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Abstract

This paper reviews the information in the literature relating to FeCO3 formation in the
context of oil and gas production. Numerous factors which influence the kinetics, physical
properties and protective nature of FeCOs are considered in addition to a review of semi-

empirical models developed to predict precipitation/corrosion layer accumulation rate.

The limitations of current models are discussed and the challenges of conducting
deposition studies onto steel surfaces in a controlled environment using laboratory based
techniques are also reviewed. Finally, more recently employed experimental techniques
are considered in their potential to provide a further understanding of FeCO3 and mixed

carbonate kinetics.
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1. Introduction

Companies within the oil and gas industry have a responsibility to ensure that
hydrocarbons are produced in a safe and reliable manner. However, internal pipeline
corrosion as a result of dissolved carbon dioxide (COz) in process fluids represents one

of the main obstacles towards successful production.

The formation of iron carbonate (FeCO3) internally within carbon steel pipework plays a
crucial role in defining the rate of corrosion of the underlying steel. The layer formed is
capable of reducing the corrosion kinetics by well over an order of magnitude by acting
as a diffusion barrier to electrochemically active species and/or blocking active sites on

the steel surface.[1]

Owing to its properties, the FeCOs film has the ability to assist in internal pipeline
corrosion mitigation. However, some authors believe that the formation and subsequent
local breakdown of the film by mechanical or chemical effects, or the non-uniform
coverage of the layer is a pre-cursor to localised corrosion[2-6l. Consequently, it is critical
to understand the fundamental processes governing the formation of FeCOs so that the
operating and environmental conditions can be related to not only the formation rate, but

also its physical properties and degree of protection.

Although there have been a number of review papers published within the area of CO2
corrosion over the last two decadesl[é-15] these have either focused on the inherent
complexities of modelling the electrochemical processes, the corrosion mechanism itself,
or the numerous factors influencing the corrosion response of carbon steel in the absence
of protective films. When referred to within review papers, the discussion of film
formation typically comprises a very brief supplementary component which covers the
topic superficially. However, the continued importance of the role of FeCO3 film formation
is evidenced by the initiation of a number of recent joint industry-academic meetings and

current research collaborations(16 17],

Despite the existence of a significant body of literature discussing the electrochemical
processes and reaction pathways relating to the CO2 corrosion mechanism and the
development of corrosion prediction models (as summarised recently by Kahyarian et
al.[11.121), considerably less attention is afforded towards the development of models to

predict FeCOs nucleation and growth. This is reflected in the observed complexity of the
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CO2 corrosion mechanistic models versus the proposed, much less evolved, semi-
empirical precipitation expressions. As will be discussed later, while the developed CO2
corrosion models in the absence of protective films are fairly robust and agree reasonably
well with one another, this level of accuracy is not shared by the precipitation models,
resulting in corrosion prediction models accounting for FeCO3 precipitation diverging
significantly from one another(!8l. Models which predict corrosion from first principles
have so far struggled to correctly incorporate the effect of film formation of protective
corrosion products because the necessary rate parameters for the nucleation and growth
behaviour are not reliably known, nor are the fundamentals associated with such

processesl[8l,

The breakdown in model predictive capabilities in protective film forming conditions
presents a research gap which, if filled, will facilitate more accurate prediction of
corrosion rates, and bring the research community one step closer towards
understanding the mechanism of localised corrosion, improving the safety and reliability
of pipeline transport. This can only be achieved through a fundamental understanding of
corrosion product nucleation and growth processes and their sensitivity to numerous
environmental, operational and steel/interfacial properties. To achieve such an
understanding, it is important to raise awareness of experimental limitations of
laboratory based studies and which experimental approaches, methodologies and in situ
measurements are available to accurately determine and understand the precipitation

kinetics and morphology of FeCOs in greater detail.

This review paper is focused exclusively on consolidating the information relating to
FeCOs accumulation on carbon steel pipelines in the context of oil and gas production.
The paper discusses the concept of saturation ratio (or supersaturation) and how this
relates to the nucleation, growth and morphology of FeCOs3 films. Consideration is also
afforded to the numerous factors influencing the deposition behaviour and kinetics of
FeCOs3 (both directly and indirectly), reviewing in detail the semi-empirical models
developed to predict precipitation rates and/or corrosion layer accumulation rates

(CLARs), making the distinction between the two terms.

Based on the models reviewed, a selection of key influential parameters are discussed
which are not incorporated into current prediction tools, yet have the potential to

influence kinetics dramatically. The limitations of experimental techniques for accurately
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determining FeCOs precipitation are highlighted before discussing alternative
approaches which hold promise for improving the understanding of the nucleation and
growth of this corrosion product. These methodologies are drawn from both the
corrosion and mineral scaling literature and help to address some of the limitations

identified with more conventional experimental techniques.

2. Background - CO: corrosion mechanism

Before discussing the process of FeCOs formation, it is perhaps prudent to review the
current understanding of the CO2 corrosion mechanisms associated with carbon steel.
This section is intended to provide a brief overview of the equilibria and electrochemical
reactions associated with COz corrosion, not to provide a holistic review of the corrosion
process, as this has been covered extensively in other publications. For further detail
relating to the electrochemical reactions, transport processes and mechanistic modelling,

the reader is directed to the review Chapter and article on CO2 corrosion by Kahyarian et

al.[11,12]

Dugstad[®>] discussed that CO:z corrosion and the role of COz gas dissolved within a
solution is not related to one particular mechanism. CO2 corrosion is in fact, a complex
process which requires a number of electrochemical, chemical and mass transport
reactions to occur in conjunction with one another at the steel surface. Chemical
equilibria, anodic and cathodic reactions can be used to describe the CO2 corrosion

process and these are outlined in the following sections.

2.1 Water chemistry and chemical equilibria reactions

After dissolution in water, CO2 becomes hydrated to produce carbonic acid (H2C03).[19]
H2CO0s is diprotic, allowing it to partially dissociate in two steps, resulting in the formation
of bicarbonate (HCOs3-), carbonate (CO3%) and hydrogen (H*) ions[1? 20l These chemical
equilibria reactions have been extensively studied[?1-24] and are summarised in Table 1,
along with their corresponding equilibrium constant expressions. Carbonic acid
dissociation (Reaction 1c) is known to be a particularly rapid reaction compared to CO2

dissolution and hydration (Reactions 1a and 1b)[251,
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The reactions in Table 1 represent a system involving solely CO: and pure water.
However, the water chemistry encountered in oil and gas production is invariably more

complex than this, containing various dissolved salts and other weak acids.

Table 1: Chemical equilibria reactions for CO:z dissolution in pure water

Chemical Equilibria Reaction Equilibrium constant expression
COx(g) < COx(aq) _ [€Osaq)] (1a)
COy» =T _ A 1
P [pCOyg)
COZ(aq) + HZO(I) A H2C03(aq) _ [H2C03] (lb]
hyd —
7 [C0yag)]
HyCO03(qq) © H(J;q) + HCO3(0q) _ [H*][HCO3] (1c)
° [H,CO0s]
HCO34q) < Hb gy + CO3000 P [H*][CO5™] (1d)
bt [HCO; ]
H,0p < H(J;lq) + OH(qq K, = [H*][OH] (1e)

2.2 Electrochemical reactions

CO:2 corrosion in an electrochemical process and can be divided into both cathodic and
anodic reactions. The following text summarises the current understanding in relation to
such reactions. It is important to stress that although much is known in relation to these
reactions, a number of challenges still remain and there are still gaps in the knowledge

related to the significance and pathways of certain reactions, as will be discussed.

2.2.1 Cathodic reactions

The main cathodic reaction at the steel interface (under oil and gas transportation
conditions) is hydrogen evolution (i.e. the reduction of H* ions). In COz2-containing
environments, the production of hydrogen at the steel surface is facilitated through a
collection of cathodic reactions. For a COz system with pure water, the reactions involved
are shown in Table 2 and consists of the reduction of H*, H2C03, HCO3- and H20. Although
these reactions are all thermodynamically identical, they have very different reaction

kinetics.
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Table 2: Cathodic electrochemical reactions associated with COz corrosion for CO2

dissolved in pure water

Cathodic electrochemical reactions
2Hq) + 267 = Hyy (2a)
2H;C034q) + 2e7 = Hygy + 2HC O34 (2b)
2HCO3(4q) T 2€7 = Hy(gy + 20054 (2¢)
2H,0q) + 2e” = Hygy + 20H 4y (2d)

Reaction (2a) is hydrogen ion reduction, which has been studied extensivelyl26-29], The
general consensus is that the reaction can be described using three steps, which involve
electrochemical adsorption of H* (Reaction 3a), followed by either electrochemical

desorption (Reaction 3b) or chemical desorption (Reaction 3c).

Hiq + e~ = Hagg (3a)
Hads + H(th) +e — HZ(g) (3b)
Hads + Hads - Hz(g) (3C)

Reaction (2b) is the direct reduction of H2COs. However, it should be noted that more
recent research has suggested that this reaction actually occurs via a ‘buffering effect’
whereby H2CO3 dissociates at the steel-electrolyte interface and the resulting H* ions are
then reduced via Reaction 2a.30-32] These observations will be discussed further at the

end of this section.

Reduction of HCO3- (Reaction 2c) is also another possible reaction pathway. However,
experience suggests that such a reaction is slower than the ‘buffering effect’ provided by
H2COsin the pH range 4 to 6. Consequently, in the context of oil and gas production, it can
be ignored. However, at near-neutral and alkaline pH, this reaction may become
appreciable and warrant consideration because of the high bicarbonate concentration[331,
Again, no studies have confirmed the significance of direct HCO3- reduction and whether
it is capable of undergoing a similar reaction sequence to that of H2COs (i.e. dissociation,

followed by H* reduction).
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A final reaction which can be considered is the direct reduction of water (Reaction 2d).
Although the reduction of water is thermodynamically equivalent to hydrogen evolution,
the alternative reaction pathway exhibits much slower kinetics, resulting in minimal

contribution towards the total cathodic reaction under typical oil and gas environments.

[t is important to stress that the aforementioned cathodic reactions are the commonly
and currently accepted electrochemical reactions relating to CO2 corrosion of carbon
steel. The exact cathodic reaction in the presence of H2CO3 arguably still remains open to
debate, and is predominantly related to the role of undissociated H2COs, as previously
discussed. The electrochemical activity of H2CO3 was perhaps first discussed by Linter
and Burstein[1%l who suggested that it was not directly reduced at the surface of 13 Cr
stainless steel and low alloy steel, although these observations were restricted to
solutions at pH 4. In 2008, Remita et al.32], evaluated the electrochemical activity of H2CO3
using a rotating disk electrode with N2 and CO2-saturated solutions at pH 4. Through the
application of a mathematical model it was possible to predict the behaviour of the
cathodic reaction in CO2 environments negating any direct effect from H2COs. Their
observations at pH 4 and 25°C with 1 bar COz partial pressure suggested that H2COs3 is
not electroactive at these conditions. However, in a recent study, Kahyarian et al.[34]
argued that both studies suffered from the shortcomings that only a narrow range of
operating conditions were considered. In order to address such limitations, Tran et al.[30]
focused on clarifying the role of H2COs3 by studying the cathodic polarisation behaviour of
stainless steels at elevated pressures, enabling its role to be evaluated with more
confidence. By comparing the steady-state cathodic polarisation behaviour at pH 4 and
pH 5 at COz partial pressures of both 1 and 10 bar, the authors noted no noteworthy
difference in the charge-transfer region of the cathodic currents, hence concluding that
the ‘buffering effect’ mechanism takes place even at elevated pressure.341 However, the
sensitivity of the hydrogen evolution reaction is known to be connected to the state of the
material surface, meaning that the presence of the oxide film on the electro-activity of the
metal surface could be significant.l2] Therefore such results need to be considered with
caution. It is important to note the reason for Tran et al.[30] evaluating the cathodic
polarisation behaviour of stainless steel as opposed to carbon steel was attributed to the
fact that the charge-transfer cathodic currents on X65 steel could not be clearly

distinguished due to interference from the anodic reaction. The use of UNS30400

[9]



stainless steel by Tran et al.[30] enabled suppression of the anodic reaction which allowed

the charge-transfer reactions on the cathodic polarisation plot to be clearly observed.

Kahyarian et al.34 recently extended the work of Tran et al.[30] using a different approach
whereby experiments were conducted at high flow rates (13 m/s), higher CO2 partial
pressure (5 bar) and low temperature (10°C) in order to disproportionately decrease the
rate of the anodic reaction relative to the cathodic reactions. In addition to evaluating X65
steel, both pure iron and stainless steel were considered. The results enabled the charge-
transfer behaviour to be observed on X65 and iron, which could be compared with
stainless steel. The polarisation behaviour across all three materials indicated no
significant difference in electro-activity with regards to hydrogen reduction.
Furthermore, the cathodic response from all materials showed no significant effect of the

direct reduction of H2COs3.

Despite the work of Tran et al.[30] and Kahyarian et al.[34], the question still remains as to
the behaviour of H2COs3 at higher partial pressures beyond 10 bar and whether the direct
reduction reaction becomes influential. Recently, de Sousa et al.[3%] evaluated the
hydrogen evolution reaction on platinum in CO2 environments using both polarisation
curves and electro-hydrodynamic impedance, demonstrating the use of transient
techniques in a dynamic (low inertia rotating disk) autoclave system at pressures up to
40 bar. The application of such equipment combined with the aforementioned
polarisation and impedance techniques to study the cathodic reaction on carbon steel in
such environments could prove valuable to the research community in terms of
understanding the chemical-electrochemical processes, aiding the development of

models for carbon steel corrosion under high CO2 partial pressures.

The discussed reaction sequence of specie dissociation at the steel surface followed by H*
reduction is not exclusive to H2CO3, as similar arguments have been put forward for acetic
acid (HAc) which is commonly found in CO2-containing brineslt® 36 371 (Note that
discussion on hydrogen sulphide and its reaction pathway are outside of the scope of this

review, but similar discussions also exist in literature for this weak acid[11]).
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Considering HAc, the direct reduction can be expressed using Reaction (4a). However,
HAc can also undergo dissociation (Reaction (4b)}, producing H* ions which can support

the previously discussed hydrogen evolution reaction (Reaction (2a)).

2HAc(qq) +2e™ = Hygy + 24c™ (4a)

HACag) © Hiagy + AC(ag) (4b)

These two pathways can again be distinguished by studying the behaviour of the charge-
transfer controlled cathodic currents as in the work of Tran et al.[3% for identification of
the role of H2CO3 (as discussed previously). Such analysis has recently been performed
by Kahyarian et al.36.37] for HAc, where it was clearly indicated that the direct reduction
of undissociated HAc is not significant i.e. it contributes to the cathodic current via a
buffering effect. This was attributed to the fact that increasing HAc concentration for a
constant bulk solution pH resulted in no increase in the charge-transfer reaction.
Interestingly, it was found that depending upon whether the corrosion system is charge-
transfer controlled or mass-transfer controlled determines the mechanisms by which
HAc influences the corrosion rate. When corrosion currents were under mass-transfer
control, HAc increased corrosion rates through buffering the H* concentration at the
metal surface. If charge-transfer processes controlled the corrosion current, then HAc
was shown to have an inhibiting effect on both the anodic and cathodic reactions, which

was achieved through chemical adsorption onto the steel surface.

Despite the continuing advances in the understanding of the cathodic reactions in CO2
environments over the years, various aspects still require further clarification. This
particularly relates to the electrochemical mechanism of the hydrogen evolution
reactions, and the significance of the H2C03, HCO3- and longer chain organic acid direct
reduction pathways. In addition, a complete study would also require analysis at higher

partial pressures of CO2.

2.2.2 Anodicreactions
In terms of anodic processes, the electrochemical dissolution of iron in acidic media:

Fey = Felly + 2e” (5)
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has been considered by many researchers(38-46]. Within literature, two main mechanisms
are proposed for the dissolution of iron; the ‘catalytic mechanism’ (proposed by Heusler
et al.l#¢]} and the ‘consecutive mechanism’ (proposed by Bockris et al.[38.391), both of which
are observed when iron undergoes active dissolution. Both mechanisms were inferred
based on steady-state anodic polarisation responses (for which there is now a consensus
from literature that elucidating such processes using steady-state techniques is
extremely difficult and should be complemented with transient techniques such as

impedance measurements)[47l,

The anodic polarisation behaviour of carbon steel in CO2-saturated environments is
frequently reported to be around 40 mV/decade, possessing a first order dependence
with OH- concentration. Such behaviour is in agreement with the ‘consecutive
mechanism’ proposed by BocKkris et al.[38.391 which follows the steps outlined in Reactions
6a to 6¢. In this mechanism, iron reacts with water to form (FeOH)ads, which is then

directly oxidised through a one-electron transfer step.

