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Abstract

CO2 corrosion is a serious environmental and financial concern for the oil and gas industry

requiring the continuous development of cost-effective corrosion prevention and mitigation

strategies. Over the last decades, the FeCO3 scale that forms during the CO2 corrosion process

has gained much interest as it can prevent further corrosion once fully formed. However,

fundamental research on CO2 corrosion and the formation of these corrosion scales is still

lacking due to the complexity of these electrochemical systems. Density Functional Theory

calculations can be instrumental in supporting and interpreting experimental results. In

this work, the results of DFT PDOS calculations of oxygen adsorbed on an Fe(110) surface

revealed a hybridised orbital around the Fermi level that explains the origin of the asymmetric

oxygen peak in the XPS spectrum. Other more traditional electrochemical models have been

developed over the years to improve our understanding and forecasting capabilities of CO2

corrosion, however these models are unable to capture the stochastic nature of the corrosion

process which is key to describe stochastic phenomena such as localised corrosion and the

formation of the corrosion scale. This work presents the Semi-local Corrosion Approximation,

a novel modelling technique that combines a general corrosion electrochemical model with

elements of cellular automaton stochastic models to simulate the corrosion process using a

3-dimensional description of the corrosion system. The model predicts the evolution of the

physical properties of the corrosion scale which are found to play an important role in the

protection of the steel surface. The 3-dimensional analysis of the corrosion scale shows that

scales formed under a high precipitation rate may develop localised corrosion as the FeCO3

supersaturation is consumed before the scale fully covers the steel surface.
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Chapter 1

Introduction

Corrosion is a natural process that causes metals to degrade and deteriorate posing major

safety and financial issues across many industries.4 The yearly global cost of corrosion was

estimated at $2.5 trillion; 3.4% of the world’s GDP in 2013.5,6 In the oil and gas industry

a corrosion related accident not only results in financial loss but it can also cause a serious

environmental hazard. According to the U.S. Department of Transport, in the past decade

corrosion was the primary cause of accidents impacting people and the environment in the

U.S. 70% of the accidents that could be prevented during an integrity inspection were related

to corrosion with roughly an even split between internal (pipeline inner surface) and external

(pipeline outer surface) corrosion accidents.7 Therefore, plenty of research is devoted to study

the corrosion process and develop new tools and strategies to detect and prevent corrosion

damage.8–11

Pipelines have been used for over a century as a reliable way of transporting crude oil,

natural gas and petroleum-derived products.12 The vast majority of pipes are still made of
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carbon steel. This is because it is a relatively cheap material with good mechanical and

welding properties, it is compatible with a wide variety of corrosion resistance strategies and

it has been studied thoroughly for decades providing the trust and confidence required by

the oil and gas industry.13 However, carbon steel pipelines are susceptible to corrosion and

corrosion detection and mitigation strategies are expensive to implement and maintain. This

is particularly problematic for internal corrosion where corrosion typically develops faster and

inspections of the pipe for corrosion damage are challenging.

The conditions inside the pipeline can be categorised into sulfide and sulfide-free en-

vironments most commonly known as sour and sweet (or CO2) environments respectively.

Sour environments contain high levels of sulfides—mainly H2S—and exhibit more aggressive

corrosion. In contrast, sweet environments have a low concentration of sulfides and the

corrosion is milder compared to sour corrosion. However, currently the majority of the oilfield

failures are caused by sweet corrosion due to the lack of reliable models to predict this type

of corrosion.14,15 Indeed, while numerous models have been proposed over the years some of

the fundamental processes involved in sweet corrosion are not yet fully understood resulting

in models with poor forecasting capabilities. Therefore, this project aims to expand our

understanding of sweet corrosion by both using existing modelling tools and developing novel

modelling techniques.
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1.1 CO2 corrosion

CO2 (or sweet) corrosion refers to the oxidation process of iron in the presence of CO2 gas.

The two main electrochemical reactions are the oxidation of Fe to Fe2+ at the anode

Fe(s) Fe 2+
(aq) + 2 e– {1}

and the hydrogen evolution reaction (HER) at the cathode.

