal habit under a

controlled sweet environment. Specifically, the targeted ranges of temperature

and CO2 partial pressure change are between T= 80°C - 150°C , and PCO2

= 0.5 - 4 bar, respectively. Conditions within this temperature and pressure

range can be encountered in the oil and gas industry [209]. An autoclave

facility is implemented to perform the experiments and the setup/procedure

is optimised to obtain more reliable results. The scale formed after 24 hours

of immersion is characterised by different techniques: scanning electron

microscopy (SEM), focused ion beam (SEM-FIB), and grazing incidence x-

ray diffraction (GIXRD). The corrosion behaviour is monitored here by

electrochemical measurements using linear polarisation resistance (LPR) as

well as post-immersion weight loss measurements (WL) after removal of the
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scale. By employing these techniques, corrosion scale components, crystal

habit and their protectiveness is determined. Figure 5.2 summarises the

operating conditions of experiments performed in this chapter.

Figure 5.2: 2-D parameter plot illustrating experimental conditions
explained in this chapter.
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5.2 Experimental Details

5.2.1 Material and sample preparation

High purity Fe discs (depth ∼ 4 mm) were cut and polished as described in

Chapter 4.2.1. The back face of the sample was spot welded to a Ni-Cr wire

to allow electrical connection for electrochemical measurements. The sides

and the back face of the Fe sample were coated with 45 stopping-off lacquer

(supplied by MacDermid plc) to ensure only one surface is exposed to the

solution. For samples used for weight loss corrosion rate analysis, the samples

were attached to a PTFE tube that was secured in the testing autoclave.

5.2.2 Experimental setup and operating conditions

Two Hastelloy pressure vessels (Parr Instrument Model No. 4760) were used

for this work, each with a capacity of 0.6 L. The first was used to prepare the

solution to the required conditions and the second one to run the immersion

of the Fe substrate following solution transfer.

Detailed procedure for running the autoclave experiments considering

practical challenges normally faced when using pressure vessels and operating

at HPHT conditions is discussed in Section 5.3. The Fe substrate was

immersed in CO2-saturated 0.1 M NaCl solutions at four different operating

conditions at a temperature range of: T= 80°C - 150°C and CO2 partial

pressures range of: PCO2= 0.5 bar - 4 bar. Table 5.1 outlines the experimental

operating conditions under which immersion was performed in this chapter.

From henceforth, the four conditions will be written as T(80)/PCO2(0.5),

T(80)/PCO2(4), T(150)/PCO2(0.5), and T(150)/PCO2(4), as shown in Table 5.1.
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Table 5.1: List of operating temperature, CO2 partial pressure, and total
pressure for each immersion experiment performed in this chapter of Fe
substrate in 0.1 M CO2-saturated solutions.

No. Temperature CO2 Partial Pressure Total Pressure Shorthand

(°C) (bar) (bar)

1 80 0.5 1 T(80)/PCO2(0.5)

2 80 4 4.5 T(80)/PCO2(4)

3 150 0.5 5.2 T(150)/PCO2(0.5)

4 150 4 8.7 T(150)/PCO2(4)

5.2.3 Corrosion rate measurements

Corrosion rates were estimated by electrochemical linear polarisation

resistance (LPR) and weight loss measurements (WL). The electrochemical

measurements were carried out using Gamry instruments (Interface 1000)

potentiostat. The sample was polarised to± 10 mV from open circuit potential

(OCP) at a scan rate of 0.5 mV/s. The solution OCP was measured in

between those LPR measurements. For corrosion rate measurements by WL,

the samples were weighed after scale removal using Clark’s solution for a total

of 1 min.

5.2.4 Surface characterisation

The surfaces of the immersed samples were characterised post immersion

using GIXRD, SEM and FIB-SEM. GIXRD measurements were undertaken at

an incidence angle αi = 3 and 6° over a range of 2θ = 15° - 85° using Philips

X’Pert MPD diffractometer. SEM images were taken using FEI Quanta 650

FEG-SEM and FIB-SEM imaging was carried out using FEI Quanta 3D FEG-

SEM.
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Figure 5.3: An example of point count analysis performed on an SEM image
of Fe substrate partially covered with corrosion scale post-immersion in 0.1
M NaCl CO2-saturated solution at T = 80°C and PCO2 = 4 bar for a total of 24
hours.

In order to determine scale coverage on the surface of immersed Fe samples,

point count analysis was used [210]. The analysis was undertaken by placing a

grid on SEM images as illustrated by crosses in Figure 5.3. The scale coverage

was then estimated by counting the number of crosses that lie on a scale and

dividing it by the the total number of grid crosses. The analysis was done

using 20 SEM images at a fixed magnification (1000x) from random locations

on each surface. The grid placed on the surface has a total of 120 intercept

points (crosses). A higher number of crosses will increase the accuracy of the

scale coverage analysis. However, decreasing the grid size to produce, for

example, 240 intercept points will only result in an error within ∼ 3%. All

of this analysis was performed using Fiji Image J software [211]. In addition

to surface coverage estimation, siderite average crystallite size was estimated

from 5 crystals in each SEM image, and a total of 100 crystals from each surface.
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5.3 Implementation of Autoclave Facility:

optimising the experimental setup and

procedure

There are several challenges one faces experimentally when studying

CO2 corrosion and scale formation, especially at higher temperatures and

pressure conditions. The potential concerns of experiments performed in

sweet environments at HPHT conditions include:

• Oxygen content: low levels of oxygen are required before immersion

to avoid any oxygen contribution in the corrosion process or scale

formation.

• CO2-water equilibrium at t = 0 h: it is difficult to reach the equilibrium

at the beginning of immersion, as it common to heat and pressurise the

vessel to the desired experimental condition after solution transfer to test

vessels.

• Post-immersion sample handling: exposure of samples to air post-

immersion can modify the formed scale, especially knowing that

carbonate scales are prone to oxidation [88, 114].

Experimental practices by others performing experiments in HPHT conditions

includes: exposure of CO2 saturated solutions to air prior to immersion,

insufficient purging period to lower oxygen content, and non-cautious

handling of the sample post-immersion (e.g.[82, 107]). Therefore, the

experimental set-up and procedure was designed considering these factors

and minimising their influence on the obtained results. These considerations

are discussed below by explaining the developed experimental procedure

before, during and after immersion (Section 5.3.1). Furthermore, grounding-
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related issues were also considered for electrochemical measurements (Section

5.3.2).

5.3.1 Experimental procedure

This section discusses the operating procedure of autoclave experiments,

taking into account minimising oxygen content in the system, CO2-system

reaching near equilibrium conditions prior immersion and preserving the scale

post-immersion. Figure 5.4 shows a schematic diagram of the overall setup of

the two vessels used for solution preparation and immersion experiments.

Firstly, 0.5 L of 0.1 M NaCl solution was poured into the prep-vessel shown in

Figure 5.4 before it is sealed. The solution was then bubbled by high purity

CO2 gas (99.95%) for ∼ 16-24 hours. Oxygen concentration measurements

[O2(dissolved)] were measured regularly using an electrochemical oxygen sensor

(O2 sensor, Orbisphere A1100). Solution can only be transferred after reaching

the desired O2(dissolved) concentration of < 10 ppb. During the period of solution

bubbling in the prep-vessel, CO2 gas is flowed through the test-vessel to

remove any O2 from the system. In addition, all the lines were also filled with

CO2 to ensure removal of oxygen from the whole system network.

The samples were immersed at two different CO2 partial pressures of PCO2 =

0.54 and 4 bar. Also, at a different temperatures of T=80 and 150 °C. Figure 5.5

shows a flow diagram describing the operating procedure for each experiment.

In all experiments, the CO2-saturated solution in the prep-vessel is heated

prior to solution transfer to 80°C using a hot plate. For experiments running

at 80°C, the solution temperature was maintained after solution transfer to

the test-vessel using Parr instruments temperature controller (4838 Reactor

Controller) and electric heater. On the other hand, the CO2-saturated solution

is heated from 80°C to 150°C after transfer to the test-vessel for immersion

experiments at higher temperatures.
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In order to minimise the required time for the solution to reach equilibrium

once it is transferred to the test-vessel at the beginning of immersion (t = 0h)

for experiments running at PCO2 = 4 bar, the prep-vessel was pressurised by

CO2 gas to approximately 8 bar before 2 hours of solution transfer. The extra

pressure is required as it will be distributed between the two vessels when

opening the connecting valve. Once the solution was transferred to the test-

vessel, the valve is closed and the total pressure is checked. Extra CO2 gas can

be supplied directly to the test-vessel to pressurise the system to the desired

pressure, if required. Finally, all valves on the test-vessel were closed and

immersion starts.

Figure 5.4: Schematic representation of HPHT autoclave experimental set-
up.
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Figure 5.5: Flow diagram of the experimental procedure followed in HPHT
experiments carried out in this chapter.
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After starting the immersion, the prep-vessel, which is now isolated from the

test-vessel after closing the connecting valve, was depressurised and CO2 gas

was flowed through the vessel to ensure low oxygen in the vessel as it was

used to transfer the solution back at the end of the experiment. By the end of

the immersion period of 24 hours, the solution was transferred back from the

test-vessel to the prep-Vessel using the pressure difference between the two

vessels. Then N2 was flowed through the test-vessel for 5-15 minutes to dry

the sample. After that, the test-vessel is opened to remove the sample and it is

further flushed with N2 to ensure drying it.

Since the pressure difference between the two vessels in experiments running

at T(80)/PCO2(0.5) was not sufficient to transfer the solution from the test-vessel

to the prep-vessel, N2 is also used for the purpose of solution transfer in this

case. The same procedure as described above was followed to remove the

sample.

5.3.2 Other issues: ground loops and pH measurements

Additional care must be taken when performing electrochemical

measurements in grounded cells such as autoclaves [212]. In order to properly

obtain electrochemical measurements from grounded cells, measuring

equipments must be operating in ’floating mode’ [213]. Problems associated

with the use of grounded cells can be due to presence of two ground points

[214]. Ground loops can exist in this case leading to noise and current

fluctuations in the electrochemical measurements. Such interference with

higher currents can lead to erroneous results by polarising the working

electrode (Fe sample). Therefore, it is extremely important that the equipment

operates in floating mode where it is allowed to float with respect to earth

ground since the autoclave vessel surface can be at earth ground [215].