Fe(sy + Hy0(y <> (FeOH)qqs + Hiyy + €~ (6a)
(FeOH)qqs — FeOH,,y + e~ (6b)
FeOH(ag) + Hiagy < Feaq + H200) (6c)

The mechanisms proposed by Bockris et al.[38 391 have commonly been used to describe
the anodic reaction in CO2 environments. However, in 1996 Nesic et al.[*8] performed
studies which suggested that there does appear to be an effect from CO2 on the anodic
reaction. Based on collected anodic Tafel slopes and galvanostatic measurements, new
sets of anodic reactions were proposed. The process comprised of a multi-step
mechanism, of which the first step involved the adsorption of CO2 onto the carbon steel
surface, forming (FeCO2)ads. The steps of the reaction mechanism to describe the effect of

CO2 on iron dissolution are shown in Reactions 7a to 7f.

Fe(s) + COZ(aq) « (FeCOz)ads (761)
(FeC0y)qas + Hy0(y « (FeC0;)OHyqs + Hipgy + €7 (7b)
(FeC0,)0H 45 & (FeCO,)0H ;o + e~ (7c)

(FeCO.)OH s + Hy0y © (FeCO03)(OH)z as + Hisgy (7d)
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(FeC03)(OH); qas © (FeCO3)(OH)3 501 (7e)
(FeCO,)(OH)z 01 + 2H(, gy > Felyy + COqaq) + 2H,0( (7f)

Although the proposed mechanism was not supported with sufficient experimental
evidence, the steps were shown to resemble those proposed by Drazic et al.[*>l. in which

CO2 adsorption onto the iron surface resulted in the formation of (FeCO2)ads.

The role of CO2 and its ability to act directly on the steel surface has only been recently
re-analysed by Almedia et al.[*°l who utilised a two electrode cell within an autoclave
system. Through the application of large parallel plate electrodes, impedance
measurements could be collected within a high resistivity system of distilled water with
dissolved CO2. Comparisons of impedance plots at open circuit potential in COz-saturated
distilled water and COz-saturated 3.2M NaCl solution at both 1 bar and 30 bar pressure
suggested that CO2z does not act over the free iron surface since the inductive loop
associated with the relaxation of water-iron species appeared in all CO2-saturated
solutions evaluated (at pH 4), even when partial pressure was significantly increased.

These observations are in contrast to the work of Nesic et al.[48],

Shortly after this publication, Kahyarian et al.[50] suggested that observations by Almedia
et al.[*°] should not be generalised across all conditions encountered in COz corrosion.
They performed their own study to investigate the kinetics of the anodic dissolution
reaction using steady-state polarisation curves at pH 4 and 5, and CO: partial pressures
ranging from 0 to 5 bar. By performing tests at 10°C in a 0.1M NaCl solution with and
without CO2 saturation, Kahyarian et al.[50] found that the presence of CO2 decreased the
Tafel slope value from ~28 mV/decade to ~22 mV /decade in the active dissolution range.
They believed that this difference suggested that CO2 and/or its carbonate species were
directly involved in the anodic dissolution reaction, affecting the kinetics at CO2 partial

pressures as low as 1 bar.

In response to the work of Kahyarian et al.[5%, Almedia et al.[*7] questioned the validity of
such observations given that the effect from CO2 was not detected in their previous
paper(#9], published in the same journal. They suggested that the use of steady-state Tafel
analysis alone is inadequate to fully decipher the anodic dissolution reaction. In their
paper, they provide a compelling argument for the use of transient techniques (such as

impedance measurements) in addition to Tafel analysis, as the former has the ability to
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infer anion participation over a large time domain, and is not limited to steady state

conditions.

3. FeCOs reactions and saturation ratio/supersaturation

In CO2-containing systems, when the product of the activities of FeZ* and CO32 ions
exceed the solubility product, Ksp, it becomes thermodynamically possible for FeCOs to
precipitate from the solution onto the steel surface and stifle the corrosion kinetics via

the formation of a porous crystalline layer.

FeCOs3 is believed to occur via a one-stage reaction process with carbonates(ll 15]
(Reaction (8)). However, a two-stage reaction involving bicarbonates (Reaction (9a) to

(9b)) has also been proposed(51l:

Feliy + CO30uqy = FeCOy (8)
Fe(zgq) + 2HCO3(44) = Fe(HC03),s (9a)
F€(HCO3)2(S) i FEC'03(S) + COZ(g) + HZO(I) (9b)

The formation of FeCOs3 via the involvement of bicarbonate ions was also supported by
Davies and Bursteinl>2] and was stated to consist of ‘multiple step reactions’. They
postulated that FeCO3 may form from the reaction of bicarbonates with the metal or from
Fe(OH)2 reacting with bicarbonate ions, although these reactions were not wholly

validated.

In a recent study, Sk et al.l8] correlated in situ synchrotron X-ray diffraction with
electrochemical measurements for a rotating disc electrode. Through the use of
potentiostatic polarisation of the carbon steel electrodes in COz-saturated environments
at 80°C and various pH values and rotation speeds, they were able to show that the
current response comprised of a current due to dissolution of iron (leading to colloidal
FeCOs3) (Reactions 10a and b) and a current due to the growth of a FeCOs i.e. an electro-

crystallisation reaction (Reaction 11):

Fey — Felyy + 2e” (10a)
Felgyy + CO3ugy = FeCOsconoiay + 26~ (10b)
Fe(s) + CO??(_aq) - FeCOB(crystalline) + 2e” (1 1)

[14]



Given the general consensus from literature is that FeCO3 forms via Reaction (8)[7.12.15,53,

54], this is an interesting observation.

Nonetheless, when FeCOs does accumulate on the steel surface, the morphology and level
of protection afforded are strongly related to the rate of formation. The driving force
responsible for FeCOs precipitation is the saturation ratio or supersaturation (S)[55],
defined as:

_ App2+ acog—

S =
Kgp

(12)

where agp.2+ and Aoz~ (in mol/L) are the ferrous and carbonate ion activities,

respectively. Ksp (in mol?/L2) is the solubility product associated with FeCOs.
Consequently, any factors which influence Ksp or specie activity will affect the

characteristics and rate of film formation.

Theoretically, supersaturation levels exceeding 1 initiate the nucleation of FeCOs.
Although such nuclei formation is possible at a saturation level of just above unity, its rate
rises rapidly only when a saturation ratio of a critical value is exceeded[5l. Principally,
two steps are involved in precipitation: nucleation and particle growth.[3] Initially,
heterogeneous nucleation takes place on the carbon steel surface, starting the
precipitation process. Due to the abundant imperfections (and therefore absorption
sites) in the form of defects, dislocations in crystal/grain structures, surface roughness,
percentage of ferrite/pearlite, etc., heterogeneous nucleation can easily occur, forming
FeCO3 nucleil25l. Once stable nuclei have developed, crystal growth is then believed to

dominate the process, limiting the precipitation rate.

The assumption is that the two processes of nucleation and growth are related to
supersaturation. Nucleation rate is said to rise exponentially with saturation value, whilst
particle growth increases in a linear fashion. Consequently, particle growth is believed to
occur/dominate at lower levels of supersaturation. Conversely, high supersaturation
results in nucleation dominating, and a nano-crystalline or amorphous films can form.[56
Lasagal>7] identified four key different regions of crystal nucleation and growth for a
generic salt AB based on the concentrations of its constituent ions [A*] and [B-]. These
stages were related by Yang to the crystal growth processes involved with FeCO3[58l. The
four regions, showing the increase in the level of saturation from regions 1 to 4 are as

follows:
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Figure 1: Regions of crystal growth identified by Lasagal571 - adapted from the

work of Lasagal57]

e Region 1 - Dissolution: The system is under-saturated (S < 1). Consequently no
crystal growth occurs and there is the potential for dissolution of the crystal.

e Region 2 - Metastable/Seeded Growth: In this situation, the system is super-
saturated (i.e. the solubility limit is exceeded), however, growth will occur on seed
crystals only. The system will in fact remain super-saturated for a considerable
period of time in the absence of such seed crystals.[>%]

e Region 3 - Heterogeneous Nucleation/Growth: Heterogeneous nucleation
involves nucleation induced by foreign particles, which is subsequently followed

by crystal growth.
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e Region 4 - Homogeneous Nucleation/Growth: When saturation is increased
further beyond Region 3, spontaneous homogenous nucleation and growth are

able to occur.

Regions 3 and 4 involve both nucleation and growth, whilst only crystal growth is

possible in Region 2.

4. Factors influencing the Kinetics of FeCOs precipitation

Since FeCOs precipitation can lead to a significant decrease in the corrosion rate of carbon
steel pipelines, itis very important to understand the key controlling parameters in order
to develop effective approaches and theoretical models for corrosion management. The
following sections focus on the environmental, physical and steel/interfacial properties
which control the formation kinetics and morphology of FeCOs, as well as the four main
models which exist in the literature to calculate the rate of FeCOs3 precipitation/surface

accumulation.

4.1Solubility product of FeCOs3

The rate of precipitation has been shown to be strongly related to the level of
supersaturation, and consequently, the solubility product (Ksp)l60 61l Reliable
calculations of solubility product are critical for developing accurate relationships
between supersaturation and precipitation rate. A number of studies have focused on
determining FeCOs solubility[>3 60, 62-74] yet few of them cover a wide enough range to
encapsulate the temperatures encountered in CO2 corrosion (with the exception of the
unified expression developed by Sun and Nesicl>3] and the correlation by Benezeth et

al.[7s], which will be discussed in due course).

4.1.1 Solubility product at room temperature

The solubility product of FeCO3 can be determined experimentally by evaluating its
precipitation from supersaturated solutions, through either the re-suspension of wet or
dry crystals, or the use of a hydrogen-electrode concentration celll60, 64-69, 72-75] The
predicted values of Ksp at room temperature from 10 publicationsl60. 64-69, 72-74] were
evaluated extensively by Sun and Nesicl53l. They concluded that although theoretically,
the solubility product should not be affected by any of these methods, the application of

the wet crystal technique produced large variations in predicted Ksp across a number of
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authorsl6> 66, 73] ranging from 3.72 x10-11 mol?/L2 to 1.17 x10-11 mol?/L2 at room

temperature.

4.1.2 Relationship between solubility product and temperature

The dependence of FeCOs3 solubility on temperature has been widely studied, with several
models being developed[53. 59 60, 63, 69, 75|, Table 3 summarises the solubility models
available within literature which have been developed through experimental workI60. 61,
69, 75] or by the use of theoretical thermodynamic models[7% 71l. The models are also
plotted in Figure 2 for comparative purposes. It is perhaps worth noting here that the
result of Braunlé°! could potentially be misleading as an artificial buffer was introduced
into the system to control the pH, which may have led to errors in the results. Regardless
of the results of Braun, the predicted values vary quite dramatically between each model

as a function of temperature.

Perhaps one of the most common models for Ksp in Table 3 is that of Greenberg and
Tomson!60 611 who conducted a number of tests to determine FeCO3 solubility from 25 to
94°C. The solubility constant temperature dependence was analysed using the equation

suggested by Nordstrom et al.[62]:
Cc
log(Ksp) = @ = bTyx — =+ dlog(Ty) (13)
K

where Tk relates to temperature in units of degrees Kelvin.

Table 3: Solubility product (Ksp) prediction models for FeCOs from various

authors

Author Mathematical model
Greenberg and Tomson{¢ l0g(Kyp) = —59.2385 — 0.041377(Ty) — 2> (14)

+24.5724log (Ty)
Johnson and Tomson(76] log(Ks,) = —0.4343 (8__314('1"K) + 36.22) (15)
Marion et al.[63] log(K,y) = —14.66 + 1365.17 (16)

K

Institute for Energy log(K,) = —10.13 — 0.0182(T,) (17)

(identified by Sun and
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Nesicl>3! and developed from

the work of Helgeson et

al.l71)
Braun!6] log(Ks,) = —10.2 — 0.0314(T,) (18)
Sun and Nesic l0g(K,p) = —59.3498 — 0.041377(Ty)) — 200 (19)
+24.5724l0g(Ty)
Benezeth et al.[75] log(Ksp) — 175.568 + 0.0139(T, ) — 6738.483 (20)

Tk
— 67.898log(Ty)

Temperature (Kelvin)
290 300 310 320 330 340 350 360
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Figure 2: Plots of solubility models for FeCO3 as a function of temperature

4.1.3 Role of ionic strength

Although not strictly influencing the solubility of FeCOs, researchers have included ionic
strength into Ksp models to enable the concentrations of Fe2* and CO3?%- to be used within

Equation (12) as opposed to their corresponding activities when determining the

saturation ratio.

The ionic strength of a solution is defined as:

1 2 _ 1 2 2
I = EZ cizi = E(Clzl +coz5 + ) (21)
i
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where c; are the specie concentrations in the aqueous solution in mol/L and z; is the

specie charge.

Silva et al.lb4]l investigated the solubility of FeCOs in NaCl solutions experimentally.
Through considering solubility behaviour from ionic strengths between 0.1 and 5.5, the

following equation was proposed for Ksp at room temperature:
log(Ksp) = —10.9 + 2.518(1%%) — 0.657(I) (22)

The incorporation of this ionic strength expression into the Ksp correlation as a function
of temperature was performed by Sun and Nesicl53 771, After analysing the models
summarised in Table 3, they recommended the model developed by Greenberg and
Tomson, but noted that its underpinning assumption of zero ionic strength for the
experiments performed was unrealistic for the chemistry considered in their
experiments.l’7l They therefore proposed the following modified equation:

2.1963
Ty (23)

log(Ksp) = —59.3498 — 0.041377(T) —
+ 24.5724log (Ty)

which is valid for 1=0.

Incorporating ionic strength based on observations by Silva et al.[64] produced the final
unified equation, enabling concentrations to be used in Equation (12) as opposed to
activities to determine saturation levels:

2.1963

Ty (24)
+ 24.5724log(Ty) + 2.518(1°%) — 0.657(I)

log(Ksp) = —59.3498 — 0.041377(Ty) —

Figure 3 indicates the effect of varying ionic strength on Ksp using the Sun and Nesic
model.[54] The plots show that the solubility of FeCOs increases in conjunction with ionic
strength. However, Ksp becomes less sensitive to changes in the ionic strength as it

approaches higher values of the latter.
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Figure 3: Plots of FeCO3 solubility product (Ksp) as a function of temperature for

varying levels of ionic strength from 0 to 2.5 using the Sun and Nesic[53] model.
4.2 Effect of environmental conditions on precipitation

4.2.1 pH

Due to the relatively slow kinetics of FeCOs precipitation, it is believed that
supersaturation has to be exceeded at the steel surface by a factor of 10-100 to form a
protective layer.[11l System pH could be considered as one of the most influential factors
which controls the rate of FeCOs precipitation, as increasing pH reduces the Fe2*
concentration required to exceed FeCOs solubility significantly, promoting film
formation(78-81l. Figure 4, taken from Dugstad et al.[3! for a 1 wt.% NacCl solution, shows
how the Fe2+level needed for FeCOs saturation depends on pH. It shows that the solubility
of Fe2+ can be increased by factors of 100 and 5 by reducing pH from 6 to 5 and then from
5 to 4, respectively. This effect is very important since a higher solubility leads to smaller

rates of precipitation for the same Fe2* content in the bulk solution.[8]

Importantly, the Fe2* concentrations shown in Figure 4 are those required to saturate the
bulk solution. Due to the rise in pH at the vicinity of the steel surface (as discussed later),

even lower concentrations of Fe2* would be required to facilitate saturation locally with
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respect to FeCOs. Furthermore, the solubility curves in Figure 4 are not parallel and cross
in the range 4.5 to 5 at different partial pressures which will be discussed further in

subsequent sections.