H +
(aq) + 1 e–

1

2
H2(g) {2}

The CO2 gas dissolves in the water phase and hydrates to give carbonic acid:

CO2 (g) CO2 (aq) {3}

CO2 (aq) + H2O H2CO3 {4}

The carbonic acid can then dissociate into HCO3
– and CO3

2– losing one proton at each step:

H2CO3 H+ + HCO –
3 {5}

HCO –
3 H+ + CO 2–

3 {6}

The equilibria established between Reactions {3} to {6} is known as the carbonate equilibria

and it plays a key role in CO2 corrosion as explained below.

Despite the rate of corrosion being demonstrably higher in the presence of CO2 there has

been much debate over the past decade on the specific mechanism responsible for this increase.

The two main mechanisms under discussion are (I) the direct reduction reaction of H2CO3
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and (II) the ability of H2CO3 to act as a reservoir of H+ due to its weak acid properties, also

known as the buffering effect.16 As of the writing of the present work the consensus is that

the contribution of the H2CO3 direct reduction to the total cathodic current is negligible

and the buffering effect is the major contributor to the increase in corrosion rate in sweet

environments.17–21

While the additional protons are provided by the deprotonation of H2CO3 (Reaction {5})

and, to a lesser extent, the deprotonation of HCO –
3 (Reaction {6}) both of these reactions are

limited by the slow CO2 hydration reaction (Reaction {4}).22,23 Therefore, the three major

factors limiting the HER are (I) the mass transport of H+ (II) the mass transport of H2CO3

and (III) the kinetics of the CO2 hydration reaction.23

1.2 Corrosion product layer

During the corrosion process a film may sometimes form over the corroding metal surface

as a by-product of the corrosion reaction, the corrosion scale. Such a film may protect the

metal surface from further corrosion (surface passivation) so they are utilised as an additional

cost-effective mitigation strategy in many industries. The level of protection is often linked to

the structural properties of the film which are determined by the type of metal substrate and

the conditions under which the film formed.24,25

In CO2 corrosion the oxidation reaction releases Fe2+ ions into solution where they combine

with CO 2–
3 ions and precipitate on top of the steel surface as FeCO3 in the siderite crystalline

phase.14 Figure 1.1 shows a diagram of the different chemical and electrochemical reactions

involved in CO2 corrosion.
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Figure 1.1: CO2 corrosion diagram.

This film protects the steel surface via two different mechanisms: (I) the film creates a

diffusion barrier for the electroactive species moving away and towards the steel surface and

(II) the film covers the steel surface thereby blocking active corrosion sites.26 The degree of

protection offered by these two mechanisms is determined by the physical properties of the

corrosion scale such as the density, morphology and surface coverage which are observed to

be determined by the corrosion and precipitation rates during formation the formation of the

scale.16,16,27–30 When the precipitation rate is higher than the corrosion rate a dense uniform

film forms on the metal surface. When the corrosion rate is higher than the precipitation

rate the corrosion ”undermines” the corrosion scale resulting in a thick porous film with poor

protective properties. This is typically characterised by the scaling tendency (ST ), a ratio

between the precipitation rate and corrosion rate.25 Additionally, the stability of the film

is key to maintain the corrosion protection as changes in the environment can result in the

degradation of the corrosion scale or its detachment from the steel surface.

While compact and dense scales are generally deemed as ”protective” based on short-term

experiments (less than a week) long-term corrosion experiments are still lacking even though
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they are key to validate the current consensus on protective scales. Furthermore, the formation

process of the scale is still not fully understood and thus it is not trivial to predict which

environments promote the formation of a protective scale.

The goal of the present work is to improve our understanding of the corrosion process

and corrosion scale formation by using existing modelling methods as well as developing new

modelling techniques that can overcome the limitations of the current models.

1.3 CO2 corrosion models: a review

New tools and strategies for the prevention and mitigation of corrosion are continuously de-

veloped to reduce its costly and sometimes catastrophic consequences.9,10 Predictive corrosion

models play a key role in these developments as they are used to evaluate the risk of corrosion

and assess the lifespan and maintenance of equipment and components susceptible to it.