Some modern potentiostats allow floating mode operation where the circuits
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in the equipment are designed to switch to an internal floating ground rather

than earth ground. It is also possible to use galvanic isolation dongles that

can isolate the potentiostat and the connected electrochemical system from the

computer’s ground and hence operates in floating mode [216]. Floating Gamry

instruments (Interface 1000) potentiostat is used to perform all electrochemical

measurements for this work. To ensure reliable measurements, preliminary

experiments were conducted and compared with a typical non-grounded

glass-cell setup and the results obtained from the two setups were consistent.

Figure 5.6: Schematic illustration of ground loop circuit in an autoclave
setup connected to grounded instrument (potentiostat)

As regards to the pH measurements, it is technically difficult to employ

pH probes for in situ monitoring at high temperatures (specially >100°C). In

order to accurately measure the pH at HPHT conditions, it is required to

use a chemically and thermally stable probe/sensor [217, 218]. In addition,

lack standard buffer solution data at high temperatures magnifies the margin

of errors at this range of operating conditions [219, 220]. Therefore, pH

measurements were not performed in this work and the pH values were

estimated using Promax and PHREEQC software as discussed in section 5.4.1.
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5.4 Results and Discussion

5.4.1 Determination of solution pH

As mentioned in section 5.3.2, the pH values were not obtained experimentally.

An estimation of the pH values using Promax and PHREEQC software are

shown in Table 5.2, along with other solution species composition [221, 222].

Table 5.2: Dissolved concentrations and pH estimation using Promax and
PHREEQC software of 0.1 M NaCl CO2-saturated solutions at different
experimental conditions of temperature and pressure [221, 222].

Solution 1 T= 80°C, PCO2 = 0.5 bar, and P(total)= 1.0 bar

Solution species (mol/L) Promax PhreeqC

[CO2 ] 0.0059 0.0066

[CO3
2 – ] 1.29e-10 2.09e-10

[H+] 5.7e-5 6.9e-5

pH 4.24 4.16

Solution 2 T= 80°C, PCO2 = 4 bar, and P(total)= 4.5 bar

Solution species (mol/L) Promax PhreeqC

[CO2 ] 0.0438 0.0482

[CO3
2 – ] 1.28e-10 2.04e-10

[H+] 1.5e-4 1.9e-4

pH 3.82 3.72

Solution 3 T= 150°C, PCO2 = 0.5 bar, and P(total)= 5.2 bar

Solution species (mol/L) Promax PhreeqC

[CO2 ] 0.004 0.005

[CO3
2 – ] 8.99e-11 3.02e-10

[H+] 2.8e-5 2.6e-05

pH 4.55 4.59

Solution 4 T= 150°C, PCO2 = 4 bar, and P(total)= 8.7 bar

Solution species(mol/L) Promax PhreeqC

[CO2 ] 0.0286 0.0322

[CO3
2 – ] 8.98e-11 1.87e-10

[H+] 7.42e-5 8.50e-05

pH 4.12 4.07
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These estimates are used to determine initial pH values for the different

experimental conditions of pressure and temperature. Generally, initial pH

varies between 3.8 to 4.5 under all experimental conditions. From this table

it can be seen that the pH increases with the increase in temperature, at a

constant CO2 partial pressure. The increase in temperature reduces solubility

of CO2 in the solution leading to such an increase in pH [223]. On the other

hand, the pH decreases as the CO2 partial pressure increases, and this is due

to the increase in amount of dissolved CO2 concentration in solution within

this pressure range [41]. In terms of the results obtained from PHREEQC and

ProMax, the calculated values are in general agreement with a difference of

less than 3% in pH estimations.

5.4.2 Corrosion rate analysis

Figure 5.7 shows corrosion rate profiles of high purity Fe samples immersed

in 0.1 M NaCl CO2 saturated solutions at different temperatures (T= 80°C and

150°C) and CO2 partial pressures (PCO2 = 0.5 bar and 4 bar). CR rates presented

here were calculated using LPR. At immersion time t = 0 h, where no scale

formation is expected on Fe surface, the corrosion rate was highest for samples

immersed at T(150)/PCO2(4) and lowest at T(80)/PCO2(0.5). This indicates that

under non-scaling conditions, an increase in both temperature and CO2 partial

pressure results in a rise in corrosion rate [123].

Over the 24 hours of immersion, the CR of the Fe sample immersed in

T(80)/PCO2(0.5) remained at ∼ 4 mm/yr throughout the immersion period.

Under the other three conditions, calculated corrosion rates decreased over

time suggesting a formation of a semi-protective corrosion scale resulted in

this decrease in corrosion rate. After the 24th hour of immersion, corrosion

rate was the lowest for the sample immersed at T(150)/PCO2(4) and the highest

at T(80)/PCO2(0.5). This suggests formation of a more protective films at both

higher temperatures and CO2 partial pressures after 24 hours of immersion.
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In addition, the fact that corrosion rates remained high throughout the

immersion period at T(80)/PCO2(0.5) suggest either no scale or non-protective

scale formation.

Figure 5.7: Average corrosion rates estimated by LPR, assuming Stern-Geary
coefficient β= 52 mV, of Fe substrates immersed in 0.1 M NaCl CO2 saturated
solution (T = 80°C - 150°C, PCO2 = 0.5 - 4 bar) in the autoclave as a function of
immersion time of 24 hours.

Table 5.3 lists corrosion rates determined from weight loss measurements

along with the average corrosion rate estimated from LPR over the 24 hour

immersion. It is seen that average corrosion rate estimated from WL for

samples immersed in solutions at T(80)/PCO2(0.5) were highest, and lowest

for T(150)/PCO2(4). This is a similar trend to estimated final corrosion rates in

Figure 5.7.

Comparing the corrosion rate estimates from WL and average LPR corrosion

rates, the values are in general agreement apart from the sample immersed at

T(150)/PCO2(4). The average corrosion rate from LPR data at this condition is
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the highest (4.76 mm/yr) of the four due to its initially high corrosion rates

as seen from Figure 5.7 where it started at ∼ 16 mm/yr before dropping

drastically to ∼ 2 mm/yr within 7 hours of immersion. The significant

difference between estimates from LPR and WL can be due to irreproducibility

in the kinetics of corrosion rate reduction usually observed at short immersion

times in CO2 systems. Such irreproducibility has been also observed by Joshi

et al. work, where they reported lack of quantitative reproducibility in both

corrosion rates and scale formation kinetics within 72 hours of immersion in

CO2 saturated solutions at T= 80°C, PCO2 = 0.5 bar and pH = 6.8 [5].

Table 5.3: Estimated average corrosion rate by WL and LPR of Fe substrates
immersed for 24 hours in 0.1 M NaCl CO2 saturated solution (T = 80°C -
150°C, PCO2 = 0.5 - 4 bar) in the autoclave.

Experimental condition CR (weight loss) Average CR (LPR)
T= 80°C

PCO2= 0.5 bar 3.92 3.77

T= 80°C
PCO2= 4 bar 3.49 2.98

T= 150°C
PCO2= 0.5 bar 3.14 2.82

T= 150°C
PCO2= 4 bar 1.80 4.76

5.4.3 Surface analysis

Figure 5.8 shows GIXRD patterns and SEM images of the samples immersed in

CO2 saturated 0.1 M NaCl solutions at different pressures and temperatures.

At T(80)/PCO2(0.5) (Figure 5.8 a), no scale has formed on the Fe surface as the

GIXRD pattern shows only three peaks attributed to α-Fe at 2θ= 44°, 65° and

82°(ICDD-PDF 04-007-9753). This is also seen from the corresponding SEM

image where it shows a scale-free Fe surface. This observation is consistent

with nearly constant CR data presented previously in Section 5.4.2 and Figure

5.7.
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Figure 5.8: GIXRD diffractograms (acquired at α = 6°, CuKα source λ=0.154
nm) and corresponding SEM images of Fe substrates immersed in 0.1 M
NaCl CO2 saturated solution (T = 80°C - 150°C, PCO2= 0.5 - 4 bar) in the
autoclave after 24 hours of immersion.
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A corrosion scale has formed on the corroded Fe surface in the three other

cases. At T(80)/PCO2(4)(Figure 5.8 b), the GIXRD diffraction pattern shows a

mixed layer of siderite and chukanovite has formed on the Fe surface. This is

also seen from the corresponding SEM image that shows platy chukanovite

crystals and siderite crystals. At T(150)/PCO2(0.5)and T(150)/PCO2(4)(Figure

5.8 b and d), the diffraction pattern suggest formation of exclusively siderite

scale on the corroded Fe surface. However, corresponding SEM images shows

a different crystal habit of siderite formed under each condition. This is

discussed in further details in the section below.

5.4.4 Influence of CO2 partial pressure on siderite crystal habit

This section focuses on the changes in siderite crystal habit as a function

of increasing CO2 partial pressure, which in turn increases the amount of

dissolved CO2 in the solution. Figure 5.9 (a) shows siderite crystal habit to be

as trigonal pyramidal caps with micro-faceted cylinders at T(150)/PCO2(0.5).

A schematic representation of the habit formed in this condition is shown in

Figure 5.9 (b) with facet orientation labelled according to the results presented

previously in Chapter 4. From this schematic representation, {hk0} micro-

faceted cylinders are capped by {104} pyramidal caps.

By increasing CO2 partial pressure to 4 bar but at T= 80°C (Figure 5.9 c and

d), {hk0} facets shrink reducing the size of the cylinder and the crystal habit

becomes nearly rhombohedral. At T(150)/PCO2(4) crystal habit changes to a

rhombohedral shape as shown in Figure 5.9 (e). However, {hk0} facets still

exist but less developed to only appear at the edges of rhombohedral shaped

crystals. A schematic representation of this crystal habit is shown in Figure 5.9

(f).
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Figure 5.9: SEM images showing siderite crystal on Fe sample immersed
in 0.1 M NaCl CO2 saturated water at (a) T(150)/PCO2(0.5), (c) T(80)/PCO2(4),
and (e) T(150)/PCO2(4). (b,d,f) Schematic illustration of siderite crystal habit
with predicted crystallographic orientation of facets observed in (a,c,e)
respectively

As mentioned earlier, siderite crystal habit can be theoretically modelled

based on surface energies estimation as a function of CO2 partial pressure

(or ∆µCO2). Comparing the results, the predicted crystal habit change agree

with what has been observed experimentally (refer to Figure 5.1). At high

CO2 concentrations, a rhombohedral crystal habit is predicted with S{104}

facets separated by a narrow strip of NS{110} surfaces. At a lower CO2

concentrations, the model predicts an elongation of NS{110} as it becomes

more stable forming a hexagonal shaped facets capped by S{104} trigonal-

pyramidal caps.