1000

E —e— 0.5 bar
E —=— 1 bar
1 —— 5 bar
100
3 —— 10 bar
1 —o— 20 bar
e 104
o ]
2 1
thl) !
T
0.1 E
0.01 T .
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Figure 4: Amount of Fe2* required to reach FeCOs saturation in a 1 wt.% NaCl
solution as a function of pH for different CO: partial pressures - adapted from
Dugstad et al.['5] and reproduced with permission from NACE International,

Houston, TX. All rights reserved.

Pessu et al.[82] used an experimental method in which X65 steel was immersed in a 3.5
wt.% NaCl solution for 168 hours at 50°C, to explore the effect of pH on the precipitation
kinetics, morphology and protectiveness of FeCOs films. They found that pH had a
significant effect on the morphology and protectiveness of the corrosion films (see Figure
5). As pH was increased from 3.8 to 6.6 and then to 7.5, non-protective, amorphous/nano-
polycrystalline FeCOs films were replaced, respectively, by protective, cubic ones and

then by highly protective ones with rhombohedral structure.
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Figure 5: SEM images of X65 steel surfaces after exposure to a 3.5 wt.% NaCl

solution at a temperature of 50°C for 168 hours; (a) starting pH of 3.8 (b) pH 6.6
and (c) pH 7.5 - adapted from Pessu et al.[82] and reproduced with permission

from NACE International, Houston, TX. All rights reserved.

In other studies, van Hunnik et al.[83] suggested that at low temperatures, the pH has to
exceed 6 in order for protective film formation to occur. Similar conclusions were made
by Nazari et al.[84 who performed experiments over 72 hours across a range of
temperatures (55 to 85°C) and pH (5.5 to 6.5). At 55°C, no corrosion product was
observed at any pH in the aforementioned range. Increasing temperature to 65°C
promoted the formation of FeCO3 at all conditions which had a non-compact morphology,
but coverage of the layer improved with increasing pH. Raising temperature to 75°C
resulted in a compact, protective layer forming at all pH values, but the most protective
layer was observed at pH 6.5. The work highlighted a noticeable synergy between

temperature and pH, which both play a role in the kinetics of film formation.

[23]



4.2.2 Brine chemistry

Solution chemistry is extremely important and can dramatically influence the
precipitation kinetics of FeCO3 through its effect on:
e the corrosion rate (influencing the flux of Fe2* ions at the steel surface) which
changes the local pH and concentrations of the other chemical species
e the activity of Fe2* and CO32- which influences FeCO3 saturation levels

e the formation of other mineral scales and mixed carbonates such as FexCa1-xCOs.

The influence of salt or chloride concentration on corrosion rate needs to be considered
carefully. Literature indicates that the addition of NaCl results in an increase, followed by
a non-linear reduction in corrosion rate beyond a certain value for systems where CO2
partial pressure is maintained[8> 86l Under these circumstances, such observations
relating to the reduction in corrosion rate with increased brine salinity can at least partly
be attributed to the fact that NaCl decreases COz2 solubility, lowering the dissolved CO2
content. Almeida et al.[*9 highlighted this concept, stating that the dissolved CO:
concentration in distilled water was approximately twice that in a 3.2 mol/L NaCl
solution when saturated at room pressure. By performing mass loss and electrochemical
measurements in distilled water saturated with 1 bar COz partial pressure, and 3.2 mol /L
NaCl solution saturated with 0.437 bar CO2 partial pressure (both adjusted to pH 4), they
were able to show that NaCl does reduce corrosion rate when the dissolved gas

concentration and pH are equal at room temperature.

In the context of brine chemistry and its influence on film formation, laboratory
experiments tend to be conducted in dilute NaCl-containing brine, resulting in FeCOs3
being the most commonly observed corrosion productl3 87-8%], along with magnetite

(Fe304) at elevated temperaturel90. 911,

Although the protective properties of FeCO3 have been shown to be sensitive to ionic
specie activity, temperature, pH and CO2 partial pressure to name a few, the influence of
brine chemistry has received significantly less attention. However, in addition to sodium
(Na*) and chloride (Cl-), calcium (Ca2*) and magnesium (Mg?*) ions are commonly found
within process fluids. The presence of these divalent salts can result in the precipitation
of calcium carbonate (CaCO3) and magnesium carbonate (MgCOs3). These mineral scales
differ in that the source of the cation for CaCO3 and MgCOs3 is typically from the formation,

whereas the cation is produced predominantly from the corrosion process for FeCOs.
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Despite the likely presence of Ca2* and Mg?* in the formation brines, their effects on
corrosion product formation on carbon steel in CO2 environments, as well as the effects
on corrosion product morphology, structure and chemistry have received little attention.
One may attribute this to the fact that CaCO3 and MgCOs are mineral scales and FeCOs is
typically classified as a corrosion product, and as such, the two classes of minerals tend

to be dealt with separately by different research groups.

Both Ca%* and Mg?2+ are divalent cations, and given their ability to form carbonates with
similar structures to FeCOs, as well as their abundancy in process fluids, they have the
potential to alter the CO2 corrosion mechanism. The isostructurality of CaCO3 and MgCO3
results in Ca?* and Mg?+* holding the ability to substitute themselves for Fe?* in the FeCOs3
lattice or to co-precipitate with the corrosion product, either of which can theoretically
modify the morphology and protectiveness of the developed layer. Furthermore, this
question of whether co-precipitation of substitution causes the formation of mixed
corrosion products is important, as the kinetics of each process are likely to be very

different.

Shannon and co-workersl?2l were perhaps one of the first groups to establish that
solution chemistry modifies the protective properties of FeCOs. Their results suggested
that the protective properties of FeCO3 and the ability for the FeCOs3 crystals to adhere to
the steel substrate can be enhanced through the addition of Mg2+ ions to the solution.
Recently, Ingham et al.[3l utilised in situ synchrotron radiation X-ray diffraction (SR-XRD)
to monitor the precipitation of FeCOs in real-time with the introduction of magnesium
chloride (MgClz) into the brine solution. Their results demonstrated that the addition of
Mg2+ reduced the induction time of FeCOs nucleation. These tests, however, were
performed using potentiostatic or galvanostatic electrochemical methods to drive the
corrosion reaction. During the experiments, the anodic current density was driven in
excess of 10 mA/cm? (equivalent to in excess of 100 mm/year corrosion rate). Such a
technique at high anodic currents could be regarded as being unrepresentative of a metal
corroding naturally, altering the kinetics of FeCOs formation significantly. Ingham et al.[?3!]
claimed that MgCl: (added as 0.02, 0.05 or 0.1M within a 0.5M NaCl solution) decreased
the critical supersaturation required for precipitation, and also promoted the formation
of chukanovite (Fe2(OH)2C0O3) in conjunction with, but following FeCOs formation.

Although traces of magnesium were identified within the corrosion product layer for
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experiments with the highest MgClz content, there was no evidence to suggest that

magnesium had incorporated into the formed corrosion product.

Ding et al.[°4l evaluated the corrosion of carbon steel in simulated stratum water at 10 bar
and 75°C in the presence of varying concentrations of Ca%*. They observed an increase in
corrosion rate with increasing Ca2* concentration from 256 to 512 mg/L, whilst also
reporting that mixed iron-calcium carbonate (FexCa1-xCO3) formed on the steel surface,
and that the Fe2* in the corrosion product was gradually replaced by more Ca2* as the
calcium content in the brine increased. The corrosion product was analysed using X-ray
diffraction (XRD) and characterised as a mixed carbonate through the observation of
shifts in the FeCOs3 peak positions with increasing Ca?* presence in the layer. (Such a shift
is a result of the change in the unit cell of the corrosion product.) Ding et al.[% also
performed experiments with brine containing both 512 mg/L Ca2* and 78 mg/L Mg?*, but
stated that there was no indication of the presence of magnesium in the corrosion

product.

In another study, Gao et al.[?] performed autoclave experiments in static and dynamic
conditions to evaluate the corrosivity of a CO2-saturated brine towards carbon steel. The
brine in question contained 64 mg/L Ca2*and 78 mg/L Mg2+ and CO: partial pressure was
varied at 1, 3 and 10 bar. Gao et al.[%] observed the precipitation of individual phases of
FeCOs, CaCO3 and MgCOs at 1 bar CO2 under static conditions while higher pressures
resulted in the formation of mixed carbonates. Under dynamic conditions and higher CO2
partial pressures, there was no evidence of magnesium presence within the corrosion
product layer, however, in static conditions at 3 bar COz, the corrosion product was
reported to be ‘(Fe,Mg,Ca)CO3’. In a similar fashion, Zhao et al.[%] conducted experiments
for 72 hours on P110 carbon steel in a brine solution containing 6000 ppm Ca?* and 1000
ppm Mg+ at 25 bar pressure and 90°C. In these experiments, the corrosion product was

described as ‘Fe(Ca,Mg)(CO3)2".

Adopting a different approach, Tavares et al.[?7] performed 28 day experiments to look at
the effects of solid CaCOs3 addition to brine solutions on the corrosion rate of carbon steel
at 80°C and 150 bar in a COz-saturated 6.4 mol/L NaCl solution. CaCO3 powder was dosed
at a concentration 10 times the mineral saturation limit within the test solution. The
corrosion product produced on the steel surface was shown to exist as FexCa1-xCO3

compared to FeCOs in the absence of CaCOs. The Ca-containing film was described as
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being more porous and it was suggested that the layer increased susceptibility of the

substrate to Cl- penetration, and as a result, pitting.

In a more recent study, Esmaeely et al.[?8] systematically evaluated the influence of Ca2+
on FeCOs formation onto a corroding surface. Their study considered the effect of Ca2*
ions on the corrosion mechanisms of AISI 1018 carbon steel in a 1 wt.% NaCl solution
saturated with COz at 80°C, pH 6.6 and concentrations of 10, 100, 1000 and 10,000 ppm
Ca?*. At low concentrations of Ca2* (10 and 100 ppm), their results showed that the
corrosion rate reduced with time in conjunction with the precipitation of FeCO3 or mixed
carbonate (FexCa1xCOs3). At elevated concentrations of Ca2+, the solution was saturated
with high levels of Ca2?* which prevented FeCOs precipitation, and favoured CaCOs3
precipitation, resulting in a porous, non-protective film forming, consisting of CaCOs3
polymorphs. Using XRD patterns, they were able to show that the isostructuality of CaCOs3
and FeCOs3 enabled the co-precipitation of Caz* and Fe2+ with CO3%, altering the chemical
and morphological properties of the corrosion product layer. Through calculation of the
mole fraction of Ca2+ in FexCa1xCO3 they determined that when the Ca2* mole fraction
approached 1, the protectiveness of the layer diminished in static conditions.
Additionally, in static conditions with high Ca2* content, localised corrosion was
observed. Given that the Cl- content in each experiment remained constant, it was
suggested that Ca2* was responsible for the initiation of localised corrosion. However, it
is possible that this effect could be attributed to acidification of the test solution due to

initially rapid precipitation of CaCOs.

Very little attention has been paid to the precipitation of mixed iron-calcium carbonates
in comparison to other carbonate species within literature, despite the fact that the
formation of FexCa1-xCO3 has been observed in several water treatment plants and oil
wells.[99-102] Tt is clear that the presence of Ca%* ions can result in the formation of a mixed
carbonate scale which appear to influence both the general and localised corrosion
behaviour of carbon steel, at least in low pressure environments. However, the
precipitation of Mg-containing corrosion scales appears not to have been fully confirmed,
although magnesium presence within corrosion products has been reported. One area
that also remains unexplored relates to identifying the factors responsible for controlling
the stoichiometry of such films. Typically, authors report the Ca2* and Mg?2*

concentrations within the brine, correlating such concentrations with the film chemistry.
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However, arguably more useful parameters to correlate against would be the respective
saturation ratios of the pure phases and their individual precipitation kinetics. Such
correlations were established by Alsaiari et al.[99 103, 104] who performed a number of
studies using a continuous stirred tank reactor (CSTR) to observe the precipitation of
FexCa1-xCOs. They derived an equation relating the solid solution stoichiometry to both
specie activity in the brine, their equilibrium activities and the precipitation kinetics of
each pure mineral. They suggested that the molar fraction of Fe (xre) within FexCa1-xCO3
can be expressed in the form of a logistical function:
1 (25)

(aCa2+ — aCa2+,eq)aCa2+
(ClFez+ — apez+‘eq)apez+

XFe =

1+k

where a .2+ is the activity of Ca?* in the system, a.,z2+,, is the activity of Ca?* at

eq
equilibrium, a2+ is the activity of Fe2* in the system, a;,2+ ., is the activity of Fe2* at
equilibrium and k is the ratio of rate constants for the precipitation of the two pure phases
of CaCO3 and FeCOs:

_ keaco, (26)

k =
kreco,

Therefore, the composition of the precipitated layer is theoretically related to both the
individual precipitation kinetics of each pure mineral, their individual solubility
characteristics (i.e. the degree to which they exceed the equilibrium activity) and the
activities of the ionic species participating in the precipitation reaction. It is important to
realise that the precipitation of one specie is capable of impairing the other, as they
compete for the COs2 ions in the precipitation reaction. It has also been suggested that
the difference in characteristic water loss rate constant of the free ions in the solution can
influence the stoichiometry, as well as the difference in interfacial free energy of the pure

endmembers and the different values of the energy barriers[1051.

4.2.3 Presence of acetic acid

The presence of acetic acid (HAc) and other organic acids increases the complexity of the
brine chemistry, and its influence on CO2 corrosion has been discussed in detail by Crolet
and Bonisl1%6], Gulbrandsen[107], Hedges and McVeighl1%8] and Dugstad[15l. Section 2.2.1

provides details relating to the role of HAc in the electrochemical reactions, whereas this
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section focuses exclusively on its influence on brine chemistry and the impact on

corrosion product formation.

HAc is a weak acid that is readily soluble in water. Contrary to the beliefs of a number of
authors, HAc is not a stronger acid than carbonic acid. This misconception is related to
the fact that dissolved COz as well as H2COs is often included in the term ‘carbonic acid’
within some papers. This is reflected in Table 4 where the inclusion of COz(q) in the
dissociation term (Equation (28)) produces a dissociation constant of 4.47x10-7 at 25°C
(the inclusion of CO2 with H2COs3 is termed as H2CO3" in the reaction here). However, the
true dissociation constant of H2COs is 2.5x10-4, which is actually higher than that of HAc
which is 1.75x10-4, indicating that H2COs3 is a stronger acid that HAc.

Table 4: Dissociation reactions and their respective values at 25°C for H2CO3 and
HAc. (H2COs3" represents the combination of H2CO3 and COz(aq) to highlight

misinterpretations made regarding the strength of H2COs3 as an acid)

Dissociation reaction Dissociation expression Value at 25°C and
1=0
«“ [H,CO5] 10~4109]
HZCO§(aq)<—>H(J;q) + HCO34q K - [HY][HCOZ] K.+ = 447 X (28)
Ca [H,CO3] + [COZ(aq)] 10-71109]
HAcgqq) © H(J;lq) + AC(qq) K = [H*][Ac™] K,=175x% (29)
a [HAC] 10—5[110]

The concentrations of HAc are typically a few mM in oilfield brines, however,
concentrations of more than 10 mM have been reported in some fields[10l. The presence
of HAc has the ability to both decrease solution pH and solubilise Fe2*, which can have
implications on the integrity of the FeCOs3 film and/or hinder its formation. The effect of
HAc was clearly illustrated in experiments by Hedges and McVeigh!108! in which an
increase in HAc concentration resulted in progressively higher initial corrosion rates and

an extended delay prior to FeCOs film formation occurring.
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HAc is capable of decreasing solution pH (which has the knock-on effect of increasing the
solubility of FeCOs). However, only one study is available within literature which
evaluates the effect of HAc in a buffered system i.e. determines whether HAc plays any
role on FeCOs formation other than that associated with the change in pH. This study was
performed by Nafday and Nesic['11] who monitored the growth of FeCOs in a 3 wt.% NaCl
solution at 80°C and pH 6.6. Free HAc concentrations of 0, 18, 72 and 180 ppm (0 to 10000
ppm HAc total) were evaluated with the addition of 10 and 50 ppm Fe?2* at the start of
each experiment to encourage the growth of FeCOs. In all instances, the same FeCOs film
was developed (with the same thickness and level of protection) irrespective of the HAc

concentration.