CO2 corrosion models are generally based on the assumption that there is no charge

buildup at the metal surface and thus the sum of cathodic currents must equal the sum of

anodic currents: ∑
i

ia,i =
∑
j

ic,j (1.1)

ia and ia are typically expressed as a function of the applied potential (E). The potential

at which Eq. (1.1) holds true is known as the corrosion potential (Ecorr) which is typically

obtained using numerical methods such as the Newton-Raphson method when an analytical

solution doesn’t exist. Then, the corrosion current (icorr) can be obtained by adding up all

anodic (or cathodic) currents.
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Many CO2 corrosion models have been developed over the past decades. The first CO2

corrosion model was introduced by De Waard and Milliams 31 in 1975. They proposed the

following mechanism for the cathodic reaction:

H2CO3(aq) + e– HCO –
3(aq) + H2(gas) {7}

H+ + HCO –
3 2CO3 {8}

This mechanism assumes that the direct reduction of the carbonic acid is the main ca-

thodic reaction when CO2 is present in the environment. Their model is based on a linear

approximation of the pH dependence of the log of the corrosion current (icorr):
31

log icorr = −A pH +B (1.2)

The parameters A and B are related with the Tafel slopes of the cathodic and anodic reactions

and the reaction rates respectively and can obtained by fitting experimental data to the

equation experimentally. De Waard and Milliams 31 correlated the pH with the partial pressure

of CO2 (pCO2
) to obtain a relation for the corrosion current as a function of the partial pressure

of CO2:

log icorr = −1

2
A log pCO2

+B (1.3)

While this initial model has a mechanistic (albeit simplistic) foundation later iterations of this

model included empirical corrections to account for additional effects such as the flow rate or

the corrosion scale.32–35 Therefore, later versions of the model are considered semiempirical.36

The next generation of CO2 corrosion models include a mechanistic description of addi-

tional physicochemical processes that influence the corrosion rate such as other important

electrochemical reactions (particularly at the cathode) and the mass transport of species
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between the bulk of the solution and the reactive surface. Moreover, the water chemistry of

the solution and the concentration of species at the reactive surface are key components of

these new models as the concentration of carbonic acid in solution was considered to play a

key role in the CO2 corrosion process. The models developed by Gray et al. 37 and Dayalan

et al. 38 are amongst the first examples of such models with the most complete model being

developed by Nesic et al. 39 in 1996 which included the H+, H2CO3, H2O reduction reactions

and identified the hydration reaction as the limiting process of the carbonic acid reduction.

While these models are based on sound mechanistic foundations they predict a constant

corrosion rate for a specific set of conditions. However, CO2 corrosion is a dynamic process

and the evolving solution chemistry and the possible formation of a corrosion scale can

influence the corrosion rate as a function of time. Therefore, some more advanced models

have been developed to make time-dependent predictions of the corrosion rate starting from a

set of initial conditions. These models describe the mass transfer, electromigration, flow and

electrochemical and homogeneous reactions via the Nerst-Planck relation:

∂Ci

∂t
= −∇Ni +Ri (1.4)

where Ci is the concentration of species i, Ni is the flux of species i and Ri is the source or sink

that accounts for all the chemical and electrochemical reactions that the species i is involved

in. While the first CO2 corrosion models that used this approach were somewhat limited

(Turgoose et al. 40 , Pots 41) the more comprehensive model developed by Nordsveen et al. 42 in

2003 is considered a milestone in CO2 corrosion modelling due to the improved description of

the electrochemical and homogeneous chemical reactions. The model also included a simplified

description of the corrosion scale that was added in later publications.26,43

Later studies focused on incremental improvements to the electrochemical, homogeneous
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and heterogeneous chemical reactions to widen the range of conditions where the model is

valid.16,23,44

While CO2 corrosion modelling have seen major improvements over the last decades

current CO2 corrosion models still present some shortcomings. Firstly, current CO2 corrosion

models are 1-dimensional which is enough to model general (or uniform) corrosion but struggle

to describe 3-dimensional processes such as localised corrosion and corrosion scale growth.

Secondly, since current CO2 corrosion models models are deterministic they cannot account

for the stochastic nature of the corrosion process.

Chapter 2 of the present work describes a new corrosion modelling technique that aims

to overcome the aforementioned issues related to CO2 corrosion modelling. It features a

3-dimensional simulation cell that represents the corroding surface and is coupled with a

stochastic model that introduces a random component into the corrosion and scale formation

process.

Chapter 3 analyses the time-series predictions obtained from the model and compares the

results with the current understanding of CO2 corrosion.