5.4.5 Impact of temperature and pressure on sweet scale

coverage and average crystal size

The results will be discussed in two parts in order to simplify the discussion

and focus on the influence of each individual factor. Part one will discuss the
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impact of temperature on scale formation at constant CO2 partial pressure.

Part two will discuss the impact of CO2 partial pressure on scale formation at

a constant temperature.

Impact of temperature on sweet scale formation

To study the influence of increasing the temperature from 80 °C to 150 °C on

scale formation, two sets of experiments can be compared from Figure 5.8. The

first set is varying the temperature at constant PCO2 = 0.5 bar and the second

set is at constant PCO2 = 4 bar.

At PCO2 = 0.5 bar, increasing the temperature resulted in moving from non-

scaled surface at 80°C to formation of siderite layer at 150°C. At 150°C, the

increase in corrosion kinetics represented by high initial CR, resulting in

higher amounts of Fe2+ released from the surface coupled with the decrease

in solubility of siderite at higher temperatures, provided scaling conditions for

siderite to precipitate and grow on the surface. The formation of such layer

confirms the reason behind the decrease in CR at 150°C compared to 80°C

where it remained higher as shown in CR data in Figure 5.7.

In the case of varying the temperature at a constant PCO2 = 4 bar, in both

conditions at 80°C and 150°C a layer of corrosion scale has formed. However,

as shown in Figure 5.10, the area of the surface that is covered with scale

is higher at higher temperature with 98% coverage at 150°C compared to

70% coverage at 80°C. This explains why the final corrosion rate value at

150°C is lower in this case. Although at both temperatures scale formation

has occurred, the degree of protection and scale coverage is greater at the

higher temperatures. Another observation is that chukanovite (Fe2(OH)2CO3)

no longer appeared in the scale with the increase in temperature to 150°C.
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Figure 5.10: Surface coverage and average siderite crystal size estimated by
point count analysis of Fe substrates immersed in 0.1 M NaCl CO2 saturated
solution (T = 80°C - 150°C, PCO2= 0.5 - 4 bar) in the autoclave for 24 hours of
immersion. Data are off-setted to clarify the error bars.

Impact of CO2 partial pressure on sweet scale formation

To study the influence of increasing CO2 partial pressure on scale formation,

two sets of experiments can be compared from Figure 5.8 (a-d). The first set

is varying CO2 partial pressure at a constant temperature T = 80°C and the

second set is at T= 150°C. Firstly, at T = 80 °C the increase in CO2 partial

pressure from 0.5 bar where no scales have formed on the surface to 4 bar

which resulted in formation of a mixed layer of siderite and chukanovite. In

addition, this also resulted in an increase of Fe2+ supply from the corroded

surface illustrated by higher corrosion rates. Also, the increase in P(CO2)

results in the increase in CO2(dissolved) and CO3
2 –

(dissolved) concentrations. This

will lead to higher supersaturation required to thermodynamically promote

precipitation FeCO3 and hence scale formation occurs at higher CO2 partial

pressure of PCO2 = 4 bar [68].
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In the case of varying the partial pressure in the second set at 150°C, scale

coverage increases from ∼ 60% at PCO2= 0.5 bar to 98% at PCO2= 4 bar. This

further indicates that the increase in CO2 partial pressure promotes scale

formation. Note also that the increase in CO2 partial pressure results also in an

increase in average siderite crystal size from 50 µm to 71 µm. Crystal growth is

known to be the dominant process at lower supersaturation while nucleation

rate increases exponentially at higher supersaturations [67]. It is possible that

due to the rapid drop in corrosion rates to lower values at higher PCO2 = 4 bar,

led to an increase in crystal growth to larger crystals at this condition compared

to lower CO2 partial pressure.

5.4.6 Chukanovite and its role in corrosion protection

Chukanovite was identified here on Fe surface immersed for 24 hours in 0.1

M NaCl CO2-saturated solutions at T(80)/PCO2(4). However, chukanovite no

longer appeared in the scale formed at a higher temperature of T= 150°C,

where exclusively siderite scale has formed. A possible explanation behind

its disappearance at higher temperatures is that changes in local chemistry

near the surface due to the increase in temperature hindered formation of

chukanovite at such conditions.

Chukanovite is thermodynamically metastable phase compared to siderite at

certain conditions [95]. Chukanovite formation has been reported by Joshi

et. al [5] on Fe substrate immersed in CO2-saturated water at the same

temperature T= 80°C but at a higher pH= 6.8 and lower PCO2 = 0.5 bar.

From their study, chukanovite was no longer observed after 288 hours of

immersion and an exclusive layer of siderite is only observed beyond that.

Such time-dependent transformation from chukanovite to siderite possibly

occurs faster at higher temperatures. Therefore, it is also possible that

chukanovite disappeared at earlier stages of immersion (<24 hours) at higher

temperatures of T= 150°C.
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Exploring GIXRD pattern of chukanovite and comparing it with reference data

as shown in Figure 5.11 (a), the peak attributed to (021) plane at 2θ=33.9°

appears to be the most intense peak in both the diffraction pattern and

reference data. Nonetheless, peaks from (220) and (210) planes at 2θ=17° and

25° respectively, have higher relative intensities compared to the reference

data.

Figure 5.11: GIXRD diffractograms (acquired at α = 3°, CuKα source λ=0.154
nm) of Fe substrate immersed in CO2 saturated water at T = 80°C, (a) PCO2

= 0.5 bar, pH = 6.8 (reproduced from [149]) and (b) PCO2 = 4 bar, pH = 3.8.
Expanded GIXRD diffractograms in the range of 2θ= 15°- 40° are shown in
(c,d) for both conditions
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Comparing this result with the scale formed on high purity Fe substrate

immersed in CO2-saturated solution at T = 80°C, PCO2 = 0.5 bar and pH = 6.8,

where chukanovite is also formed in a mixed siderite/chukanovite layer after

24 hours of immersion [149]. The diffraction pattern, as shown in Figure 5.11

(b), shows a depressed peak, attributed to (021) plane, and the peak attributed

to (220) plane is the most intense peak instead. These differences between

experimental and reference data can be due to differential absorption of X-ray

beam and a degree of preferred orientation [5].

Figure 5.12: Plan view SEM and cross sectional FIB-SEM images of Fe
substrate immersed for 24 hours in CO2-saturated water at T = 80 °C, (a,b)
PCO2= 4 bar, pH = 3.8 (c,d) PCO2= 0.5 bar, pH= 6.8.

Regarding the difference in chukanovite appearance and morphology between
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the two conditions mentioned above, Figure 5.12 shows an SEM and FIB cross-

section images of chukanovite platy crystals. It can be seen that chukanovite

crystals appears to have larger and thicker plates at PCO2 = 4 bar than the ones

formed at PCO2 = 0.5 bar. This is possibly can influence the difference in peak

intensities observed between the two conditions.

As regards to corrosion protection, Joshi et al. discussed how chukanovite

does not provide any significant protection to the substrates immersed in CO2-

saturated solutions at T= 80°C, PCO2 = 0.5 bar and pH= 6.8 [5]. It appears to be

a similar case at higher CO2 partial pressure, although the chukanovite formed

is different in terms of crystal size and thickness. This can be clearly concluded

by looking at the amount of scale coverage at T(80)/PCO2(4) , where it has

more coverage than scales formed at T(150)/PCO2(0.5) , as shown in Figure

5.10. However, a mixed layer of chukanovite/siderite does not provide any

extra significant protection compared to only-siderite scale at lower coverage

percentage.

5.4.7 Cross-sectional analysis of formed scale

Figure 5.13 shows SEM images of cross-sections across the Fe substrate

immersed in solutions at the varied operating temperatures and pressures. At

T(80)/PCO2(0.5) (Figure 5.13 a and b), the cross-section SEM image shows a

rough surface uniformly corroded with no scale layer on the surface. Note that

black crystal-like features appear on top of all cross-sections SEM images in

Figure 5.13. All of these features are from Bakelite mounting resin and should

be distinguished from corrosion layers on top of the Fe surface.

On the other extreme at higher pressure and temperature T(150)/PCO2(4)

(Figure 5.13 g and i), the cross-section SEM image shows a compact layer of

siderite fully covering the surface of Fe. In the cross-section images of the

samples immersed at conditions between those two extremes (Figure 5.13 c-
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f), the Fe substrate is partially covered with scale. It can be observed also that

the thickness of the scale increases generally with the increase in temperature

and PCO2 partial pressure.

Figure 5.13: Cross sections SEM images of Fe substrates immersed for 24
hours in 0.1 M NaCl CO2 saturated solution (T = 80°C - 150 °C, PCO2= 0.5 - 4
bar) in the autoclave.

As regards to the number layers formed observed from these cross-section,

the difference in contrast within the scale seen in Figure 5.13 (e-i) suggests

formation of a multi-layered scale. In comparison, Figure 5.14 shows SEM

images of cross-sections performed on the same samples at T(80)/PCO2(4) and

T(150)/PCO2(0.5) , but by FIB-SEM. Here only a single layer of scale is observed.

FIB-SEM is a preferred technique to obtain cross-sections of the samples with

less disruption to the scale. However, it was not practically feasible to use

this technique to obtain cross-sections of such thick scales formed, specially at

higher temperatures and pressures, at T(150)/PCO2(4). The alternative method

of mounting the samples in resin followed by wet grinding/polishing can

result in possible modifications to scale appearance, knowing that carbonate

scales are prone to oxidation. Therefore, it might not be suitable to determine

whether the scale formed a single or multi-layer from cross-sections obtained

in Figure 5.13.
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Figure 5.14: Cross sections SEM images of Fe substrates immersed for 24
hours in 0.1 M NaCl CO2 saturated solution (T = 80°C - 150 °C, PCO2= 0.5 - 4
bar) in the autoclave.