However, these observations by Nafday and Nesicl111l should not be generalised across
all conditions. This is particularly true in light of the analysis performed by Dugstad[1% on
the role of HAc in determining the Fe2* concentration required to reach FeCO3 saturation
over a range of experimental conditions. Dugstad(10] demonstrated that when FeCOs3
precipitation is considered, the system becomes particularly complex in the presence of
HAc. As also highlighted by Gulbrandsen[107], Fe2* is able to form complexes with acetate
(Reactions 30 and 31) resulting in a greater Fe2* content being required in the brine

solution to achieve FeCOs3 saturation for a given pH.

Fe?t + Ac™ & FeAc* (30)
Fe?* + 2Ac™ o FeAc, (31)

Figure 6 is adapted from the work of Dugstad and presents results from equilibrium
models used to estimate the shift in pH and Fe2* concentration required to reach FeCOs3
saturation for HAc concentrations of 0, 0.1, 1 and 10 mM. Figure 6 indicates that the
increase in Fe2+ concentration required to reach FeCOs saturation is greatest at low
values of pH. Dugstad reported that the increase was approximately 0.2, 3 and 8 times
when the undissociated HAc concentration was 0.1, 1 and 10 mM, respectively. Towards
higher values of pH (such as those evaluated by Nafday and Nesicl111]) the effect of HAc
on FeCOs solubility appears minimal. This may explain the reasons behind Nafday and
Nesic observing no particular effect of HAc on FeCOs precipitation in a buffered system

at pH 6.6. Further analysis should be conducted under conditions where HAc appears to
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have a more substantial effect on the Fe2* concentration required to reach FeCOs3

solubility, to validate the response of the simulations in Figure 6.
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Figure 6: Fe2* concentration required to reach FeCOs3 saturation in a 1 wt.% NacCl
solution at 1 bar COz, plotted as a function of pH for different HAc concentrations
- adapted from Dugstad et al.['5] and reproduced with permission from NACE

International, Houston, TX. All rights reserved.

4.2.4 Fe?+jons and their source

One important question in the precipitation of FeCO3s is whether the ions which comprise
the corrosion product predominantly come from those released by the steel surface or
from the bulk solution when the system is supersaturated. Sun and Nesicl54! performed a
series of ‘free drift’ corrosion experiments whereby X65 samples were placed in
supersaturated static solutions at pH 6.6 and a range of temperatures. Both the rate of
FeCOs3 film formation and corrosion rate were determined using the weight-change

method and it was found that the rates of both these processes were of similar order of
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magnitude, suggesting that corrosion rate of the steel surface has a significant effect on
the accumulation rate of FeCOs. This is expected to be the case, particularly at low
supersaturation and low temperatures. The observations were re-enforced using tests
performed on stainless steel samples which possessed a negligible corrosion rate in CO2
conditions, releasing minimal Fe2* ions into the solution. For the same experimental
conditions (pH 6.6 and 80°C), carbon steel produced a very dense crystalline layer at a
saturation ratio of 60, whereas almost no crystals formed on stainless steel. However,
increasing the saturation level to 300 resulted in a greater level of precipitation onto
stainless steel, but this was still not as substantial as that on the surface of carbon steel.
These results suggest that precipitation is influenced by both the corrosion rate and the
bulk water chemistry, although further work is required to determine their exact
influence on the Kinetics of the formation process. However, care should be exercised
when drawing conclusions from precipitation experiments onto stainless steel as this

may strictly not be analogous to a non-corroding carbon steel surface.
4.3 Effect of operating conditions on precipitation

4.3.1 Temperature

The crucial aspect of the film formation process is the stage of initiation. When both
temperature and the level of supersaturation in the bulk solution are high, significant
accumulation of corrosion product will occur and a protective FeCOs film is likely to form.
At elevated temperatures, the development of FeCOs is faster and supersaturation is low,
resulting in the formation of dense, crystalline films, offering good protection. Tomson et
al.[102] a]so stated that at higher temperatures, FeCO3 would rapidly nucleate and develop
a thin, tight surface film. Dugstad[’>] stated that below a temperature of 40°C,
precipitation rates are low and the relative supersaturation becomes particularly high,
which has the potential to result in a porous film that is loosely adherent, exhibits poor
crystallinity and lacks the protection observed at higher temperature.

Although there is a consensus in the literature that the protectiveness, kinetics and
adhesion of FeCOs films increases with temperature, no such consensus exists around the
critical temperature above which FeCOs films form. Studies by Videm and Dugstad[112]
and Pessu et al.[82], for example, showed that film can form at around 50°C, while other

studies have placed the critical temperature in the range of 60-70°C[113,114] [nterestingly,

[32]



experiments performed by Berntsen et al.l115] over 160 days at high initial saturation
values of ~300 at room temperature in a 1 wt.% NaCl solution at pH 7 showed that it is
possible to develop protective crystalline FeCO3s at very low temperatures. This suggests
that high pH, high supersaturation and significant time is required to generate protective
films at low temperature, but it is indeed possible.

In addition to accelerating the kinetics of FeCOs precipitation and lowering the solubility
in the systeml[100, 102, 116] temperature also plays a role in influencing the nature,
characteristics and morphology of surface films, which in turn, influence the CO:
corrosion process.[8l [kedalll7l showed that at lower temperatures (<60°C), the FeCO3
films formed struggle to adhere to the steel surface, offering little protection (although
this observation may be pH dependent based on the work of Berntsen et al.[115]],
Regardless, above 60°C, the level of protection offered was observed to increase with
temperature.

The influence of temperature on the kinetics of FeCO3 formation are covered in more
detail in Section 5 as this parameter is integrated into the semi-empirical models derived
to quantify the precipitation rate. Suffice to say in this section of the review, the growth
rate of FeCOs determined by all predictive models available in literature suggests a
particularly slow growth rate at room temperature, but this rate increases rapidly with
temperature. Dugstad[!>] provided a series of key cross-section images of carbon steel
specimens exposed to supersaturated solutions at different temperatures (provided in
Figure 7) to highlight the difference and importance of temperature on growth kinetics
and protectiveness. At 40°C and S<40 (Figure 7(a)) a non-protective, porous FesC
network was reported to form on the steel surface, as precipitation of FeCO3 was minimal.
At 40°C with a bulk S>40 (Figure 7(b)), precipitation rate was low and the corrosion rate
of the steel substrate exceeded that of the precipitation rate, resulting in corrosion
undermining the precipitation and the layer still offering little protection. The layer was
also reported to exhibit low crystallinity and be loosely adherent to the surface. At 80°C

and S<10 (Figure 7(c)), precipitation was very fast and a protective layer was formed.
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Figure 7: Cross-sections of samples exposed to various conditions. a) 40 °C and
$<40 in bulk solution, b) 40 °C and S > 40 in bulk solution, ¢) 80 °Cand S < 10 in
bulk solution - adapted from Dugstad(!>! and reproduced with permission from

NACE International, Houston, TX. All rights reserved.

4.3.2 CO: partial pressure

When conditions do not favour protective FeCOs formation, the corrosion rate generally
increases in conjunction with a rise in CO2 partial pressure.[116] However, increasing CO2
partial pressure can promote the precipitation of FeCOs when its generation is
thermodynamically favourable. However, in very specific instances, it can make

precipitation less favourable.

At a constant pH level, an increase in CO2 partial pressure will typically lead to an increase
in CO3% concentration within the bulk solution and generally, an increase in

supersaturation, accelerating the precipitation process (provided pH is high enough to
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reach saturation with respect to FeCO3). In terms of the effects of CO2 partial pressure,
the solubility of Fe2+ in an NaCl solution as a function of CO2 partial pressure was
determined by Dugstad!15! and is provided in Figure 8. The figure illustrates the complex
behaviour of Fe2* solubility as a result of partial pressure changes at constant pH at 60°C.
These plots show that as the CO2 partial pressure is increased, the solubility of Fe2* goes
through a maximum value when the system pH is 5 and 5.5. Furthermore, for the lower
pH levels of 5 and 5.5, there is a maximum Fe2* solubility as pressure is increased, with

an opposite trend seen for pH 6.

The results suggest that an increase in the CO2 partial pressure of the system can in fact,
decrease or increase the potential for FeCOs films to form indicate that the likelihood of

FeCOs formation cannot be predicted by pH alone.
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Figure 8: Concentration of Fe2* required to reach FeCOs saturation, plotted as a
function of pCO: at pH levels of 4, 5, 5.5 and 6 for a 3.5 wt.% NacCl solution at 60°C
- adapted from Dugstad['5] and reproduced with permission from NACE

International, Houston, TX. All rights reserved.

A recently developed mechanistic model by Arumugam et al.['18] was employed to study

the effect of specific parameters on the nucleation and growth characteristics of FeCO3
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scales. The population number and the critical size of the nuclei were determined through
the application of classical nucleation theory and the process was based on

heterogeneous nucleation and diffusion aided growth of crystals.

From the model, it was possible to extract information on the nucleation rates as a
function of the level of FeCOs saturation, Fe2* concentration and partial pressure of COz2.
The model suggetss that nucleation rates increase with increasing temperature (from 80
to 120°C), resulting in the formation of more protective scales. Interestingly, in terms of
the influence of CO2 partial pressure, it was suggested that nucleation rates would reduce
with an increase in this parameter, although an increase in temperature was found to
sustain nucleation rates, even at high pressures. Unfortunately, no experimental data was
produced to compare against the mechanistic model. Furthermore, the modelling results
produced by Dugstad(l>] (Figure 8) suggested that the role of partial pressure on
solubility is pH dependant, and it was not clear whether the model by Arumugam et al.[118]
was conducted for a constant pH solution, or a system where pH evolves with increase in

partial pressure and temperature.

In terms of other experimental observations on the role of partial pressure on FeCO3
formation, the general consensus from tests performed at pH 5 or greater is that
increasing COz partial pressure accelerates film formation. Videm et al.[11°] showed that
increasing partial pressure from 1 bar to 10 bar for a 80°C brine at pH 5 resulted in much
faster film formation on carbon steel. Furthermore, another study by Gavanluei et al.[120]
evaluated the effect of CO2 partial pressure on the corrosion of carbon steel from room
temperature to 75°C. The CO2 partial pressures applied were 2.8, 5.5, 11, and 22.1 bar,
respectively, and corrosion rates were recorded over 24 hours. At temperatures of 50°C
and below, no FeCOs was detected on the steel surface. However, precipitation was
evident at 75 °C above partial pressures of 5.52 bar. As partial pressure was increased in
this temperature range, the density of FeCOs3 crystals increased and the time to produce

protective FeCOs films reduced.

Suhor et al.['21] also performed a study to evaluate the formation of FeCO3z at high partial
pressures of CO2 on carbon steel in comparison to lower partial pressure environments.
Experiments were performed at 10 bar and 80 bar CO; at both 25°C and 80°C with the pH
being allowed to evolve naturally. Only protective film formation was observed at the higher

temperature, and despite the higher pressure system producing a lower unbuffered pH, the

[36]



kinetics of film formation were faster in this environment. Interestingly, at higher pressure,
the FeCO3 layer was able to form more easily at the lower pH, and this was attributed to the

higher surface pH due to the initially high rate of material dissolution.

4.3.3 Surface concentration and mass transfer effects

Despite the environmental conditions, the concentration of Fe2* within the bulk solution
is undoubtedly one of the most important factors in the film formation process of FeCOs.
However, due to the metals susceptibility to corrode, Fe2* is also produced at the steel
surface, while H* ions are simultaneously being consumed. Diffusive mass transfer
between the bulk and steel surface can lead to higher supersaturation at the steel surface,
leading to larger rates of precipitation.['5] Hence, accurately predicting the rate of FeCO3
precipitation will require the determination of the surface pH and surface

supersaturation.

The corrosion of carbon steel results in a higher pH at the interface and this has been
confirmed computationally122 123] through numerical simulation, but also experimentally
via the use of a mesh capped pH electrodel124]. The high local pH results in an increase in
CO32 which results in less Fe2* ions being required to exceed the solubility limit of FeCOs.
As the surface is corroding, the surface concentration of Fe2+ is greater at the surface
compared to the bulk solution, resulting in increased supersaturation at the steel surface.
Therefore, it is theoretically possible to achieve precipitation at a steel surface in a
solution whereby the bulk solution is under-saturated. This concept is discussed further
in Section 6 where combined experimental and modelling approaches are considered in
their ability to relate local supersaturation to precipitation rate. In Section 6, an example
of a numerically determined supersaturation profile from the steel surface into the bulk

solution is provided to further illustrate this notion.

In terms of mass-transfer, increasing flow rate will often increase corrosion rate, which
obviously leads to a greater flux of Fe2?* from the surfacelll6l, The accentuation of
corrosion rate through increased mass transport is particularly evident at low pH (less
than pH 5[25]) when the concentration of H* is particularly high. Towards higher levels of
pH there is little sensitivity in corrosion rate with mass-transfer as a result of the slow
hydration process associated with H2COs. Increased mass-transfer will serve to transport

Fe2* ions away from the surface. Consequently, although the flux of Fe2* from the carbon
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steel surface is increased (increasing FeCO3 surface saturation}, the hydrodynamic effects
compete against the increased flux in an attempt to lower surface saturation by

transporting FeZ* away from the surface more readily.

The bulk of research directed towards understanding the formation of FeCO3 on carbon
steel surfaces has been performed in static conditions[54 87. 88, 90, 97, 98, 107, 108, 111, 125-131]
despite a number of researchers highlighting the importance of flow on scale
precipitation kinetics, morphology and mechanical properties(112 122, 123, 132, 133]  [p
addition, the literature relating precipitation behaviour to the system hydrodynamics
appears contradictory in nature. As examples, de Waard et al.['34] reported the formation
of protective scales even at very high liquid flow rates whilst Dugstad(’°] and Hara et
al.[135] reported no FeCOs formation based on extensive flow loop experiments performed

at high flow rates.

In some instances, the apparently divergent results are attributed to the complex nature
of the precipitation process and its sensitivity to a number of environmental, as well as
physical factors (as discussed in this review). However, the disparity in some
circumstances can also be partly attributed to the different experimental methodologies
employed, as well as the variation in sample surface area to solution volume used in
closed systems, which results in a drift in bulk pH and supersaturation during the
experiment due to the corrosion process. Authors then link the occurrence of
precipitation in such tests to a set of initial conditions which are not maintained, nor
stable throughout the entire experiment. This leads to the wrong conclusions being
drawn regarding whether a set of conditions favours FeCOs3 precipitation and should not

be translated to the ‘once-through’, constant composition scenario.

In a number of circumstances within the literature, if the reported initial conditions were
to be maintained for the entire experiment duration, precipitation would be slower, or
not occur at all, resulting in very different conclusions being drawn regarding film
formation kinetics and their protective properties. The limitation of closed systems is
addressed further in Section 6, along with suggestions of how to effectively maintain a

stable solution chemistry (particularly from the perspective of Fe2+ concentration and
pH).
Relating back to the effects of mass-transfer, the critical relationship between

supersaturation and surface precipitation inevitably implies some effect of solution flow
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rate on the kinetics of the process. Such effects have been recently explored by Sk et al.[18],
Their analysis of in situ synchrotron X-ray diffraction with electrochemical
measurements for a rotating disc electrodes revealed the dependency of precipitation
kinetics on local supersaturation. They proposed that the formation of crystalline FeCO3
is preceded by the formation of a colloidal precipitate in the solution and an amorphous
surface layer, and that the presence and thickness of this thin layer controls the current
response from potentiostatic experiments. By varying rotation speed, pH and applied
potential, the authors claimed that the only effect of microstructure, surface roughness,
electrode potential and flow were to change local supersaturation by changing the
current density per unit area flowing through the amorphous layer, and that the variation

in brine concentration apparently had no effect.