Chapter 4 explores the outcomes of the corrosion process after 2 days for a wide range of

different conditions aiming to understand the complex patterns and interactions between the

different initial conditions of the corrosion environment.

Chapter 5 showcases the possibilities that this new modelling technique offers by studying

two additional use cases of the model. The first use case aims to replicate a change in the

environment during the course of the simulation while the second use case describes an

inhibitor model that replicates the effect of inhibitors molecules blocking active corrosion
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sites on the metal surface.

Finally, Chapter 6 shifts the scope to the atomistic scale. To improve the description of

corrosion models it is important to have a clear understanding of the fundamental processes

that govern the corrosion reaction. This last chapter studies the initial stages of the corrosion

process while laying down the foundations for future research in this area.
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Chapter 2

Semi-local Corrosion Approximation

2.1 Introduction

During the corrosion process a film may sometimes form over the corroding metal surface

as a by-product of the corrosion reaction. This film can play a key role in the protection of

the surface against corrosion but it is generally omitted or oversimplified in 1-dimensional

corrosion models. More advanced techniques can be used to incorporate a local description of

the processes but the additional cost currently prevents these methods from being used for

predictions that address practical length and time scales.45–48 It is the purpose of the current

work to introduce a new efficient and accurate model of corrosion scale growth that predicts

heterogeneous scale growth at realistic length and time scales.

Predictive CO2 corrosion models typically estimate the general (or uniform) corrosion

rate by solving complex partial differential equations in a continuous 1-dimensional system
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disregarding any stochastic or local surface phenomena.36,39,42,49,50 Some of these models have

attempted to incorporate the formation of a corrosion scale but modelling such complex

structures explicitly is challenging and therefore significant assumptions are adopted when

describing the internal structure of the scale.26,51–53 These 1-dimensional models typically

consider the formation and growth of the scale as a homogeneous process across the surface

which renders them unable to capture the heterogeneous and stochastic nature of both scale

growth and the resultant scale structure. Nevertheless, many studies have emphasised the

major impact that the presence of the scale has on the overall corrosion rate thus an appropriate

representation of the scale is crucial to model CO2 corrosion under scaling conditions.25,54

Corrosion scales are made of a combination of amorphous and crystalline material creating

a hierarchical multi-length scale structure that exhibits complex growth patterns and generates

complex fluid dynamics. The importance of a microscopic description of the scale has been

recently demonstrated by theoretical models in similar systems where the mass transport

across the grain boundaries has been shown to play a significant role in the oxidation process.55

There is therefore a need to extend current models of scale growth to improve the description

of the heterogeneous structure and its formation through stochastic and environmentally

influenced process.

Cellular Automaton (CA) models have been successful at describing many heterogeneous

and stochastic phenomena at relatively large scales including localised corrosion and metal

passivation.47 This modelling technique discretises space, time and state and defines a set

of local rules that attempt to mimic physical and chemical processes. It is also trivial to

model stochastic processes by assigning a probability to a rule. However, CA models are not

always suitable as a predictive tool because the parameters used in their local rules are not

typically modelled by a physically motivated equation, hence, they must be calibrated using
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experimental data.56,57 This constrains the predictive power of CA models to a limited range

of conditions as the parameters are not usually transferable from one system to another.

To overcome the limitations of the general corrosion models and CA models we introduce

here a new modelling technique has been developed to improve the predictive power of

current corrosion models and provide new insights into corrosion under scaling conditions, the

Semilocal Corrosion Approximation (SLCA) . This is achieved by assuming a pseudo-local

equilibrium in a discretised 3-dimensional space and time where the system is evolved locally

by applying a validated general corrosion electrochemical model that is explicitly dependent

on local conditions and coupled with a stochastic model of the corroding surface.

2.2 Semi-local Corrosion Approximation

The Semi-local Corrosion Approximation model can be divided into five parts: a water

chemistry model that calculates the concentration of species, an electrochemistry model that

computes the corrosion rate, a precipitation model that predicts the precipitation of corrosion

product, a mass transport model used to obtain the mass transport coefficients for a given

flow system and a stochastic model that controls the corrosion and precipitation processes at

the micro scale. The model is packaged in a C++ binary and can run under all OS platforms.