Looking closely at the cross-sectional SEM images in Figure 5.13, it can be

seen that the corroded surface is rougher with the increase of temperature

and pressure. Figure 5.15 shows further examples cross-section SEM images

from samples immersed in 0.1 M NaCl CO2 solutions at T(80)/PCO2(4) (a-b)

and T(150)/PCO2(4) (c-d). At T = 80°C, shallow and wide cavities as shown

in Figure 5.15 (a-b) can be seen at areas uncovered by scale. At T = 150°C,

as shown in Figure 5.15 (c-d), appears to have similar width but deeper

reducing the width/depth aspect ratio to ∼ 2. However, cavities are covered

with compact layer of scale.
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Figure 5.15: Cross sections SEM images of Fe substrates immersed for 24
hours in 0.1 M NaCl CO2 saturated solution (T = 80°C - 150 °C, PCO2= 0.5 - 4
bar) in the autoclave showing local cavities on the surface as a result of high
corrosion rates of initially uncovered areas with scale.

It is clear that as the temperature and CO2 partial pressure increases,

uncovered areas suffer higher corrosion rates driven by the increase in

corrosion kinetics while adjacent covered areas are protected considerably

against corrosion. Such differences in corrosion rates led to the appearance of

cavities on the surface that are deeper at higher temperatures and CO2 partial

pressure. However, the results suggest that eventually a similar compact layer

of scale formed on such locally depressed regions. Such observation is clear

and consistent by surveying multiple regions across the cross-sections of the

substrate at T(150)/PCO2(4) as shown in Figure 5.15 (c,d). The presence of such

141



Chapter 5. Impact of Temperature and Pressure on Sweet Scale Habit

a compact layer of scale might indicate that such regions behave differently to

a stable pit where low pH is maintained via hydrolysis preventing formation of

scale. Figure 5.16 presents a schematic illustration of a suggested mechanism

of scale formation and corrosion behaviour over time in uncovered areas from

the previous observation.

Figure 5.16: Schematic illustration of a suggested mechanism of corrosion
leading to locally attacked areas on Fe substrate at higher temperatures and
pressure.

142



Chapter 5. Impact of Temperature and Pressure on Sweet Scale Habit

5.4.8 Summary

The influence of temperature and CO2 partial pressure (PCO2) in range of

temperature T= 80°C - 150°C, and PCO2 = 0.5 - 4 bar has been investigated in

this chapter. Based on the observations above, operating temperature and CO2

partial pressure can significantly influence the corrosion behaviour and scale

formation under CO2 saturated environment. Under no scaling conditions,

the corrosion rates increased as a result of increasing both the temperature

and CO2 partial pressure. However, the increase in initial corrosion rates

promoted formation of protective scales reducing corrosion rates significantly.

The formed scale protectiveness and coverage was better after 24 hours of

immersion at the scales formed at higher range of temperature and pressure

investigated in this chapter: T= 150°C and PCO2 = 4 bar.

In addition to the influence on corrosion rates, the increase in CO2

partial pressure resulted in a change of siderite crystal habit from a micro

faceted cylinder with trigonal/pyramidal caps to rhombohedral shape. Such

observation is confirmed by theoretical calculation and ab initio modelling

of siderite habits where it showed that the decrease of CO2 content stabilises

{110} facets resulting in the change of shape observed experimentally. It might

be possible that this change in crystal habit can play a role in enhancing the

protection. Crystals formed with higher surface energy surfaces can possibly

increase the likelihood of its dissolution against changes in environmental

conditions, which normally occurs under oilfield conditions. Further work

is required to determine if there are any differences in dissolution rates of

different siderite crystal habits as the conditions change such as temperature,

pressure, ionic species.

As regards to chukanovite formation, it appears that the increase in

temperature from 80°C to 150°C resulted in disappearance of this phase. Also,

little protection is offered from chukanovite as concluded from the results of

this work and from other study.
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Finally, the increase in temperature and pressure resulted in the appearance

of locally attacked areas. It is suggested that such cavities appear as a result

of high corrosion rates of uncovered areas. Figure 5.17 shows a schematic

illustration summarising the main observations found from this chapter.

Figure 5.17: Schematic illustration summarising scale formation
observations in this chapter.
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6.1 Introduction

Iron carbonate (FeCO3) is the most common corrosion product formed

in sweet environments. Besides, chukanovite (Fe2(OH)2CO3) and magnetite

(Fe3O4) have also been reported to form in CO2 -containing environments

[5, 115]. Many of the studies used ex situ scale characterisation techniques

to identify/study the formed corrosion products. However, in ex situ

measurements, carbonate products are prone to oxidation which can

limit the reliability of such analysis. A recent in situ synchrotron GIXRD

study by Ingham et al. showed that phases such as carbonate green rust

(Fe6(OH)12CO3), goethite (FeOOH) and magnetite (Fe3O4) appeared when

trace of oxygen introduced to the system [114]. In situ techniques can also

provide additional insights into the kinetics of formation of the scale.

A number of in situ synchrotron XRD studies have been conducted to

study scale formation in CO2-saturated environments utilising various

electrochemical cells’ designs. Ingham et al. and Ko et al. in situ studies

focused on the scale formation under accelerated condition by anodically

polarising the substrate [96, 97, 224–226]. From their work, chukanovite has

been identified as one of the corrosion products in addition to siderite. In these

studies, the authors investigated the impact of adding magnesium (Mg2+),

chromium (Cr3+) and scale inhibitors on sweet scale formation [97, 225, 226].

From the results, it has been suggested that Mg2+ and Cr3+ promote protective

scale formation while the use of scale inhibitors resulted in a corrosion

rate increase by inhibiting the sweet scale formation. Burkle et al. studied in

their in situ work, the scale formation under flowing conditions and short

immersion periods (∼ 4 hours) [204, 227]. From this work, only siderite has

been detected as a corrosion product under the conditions of immersion in

3.5 wt% NaCl, T = 80°C, flow rate = 0.1 m/s and range of pH = 6.3 - 7.

The authors suggested based on their observation that the increase in pH

results in a decrease in induction time for FeCO3 formation and an increase
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in protectiveness by forming a more compact layer of the scale.

In this work, synchrotron GIXRD technique is employed to study scale

evolution on a high purity iron substrate in CO2-containing environment. An

improved version of the synchrotron cell (SR-cell), which has been utilised

in a previous in situ work by Joshi et al. [208], is used. The improvements

in the design have been made to limit oxygen ingress issues encountered

in the previous work. Also, the improvements considered enabling the use

of the SR-cell to study scale evolution for extended immersion times, as

the current in situ studies mentioned earlier have been conducted for only

short immersion periods (maximum 4 hours). The corrosion rates determined

by electrochemical impedance spectroscopy (EIS) and scale evolution is

monitored over an immersion period of 28 hours. Initially, scale evolution

at T = 80°C and pH = 6.8 have been investigated. The results are compared

with preliminary laboratory glovebox experiments in this initial 12 hours of

immersion. The effect temperature excursions, which is usually encountered

in oilfield conditions, on the formed scale is also studied by introducing

cooling and heating in the in situ synchrotron experiment while monitoring

scale behaviour during this period. From corrosion rates and in situ GIXRD

data, siderite formation/dissolution rates in addition to its protectiveness are

determined.
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6.2 Experimental details

Figure 6.1 summarises the experimental operating conditions in both

laboratory and in situ synchrotron experiment.

Figure 6.1: Schematic diagram illustrating experimental conditions in this
chapter.

6.2.1 Materials and sample preparation

High purity Fe discs (depth ∼ 4 mm) were cut from a 10 cm rod (10 mm

diameter, 99.99+% , sourced from Goodfellow). Minor elements present in Fe

sample are shown in Table 6.1.

Table 6.1: Other elements present in high purity Fe sample. Values are in
ppm.

Al Cr B Co Cu Ga Ge Mn

1.6 6.6 0.77 12 2.1 0.7 6.2 4.1

Mo Ni P Ta Sn Ti W Zn

0.36 2.8 7.2 1 0.15 1.4 0.15 0.3
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The samples were polished to 4000 grit using silicon carbide paper (series of

240, 600, 1200, 2400, 4000). The bottom face of the sample was spot welded to

a Ni-Cr wire to allow electrical connection for electrochemical measurements.

The sample was then mounted on a polyvinylidene fluoride (PVDF) post and

the sides were painted with lacomit paint to ensure exposure of only the top

surface to the testing solution.

Prior to cutting the Fe discs, the high purity Fe rod was normalised by heat

treatment in an argon furnace at 950°C for 30 minutes, followed by furnace

cooling [228]. Figure 6.2 shows an SEM image revealing a microstructure of the

heat treated high purity Fe sample showing ferrite grains with a well-defined

grain boundaries.

Figure 6.2: SEM image showing iron substrate microstructure following
heat treatment
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6.2.2 Synchrotron cell design

The synchrotron cell (SR-cell) design developed for this work is based on

a previous design used in an in situ GIXRD work [208]. The cell design

allows for both in situ GIXRD and electrochemical measurements. Also, the

cell has heating capabilities to enable conducting the experiments at elevated

temperatures (Tmax = 80°C).

SR-cell design comprises of three main parts: aluminium mounting stand,

SR-cell main body and inert atmosphere polyimide hood as shown in

Figure 6.3. The aluminium mounting stand is used to attach the SR-

cell to the diffractometer at the synchrotron facility. The SR-cell main

body is manufactured from polyether ether ketone (PEEK), replacing

polychlorotrifluoroethylene (PCTFE) from the previous design, as it is

suggested to have lower oxygen sorption [229]. There are 11 threaded ports

in the side of the body. For electrochemical measurements, a platinum (Pt)

counter and reference electrodes are inserted through two ports. Solution

temperature is controlled by pumping hot water from a water bath through

3-mm diameter coiled polytetrafluorethene (PTFE) tubing. These tubes are

inserted through six of the threaded ports. The remaining three ports are

used as solution inlet/outlet and for the insertion of a type-K thermocouple

to measure the temperature of the solution in the SR-cell. The sample acts

as a working electrode by connecting the back face of to a Ni-Cr wire. The

sample PVDF post is secured in the middle of the cell and sealed by using 35

mm diameter O-ring. The height of the sample can be adjusted using a brass

adjustment screw at the bottom of the cell.