The analysis and interpretation of the data produced by synchrotron tests needs to be
performed carefully when electrochemical techniques are employed that perturb the
system significantly away from its equilibrium state. The work of Sk et al.[8], Ko et al.[136-
138] and Ingham et al.[93. 139, 140] have utilised in situ synchrotron techniques and in situ
electrochemical measurements to understand the formation of FeCO3 and some of the
key variables influencing the morphology and kinetics of formation of the crystalline
layer. In all of the techniques, due to the limited time frame for synchrotron analysis, the
precipitation kinetics and local supersaturation have been accelerated through the
application of a fixed anodic current or anodic potential. In most instances, the initial
current densities are around 5 mA/cm?, which equates to approximately 58 mm/year as
a corrosion rate. This current density rises to ~25 mA/cm? over the course of the

experiment in some instances(136],

In the tests which report the initial formation of an amorphous layer on the steel
substrate prior to the development of a crystalline layer(18 1391, such an observation is
perhaps not surprising given that the current density response ranged from ~5 mA/cm?2
up to ~15 mA/cm?2 during the early stages of film formation (~58 to 174 mm/year). Such
excessive currents result in an exceptionally high surface supersaturation, and given the
exponential dependency of nucleation rate on supersaturation, it is possible for this
process to occur to the near exclusion of particle growth, resulting in the formation of a
colloidal solution at or close to the steel surfacel>l. The observed initial

amorphous/nano-crystalline layer is consistent with the observations of authors who
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have performed tests at high temperatures and/or pressure when the initial dissolution
rates at open circuit potential (OCP) are high (resulting in a high level of supersaturation
at the steel surface) or when temperature/pH is low (resulting in high supersaturation

being sustained in the bulk solution for prolonged periods)[82 141-143],

However, in systems where the corrosion rates are not excessive (particularly when pH
is high), precipitation appears to have been observed without the initial development of
such an amorphous layer(5+ 82 1441, Examples of both scenarios are provided in Figure 9
and this factor is typically overlooked as many authors tend not to track the growth of
FeCOs over the duration of experiments or in the early stages of growth. Instead they
merely observe the layer at the end of experiments once the corrosion rate has stabilised.
Therefore, one needs to be careful when relating such a proposed mechanism to systems
where the surface supersaturation is considerably lower and particle growth competes
more closely with the nucleation process. The proposed mechanism of the amorphous
pre-cursor to the formation is an interesting concept, and could be the appropriate
formation mechanism in systems when the samples are highly polarised or the initial
supersaturation at the surface is particularly high at OCP for prolonged period of time
(i.e. when high nucleation rates supress or exclude crystal growth). However, one should
exercise caution with generalising such behaviour to systems where the surface
supersaturation and corrosion rates are much lower (which can be encountered in oil

and gas systems for hydrocarbon transport) as the corrosion and precipitation kinetics

may not be controlled or influenced by the presence of such an amorphous layer.
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Figure 9: (a)/(b) Examples of experiments where an amorphous/nano poly-
crystalline layer develops on the steel surface prior to the formation of crystalline
FeCO3; (a) Hua et al.[141] - X65 steel after 24 hours in distilled water at 50°C and 80
bar pCO:[141] (b) Wei et al.[142] - X70 steel after 2 hours in 3.5 wt.% NaCl solution at

80°C and 95 bar pCO0:[142] (c)/(d) Examples of experiments were crystals form in
the absence of an initial amorphous layer and precipitate directly onto the steel
surface; (c) unpublished image from the authors own work - X65 (initially
polished with diamond suspension) after 8 hours in COz-saturated 3.5 wt.% NaCl
solution at 80°C, pH 6.8 at room pressure - the ferritic-pearlitic microstructure
can be observed on the surface as a result of the initial dissolution from the
surface, (d) Pessu et al.[82] - X65 after 36 hours in CO2z-saturated 3.5 wt.% NaCl
solution at 50°C, initial pH of 6.6 at room pressure - the image shows
precipitation of FeCO3 onto an iron carbide (Fe3C) network (reproduced with

permission from NACE International, Houston, TX. All rights reserved.).
4.4 Effect of steel and interface properties on precipitation

4.4.1 Steel microstructure

The microstructure associated with carbon steels plays an important role on the
corrosion behaviour and protectiveness of the formed corrosion products, as shown in a
number of studies[78 131,145-150] [n particular, the size and protectiveness of FesC within
the steel structure has been suggested to determine the protectiveness of the layer
formed[131.148] with conflicting observations on its role having been suggested[8 78 145,151,

152],  However, the majority of investigations indicate that ferritic-pearlitic
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microstructures exhibit better corrosion resistance when compared with martensitic or
martensitic-bainitic steels in the absence of protective filmsl78 146,147,149 This has been

attributed to the distinct layering between ferrite and Fes3C within the pearlite phasel136

145,153]

In relation to the role of microstructure on FeCOs formation and protectiveness, Palacios
and Shadleyl14¢] discussed how this may influence the structure of FeCOs. They claimed
that FeCOs is less tenacious and less crystalline on martensitic steels compared to ferritic-
pearlitic steels. Such observations were supported by Ueda and Takabel”8] who evaluated
J55 steel (ferritic-pearlitic) against N80 steel (martensitic) in a CO2 environment with 3
bar COz and 80°C. They stated that as J55 corroded, the lamellar Fe3C was left behind,
resulting in an increase in the local concentration of Fe2* in the cavities, promoting FeCOs3
formation. However, the opposite behaviour was witnessed by Dugstad et al.[154], who
found that ferritic-pearlitic steels did not encourage FeCOs formation, and corrosion
product growth was more favourable on martensitic steels. Ueda and Takabel78l
suggested that the FesCthen helps to anchor the corrosion product to the steel surface. In
the N80 steel, the homogeneous dispersed FesC allows the corrosion product to peel off
partially because it does not possess the anchoring effect of |55. Therefore, N80 suffered
from severe localised corrosion whilst |55 did not. The anchoring effect promoted by
pearlite regions has also been reported by a number of other authors(78 145.146] however,
some studies have suggested that the needle-like carbide structure produced by
martensitic steels provides better anchoring of corrosion products compared to large
ferritic areas with small pearlite grains[148l, In addition, Dugstad et al.[154] reported higher
corrosion rates of ferritic-pearlitic steels compared with martensitic steels, stating that
no protective film formed on ferritic-pearlitic microstructures of St52 steel. Some
researchers have also proposed that in some instances, an extensive carbide layer can
accentuate corrosion through galvanic effects and internal acidificationl8 151, 152]
preventing the precipitation of FeCOs. In a more recent study, Ko et al.[136] compared the
effects of modifying microstructure and chromium micro-alloying on the formation of
FeCOs3 using a potentiostatic approach combined with in situ synchrotron measurements.
Experiments at pH 6.8 and 80°C in a 0.5M NaCl COz-saturated solution at room pressure
revealed that, on average, the effect of micro-alloying (discussed in the following
paragraphs in more detail) dominates the FeCOs nucleation and growth behaviour

compared to microstructure, with little difference in current transients being observed
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between ferritic-pearlitic and martensitic microstructures of a 1% Cr/0.25% Mo low

alloy steel.

As stated previously, the development of a porous FesC layer is able to act as a diffusion
barrier, preventing the diffusion of Fe2* ions away from the surface, promoting the
formation of FeCOs within the network, which can ultimately lower corrosion rate.[8 151,
155] An example of an FesC network encouraging the growth of FeCOs is shown in Figure
10 which is adapted from the paper by Farelas et al.[!55], In this study, two steels with
similar carbon content and different microstructure (X65 with martensitic and UNS
(10180 with ferritic-pearlitic) were exposed to a 3 wt.% NaCl solution saturated with
CO2 at 80°C and pH 6. Over time, a porous FesC layer was observed on both steels which
exhibited different morphologies due to the different microstructures. As the test
progressed, the FesC layer acted as a diffusion barrier resulting in a high local pH inside
the network, facilitating the precipitation of FeCOs. leamsupapong et al.[156] reported
similar results in a more recent study in which FesC was found to influence the formation
of FeCOs3 by acting as a diffusion barrier. These tests were performed on a ferritic-pearlitic
steel over a pH range of 5.4 to 6. Based on these observations, the presence of such a
porous network appears to be a prerequisite, along with supersaturation in some

instances.
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Figure 10: SEM and EDX analysis of X65 steel after exposure to 3 wt.% NaCl
solution at 80°C at 0.5 m/s and pH 6 for 41 h; (a) top view and (b) cross-section
with the associated EDX analysis in (c) and (d) - image adapted from Farelas et

al.[155] and reproduced with permission from NACE International, Houston, TX. All

rights reserved.

4.4.2 Micro-alloying

The influence of composition of low alloy steels on CO2 corrosion behaviour has been
explored and reviewed considerably over the past few yearsl(78 117, 145, 147, 149, 150, 157-167]
The purpose of this section of the paper is to focus more towards the role of such alloying
elements on the formation of protective films, not on the corrosion characteristics of the
steel in non-scaling conditions. However, the general consensus in the absence of
protective films is that chromium (Cr) addition has the most significant effect on reducing
corrosion rate. As well as varying Cr content, studies have also focused on the influence
of micro-alloying elements such as vanadium (V), titanium (Ti), niobium (Nb),
molybdenum (Mo), copper (Cu) and silicon (Si)[8 1541, with the purpose of preventing Cr
from being tied up within carbides of low Cr containing steels, affording it the opportunity
to participate in the formation of chromium oxide which enriches corrosion product
films. Such effects can also be achieved through the reduction in carbon content of the
steell6. 150, 1601 A summary of the effects of alloying elements (as well as steel
microstructures) on CO2 corrosion performance in the absence of corrosion products is
provided by Kermanil8l, where one of the main aspects emphasised was the importance
of the ratio between alloying elements and carbon content, as this relates to the level of
carbide removal. Kermanil8l also made reference to effects of Mo addition as well as Cr.
Therefore, the focus of this section of the review paper is orientated towards these two

specific elements, as they appear to hold the most promise.

Although micro-alloying of Cr is undoubtedly the most effective in improving the CO2
corrosion resistance of carbon steelsl[8 56, 164-166, 168-175] 3 number of studies have also
considered the role of Mo concentrations of 0.15-0.25 wt.%, typically in combination with
0.5-3wt.% Crl146, 162, 168, 169, 176] These combinations have demonstrated a significant
improvement in corrosion resistance, but also appear to facilitate the formation of a less
porous, better adhered and more protective corrosion product. Interestingly, Ingham et

al.[139] and Ko et al.[137] identified that the addition of Cr3+* to a brine solution at 80°C and
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pH 6.8 reduced the critical supersaturation and enhanced the crystallisation rate of FeCOs3
on carbon steel. The study by Ko et al.[137] also revealed the ability of molybdate ions to
promote the growth of FeCOs under the same operating conditions. Studies on low Cr
alloys have shown that the development of an amorphous layer consisting of chromium

hydroxide (Cr(OH)3) and FeCOs3 can significantly reduce the corrosion ratel56173,177-179],

With regards to the addition of Mo to carbon steels, the influence of this particular
alloying element on FeCOs formation has not been well addressed and the individual
effect of Mo addition is unclear. Although the addition of Mo to steels in the presence of
Cr has been reported to have beneficial effects on corrosion rate in the absencell76] and
presencel150,162,176] of corrosion products, a mechanistic interpretation of why corrosion
rates are lower, or why corrosion products are more protective is not provided. Research
evaluating the effect of Cr and Mo as alloying elements typically remarks on the overall
improvement in corrosion rate reduction or scale formation, without showing the
decoupled effect of each element or the interactions between Cr and Mo. However, a more
recent study by Sk et al.[168] focused on systematically varying both the Cr and Mo content
from 0-3.5 wt.% and 0-0.7 wt.%, respectively, with the goal of determining the role of
each element on the corrosion rate and corrosion product protectiveness. Experiments
were conducted on each steel within a COz-saturated 0.5 mol/L NaCl brine at 80°C and
pH 6.6 in hydrodynamic conditions using a rotating disc electrode (100 or 1000 rpm).
The results from potentiostatic current transients revealed that a synergistic interaction
exists between Cr and Mo, which induces more rapid crystallisation of FeCO3 compared
to steels with an absence of Mo. Furthermore, increasing Mo content resulted in the
formation of a thinner, but more compact film. The authors proposed that the addition of
small amounts of Cr/Mo modulates the current due to dissolution as well as the current
due to growth of the crystalline layer. They also claimed that the Cr/Mo species emitted
into the solution at the metal interface significantly accelerate the electro-crystallization

of FeCO:s.

4.4.3 Corrosion rate vs precipitation rate

In addition to the rate of FeCO3 accumulation on the steel surface, the corrosion rate of
the underlying steel is also an important consideration, as this effectively has the
potential to ‘undermine’ the film. As voids are created beneath the film as a result of the

steel dissolution process, they are filled by ongoing precipitation which influences both

[45]



the morphology and the ultimate protective capability of the layer.[11l If the precipitation
rate significantly exceeds that of the corrosion rate, then a dense, adherent, protective
layer is anticipated which can be very thin (<10 um). Conversely, if the corrosion rate
exceeds the rate of FeCOs formation, a porous and poorly protective film is likely to
develop, which can be particularly thick (~100 pm or greater).['1] Research has indicated
that the thickness of the FeCOs3 layer does not necessarily correlate to a protective film.
The key indicators of protectiveness is the layer density, but most importantly, the degree

and quality of adhesion between the crystals and the substrate.[11, 14, 125]

In the context of determining if protective film formation will occur, the non-dimensional

parameter of scaling tendency is typically used[83 116];

PRpeco (32)
ST = —22
CR

The scaling tendency is the ratio of precipitation (PRp,c¢,) to corrosion rate (CR) in the
same units. If ST<<1, a porous and unprotective film is likely to form. When ST>1,

conditions are regarded as favourable for the formation of protective FeCOs films.

4.4.4 Surface roughness

To fully understand and generate reliable precipitation models, it is important to be able
to relate the concentration of species at the metal-electrolyte interface to the
precipitation Kinetics. Achieving this requires an understanding of the mass-transfer
characteristics in the system, as this influences the movement of species to and from the
steel surface. The roughness of the substrate plays a role in influencing mass-transfer at
the surface, but as discussed in the following paragraphs, it can also affect the nucleation

stage.

4441 Role of mass-transfer

The generation of surface roughness of a material through either wet-grinding (sample
preparation), erosion, corrosion, deposition or other processes has the ability to modify
the hydrodynamic and mass-transfer boundary layers, resulting in a change in mass-

transfer characteristics.[180]

The general agreement within literature examining surface roughness effects on mass-

transfer is that rougher surfaces promote increased levels of mass-transfer(18ll, In the
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context of oil and gas pipelines, Fogg and Morsel182] stated that the surface roughness of
steel pipelines delivered to coating yards has a roughness in the order of 20 um and may
even exceed 50 um. Dawson and Trass[183] proposed that when the surface roughness is
large enough to emerge from the viscous sublayer, this enables sufficient turbulence to
be generated to disrupt the viscous sublayer, penetrate into the valleys between
roughness elements and cause increased mass-transfer across the concentration
boundary layer. However, more recent studies have shown that under certain flow
conditions, even when the roughness elements are well immersed within the viscous
sublayer, the disruption to solely the thinner mass-transfer boundary layer leads to

enhancement of mass transfer[181],

The main approach towards characterising mass-transfer behaviour for a system is to
determine the mass-transfer coefficient (k) and convert it into the Sherwood number
(Sh). By plotting Sh against Reynolds number (Re) it is possible to compare with existing
correlations for complete mass-transfer controll181l. Though it is known that roughness
will influence the Sh vs Re correlations, defining such effects quantitatively is made
challenging due to the diverse geometrical forms of roughness i.e. the mass-transfer
characteristics can be changed by the nature of the roughness, specifically the number of
roughness elements per wunit area, their shape, height, distribution,
orientation/alignment to the flow direction[!84l. Considerations of such effects are

beyond the scope of this review, but important to note.

4.4.4.2 Role of nucleation

From the previous section, the perspective may be that increasing surface roughness in a
flowing environment may hinder FeCOs formation by promoting increased mass-transfer
and reducing surface supersaturation (as discussed previously). However, the process of
heterogeneous nucleation can also be influenced by roughness, which provides sites with
lower surface energy for nucleation!185l. Arumugam et al.[118] showed that nucleation
takes place only when the nuclei overcome a free energy/nucleation barrier, AG", and a
critical size is reached. In fact, de Yoreo and Vekilov(185] stated that this barrier
determines the kinetics of nucleation, with the nucleation probability being proportional
to the exponential of the barrier height divided by the product of the Boltzmann constant

and temperature (ksT)[185]. Therefore, the nucleation rate (Jn) can be expressed as:
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where A depends on many parameters. De Yoreo and Vekilov[185] showed that, amongst
other factors (grouped together in Equation (34) as the coefficient ‘B’ - which
incorporates the Boltzmann constant and temperature), the nucleation rate depends
strongly on the supersaturation (S) and interfacial energy (a). These values are second
and third power terms, respectively, in the argument of an exponential, indicating that

they are critical in terms of influencing nucleation rate.