Figure 2.1 shows a diagram of the general algorithm used by the software. After reading the

input parameters into the model and computing the initial conditions the 3-dimensional cell,

the species concentrations, the mass transport coefficients, the corrosion rate and precipitation

rate are updated in this order. Finally, the simulation time is updated and the cycle is

repeated until the time reaches the set time limit. The following sections will describe the

different models in detail and how these are linked together. The models adopted here are
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described for the specific example of CO2 corrosion.

Input parameters

Initialisation

Update 3D cell

Update water chemistry

Update mass trans-
fer coefficients

Update electrochemistry

Update precipitation

Collect data

Time limit
reached?

Write data

Update time

yes

Figure 2.1: Diagram of the general algorithm used by the Semi-local Corrosion Approximation
model.

2.2.1 Water chemistry

In order to estimate the concentration of aqueous species in CO2 corrosion one can adopt

models of thermodynamic equilibrium and the underlying reaction kinetics. The accuracy of

this model depends strongly on the thermodynamic and kinetic constants of the reactions

involved. Often obtaining these constants experimentally is challenging and the methods used
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have been refined and improved over many years.36,42,44 The current model is modular and

flexible incorporating the latest reported values of thermodynamic and kinetic constants.

The thermodynamic constants of the homogeneous chemical Reactions {3} to {6} used by

the model are defined in Appendix B.1.

At high ionic strength the solution no longer behaves as an ideal mixture and the activity

coefficients of the ionic species present in solution may differ significantly from unity and,

hence, have to be explicitly calculated. This includes the intrinsic species Fe2+, H+, OH–,

HCO –
3 , CO 2–

3 and any other ionic species present in the solution. In the present work, the

activity coefficients of the ions and the solvent are obtained using the Pitzer model; a set of

thermodynamic equations that express the interaction between ions in complex mixtures as a

combination of the ionic interactions in simpler mixtures for which the experimental data is

readily available.58 The model has been used recently in other CO2 corrosion models.44,50 The

Pitzer equations and the parameters used are described in (Appendix B.2). In the current

work the solution is assumed to be electroneutral. The validity of this assumption depends on

the magnitude of the corrosion rate. At higher corrosion rates the system will take longer to

reach a state of pseudo-equilibrium compared to a slow and steady corrosion rate where the

transient stage is shorter. For a CO2 H2O system with no additional ions the charge balance

results in the constraint:

[H+] + 2[Fe2+] = [OH–] + [HCO –
3 ] + 2[CO 2–

3 ] (2.1)

where [X] is the concentration of species X. Under the assumption of thermodynamic equilib-

rium the concentration of [H+], [OH–], [HCO –
3 ] and [CO 2–

3 ] are determined by the thermody-

namic equilibrium constants listed in Table B.2. As a consequence, for a known [Fe2+] the

[H+] can be obtained by solving Eq. (2.1) with all carbonate species concentrations expressed
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as a function of [H+]. Since thermodynamic equilibrium is assumed the water chemistry model

does not take into account reaction kinetics.

The model can fix the initial pH of the solution by simulating the addition of a strong

acid or base to the solution and including the conjugated acid or base to the charge balance

equation (Eq. (2.1).

2.2.2 Electrochemical model

CO2 corrosion consists of two main electrochemical reactions: the oxidation of Fe to Fe2+ at

the anode (Reaction {9}) and the HER at the cathode (Reaction {10}).

Fe(s) Fe 2+
(aq) + 2 e– {9}

H +
(aq) + 1 e–

1

2
H2(g) {10}

The HER (cathodic) current density (iHER) can be calculated from the cathodic charge-

transfer current density (ict) equation as:59,60

iHER = ict = i0 exp

(
− αF

RT
∆E

)
(2.2)

where i0 is the exchange current density, α is the charge transfer coefficient, F is the Faraday

constant, R is the ideal gas constant, T is the temperature and ∆E = E − E0 where E is

the electrostatic potential and E0 is the potential at the equilibrium. The exchange current

density is the current exchanged between a redox couple at equilibrium potential (E0). For
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the HER the first-order reaction exchange current density equation is used here:59

i0,HER = FkHERcm,H+ exp

(
− αHERFE0,HER

RT

)
(2.3)

where cm,H+ is the H+ concentration at the reactive surface and kHER is the reaction rate

constant of the HER. The temperature dependence of kHER can be modelled using an

Arrhenius-like relation:

k = kref exp

(
−∆H

R

(
1

T
− 1

Tref

))
(2.4)

where kref is the value of k at temperature Tref and ∆H is the enthalpy of the reaction.