The cell is sealed from the top by a polyimide kapton film (thickness=25.4 µm)

and brass supported kapton (thickness=127 µm) hood. The hood is filled with

CO2 gas continuously flowing throughout the experiment. This to maintain

low oxygen level above the solution and to avoid any possible permeation of

O2 through the kapton film sealing the solution in the SR-cell.
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Figure 6.3: Schematic diagram illustrating synchrotron cell design.

6.2.3 Solution Preparation and Experimental Details

Figure 6.4 shows a schematic illustration of the synchrotron experimental

setup. A CO2-saturated deionised water solution was prepared in a 1-L glass

duran bottle by purging the solution with high purity CO2 gas (99.95%)

for 2 hours. The solution was heated to 80°C and the pH was adjusted

using sodium bicarbonate (NaHCO3) to 6.8±0.05 once the temperature of

the solution reached the desired test temperature. After pH adjustment, the

solution was transferred and sealed into a 0.6-L Hastelloy pressure vessel (Parr

Instrument Model No. 4760), where it was further purged with CO2 gas for 28

hours to lower the dissolved oxygen concentration. [O2(dissolved)] was measured

regularly by an electrochemical oxygen sensor (O2 sensor, Orbisphere A1100).

All the lines were filled with CO2 gas, including the SR-cell, to ensure low

oxygen level throughout the whole system prior to solution transfer to the SR-
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cell. After reaching [O2(dissolved)] < 20 ppb, approximately 350 ml of the solution

was transferred the SR-cell.

Figure 6.4: Schematic diagram of synchrotron experimental setup.
Viton/stainless tubing were used to connect between components in
the diagram.
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The SR-cell was oriented vertically, as shown in Figure 6.5 to avoid trapped gas

bubbles between the sample and kapton film, which might affect the corrosion

scales/ electrochemical measurements. After transferring the solution to the

cell and immersion of Fe substrate starts, the experiment ran for 28.5 hours.

In the first 12 hours, the solution was maintained at 80°C. After the 12

hours of immersion, cooling then heating cycle is introduced by allowing the

solution to cool down to 25°C after 14.5 hours of immersion. This was followed

by reheating until temperature reaches 80°C at 17th hour of immersion and

maintained at the same temperature until the end of the experiment.

Figure 6.5: Experimental setup of SR-cell (oriented vertically) on BM28
beamline

In order to control the temperature of the solution inside the SR-cell, deionised

water was heated to ∼ 95°C in a 1-L duran bottle and pumped by a peristaltic

pump to the heating coils inside the SR-cell. Approximately 10 g of sodium

sulphite (Na2SO3), that acts as an oxygen scavenger, was added to the heating

water in the bottle. During the period between the 12-14.5 hours of immersion,
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the pump was stopped to allow for the test solution to cool down during the

cooling cycle. After that, the pump was restarted again to re-heat the solution

back to 80°C.

The above procedure is followed for the experiment performed in the in

situ synchrotron experiment. The same procedure is followed to investigate

scale evolution (initial 12 hours of immersion only) in preliminary

laboratory experiments inside a CO2 filled glovebox. Details of electrochemical

measurements and in situ/ex situ surface characterisation for both tests are

presented below.

Electrochemical measurements and surface characterisation

After transferring the solution, electrochemical impedance spectroscopy (EIS)

measurements was carried out using Gamry Instruments Interface 1000

potentiostat. The solution OCP was measured in the time interval between EIS

measurements. These measurements were carried out for a total of 28.5 hours

of immersion duration.

In situ GIXRD measurements were taken at an incidence angle α = 3° and a

photon energy hυ = 14.5 keV (λ = 0.8551 Å). The incident angle of 3° was

selected to be above the critical angle of total external reflection reflection of x-

rays with the consideration of surface roughing, and background contribution

from the kapton polyimide film. These measurements were undertaken using

the synchrotron radiation source at beamline 28 (BM28), at the European of

Synchrotron Radiation Facility (ESRF) in Grenoble, France. The measurements

were recorded on a Dectris 300K-W Pilatus 2D detector with an area of 253.7

mm x 33.5 mm (1475 x 195 pixels). The use of a 2D detector allows to record

the whole range of 2θ at a minimum of 7 ms, which offer an advantage

over a point detector usually used in laboratory equipment. Measurements

were undertaken at a detector position of 20° and 18° from the synchrotron

beam source. The measurements were taken every 30 minutes for a total

period of 1 minute for each scan. Within this period, part of the solution was
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removed using a peristaltic pump to obtain thin film geometry. Thick and thin

film geometries for undertaking electrochemical and GIXRD measurements

were obtained by controlling the amount of solution above the sample as

shown in Figure 6.6. Captured diffraction patterns by the 2D area-detector

were processed to produce 1D diffractogram using Esaproject software [230].

Details on data processing is outlined in [208].

Figure 6.6: Schematic illustration of thick and thin film geometries obtained
for electrochemical and GIXRD measurements

As regards the laboratory glovebox experiments, samples were characterised

after immersion using ex situ GIXRD at a grazing incidence α = 3°using Philips

X’Pert MPD diffractometer (CuKα source, λ = 1.54 Å). SEM images were

obtained using FEI Quanta650 SEM.

6.3 Results and Discussion

6.3.1 Preliminary laboratory glove box experiments

Figure 6.7 shows the average corrosion rate profile of Fe substrate in CO2

saturated solution at pH = 6.8, T = 80°C over 12 hours of immersion. The

results shown in the figure are repeats of two tests performed in a CO2-filled

glovebox using the SR-cell. Corrosion rates were calculated from EIS data and
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assuming a Stern-Geary coefficient of β = 52 mV. The corrosion rate profile

shows a trend of decreasing corrosion rates with a sharper drop in the initial

∼ 2 hours. Corrosion rates continue to decrease but at a lower rate of until the

end of the 12th hour of immersion. The decrease in corrosion rate can be an

indication of a formation of semi-protective scale.

Figure 6.7: Average corrosion rate of Fe substrate immersed in CO2 saturated
water (T = 80°C, pH = 6.8) in SR-cell performed in a glovebox as a function
of immersion time of 12 hours

Post immersion ex situ GIXRD diffractograms and SEM images from the

immersed Fe substrate for the two tests are shown in Figure 6.8. The Figure

shows three peaks attributed to α-Fe at 2θ = 44°, 65°and 82° from the substrate.

Furthermore, diffractograms shows formation of a mixed layer of siderite

(FeCO3) and chukanovite (Fe2(OH)2CO3). SEM images in Figure 6.8 shows

the scale formed in both runs on Fe substrate. It can be seen that a mixture

of chukanovite (platy crystals) and siderite (cylindrical crystals). In addition,

surfaces are not fully covered with the scale. These preliminary experiments

demonstrate that sweet corrosion scales are likely to be formed within the

time-scale of the synchrotron experiment.
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Figure 6.8: GIXRD diffractogram (αi = 3°, CuKα source, λ = 1.54 Å) of
Fe substrates immersed in CO2 saturated water (T = 80°C, pH = 6.8) as a
function of immersion time (12 h). All plots are normalised to the intensity
of Fe{110} peak at 2θ = 23.5°.

6.3.2 In situ synchrotron experiment

Figure 6.9 shows the corrosion rate profile of Fe substrate in CO2 saturated

solution at pH = 6.8, T = 80°C during the first 12 hours of immersion. The

corrosion rates are calculated using EIS data assuming Stern-Geary coefficient

of β= 56 mV. The corrosion rates decreased from ∼ 1.1 mm/yr at the 1st

measurement (0.16 h after immersion) to ∼ 0.06 mm/yr at the 12th hour

of immersion. In the initial 4 hours of immersion, corrosion rate decreased

sharply from 1.1 mm/yr to 0.22 mm/yr (decreased by 80%). This is followed

by a slower rate to approximately steady corrosion rate from 5 - 12 hours of

immersion. This corrosion rate profile suggest formation of a protective scale.
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Figure 6.9 also shows a comparison of corrosion rates between in situ

synchrotron and glovebox experiments. In both cases, similar significant drop

in corrosion rates is observed within the first 2-4 hours of immersion due to

the formation of scale. However, the average corrosion rates in the glovebox

experiment were higher between the 2nd and 12th hour of immersion than

in the in situ experiment. This difference decreases with time between the

experiments towards the 12th hour of immersion and the final corrosion rate

of the synchrotron experiment lies within the error of corrosion rate in the

glovebox experiments.

Figure 6.9: Comparison of corrosion rates between in situ synchrotron and
glovebox experiments of Fe substrate immersed in CO2 saturated water (T
= 80°C, pH = 6.8) in SR-cell as a function of 12 hours of immersion. As only
one in situ experiment was performed, no error bars are shown.

Regarding the in situ GIXRD results, Figure 6.10 shows series of diffractograms

as a function of the 12 h immersion period. The polished substrate

diffractogram plot at the bottom of Figure 6.10 was acquired prior to solution

transfer (at immersion time t = 0 hours) to the cell in a dry CO2 atmosphere.

From this plot, two peaks at 2θ = 23.5° and 32.8° can be assigned to the α-Fe

{110} and {002} planes, respectively, arising from the substrate. Broad peaks
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at low incidence angle are due to the polyimide kapton film [115, 208]. All

diffractograms are normalised to the most intense α-Fe {110} peak.

After immersion, siderite is the only detected phase that formed on Fe

substrate as revealed by the series of diffractograms. The most intense siderite

{104} peak started to appear after 1 hour of immersion. Siderite peak intensities

continued to increase as immersion time increased.

Figure 6.10: Series of synchrotron GIXRD diffractograms of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) as a function of
immersion time (12 h). All plots are normalised to the intensity of Fe{110}
peak at 2θ = 23.5°.

Comparing the phases formed within the scale after 12 hours of immersion

between this in situ synchrotron experiment and the the two ex situ

preliminary glovebox experiments (Figure 6.8 and 6.10, only siderite was

formed on the substrate in the in situ experiment, whereas a mixture of
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siderite and chukanovite scale was formed in the glovebox experiments.

From this comparison, one observation is that the scales evolved in these

three experiments were not quite reproducible in terms of protectiveness

and the phases formed. Such irreproducibility is not unexpected as it was

also observed in Joshi et al. work [5]. Their study, where Fe substrate was

immersed in the same environment as in this work, showed similar variation

in corrosion rates, type and amount of scale formed in the first 72 hours of

immersion.