_Ba? 34
Jn=4e s? 4

The surface roughness is strongly linked to surface energy. Therefore, it is sensible to
suggest that the initial roughness of a steel surface, or the evolution of roughness during
corrosion can have a significant effect on FeCO3 formation, yet this has not been
considered in the literature with respect to FeCO3 precipitation. Certainly, from our own
studies, surface roughness appears critical in influencing crystal nucleation. Figure 11
provides a comparison of X65 steel exposed to a CO2-saturated 3.5 wt.% NaCl solution for
3 hours in static conditions. One sample was polished with 3 pm diamond suspension
prior to immersion in the test solution, while the other was wet-ground using 120 grit SiC
paper. There is clearly a difference in nucleation rate and growth of crystals under these

conditions.

The results in Figure 11 are supported by the work of Ko et al.['3¢] who evaluated the
kinetics of FeCOs3 nucleation and growth on mild steel with surface finishes of 1 pym and
46 um in a 0.5 mol/L NaCl solution saturated with COz at room pressure, 80°C and pH 6.8.
They reported that the effect of surface finish was dramatic. Under potentiostatic
polarisation, the rougher surface exhibited an increase in current density immediately
upon application of potential where as an induction time was observed before current
increased for the smoother sample. The increase in roughness also altered the nucleation
and growth kinetics, with the rough sample inducing nucleation much earlier, and

promoting faster growth.

Such effects of surface roughness on the precipitation of FeCO3 have perhaps not received
the attention they warrant. However, the authors believe that a number of apparent
inconsistencies across literature for reported precipitation rates of FeCO3 onto the same

substrates can be attributed to the difference in sample preparation or the initial surface
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condition. There is clearly a counter-balance effect from increased roughness between its
influence on lowering local supersaturation (due to enhancement of mass-transfer) and
increasing nucleation kinetics (through lowering interfacial energy and promoting
increased supersaturation within the grinding grooves as a result of the preparation
process). Depending on which effect dominates dictates the role of roughness on the

nucleation and growth processes.

2016-08-21 TM3030PIus0093

Figure 11: SEM images of X65 steel after exposure to 3.5 wt.% NaCl solution at
80°C and pH 6.8 for 3 h; (a) initial surface finish achieved by polishing with
diamond suspension (b) initial surface finish achieved by wet-grinding with 120

grit SiC paper.

5. Developed models for FeCO3 precipitation

5.1Summaries of FeCOs precipitation models

The growth of FeCOs crystals is determined by the kinetics of the precipitation reaction.
The process is governed by the heterogeneous crystallisation from the aqueous solution
and such a process can be divided into two phases which both possess distinct kinetics,
nucleation and growth.[54]

Research has shown that nucleation is predominantly important in homogenous
crystallisation processes, while in the case of precipitation reactions (heterogeneous
crystallisation) the process is believed to be dominated by crystal growth.[54] However,
though this may be true for cases in which the solution is highly super-saturated with

FeCOs (where induction times are rapid), this process could be different in a scenario
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whereby the level of saturation is very low at the steel surface and the induction time is

prolonged, as may be the case in certain oil and gas operating scenarios.

For engineering applications, four semi-empirical growth rate expressions have been
developed to determine the rate of precipitation of crystals (PR). These take the following

form:
A
PR = kTVJ(S) (35)

where kr is the kinetic constant, A/V is the ratio of surface area (of seed crystals or the
steel sample) to solution volume, o is termed as the driving force of the precipitation
process which, for FeCOs crystal growth, is a function of the saturation ratio (S) (as

described earlier using Equation (12)).

These four models have been developed by Greenberg and Tomsonl[¢? 611, Johnson and
Tomson[59 76], van Hunnik et al.[83] and Sun and Nesic[>4 77,1861, A full summary of each of
the models, the different experimental approaches adopted to generate expressions and

the exact equations derived is provided in Table 5.

To summarise how each model was generated, the methods employed by both Greenberg
and Tomsonl60.61]1 and Johnson and Tomson[>%7¢] involve estimating precipitation rate in
a bulk solution by measuring the change in Fe2+ concentration. The systems considered
by both sets of authors consisted of low saturation ratio solutions where the growth was

measured on well characterised seed crystals in a bulk solution.

The method of van Hunnik et al.[83] also involved measurement of Fe2+ concentration, but
this was performed by determining the initial deviation of Fe2* concentration increase
once the system passed through the pH at which the solubility of FeCO3s was exceeded.
The work focused on extending the validity of the Johnson and Tomson model to higher
saturation ratios of ~1000 as they believed that this initial model overestimated
precipitation rate at this level. In tests performed by van Hunnik et al.[83] the substrate
was a steel pipe surface, however, the implementation of the Fe?* concentration
measurements implicitly assumes that the entire amount of Fe2+* lost in the solution is
associated with FeCOs3 deposition onto the steel surface. [t must be noted that FeCO3 not
only deposits onto the steel surface, but elsewhere in the system. Consequently, the

model of van Hunnik et al.[83] will evidently lead to an over-estimation of FeCOs
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precipitation rate onto a steel surface, particularly at high saturation levels when

significant bulk precipitation occurs.

The experimental technique implemented by Sun and Nesic involved the direct
measurement of FeCO3 precipitation onto a corroding steel surface by determining the
mass gain of a FeCOs covered sample. Steel samples were placed in a deoxygenated saline
solution and ferrous chloride was added to create a specific level of FeCO3 saturation.
Samples were then removed at regular intervals from the system, dried and weighed. The
corrosion product layer was then removed using Clarke’s solution before being weighed
again. The difference in mass and time of exposure were then used to determine
precipitation rates (or corrosion layer accumulation rate (CLAR), as will be discussed

below).

5.2 Comparison of the Kinetic constant, solubility product and driving force

Figure 12 provides a comparison of each of the four models in terms of their proposed
kinetic constant as a function of temperature, the driving force as a function of
supersaturation, and the solubility constant implemented as a function of temperature.
These terms are shown in Table 5. In the case of the van Hunnik et al.[83] model, the
solubility product equation was not provided in the paper itself, so it is omitted from the
figure. The values of each term across the four equations all agree to within one order of
magnitude of one another, with the exception of the Sun and Nesic model, where there is
a significant discrepancy in relation to the proposed kinetic constant. This results in
drastically lower precipitation rates being predicted from this model in comparison to
the other three (reasons behind this difference in kinetic constants and precipitation rate

prediction will be discussed in due course).

Regardless of the difference in value, the role of temperature and the observed trends
remain the same i.e. increasing temperature serves to increase the Kinetic constant and
reduce the solubility product. This reduction in solubility product causes an increase in
supersaturation for given Fe2+ and CO3% ion concentrations/activities, which serves to
increase the driving force, promoting an overall increase in precipitation rate with

temperature.

[51]



m  Greenberg & Tomson e Johnson & Tomson 4 Van Hunnik et al. » Sun & Nesic
1E7 250
4
: i
L ]
200+ 1
100000 a =
i H % ¥
] 1] [ ]
z E T g 1504 S
2 L] [ x ™
O 10004 L o = [}
: ! £ «s®
. — ' 50 T.
x A v = X L]
10y = * s
v 50 e
< .
x = : L
0.1 T T T T T 0 L T T T
273 293 33 333 353 373 0 50 100 150 200
Temperature (K) Saturation Ratio
(a) (b)
1E-9
:\;"
s
£
"'%1E-10—’
N
£ ®
8
2 o L]
(=] F -
O L4 L]
= 1E-114 v i
= v
fre) ]
= v
3 !
1E-12 . ! v ! ’ ! s ! .
273 2893 313 333 353 373
Temperature (K)
(c)

Figure 12: Kinetic constant as a function of temperature, driving force as a
function of FeCOs saturation and solubility constant as a function of temperature
from the Greenberg and Tomson model, the Johnson and Tomson model, the van

Hunnik, Pots and Hendriksen model and the Sun and Nesic model. Note that the
Johnson and Tomson and Greenberg and Tomson models use the same driving
force expression, and that the solubility equation for the van Hunnik et al. model

was not provided in the paper itself, so is omitted.

5.3 Discussion of A/V ratio

The A/V ratios defined by Greenberg and Tomson!60. 611 and Johnson and Tomson[5% 76l in
their expressions relate to the area of crystals relative to the solution which they are
suspended in. How this translates to the case of a corroding steel surface is unclear. Sun
and Nesicl># used the initial projected area of the steel surface to determine the

precipitation rate in their studies. However, for longer term studies where a porous
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FeCOs film develops, the A/V ratio in a closed system will inevitably change with time,
and how this translates to an open system such as a steel pipeline is not clear. This
concept was discussed by Nesic et al.['16] during the development of a numerical model
to describe the kinetics and evolution of film porosity of FeCOs. They considered the A/V
ratio from the perspective of that encountered within a porous film. From a review of the
precipitation models and using a simple asymptotic analysis, they deduced that in the
absence of a film (i.e. in the bulk solution), porosity (€) is 1 and A/V=0. This implies there
is no precipitation in the bulk, no matter how high the saturation or temperature. In
contrast, for a 100% dense film, e=0 and A/V=0. Between these values, the A/V values
can become particularly large. Nesic et al.[116] also stated that some information exists
within literature on how A/V changes with porosity, but these simple geometric models
typically fail at one of the extremes. Based on a thorough analysis and comparison with
CO:2 corrosion experiments, the A/V ratio was expressed as a function of porosity in the

following form:

A 21 -9
kv (36)

where Ax is the width of the control volume.
nucleation and that the precipitation process is controlled by the crystal growth rate. A

one-dimensional control volume approach is used and the proposed equation for the film

growth kinetics is based on a mass balance for solid FeCOs:

aCFeco3 OCreco
() _ _ 3(s) 37
—5 = PRrecoy, ~CR——>—— (37)
aCFECOB(S) . . . .. .
where is the rate of change of FeCO3 concentration, PRrecoyy, is the precipitation
OCFecoy . .. , .
rate and CR —r 1S the undermining rate of the film due to corrosion.

Equation (37) was then rearranged to form an expression in terms of porosity to provide

information on the film morphology:

FeCO3(s) — CR— (38]

where MFeCO3(S) is the molecular mass and pFeCO3(S)is the density of FeCOs.
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5.4 Comparison and evaluation of precipitation models and their applicability to
corroding steel surfaces: the concept of corrosion layer accumulation rate

(CLAR)

As previously mentioned, four main models exist in literature for predicting FeCOs3
precipitation and all models take the form of Equation (35). Figures 13(a) to (d) show the
precipitation rates predicted by all four models over the same range of saturation ratios
and temperatures. For each precipitation rate model, the corresponding Ksp model has
been used, along with an A/V ratio of 1 m'! and an ionic strength of zero. This is true for
all models, with the exception of the van Hunnik et al.[83] model. Given that the Ksp values
were not referred to explicitly in the publication, the most recent Sun and Nesic Ksp model

was implemented.

All models demonstrate increasing precipitation rate in conjunction with temperature
and saturation ratio (as expected), and there is generally a strong agreement between the
Greenberg and Tomson, Johnson and Tomson and van Hunnik et al. models. However, the
model proposed by Sun and Nesic differs by over three orders of magnitude in some

instances.
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Table 5: A summary and comparison of the four available FeCOs precipitation models available in literature

Greenberg and Tomson

Johnson and Tomson

Van Hunnik, Pots and Hendriksen

Sun and Nesic

Summary Crystals were pre-grown in an anoxic Crystals were pre-grown in an anoxic Experiments were performed in a Experiments were performed in a glass cell.
environment and washed to remove counter- environment and washed to remove flow loop under anoxic conditions. Steel samples were placed in a deoxygenated
ions. Consequently, well characterised seed counter-ions. Consequently, well . L saline solution. Ferrous chloride was added
cr ; Precipitation kinetics were i :

ystals were used as a substrate. characterised seed crystals were used as a ; A . to create a specific level of FeCO3 saturation.
substrate determined by using the traditional
Precipitation kinetics were determined by using (indirect) technique which involves ~ Samples were removed at regular intervals.
the traditional (indirect) technique which Precipitation Kinetics were determined by measuring Fe2* concentration . d . b
involves measuring Fe?* concentration change. using the traditional (indirect) technique change. The rate was determined Prec1p1t_at10n rate was etermlnefl y
. L B which involves measuring Fe2* from the initial deviation from the measuring the mass difference with and
1Prec1p.1tat1}c1m was 1n1t1.a*;ed by raising }?H by concentration change. Equilibrium was linear increase of the Fe?+ without the FeCOs layer.
owering the COz partial pressure in the system. established over 48 hours, then concentration after the saturation
temperature was ramped, with samples point was exceeded.
being removed from the reaction vessel
every 30 mins.

Substrate FeCOs seed crystals FeCOs seed crystals Steel pipe surface Steel coupons

Solution Deoxygenated water Deoxygenated water Deoxygenated 1 wt.% NaCl solution  Deoxygenated 1 wt.% NaCl solution

Precipitation eAr:*TéKS;,[«/E —1) eAr%gks,,[\E -] eAr:*réKSp(s -1 (1 - %) g’*o’%gxﬂ,(s -1

rate (Preco,)

(mol/m3/s)

Solubility log(Kyp) = —59.2385 — 0.041377(T,) — 2‘1T%3 log(K,,) = —0.4343 (8_3T(TO) + 36.22) No Ksp value identified log(K,)) = ~59.3498 — 0.041377(T,) — 2'1:63

product, Ks» +24572410g(Ty) ) +245724l0g(Ty) + 2.518(1°)

(mol?/L2) - 0.657(1)

Constant, Ao 44.4 56.3 52.4 28.2

Activation 95.8 127.3 119.8 64.9

Energy, E

(k] /mol)

Area, A Area of crystals surfaces Area of crystal surfaces It is not clear from the paper Area refers to that of the corroding sample

whether the area used was
determined from crystal size or
from the area of the corroding
electrode
Volume, V Volume of solution Volume of solution Volume of solution Volume of solution
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Figure 13: Predicted precipitation rates for FeCOs3 for saturation ratios from 0 to
200 and temperature from 0 to 100°C for (a) the Greenberg and Tomson model,
(b) the Johnson and Tomson model, (c) the van Hunnik, Pots and Hendriksen
model and (d) the Sun and Nesic model. Note that the corresponding Ksp models
have been used for each precipitation model, with the exception of the van
Hunnik et al. model where the Ksp model of Sun and Nesic is applied.

The reason behind such a significant discrepancy cannot be solely attributed to the

different Ksp predictions which feed into the precipitation models. This is reflected in

Figures 14(a) and (b) which shows the predicted precipitation rates for all four models

when the Ksp values of Sun and Nesic are implemented over the temperature range of 0

to 100°C for saturation ratios of 10 and 200.
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Figure 14: Predicted precipitation rates for FeCO3 for four models when the same
Ksp model of Sun and Nesic is used in all four equations. Precipitation rates are
calculated over a range of temperature form 0 to 100°C at saturation ratios of (a)

10 and (b) 200.

As stated previously, the Greenberg and Tomson model, as well as the Johnson and
Tomson model are both determined by evaluating the growth of FeCO3 onto well
characterised seed crystals. These precipitation models essentially characterise the
growth of FeCOs in a bulk solution from seed crystals and do not necessarily relate the
growth kinetics onto a steel surface. Consequently, the precipitation rates produced by
these models are in the units of mol-m-3s-1 if the A/V ratio is considered. It is important
to stress here that neither Greenberg and Tomson, nor Johnson and Tomson explicitly
state in their publications that their kinetic expressions can or should be applied to a

corroding steel surface in a COz2 environment.

In the case of van Hunnik et al.[83] this expression can be used to determine a rate of
corrosion product accumulation onto a corroding steel surface. Again, as the equation
stands in Table 5, this precipitation rate is expressed in mol-m3sl However,
Gulbrandsen[129] indicated that the van Hunnik model can be rearranged to produce a

precipitation rate per unit area (mol-m-2s1) (or a CLAR):

14 E 1
~ Preco, = e RTK,, (S — 1) (1 — E) = CLAR (39)
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Nonetheless, this expression still assumes that all precipitated FeCOs3 in the system ends
upon the steel surface, a notion which is known to be untrue. This is also likely to be one
of the main reasons why the van Hunnik model follows the behaviour of Greenberg and

Tomson and Johnson and Tomson expressions more closely than that of Sun and Nesic.