Now focusing on the in situ synchrotron experiment, and to further investigate

the rate of siderite growth as function of immersion time, Figure 6.11 (a)

shows the relative intensity of siderite as a function of immersion time.

Each point represents relative intensity of siderite {104} peak with respect

to normalised iron {110} peak. As it can be seen from the plot, the siderite

peak intensity increase was rapid after its appearance (∼ after 1 hour of

immersion) up to the 7th hour before it plateaus at ∼ 0.12 relative intensity.

Corrosion rates are plotted in the same figure showing how siderite growth

influenced the decrease in corrosion rates. The corrosion rate drop observed

has in fact followed the same trend as rate of siderite growth. Figure 6.11

(b) illustrates the similarity between the trends by plotting the normalised

corrosion rate data and the inverse normalised relative siderite intensity data.

This figure shows clearly that the corrosion rate and siderite growth rate are

almost overlaid indicating that siderite formation was the reason behind the

18x drop in corrosion rate. The initial high corrosion rate provided high local

concentration of Fe2+ near the surface of Fe substrate and resulting in FeCO3

precipitation at a higher rate. As the film grows and protects the substrate from

further corrosion, the rate at which siderite formation decreases due to lower

Fe2+ available and this results in the steady region at which no substantial

change in both corrosion rates and siderite peak intensities.
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Figure 6.11: (a) Relative siderite {104} peak intensity with respect to
normalised Fe {110} (green) and corresponding corrosion rate (red) and (b)
Normalised corrosion rate and inverse normalised relative siderite {104}
peak intensity, of Fe substrate immersed in CO2 saturated water (T = 80°C,
pH = 6.8) in SR-cell performed for in situ synchrotron experiment a function
of immersion time of 12 hours.
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6.3.3 Effect of temperature excursions on scale growth and

dissolution

Figure 6.12 shows a series of diffractograms as function of temperature.

The temperature dropped from 80°C to 27°C as the system was allowed

to cool down between the 12th hour of immersion and the 15th hour of

immersion. This was followed by re-heating to 80°C until the 28th hour of

immersion. The diffractograms are normalised to the Fe {110} peak. In this

figure, siderite intensity generally decreases as the temperature drops to 27°C.

This is followed by an increase in siderite peak intensity as the temperature is

increasing again to 80°C.

Figure 6.12: Series of synchrotron GIXRD diffractograms of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) during cooling and
heating cycle from 12-28 hours of immersion. All plots are normalised to
the intensity of Fe{110} peak at 2θ = 23.5°.
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Figure 6.13 plots the change in {104} siderite peak intensity relative to the

normalised iron {110} from 10 - 28.5 hours of immersion along with the changes

in estimated corrosion rates. As demonstrated in the figure, the relative

siderite peak intensity decreased from 0.12 to 0.018 (85% decrease) when

temperature reaches 27 °C. The intensity increases again as the temperature

increase reaching a plateau after 19 hours of immersion. The intensity reaches

the same relative value to what it was before cooling. This trend can be

attributed to siderite scale dissolution and regrowth. The scale reaches a

plateau within two hours, where no substantial change in the amount of

scale formed, compared to 7 hours of immersion at the beginning of

the immersion. Interestingly, higher relative siderite peak intensities were

observed at temperatures of 57°C and 68°C compared to at 80°C. The reason

behind this increase is quite unclear and it can possibly be either due to

an increase in scale formation at these temperatures or an artefact of the

measurement. Further work is required to investigate the reason behind such

an increase at these intermediate temperatures.

Figure 6.13: Relative siderite {104} peak intensity with respect to normalised
Fe {110} (green) and corresponding corrosion rate (red) of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) in SR-cell performed
for in situ synchrotron experiment during immersion period from 10-28
hours.
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Focusing on corrosion rate changes, the estimated corrosion rates remained

almost steady during cooling/heating period. It is difficult to draw any

conclusions about scale dissolution from corrosion rate data. This is because

of the decrease in corrosion kinetics as a result of temperature decrease. As the

temperature increases back to 80 °C, a slight increase in corrosion rates from

∼0.066 mm/yr to ∼0.12 mm/yr indicate that the regrown scale is slightly less

protective.

The decrease in temperature, as the results above indicate, resulted in

85% of scale dissolution. As the temperature decreases, siderite solubility

increases favouring its dissolution. Furthermore, the pH decreases to pH

6.11 (measured experimentally) as a result of the temperature drop, which also

increases siderite solubility. To verify if the conditions at 25 °C are non-scaling,

high purity Fe was immersed in a CO2-saturated de-H2O for an immersion

period of 72 hours in a jacketed glass-cell setup in a N2 filled glovebox. Figure

6.14 shows post immersion GIXRD diffractogram and corresponding SEM

image of the surface. The figure shows only three α-Fe peaks and the SEM

image shows a scale-free surface.

Figure 6.14: SEM image and GIXRD diffractogram (αi = 3°, CuKα source, λ
= 1.54 Å) of Fe substrate immersed in CO2 saturated water (T = 25°C, pH =
6.11) as a function of immersion time (72 h).
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6.3.4 EIS analysis

EIS can provide a useful insight to help understand corrosion

behaviour/kinetics [155]. However, physical understanding is crucial before

extracting any numerical responses from data fitted to equivalent circuit

models [231]. Analysis of EIS data discussed in this section are split here

into two parts; the first 12 hours of immersion at 80°C, and the period after

cooling/heating cycle (17-28 hours of immersion) at 80 °C. It is challenging

to link between EIS and physical data at the period where the temperature

is changing. This is simply due to the complexity of the system where both

corrosion kinetics and scale dissolution can play a role in substrate corrosion

behaviour reflected in EIS measurements. Therefore, the discussion here is

only limited to immersion periods at constant temperature. Analysis of EIS

data from in situ experiment are only presented below. Same analysis and data

fitting procedure was done for the initial 12 hours of immersion in glovebox

experiments.

Initial 12 hours of immersion

Figure 6.15 shows the impedance spectra measured as a function of the initial

12 hours of immersion presented in Nyquist plot and corresponding Bode

plots. Nyquist plot in Figure 6.15 a), shows a single capacitive semi-circle at

1 and 4 hours of immersion. This is followed by a change from the 7th hour

of immersion and beyond to an extended loop comprises of two overlapped

semi-circles as illustrated by dashed lines in Figure 6.15 a). The diameter of

semi-circles presented in the Nyquist plot generally increases with immersion

time. However, very small difference can be observed between the Nyquist

plot at 7th and 12th hours of immersion. Similar observation can be attained

from bode plot in Figure 6.15 b) as the amplitude increases in the same manner

with immersion time. The corresponding phase angle Bode plot in Figure 6.15

c) shows a peak increase from -40° to -70° and a shift in peak position towards

higher frequencies as immersion time increases. Similar to Nyquist plot, a
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small difference is observed here between 7 and 12 hours of immersion.

The response which resulted in a change from one to two semi-circles in

the Nyquist plot and the phase shift peak increase in Bode plots suggests

an increase in amount of scale developed on the substrate [75, 126]. This is

confirmed by the increase seen in siderite peak intensity observed from in situ

GIXRD shown in Figure 6.11.

Figure 6.15: EIS data of synchrotron GIXRD diffractograms of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) as a function of
immersion time (1, 4 ,7 and 12 hours) represented in (a) Nyquist, (b) Bode
and (c) phase angle plots.

Equivalent circuit models were used to fit and quantitatively represent

measured EIS data. In order to show fitting quality, an example of original

and fitted data are presented in Figure 6.16 along with the equivalent circuit

used to fit the data. Measured EIS data in the first 6 hours of immersion

were fitted using a simple Randles electrochemical equivalent circuit model

for actively corroding metal presented in Figure 6.16 a). From this equivalent

circuit, Rsis the solution resistance (Ω cm2), Rctis the charge transfer resistance

(Ω cm2) and Qdl is constant phase element (CPE) representing double layer

capacitance (Cdl). CPE is used to account for the non-ideal behaviour of double

layer resulting in a depressed semicircle as it can be seen from the Nyquist plot

in Figure 6.16 a) [231]. Although the physical meaning is not yet clear but the

non-ideal behaviour can be possibly due to the surface roughness from the

corrosion process [232].
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In the period from 7-12 hours of immersion, the data were fitted using a

nested equivalent circuit model as shown in Figure 6.16 b). Added parameters

in this circuit to account for an additional electrochemical process due to

the presence of corrosion scale layer are; corrosion scale resistance (Rscale)

and CPE (Qscale) representing double layer capacitance of the corrosion scale.

From this equivalent circuit, features at high frequency data are associated

with charge transfer resistance Rctand double layer capacitance Cdlwhile low

frequency data are associated with scale resistance and scale capacitance

Cscale[126, 140, 151, 232].

Figure 6.16: Example of EIS data fitting represented in Nyquist and Bode
plots. Data fitted using (a) Randles circuit for actively corroding metal or (b)
nested circuit for scaled metal.
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Table 6.2 lists fitted parameters’ values during the initial 12 hours of

immersion. Is it seen that Rct increases from 536 Ω cm2 in the 1st hour before

it reaches 5866 Ω cm2 in the 7th hour of immersion and increases slightly to

6514 Ω cm2 after 12 hours. This is analogous to the corrosion rate trend (which

was obtained using Rct) as shown in Figure 6.9. The Cdl value decrease from

41 in the 1st hour to ∼ 10 µF/cm2 towards the 7-12th hour of immersion. This

decrease is the reason behind the peak shift presented in phase angle Bode

plot in Figure 6.15 c). The range of capacitance values lies in the typical range

of double layer capacitance of bare metal/iron (1-100 µF/cm2) reported in

the literature [233–235]. The increase in siderite peak intensity from in situ

GIXRD data (Figure 6.11) can support the measured electrochemical behaviour

represented in the increase in charge transfer resistance (Rct) and the decrease

in double layer capacitance (Cdl). As the amount of siderite formed on the

surface increases, the exposed metal surface area decreases resulting in the

decrease seen in double layer capacitance values. Furthermore, the layer offers

a resistive barrier (Rscale) limiting the access of corrosive medium to metal

surface, which in turn results in an increase of charge transfer resistance (Rct).

Table 6.2: EIS fitted paramaters from measured data during of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) as a function of
immersion time of initial 12 hours

Time Rs Rct n Qdl Cdl Rscale n Qscale Cscale χ2

(h) (Ω cm2) (Ω cm2) (sn/Ω cm2) (µF/cm2) (Ω cm2) (sn/Ω cm2) (µF/cm2)

1 56.7 536 0.71 2.43E-04 41 - - - - 0.003

3 53.1 1092 0.72 1.31E-04 19 - - - - 0.002

5 49.7 4189 0.79 5.59E-05 12 - - - - 0.002

7 50.1 5866 0.83 3.56E-05 9.6 2963 0.86 3.68E-04 194 0.002

9 48.9 6423 0.84 3.59E-05 10 2901 0.89 4.10E-04 247 0.002

12 49.4 6514 0.85 3.56E-05 11 2664 0.90 4.27E-04 275 0.002

From the data fitted using nested equivalent circuit model, Cscaleincreases from

194 to 275 µF/cm2. In comparison, these capacitance values are higher than

double layer capacitance. The increase in capacitance values can be associated

with the increase in surface area offered by the formed scale layer [236].
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Immersion period after temperature excursion 17-28h

Moving to the second period from 17-28th of immersion at 80°C after

introducing cooling & heating cycle. Figure 6.17 shows impedance spectra

measured as a function immersion time presented in Nyquist plot and

corresponding bode plots. EIS data represented by Nyquist plot in Figure

6.17 a) shows a clear change in electrochemical kinetics between the 12th

(before cooling) and 17th (after heating) hour of immersion. The diameter

of semi-circle at high frequency range decreased. Also, a two-time constant

represented by the second semi-circle can be clearly distinguished from 17th

hour data. After this drop, the capacitive semi-circles diameter increases again

with time to show again an extended loop comprising of two semi-circles.

However, the magnitude of loop is still smaller than what it after 12 hours

(before cooling). Similar observation can be seen from Bode plot in Figure 6.17

b). No drastic changes can be seen from phase angle Bode plot in Figure 6.17

c) apart from a slight peak shift to lower phase angles and higher frequencies.

Figure 6.17: EIS data of synchrotron GIXRD diffractograms of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) as a function of
immersion time (12, 17 ,22 and 28 hours) represented in (a) Nyquist, (b) Bode
and (c) phase angle plots.

The decrease in impedance amplitude as seen in Nyquist and Bode plots

indicate a decrease charge transfer resistance (Rct). This can be seen in the

listed fitted parameters’ values from EIS data in Table 6.3. All the data was

fitted using scale equivalent circuit shown in Figure 6.16 b). The decrease in
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resistance values (or a small increase in corrosion rates) is quite an interesting

observation although the change in siderite peak intensity from in situ GIXRD

measurements (Figure 6.13) was insignificant. This leaves us with two possible

reasons on why the corrosion rates did not reach the previous values before

the cooling-heating cycle. One, is that the cooling-heating cycle influenced

the properties of the formed scale (e.g. porosity), resulting in such a slight

increase in corrosion rates. The other explanation is that the homogeneity

of scale regrowth after temperature excursion is different across the whole

sample, knowing that 25% of the sample is scanned by GIXRD (which is

considerably large percentage of the sample) and corrosion rate measurements

are of averaging the entire exposed surface of the substrate.

Table 6.3: EIS fitted paramaters from measured data during of Fe substrate
immersed in CO2 saturated water (T = 80°C, pH = 6.8) during immersion
period 12-28 hours

Time Rs Rct n Qdl Cdl Rscale n Qscale Cscale χ2

(h) (Ω cm2) (Ω cm2) (sn/Ω cm2) (µF/cm2) (Ω cm2) (sn/Ω cm2) (µF/cm2)

12 49.4 6514 0.85 3.56E-05 11 2664 0.90 4.27E-04 275 0.0020

17 48.6 2602 0.86 3.22E-05 8.7 1000 0.86 1.70E-03 885 0.0003

22 49.1 2491 0.83 4.15E-05 9.0 3210 0.63 3.77E-04 27.8 0.0003

28 51.3 2282 0.83 3.62E-05 8.0 3176 0.60 3.82E-04 21.6 0.0004

6.4 Conclusion

SR-cell has been employed in this study to investigate sweet corrosion scale

evolution/dissolution in an in situ synchrotron experiment of Fe immersed

in CO2 -saturated solution (T= 25°C - 80°C, pH=6.1 - 6.8) for a total duration

of 28 hours. At scaling conditions of 80°C and pH = 6.8, in situ GIXRD plots

showed formation of siderite as a corrosion product in the initial 12 hours of

immersion. From the in situ GIXRD plots, amount of siderite was found to be

increasing rapidly from the 1st until 7th hours of immersion. It was found that

substrate corrosion rate decreases and follows the same trend as the increase
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in amount of siderite confirming that an increase in siderite amount/coverage

is directly related to corrosion behaviour of the sample. When compared with

laboratory experiments, corrosion rates followed similar trend as in the in situ

experiment but slightly higher corrosion rates were observed. Post immersion

ex situ GIXRD characterisation of these experiments showed formation of

chukanovite and siderite.

A cooling and heating cycle was introduced to the system between 12-

28 hours of immersion to study the influence of temperature excursion

on the established scale. The scale dissolved after 2 hours from dropping

the temperature to 25°C. As the temperature increased back to 80°C,

siderite regrows back to a similar amount formed prior to introducing the

cooling/heating cycle. However, estimated corrosion rates increased slightly

in this case. Figure 6.18 presents a summary of the in situ synchrotron

experiment.

Figure 6.18: Summary Fe substrate immersed in CO2 saturated water (T =
25°C - 80°C, pH = 6.1 - 6.8) for 28 hours immersion time.
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This goal of the research in this thesis is to improve understanding of oilfield

sweet scale evolution, utilising a number of ex situ and in situ techniques. The

main points of interest from the results chapters (4-6) are summarized below.

Previous work within the research group reported a ’cylindrical’ siderite crystal

habit forming on a corroding Fe substrate after immersion in CO2-saturated

water (buffered to pH = 6.8, T = 80°C and PCO2 = 0.54 bar). Similar crystal habits

were observed elsewhere in the literature, although not explicitly described; a

rhombohedral siderite crystal habit was observed on corroding substrates in

another studies conducted under different conditions.

A theoretical model predicting siderite crystal habit showed that an increase

in ∆µFe (or Fe2+
(aq) concentration) results in a change in the habit from

rhombohedral to cylindrical and then to an elongated cylindrical habit by

a further increase in ∆µFe. Therefore, in Chapter 4, the siderite crystal habit

was explored firstly on corroding Fe substrates and non-corroding PTFE

substrates after immersion in CO2 saturated 0.01 M FeCl2 solutions (pH =

6.8, T = 80°C and PCO2 = 0.54 bar). Experimental observation of siderite crystal

habit was consistent with the theoretical model and it showed formation of a

rhombohedral crystal on PTFE substrate (Fe poor condition), while cylindrical

habit formed on Fe substrate (Fe rich condition). These observations were

further confirmed by increasing the concentration of Fe2+
(aq) from 0.01 M to

0.1 M resulting in a change from rhombohedral to cylindrical habit on PTFE

substrates. Under the same conditions, an elongation of the siderite cylindrical

habit formed on Fe substrate was observed, which is also consistent with

the theoretical modelling. Furthermore, the crystallographic orientation of

the {104} siderite crystal facets was proven, employing EBSD technique in

conjunction with confocal microscopy, and in order to confirm the assignments

of the facets based on the theoretical model.

Exploring the siderite crystal habit on Fe substrates was extended in Chapter

5 to include the impact of CO2 partial pressure. For this purpose, an

173



Chapter 7. Summary and Future Work

autoclave facility was developed and exploited with careful considerations of

experimental design and procedure, to avoid any experimental artefacts in the

observed results. The results showed that an increase in CO2 partial pressure

from 0.5 bar to 4 bar resulted in a change in the siderite crystal habit from

cylindrical to rhombohedral habit. Again, this observation is also consistent

with the theoretical model of the siderite crystal, which predicts this change

with the increase in ∆µCO2 (analogous to CO2 partial pressure). In addition

to the crystal habit change, corrosion rates estimated from electrochemical

techniques suggested that an increase in the temperature (from T = 80°C to

150 °C) and pressure (from PCO2 = 0.5 bar to 4 bar) results in a formation of a

more protective scale on Fe substrate after immersion for 24 hours. This was

supplemented with scale characterisation by SEM and GIXRD, which showed

higher coverage, thicker and more densely packed scale formed at higher

temperatures and pressures.

Chapter 6 presented an improved design of a custom-built cell implemented

to perform both in situ synchrotron radiation GIXRD and electrochemical

measurements on a Fe substrate immersed in CO2-saturated solution. This

chapter focused initially on the evolution of sweet scale at a constant

temperature CO2-saturated solution (pH = 6.8, T = 80°C). During this

immersion period of 12 hours, analysis of electrochemical data and acquired

diffractograms demonstrated that siderite was mainly responsible for the

reduction in corrosion rate. After this initial period, the influence of

temperature excursion on the formed scale was investigated by cooling the

solution to ∼25°C, then heating back to 80°C. The results showed dissolution

of formed siderite scale at lower temperature, followed by scale regrowth to a

slightly less protective siderite scale as the temperature increased to 80°C.

Linking the results from all chapters, it is clear that the scale formation is

greatly influenced by several factors. This work offered a different view point

in studying sweet corrosion scale by showing how several factors can influence

the siderite crystal habit that if controlled (e.g. habit engineering) to form less
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reactive version of the habit, can provide an alternative approach to corrosion

control by improving the degree of scale protection and minimising the risk

of breakdown. As the in situ synchrotron experiment showed that the sweet

scale was prone to dissolution as a function of temperature, a way forward to

complement this work is to: (i) compare the dissolution rates of the different

siderite crystal habits, and (ii) the dissolution rates of the different facets,

{104} and {hk0}, in the cylindrical habit. This can potentially be investigated

by implementing an in situ confocal/optical microscopy technique using a

suitable cell, similar to the one developed for in situ GIXRD work.

Regarding the factors influencing the siderite crystal habit, it is worth

exploring the scale habit evolution as a function of time. In addition, the

influence of other factors can be explored, such as: corrosion inhibitors, scale

inhibitors and organic acids, which are commonly present in oilfield pipelines.