These observations therefore highlight that a distinction needs to be made between the
precipitation rate (i.e. total formation of FeCO3) and the deposition rate (i.e. relating to
the quantity of FeCOs on a steel surface)}, as will be discussed. This concept was recently
addressed by Sun and Nesic where the notion of the CLAR was introduced.l5* To
determine the level of over-estimation within the van Hunnik model, the amount of FeCO3
depositing onto a steel surface was investigated by Sun and Nesicl>4] using the corrosion
layer weight gain method. Experiments were performed in static solutions within a glass
cell at a pH of 6.6 using a deoxygenated 1 wt.% NaCl solution at temperatures between
60 and 90°C. In various tests, supersaturation was varied from 10 to 300 through the
addition of deoxygenated ferrous chloride solution. Steel samples were inserted into the
test solution as the substrate for deposition measurements. Time averaged deposition
rates were then performed by recording the difference in mass between the FeCOs3
covered sample and the mass once the corrosion product had been removed using
Clarke’s solution. The concentration of Fe2* within the bulk solution was also monitored

to evaluate the precipitation rate and to compare this with the CLAR.

In the first set of experiments (pH 6.6 and 80°C), the sample surface area within the 2 L
glass cell was set at 5.4, 60 and 252 cm? (translating to A/V values of 12.6, 3 and 0.27 m-
1, respectively). For each experiment, an initial Fe2* concentration of 50 ppm was used.
For all tests, the precipitation rate determined by Fe2* concentration measurements
overestimated the quantity of FeCOs3 deposited onto the steel surface, particularly for
small steel surface areas of 5.4 and 60 cm2. However, as the surface area to volume ratio
increased, the level of deposition became very similar to that of the predicted
precipitation rate using Fe2* measurements. Therefore the assumption holds for large
surface area to volume ratios, but breaks down as the sample surface becomes smaller.
Sun and Nesic showed that the implementation of the weight gain technique, although

more cumbersome, offers a more realistic interpretation of the deposition rate.

When comparing the CLARs from a series of experiments with those predicted by van

Hunnik et al.[83], large discrepancies were found. The data obtained from the weight-
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change method produced rates of formation which were two orders of magnitude lower
than those calculated using the van Hunnik et al.[83] model. Sun and Nesic therefore
concluded that the assumptions involved with the Fe2* method do not hold and should

not be used to determine FeCO3 CLARs.

The discrepancy between the van Hunnik et al. model and the Sun and Nesic model can
be explained by precipitation elsewhere in the system. In relation to the two other
remaining models (Greenberg and Tomson and Johnson and Tomson), these tests were
derived based on experiments performed at low level of saturation (<2) and developed
using the seeded crystal growth technique which is unlikely to involve nucleation of
FeCOs crystals elsewhere in the system.[>7] The fact that these two models were only
validated at low saturation ratios, whilst the Sun and Nesic model was determined over
much higher saturation ratios could also contribute to the observed discrepancy. In
addition, the Sun and Nesic model is built on experimental work involving both the
nucleation and growth onto a steel substrate whilst the Greenberg and Tomson and
Johnson and Tomson models involve purely growth on seed crystals, which are both quite
different processes. Again, this discussion is not to say that the two models are inaccurate
in terms of predicting precipitation, merely to highlight that they focus on understanding
two very different processes which produce drastically different rates of FeCOs

formation.

In terms of modelling the precipitation process onto a steel surface, it is perhaps not
surprising that the model proposed by Sun and Nesicl54! appears to be the most reliable.
As additional validation, the precipitation rates determined by Yang et al.[187] using an
electrochemical quartz crystal microbalance (EQCM) in static solutions onto an iron

surface are very similar to the mass gain measurements performed by Sun and Nesic[>4l.

Based on the mass gain analysis performed by Sun and Nesicl54], a distinction was made
between the homogeneous precipitation rate (Ppeco,) and the corrosion layer
accumulation rate (CLAR). They argued that the use of previous models by Johnson and
Tomson>9 76, 1021  and van Hunnik et all8l is inappropriate for CO2
corrosion/precipitation involving carbon steel surfaces. In the case of the models by
Johnson and Tomson[>9 76, 102] this is as a result of the A/V ratio which does not apply. As

for van Hunnik et al.[83], the indirect FeZ* concentration method leads to large errors when
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determining CLAR. In light of this, Sun and Nesicl?’! proposed a new empirical expression

for the CLAR, founded on their direct mass-change results:

E
CLAR = e RTK,(S — 1) (40)

where CLAR is the corrosion layer accumulation rate (i.e. the rate of precipitation onto
the steel surface) in mol-m-2s-1, This equation takes the same form and uses the same
constants as that developed by Sun and Nesic in Table 5. However, the A/V ratio is
omitted in this equation to make it applicable to a corroding steel surface. If all Fe2* ions
ultimately end up on the steel surface, then the relationship between the precipitation
rate (Pgeco,) and the CLAR is:

A
PF€C03 = VCLAR (4‘1)

6. Challenges, priority research areas and techniques to further the
understanding of FeCOs nucleation and growth

6.1 Current model limitations and suggested future research

The development of the Sun and Nesicl>4 model has significantly improved the prediction
of FeCOs3 precipitation kinetics onto carbon steel over a wide range of saturation ratios
and temperatures. However, there are a number of factors which none of the four FeCO3
models available in literature account for, which are likely to have a substantial effect on
the precipitation of FeCOs. Of the numerous factors which can influence precipitation
kinetics, perhaps the two aspects which are least understood are that of the brine
chemistry (i.e. the role of monovalent and divalent cations and anions) and the link

between surface chemistry, CLAR and the role of mass-transfer.

It is suggested that future research needs to be directed towards understanding the
conditions at the electrode-electrolyte interface and relating this to precipitation kinetics.
In addition, the influence of more complex brine chemistries needs to be considered.
However, what also needs to be reviewed are the approaches adopted when determining
precipitation/deposition kinetics in laboratory-based studies. A number of limitations
exist with current lab based techniques when quantifying precipitation in supersaturated

solutions. That being said, a number of experimental techniques have been applied over
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the past few years, which have the potential to improve our understanding of FeCOs3

precipitation, and these are reviewed below.

[t is also suggested that to achieve an improved understanding of FeCOs precipitation
kinetics, research should be directed towards methodologies which involve:
1. maintaining a stable solution chemistry in dynamic conditions
2. the application and/or development of quantitative in situ techniques to track the
relationship between steel corrosion rate and precipitation behaviour
3. the implementation of combined experimental and modelling approaches to

relate surface concentrations to precipitation

However, achieving each of these approaches presents challenges. The following
subheadings consider each of the suggested methodologies and reviews either
preliminary or complementary work in other research areas which can contribute
towards achieving each of the aforementioned points in the context of FeCOs

precipitation.

6.1.1 Maintaining a stable solution chemistry in dynamic conditions

One of the main experimental challenges in determining FeCOs accumulation rates,
particularly over extended periods at low levels of supersaturation, is maintaining the
saturation ratio over the duration of the test. This has been achieved to a certain extent
by Sun and Nesicl54 in static conditions where the supersaturation was maintained
approximately constant by adjusting the Fe2* concentration. This was performed by
continuously dosing the system with a deoxygenated ferrous chloride solution into the
glass cell. Although this produced consistent data, the values were for static conditions at

very high levels of supersaturation (>100).

There still remains a requirement to understand the kinetics of FeCO3 precipitation at low
levels of bulk saturation in flowing conditions. As stated previously, determining the
influence of mass-transfer on the precipitation rate is an important step in establishing a
reliable corrosion management strategy. The range of supersaturation of particular
interest in terms of oil and gas transport is typically below 5 and achieving such a low
constant supersaturation in dynamic conditions is particularly challenging

experimentally for a closed system.
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A number of published papers in both the corrosion and mineral scaling community
perform free-drift experiments, or studies in batch systems, where there is no continuous
feeding of constituents into the system with examples provided in the first part of the
paper by Sun et al.[54] and the work of Alsaiari et al.[?°l. When precipitation or dissolution
occurs in a closed system, many factors such as the pH, ionic strength and the
thermodynamic driving forces for precipitation change together. In order to fully
understand and quantify precipitation kinetics, it is important to keep these parameters

constant.

Interestingly, systems have been utilised in the mineral scaling community which provide
a constant composition of a supersaturated solution with respect to scales such as
calcium carbonate (CaC03) and calcium sulphate (CaS04)[104,188-191], These studies can be
divided into three approaches; the use of constant composition continuous stirred tank
reactors (CSTRs), and the application of once-through flow cells and a recently developed
long-term continuous replenishment dynamic system. These are reviewed in the

following sections.

6.1.1.1  Constant Composition Continuous Stirred Tank Reactors (CSTRs)

This methodology involves the use of a CSTR where two titrants are dosed into a reaction
vessel to maintain the pH, ionic strength and concentrations of the species. The concept
for this was initially introduced in 1978 by Tomson and Nancollas(92] and has been
adapted in later studies by researchers from the same research institutel104 105], [n these
tests the output of a pH controller is compared to a pre-set value, with the difference in
electrical potential controlling a motor of a syringe pump to deliver titrants from two
syringes into the reactor cell. Examples of this work are provided by Rice University who
considered the bulk precipitation of various carbonates(104, In addition, a more simplistic
implementation of this technique is performed in the second part of a publication by Sun
etal.[>4l where FeCOs precipitation onto a steel surface is considered. Depending upon the
system, the control of this process and trying to maintain a stable chemistry can be
particularly challenging, especially at high temperature when the kinetics of film

formation are particularly rapid.
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6.1.1.2  Once-through flow cells

Perhaps the most applicable and translatable study which could be applied to FeCOs3
deposition is the once-through flow cell as discussed in the paper by Bukuaghangin et
al.191] which was utilised to study the kinetics of barium sulphate (BaSO4) scaling in the
presence and absence of inhibitor. The design of the system was inspired from the cell
developed by Euvrard et al.[193], which was actually applied in a closed system, resulting
in a decrease in saturation ratio over time. This restricted kinetic studies to limited
periods of time. In the work performed by Bukuaghangin et al.[1%1], the set-up was
adjusted to include a once-through flow system. Essentially, two separate brines travel
independently via peristaltic pumps through a thermostatic bath before entering a
mixing chamber where the solutions are combined before surface deposition occurs
within the cell. The cell enables saturation ratio to be maintained for long durations in a
flowing system which would be beneficial for the study of FeCOs3 precipitation. One slight
limitation of the cell is that only low flow rates can be generated, so studying the effect of
high flowrates on precipitation is not possible. However, being able to ensure a constant
fluid composition travelling past the steel sample addresses one of the significant short-
comings associated with quantifying FeCOs3 precipitation kinetics. It could be possible to
modify the system to cater for higher flow rates, however, large volumes of solution
would be required to reach appreciable flow rates for significant periods of time,

depending on the channel and sample sizes.

6.1.1.3  Continuous replenishment/flow-through dynamic system

The majority of CO2 corrosion experiments tend to be conducted at either high levels of
supersaturation to reach steady-state conditions rapidly, or the supersaturation is
allowed to evolve naturally throughout the course of an experiment. Regrettably, most
operating conditions in upstream pipelines do not translate to these ‘easy to run’

conditions.

In an effort to better simulate the long-term internal pipeline chemistry found in the field,
[eamsupapong et al.l15¢] developed a continuous replenishment system which was used
to control the water chemistry by maintaining low saturation values (~1) with respect to
FeCOs for an entire test duration. Figure 15(a) shows the dynamic flow-through system

which consists of multiple feed solution containers and the working cell. A working
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impeller (Figure 15(b)), housing test specimens resides within the working cell which is
able to generate uniform flow and mass-transfer within the cell. The concentrations of
species in the feed solution are adjusted based on the desired conditions within the
working cell, and are able to maintain a stable pH and Fe2* concentration in a dynamic

environment.

2 CO, purged supply
feed solution

(@) (b)

Figure 15: (a) Continuous replenishment setup to control solution pH and Fe?2+
concentration and (b) top view of impeller/sample holder design to provide well-
characterised hydrodynamics over sample - images adapted from leamsupapong
et al.[156] and reproduced with permission from NACE International, Houston, TX.

All rights reserved.

Figures 16(a) - (c) indicate the transient response of the Fe2* concentration, pH and
saturation ratio as a function of time for 9 days within the working cell. The target Fe2+
concentrations in these experiments were 40, 10 and 3 ppm at pH values of 5.4, 5.7 and
6, respectively. The results from the cell indicate that the system is capable of maintaining
a very stable chemistry in a dynamic system at low saturation (which varied by a factor

of two around a saturation level of one).
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Figure 16: Comparison of (a) Fe2+, (b) pH and (c) supersaturation change in the

bulk solution over time using the constant replenishment/flow-through cell of

from leamsupapong et al.[156], Experiments ran for 9 days at a temperature of
80°C, pCO2 of 0.54 bar and 0.6 m/s - images adapted from leamsupapong et al.[156]

and reproduced with permission from NACE International, Houston, TX. All rights

6.1.2 Application and/or development of quantitative in situ techniques

Four key in situ techniques identified in the literature which hold promise for providing
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a deeper insight into FeCOs kinetics are:

The first two techniques can be used predominantly to understand the earlier stages of

precipitation (nucleation and growth), while the latter two techniques can be employed

In situ synchrotron X-ray diffraction

In situ X-ray microtomography

[65

The electrochemical quartz crystal microbalance

]

In situ visualisation of crystal nucleation and growth

9



to study both the early and later stages of precipitation. Each setup is reviewed in-turn

in the following sections:

6.1.2.1  In situ visualisation of crystal nucleation and growth

During the early stages of FeCOs precipitation, it has been shown that the suppression of
corrosion rate is largely achieved through a surface blocking effect on the steel
substratel144l, Once the initial layer of crystals is formed, the increase in thickness of the
porous FeCOs network is then capable of acting as a diffusion barrier to electrochemically

active species.

One possible method of understanding the coverage and growth of FeCO3 during the
earlier stages of growth is to monitor the surface with in situ visualisation techniques that
can provide information on nucleation and growth Kinetics. In addition to creating a once-
through flow cell to enable continuous flow of a supersaturated fluid over a steel surface,
Sanni et al.[189.190] and Bukuaghangin et al.[191] extended their setup (discussed earlier) to
provide real-time visualisation of mineral scale build-up. The surface deposition kinetics
were followed by a high resolution camera linked to a computer. The camera enabled
real-time observations and instantaneous image capture of scale deposition on the steel
surfaces inserted into the in situ flow cell. Each captured image was then processed using
a MATLAB programme, utilising the difference in contrast of the bare steel surface and
the crystals that had formed. Once processing the image, the programme then produced
a binary output image in black and white which can be used to determine the surface
coverage, crystal size and number of crystals present on the steel substrate. There exists
the potential to extend this study to FeCOs3 precipitation, however challenges may exist in
the image processing stage as the contrast may be different for FeCOs deposition onto a
corroding carbon steel surface as compared to CaC03/BaSO4 deposition onto a non-

corroding stainless steel surface.

6.1.2.1  The electrochemical quartz crystal microbalance (EQCM)

Another technique for monitoring the very early stages of FeCO3 nucleation and growth
is the electrochemical quartz crystal microbalance (EQCM). The EQCM is a device capable
of measuring (in real time) very small changes in mass based on the frequency shift of a
piezoelectric quartz crystal. The device not only possesses nanogram sensitivity, but it

also enables simultaneous electrochemical measurements, making it useful in the study
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of FeCOs3 precipitation kinetics in CO2 containing environments. The correlation between

mass and frequency of the EQCM is described by the Sauerbrey equation[1941:

_2of (42)

-Am
v HqPq

Where Af is the frequency change (Hz), Am is the change in mass per unit area (g/cm?), fo

Af =

is the resonant frequency of the fundamental mode of the crystal (Hz), q is the shear

modulus of quartz (g/cm/s2) and pq is the density of quartz (g/cm3).

In an initial paper, Yang et al.[187] evaluated the capability of the EQCM to measure the
mass change due to dissolution in situ during CO2 corrosion. This was followed by
studying film formation and removal (via chemical dissolution) of FeCO3. The EQCM was
able to accurately determine the dissolution behaviour of an iron coated quartz crystal in
a 1 wt.% NaCl solution at 25 and 80°C when corroding naturally and when under

potentiostatic control.