A similar approach can be employed to investigate chukanovite crystal habits

and investigate the influence of various conditions. As it was shown that

chukanovite does not seem to offer the same degree of protection provided

by siderite, further work is required to understand whether chukanovite can

possibly impede protective siderite scale formation at early stages of scale

formation.

Finally, as shown in Chapter 5, experiments performed at higher pressures

and temperatures using an autoclave setup are usually more challenging.

Further changes in the experimental setup can potentially provide certain

improvements, especially regarding sample removal after immersion. Placing

the autoclave setup in a N2-filled glove box can minimise the risk of scale

modification upon exposure of the substrate directly to air post-immersion.

This setup can be expanded to further study a wider range of temperatures

and pressures. Also, it can be employed with further modifications to study

sour systems or mixed sour and sweet systems.

175



References

[1] L. T. Popoola, A. S. Grema, G. K. Latinwo, B. Gutti, and A. S. Balogun,
“Corrosion problems during oil and gas production and its mitigation,”
International Journal of Industrial Chemistry, vol. 4, no. 1, p. 35, 2013.

[2] M. Kermani, D. Harrop, et al., “The impact of corrosion on oil and gas
industry,” SPE Production & Facilities, vol. 11, no. 03, pp. 186–190, 1996.

[3] C. I. Ossai, B. Boswell, and I. J. Davies, “Pipeline failures in corrosive
environments–A conceptual analysis of trends and effects,” Engineering
Failure Analysis, vol. 53, pp. 36–58, 2015.

[4] M. Kermani and A. Morshed, “Carbon dioxide corrosion in oil and gas
production—a compendium,” Corrosion, vol. 59, no. 8, pp. 659–683, 2003.

[5] G. R. Joshi, K. Cooper, X. Zhong, A. B. Cook, E. A. Ahmad, N. M.
Harrison, D. L. Engelberg, and R. Lindsay, “Temporal evolution of sweet
oilfield corrosion scale: Phases, morphologies, habits, and protection,”
Corrosion Science, vol. 142, pp. 110–118, 2018.
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[71] D. M. Dražić, “Iron and its Electrochemistry in an Active State,” in
Modern Aspects of Electrochemistry, pp. 69–192, Springer, 1989.

[72] X. Ming, X.-L. Wang, F. Du, J.-W. Yin, C.-Z. Wang, and G. Chen, “First-
principles study of pressure-induced magnetic transition in siderite
FeCO3,” Journal of Alloys and Compounds, vol. 510, no. 1, pp. L1–L4, 2012.

[73] C. M. S. Figueiredo, A. G. B. Junior, E. M. Flaten, R. Beck, and
M. Seiersten, “Crystal growth of FeCO3 in mixed monoethylene glycol
and water solvent,” Crystal Research and Technology, vol. 50, no. 5,
pp. 354–361, 2015.

[74] D. C. Palmer, “Crystal Maker Software Ltd..” Available online: http:
//crystalmaker.com/crystalmaker/index.html (Last accessed 15-Dec-
2019.

[75] M. Gao, X. Pang, and K. Gao, “The growth mechanism of CO2 corrosion
product films,” Corrosion Science, vol. 53, no. 2, pp. 557–568, 2011.

[76] J. Mullin, “5 - nucleation,” in Crystallization (Fourth Edition) (J. Mullin,
ed.), pp. 181 – 215, Oxford: Butterworth-Heinemann, fourth edition ed.,
2001.

181

http://crystalmaker.com/crystalmaker/index.html
http://crystalmaker.com/crystalmaker/index.html


References

[77] W. Sun, S. Nešić, and R. C. Woollam, “The effect of temperature and ionic
strength on iron carbonate (FeCO3) solubility limit,” Corrosion Science,
vol. 51, no. 6, pp. 1273–1276, 2009.

[78] C. A. Silva, X. Liu, and F. J. Millero, “Solubility of siderite (FeCO 3) in
NaCl solutions,” Journal of solution chemistry, vol. 31, no. 2, pp. 97–108,
2002.

[79] M. L. Johnson, Ferrous carbonate precipitation kinetics: A temperature
ramped approach. PhD thesis, 1991.

[80] M. Johnson and M. Tomson, “Ferrous carbonate precipitation kinetics
and its impact CO 2 corrosion,” M. L. Johnson, M. B. Tomson, Corrosion
91/268, NACE, Houston, TX. Per Copy 5, 1991.

[81] R. D. Braun, “Solubility of iron (II) carbonate at temperatures between
30 and 80,” Talanta, vol. 38, no. 2, pp. 205–211, 1991.

[82] S. Guo, L. Xu, L. Zhang, W. Chang, and M. Lu, “Corrosion of alloy
steels containing 2% chromium in CO2 environments,” Corrosion Science,
vol. 63, pp. 246–258, 2012.

[83] R. Davey and J. Garside, From molecules to crystallizers. Oxford University
Press, 2000.

[84] T. Tanupabrungsun, D. Young, B. Brown, S. Nešic, et al., “Construction
and verification of pourbaix diagrams for CO2 corrosion of mild steel
valid up to 250 C,” in Corrosion, NACE International, 2012.

[85] S. Savoye, L. Legrand, G. Sagon, S. Lecomte, A. Chausse, R. Messina,
and P. Toulhoat, “Experimental investigations on iron corrosion
products formed in bicarbonate/carbonate-containing solutions at 90
C,” Corrosion Science, vol. 43, no. 11, pp. 2049–2064, 2001.

[86] F. Pessu, R. Barker, and A. Neville, “The influence of pH on localized
corrosion behavior of X65 carbon steel in CO2-saturated brines,”
Corrosion, vol. 71, no. 12, pp. 1452–1466, 2015.

[87] I. V. Pekov, N. Perchiazzi, S. Merlino, V. N. Kalachev, M. Merlini, and
A. E. Zadov, “Chukanovite, Fe2 (CO3)(OH) 2, a new mineral from
the weathered iron meteorite Dronino,” European Journal of Mineralogy,
vol. 19, no. 6, pp. 891–898, 2007.

[88] I. Pignatelli, E. Mugnaioli, R. Mosser-Ruck, O. Barres, U. Kolb, and
N. Michau, “A multi-technique, micrometer-to atomic-scale description
of a synthetic analogue of chukanovite, Fe2 (CO3)(OH) 2,” European
Journal of Mineralogy, vol. 26, no. 2, pp. 221–229, 2014.

182



References

[89] M. Saheb, D. Neff, P. Dillmann, H. Matthiesen, E. Foy, and L. Bellot-
Gurlet, “Multisecular corrosion behaviour of low carbon steel in anoxic
soils: characterisation of corrosion system on archaeological artefacts,”
Materials and corrosion, vol. 60, no. 2, pp. 99–105, 2009.

[90] M. Saheb, M. Descostes, D. Neff, H. Matthiesen, A. Michelin,
and P. Dillmann, “Iron corrosion in an anoxic soil: Comparison
between thermodynamic modelling and ferrous archaeological artefacts
characterised along with the local in situ geochemical conditions,”
Applied geochemistry, vol. 25, no. 12, pp. 1937–1948, 2010.

[91] M. Saheb, D. Neff, P. Dillmann, H. Matthiesen, and E. Foy, “Long-
term corrosion behaviour of low-carbon steel in anoxic environment:
characterisation of archaeological artefacts,” Journal of Nuclear Materials,
vol. 379, no. 1-3, pp. 118–123, 2008.

[92] M. L. Schlegel, C. Bataillon, K. Benhamida, C. Blanc, D. Menut,
and J.-L. Lacour, “Metal corrosion and argillite transformation at the
water-saturated, high-temperature iron–clay interface: a microscopic-
scale study,” Applied Geochemistry, vol. 23, no. 9, pp. 2619–2633, 2008.

[93] M. L. Schlegel, C. Bataillon, C. Blanc, D. Pret, and E. Foy, “Anodic
activation of iron corrosion in clay media under water-saturated
conditions at 90 C: Characterization of the corrosion interface,”
Environmental Science & Technology, vol. 44, no. 4, pp. 1503–1508, 2010.

[94] T. Tanupabrungsun, Thermodynamics and kinetics of carbon dioxide
corrosion of mild steel at elevated temperatures. PhD thesis, Ohio University,
2012.

[95] I. Azoulay, C. Rémazeilles, and P. Refait, “Determination of standard
Gibbs free energy of formation of chukanovite and Pourbaix diagrams of
iron in carbonated media,” Corrosion science, vol. 58, pp. 229–236, 2012.

[96] B. Ingham, M. Ko, G. Kear, P. Kappen, N. Laycock, J. Kimpton, and
D. Williams, “In situ synchrotron X-ray diffraction study of surface scale
formation during CO2 corrosion of carbon steel at temperatures up to
90° C,” Corrosion Science, vol. 52, no. 9, pp. 3052–3061, 2010.

[97] B. Ingham, M. Ko, N. Laycock, J. Burnell, P. Kappen, J. Kimpton,
and D. Williams, “In situ synchrotron X-ray diffraction study of
scale formation during CO2 corrosion of carbon steel in sodium and
magnesium chloride solutions,” Corrosion Science, vol. 56, pp. 96–104,
2012.

[98] G. Lin, M. Zheng, Z. Bai, and X. Zhao, “Effect of temperature
and pressure on the morphology of carbon dioxide corrosion scales,”
Corrosion, vol. 62, no. 6, pp. 501–507, 2006.

183



References

[99] W. Sun and S. Nesic, “Basics revisited: kinetics of iron carbonate scale
precipitation in CO2 corrosion,” Corrosion, 2006.

[100] J. Heuer and J. F. Stubbins, “Microstructure analysis of coupons exposed
to carbon dioxide corrosion in multiphase flow,” Corrosion, vol. 54, no. 7,
pp. 566–575, 1998.

[101] S. Papavinasam, A. Doiron, J. Li, D.-Y. Park, P. Liu, et al., “Sour and
sweet corrosion of carbon steel: general or pitting or localized or all of
the above?,” in Corrosion, NACE International, 2010.

[102] W. Sun, Kinetics of iron carbonate and iron sulfide scale formation in CO 2/H
2 S corrosion. PhD thesis, Ohio University, 2006.

[103] Y.-S. Choi, F. Farelas, S. Nešić, A. A. O. Magalhães, and
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