In subsequent tests, the precipitation kinetics of FeCO3 were determined at 80°C and pH
6.6 in a 1 wt.% NaCl solution saturated with CO2 on both polarized gold and iron coated
quartz crystals for the ultimate purpose of performing FeCO3 dissolution experiments. In
tests where deposition onto iron was measured, the EQCM was able to identify the early
stages of film growth, producing precipitation rates comparable with the model of Sun
and Nesicl54. The technique was particularly useful as it not only provided real time
measurements of precipitation, but arguably provides a more accurate measurement of
mass gain, which is sometimes challenging when using a microbalance in conjunction
with the mass gain technique. Yang et al.[187] was also able to control the kinetics of FeCO3
precipitation onto gold electrodes by applying cathodic potentials to the quartz crystal.
However, the coverage of FeCO3 was observed to be better on the iron electrodes, making

them more suitable for the dissolution experiments performed.

[67]



6.1.2.2  Insitu synchrotron radiation X-ray diffraction (SR-XRD)

X-ray techniques are particularly important in terms of electrode/electrolyte interaction
studies. X-ray diffraction (XRD) is able to provide information on phase composition,
orientation, surface texture, strain and transformations. One of the most powerful
advantages of this technique is that it can be used for in situ studies which enable surfaces
to be examined when exposed to an electrolyte in realistic environmental conditions.
However, such studies require attention to detail in terms of the electrochemical cells
developed, as well as access to the instrumentation required for synchrotron studies,
which can be particularly expensive.

Recent work by Burkle et al.[195.19¢] I[ngham et al.[93,139,140] Ko et al.[136-138] and Sk et al.[18]
has demonstrated the ability of synchrotron radiation x-ray diffraction (SR-XRD) to
provide qualitative and quantitative information in relation to FeCO3 precipitation
kinetics. Burkle et al.l195 196] presented the design of an in situ SR-XRD flow cell
instrumented with electrochemistry for corrosion measurements. The flow cell was
utilised to follow both the nucleation and growth behaviour of corrosion products and
the evolution of the phases present during the CO2 corrosion of X65 carbon steel surfaces
inreal-time. This particular study focused on a CO2-saturated 3.5 wt.% NaCl brine at 80°C
and a flow rate of 0.1 m/s at pH values of 6.3, 6.8 and 7. FeCO3 was shown to be the only
crystalline phase to form in all conditions. The comparison between XRD main peak area
intensities and FeCOs surface coverage, mass and volume demonstrated that there was a
qualitative relationship between these parameters at each pH, providing information on
the kinetics of film formation. The results also indicated that the observed trend had
potential to be developed into a quantitative relationship. A schematic and image of the
setup used is provided in Figure 17, while some of the typical results from the experiment
at a specific pH are provided in Figure 18 for a pH of 7 at 80°C. Unfortunately, the
limitation of this particular method was that the flow system was recirculating, resulting
in the chemistry of the solution changing with time. However, this could be rectified

through conversion into a once-through system.
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Figure 17: The flow cell set-up during Synchrotron experiments performed by
Burkle et al.[195] (a) Photograph and (b) schematic of the flow cell set-up used on

the Diamond Light Source beamline (I15) - image adapted from Burkle et al. [195]
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Figure 18: Development of the FeCOs crystals; (a)-(d) SEM images as a function of
time (scale bar corresponds to 30 pm and data collected from laboratory
repeats); (e) In situ corrosion rate and major FeCOs (104) average peak area
versus time collected at beamline 115, conducted in a COz-saturated 3.5 wt.% NaCl
solution at 80°C, 0.54 bar pCOz and 0.1 m/s at pH 7[196] - image adapted from

Burkle et al.[196]

6.1.2.3  Insitu X-ray microtomography

The latter stages of FeCO3 growth are associated with the development of a thicker,
porous layer which changes in structure during its development. This film growth and
change in porosity and permeability with time also influences the corrosion rate in
addition to the surface blocking effect provided by the initial accumulation of the film on

the steel surfacell16],

Developing a full understanding of the porosity and permeability of a FeCO3 layer and
how this evolves over time is one of the key requirements to improve prediction models
of FeCO3 growth. Such a mechanistic model for film formation was developed by Nesic et
al.[116] however, the proposed variations in film porosity from the model as a function of
thickness and the various operating conditions were not extensively validated

experimentally.

Ifitis possible to track the changes in porosity, tortuosity and permeability of FeCOs films
and relate changes in such properties to the transient corrosion behaviour of the
underlying substrate, such an approach could assist greatly the development of models
to accurately predict the growth mechanism and protection afforded by FeCOs layers. One
such technique which holds the ability to achieve such an understanding is x-ray

microtomography.

X-ray microtomography is a method for imaging structures in three dimensions with
resolution on the micron length scalel197l. As well as being a non-destructive technique, it
can also study specimens immersed in an electrolytel197], making it an ideal method for
the in situ monitoring of FeCOs3 formation on a substrate. The latest generation of
synchrotron facilities have made it possible to achieve micrometre to sub-micron
resolution, which has generated increased interest from the material characterisation

community(198],
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In the last decade, advances in laboratory based instruments have enabled resolution at
sub-micron level, providing a viable alternative to synchrotron sources. The systems
operate on the same principles, however, they suffer from the disadvantages of long scan
times and many orders of magnitude lower flux capacity, making them currently
unsuitable for examining the changes and development in corrosion product formation
in situ when the kinetics are particularly fast, as one of the fundamental requirements of
X-ray tomography is that the microstructure does not change significantly during the
scan period[197l. However, the application of synchrotron X-ray microtomography does
not suffer from such shortcomings, possessing 1000 times greater flux, fast scan times

and superior resolution[198],

Regardless of the X-ray source, microtomography is now making significant
contributions in the field of 3D analysis, helping material engineers to understand
structures in far greater detail than those captured by standard surface microscopy
techniques(199]. A detailed review of the many morphological parameters that can be
extracted using X-ray tomography of porous materials is presented by Maire et al.[200], [n
this work, a selection of cellular ceramics were analysed which possessed different
morphologies and pore sizes. Figure 19 shows images of the materials investigated as
well as their pore thickness distribution. From such images it is also possible to extract
parameters such as tortuosity of the network (i.e. the ratio of the length of the path
between two points in the porous network over their distance in a straight line) in

addition to the porosity.

A similar study was conducted by Brabant et al.[201] who compared a number of porous
materials, including limestone, pine wood and aluminium foam. Their methodology for
analysis involved dividing the network of pores into subdomains. Such an approach
enabled the porosity, equivalent diameter and orientation of the pores to be quantified.
This method of separation also facilitated the construction of a simplified skeleton of the
pore network or solid phase, which could be particularly beneficial as an input for the
modelling of species transport to determine properties such as permeability. Application
of this methodology to understand the permeability of FeCO3 corrosion product films and
their porosity variation with thickness would provide useful data to correlate with

mechanistic models to improve the understanding of how such films develop.
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Figure 19: 3D view and grey level tomographic slice for six samples (a)
honeycomb, (b)/(c) two aluminium foams, (d)/(e)/(f) three preceramic polymers.
Figure 19(f) shows the pore size distribution of each network obtained after

processing the tomographic images - images adapted from Maire et al. [200]
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6.1.3 Implementation of combined experimental and modelling

approaches to relate surface concentrations to precipitation

As alluded to earlier in this review, Fe2+ is generated at the steel surface during corrosion,
while H* ions are consumed on the steel surface or the film surface (if the film is Fe3C)
prior to protective film formation. The evolution of concentration gradients from the bulk
solution to the steel surface results in higher supersaturation in the film and/or at the
metal surface, which can increase the level of precipitation at the surface.[?5] This effect is
likely to be more substantial at low bulk saturation values as compared to highly

supersaturated solutions.

A concerted effort needs to be directed towards not only understanding bulk solution
chemistry, but determining surface corrosion rates/reactions and how this influences the
surface pH and concentration of Fe2*, This will be the key to understanding the

precipitation process and accurately predicting the rate of FeCO3 growth.

To date, the state-of-the-art in terms of predicting the concentration profile from a
corroding carbon steel surface into a bulk solution under hydrodynamic conditions (in
open literature) is that of the mechanistic model developed by Nordsveen et al.['22] and
Nesic et al.[123] for CO2 corrosion. The model takes into consideration electrochemical
reactions at the steel surface, diffusion of species between the metal surface and the bulk
(including diffusion through porous surface films), migration due to establishment of
potential gradients, and homogenous chemical reactions. The model can predict the
corrosion rate as well as the concentration profiles for all species present in the brine
from the steel surface into the bulk solution. The model by Nordsveen et al.[122] and Nesic

et al.l123] is arguably the most comprehensive mechanistic model to date.

As part of a series of numerical experiments using the developed model, Nesic et al.[123]
compared the saturation ratio at the steel surface to that of the bulk solution for the flow
of a brine solution at 1 m/s through a 0.01m diameter pipe at 1 bar pCO2z and 20°C, with
an FeZ* content of 1 ppm. Figure 20 shows the predicted saturation profile. The figure
illustrates the error which can potentially be made when considering if precipitation of
FeCOs is thermodynamically favourable. For example, in this particular environment, one

could argue that precipitation is not thermodynamically favourable below a bulk pH of
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6.6. However, the surface of the steel exceeds saturation with respect to FeCOs for a bulk

pH of 6.

The corrosion of the steel surface results in a higher pH at the interface. This reduces the
concentration of Fe2* required to exceed the solubility of FeCO3 which when combined
with the high FeZ* concentration at the surface results in an increased level of
supersaturation at the surface. At present, none of the models proposed within literature
for FeCOs formation are correlated with surface precipitation rates. They are all based on

correlations with bulk saturation ratios.

100 1

10 5 pH 7
c E
o i
® 14 pH 6.6
= -
5 : pH 6.3
Q0.1 =
s E pH6
n .

0.01 <

; pH 5

0.0ol rrrrrrrrrrrrrrrrorrrryrrrrrrrrrrJrrrrrrrrrrrrrr1rrrrorirT

0 10 20 30 40 50 60 70 80 90 100

Distance from Metal Surface (um)

Figure 20: Difference between the bulk and surface conditions at different pH for
T = 20°C, pCO2 = 1 bar, cFe?* =1 ppm,v=1m/s,and d = 0.01 m based on the
model by Nordsveen et al.[122] and Nesic et al.[123] - image adapted from Nesic et

al.[123]

One identified study within literature focused on understanding precipitation processes
onto electrode surfaces by correlating precipitation rates with predicted surface pH
measurements and species concentrations. However, this study by Tlili et al.[202] was
conducted in an oxygenated environment and considered the role of pH at the
electrode/solution interface on CaCOs precipitation. Nonetheless, the principle of the
technique could be translated to a deaerated environment for FeCOs precipitation where
different cathodic reactions dominate. The study involved modelling the oxygen

reduction reaction at the electrode as a function of applied potential along with the
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homogeneous chemical dissociation reactions in a CO2 system and the diffusion processes
of each species, whilst also accounting for electro-neutrality to determine the pH at the
electrode/solution interface. This work built on the initial model of Deslouis et al.[203] for
seawater and enabled Tlili et al.[202] to extract concentration profiles for OH-, HCO3-, CO3%
and Ca?* as a function of distance from the surface for a polarised gold electrode. The
model ultimately enabled the supersaturation at the gold electrode to be determined as
a function of applied potential for a given set of bulk solution conditions. The local pH and
supersaturation values were compared with the electro-gravimetric measurements from
a gold coated quartz crystal microbalance. The results confirmed that precipitation was
possible on the gold surface even when the bulk solution is under-saturated with respect
to calcite, proving that surface composition is critical in the precipitation process. There
is the potential to adapt this technique to FeCOs deposition to provide a more
fundamental understanding on the role of surface chemistry on the deposition process.
However, studying FeCOs precipitation is made slightly more complicated by the fact that
the system needs to be oxygen free. Nonetheless, there is potential in this methodology

for it to be adapted for FeCOs formation studies.

7. Conclusions

Internal pipeline corrosion as a result of dissolved COz in process fluids is one of the main
obstacles towards successful oil and gas production. When the product of the activities of
Fe2* and COs3% ions exceeds the solubility product, it becomes thermodynamically
possible for FeCOs to form from the solution and dramatically reduce the corrosion rate
by precipitation of a porous crystalline layer directly onto the steel surface. This paper
has consolidated the information in the literature relating to FeCOs formation in the oil
and gas industry and generated the following conclusions:

e Factors which influence the kinetics of FeCO3 formation include: (i) the solubility
of FeCOs, (ii) environmental conditions, (iii) operating conditions and (iv) the
material and interfacial properties of the steel.

¢ The solubility product is influenced by temperature, an increase in which reduces
solubility. This behaviour is very important since the driving force for
precipitation of FeCOs3 is the saturation ratio (S) of FeCO3. However, it is clear that
challenges exist experimentally when deciphering even the solubility product of

FeCOs3 as a function of temperature. Of the various empirical expressions for
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solubility product in the literature, the model of Sun and Nesicl>3], which accounts
for temperature (as well as the influence of ionic strength on ion activity), appears
to be the most reliable. Accurate prediction of Ksp (and ultimately S) is the first
step in producing reliable estimates of precipitation kinetics.

The protectiveness of FeCOs is influenced by several environmental factors such
as temperature, pH, CO2 partial pressure and ferrous ion concentration, which can
affect precipitation behaviour either directly, or indirectly. The morphology and
protectiveness strongly depend on the rate at which FeCO3 accumulates on the
steel surface and hence the value of S for FeCOs. Typically, a high S is required to
obtain appreciable levels of FeCO3 precipitation onto the steel surface, although
this is again dependant on pH and temperature.

Increasing pH has a profound effect on the morphology and level of protection
offered by FeCOs films, improving corrosion resistance significantly. For
temperatures <40°C lower precipitation rates are established and a loosely
adherent, porous film can result, although some studies have observed the
formation of protective films at room temperature with a high pH and very high
level of supersaturation.

One influential environmental property which has received less attention is the
role of brine chemistry on precipitation. The presence of additional dissolved salts
other than NaCl not only affects ionic strength, but high concentrations of certain
species (e.g. Ca?*) can promote the formation of different, competing scales in
preference to FeCOs, which alter the level of protection afforded to the steel
surface.

In addition to the rate of FeCO3 accumulation on the steel surface, the corrosion
rate of the underlying steel is also an important consideration as this effectively
‘undermines’ the film. If the precipitation rate significantly exceeds that of the
corrosion rate, then a dense, adherent, protective layer is anticipated which can
be very thin (<10 pm). Conversely, if the corrosion rate exceeds the rate of FeCOs3
formation, a porous and poorly protective film is likely to develop, which can be
particularly thick (~100 pm or greater).

The formation and adhesion of the FeCOs layer has also been related to the
presence of iron carbide (Fe3C) which can act as a diffusion barrier, increasing the

local pH and Fe?2* concentration. However, the effect of this layer has not been fully
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explored, yet has the potential to be critical in dictating whether a protective layer
develops.

Determining the bulk solution chemistry alongside the surface corrosion
rates/reactions and identifying how this influences the surface pH and local S
appears to be the key to understanding the precipitation process and accurately
predicting the rate of FeCO3 growth. Four models of the precipitation rate of FeCOs3
exist in the open literature and the model of Sun and Nesicl54 is arguably the most
reliable for predicting the rate at which corrosion products accumulate on a
corroding steel surface (for reasons which are discussed in detail in this review).
However an important limitation of all current models is that they ignore the link
between surface chemistry, precipitation rate and mass transfer, expressing the
precipitation rate as a function of bulk S.

One important study, (albeit in the context of CaCO3 precipitation[202]}, has shown
that precipitation is possible even when the bulk solution is under-saturated,
demonstrating the importance of understanding the steel-electrolyte interface
conditions in precipitation studies. These influences in FeCO3 precipitation are
poorly understood and further research is needed towards creating
methodologies that can maintain a stable solution chemistry in dynamic
conditions, in order to track the relationship between corrosion rate and FeCOs3
precipitation. Four in situ experimental techniques that are worthy of further
development are: visualisation of crystal nucleation, synchrotron radiation X-ray
diffraction, microtomography and electrochemical quartz crystal microbalance.
These methods may provide the foundations for a new, combined experimental
and modelling approach to relate surface concentrations to precipitation, thus
providing greater understanding of the key mechanisms influencing FeCOs3

precipitation.
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