The protons involved in the HER originate from two independent sources: the protons

already in the solution and the protons stored in the form of carbonic acid (H2CO3). The

protons already in solution reach the surface via mass-transfer while the protons stored as

H2CO3 are transported to the surface as H2CO3 which subsequently deprotonates releasing

H+. Furthermore, the carbonic acid supply is limited by the slow CO2 hydration reaction

(Reaction {4}). Therefore, the iHER can be divided into two components in terms of proton

sources:

iHER = imt + ir (2.5)

where imt is the H+ mass-transfer current and the ir combines the H2CO3 mass-transfer and

the CO2 hydration reaction that limits the supply of H2CO3. Both components are described

below.

The model adopts the diffusion layer approximation proposed by Nernst 61 and Brunner 62

in 1904 whereby the diffusion of electroactive species only takes place within a diffusion layer

(δm) of stationary liquid irrespective of the flow conditions.63 For the mass transport of H+
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the diffusion layer approximation is defined as:

JH+ = −DH+

cb,H+ − cm,H+

δm,H+

(2.6)

where JH+ is the flux of H+ DH+ is the H+ diffusion coefficient cb,H+ and cm,H+ are the bulk

and steel surface concentrations of H+ respectively and δm,H+ is the H+ diffusion layer.

The diffusion layer separates the surface concentration and the bulk concentration of the

electroactive species and assumes a constant flux throughout the layer under steady state

conditions. Despite its simplicity, numerous experimental studies have verified the validity of

the model.63 The electromigration of ions can be neglected for solutions with an excess of

supporting electrolyte.63,64 Since the solutions encountered in the oil and gas industry generally

have high concentrations of multiple salts the current model neglects electromigration, hence

the model is restricted to solutions with enough salt in them to consider the electromigration

contribution negligible. While this implies that experiments with no additional salt cannot

be adequately described by the model, from an experimental point of view it is trivial to use

a non-interacting electrolyte in corrosion experiments.

Generally, δm is not known so it is often combined with the diffusion coefficient to define

a new constant, the mass-transfer coefficient (kmt = D/δm); a measure of the speed at which

species diffuse from the bulk of the solution to the surface of the electrode.64 The mass-transfer

coefficients used by the current model are described in Section 2.2.4.

The current density can be obtained from the flux using the following relation:

ij = njFJj (2.7)
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where nj is the charge of species j, F is the Faraday constant and Jj is the flux of species j.

Therefore, the mass transport current density (imt) associated with the mass-transfer of H+

from the bulk of the solution to the surface of the electrode can then be described as

imt = FnH+kmt,H+(cb,H+ − cm,H+) (2.8)

Increasing the current density decreases the H surface concentration. When surface concen-

tration is zero the current density has reached its upper limit also known as limiting mass

transport current density (ilim,mt):

ilim,mt = FnH+kmt,H+cb,H+ (2.9)

Equation (2.8) can be rewritten using the ilim,mt definition:

imt =

(
1 −

cm,H+

cb,H+

)
imt,lim (2.10)

In 1967, Vetter derived the following equation to describe the current density of electrochemical

reactions limited by the rate of a homogeneous reaction. For the H2CO3 hydration reaction

the equation is as follows:63

ir = ir,lim

√
1 + exp

(
2F

RT
∆E

)
− 2 exp

(
F

RT
∆E

)
(2.11)

ir,lim = Fcb,H2CO3

√
DH2CO3

kb (2.12)

where F is the Faraday constant, DH2CO3
is the diffusion coefficient of the H2CO3 and kb is the

kinetic constant of the backward limiting reaction. Eq. (2.11) assumes that the diffusion layer

extends to the bulk of the solution; thus, it is valid for stagnant solutions. However, in fast

flow systems where the solution is well mixed the diffusion layer and the reaction layer can
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Figure 2.2: 1-dimensional diagram of the mass transport, diffusion and reaction layer for a
steel surface with (top) and without (bottom) corrosion scale.

be of comparable lengths which invalidates Vetter’s assumption. Nesic et al. 65 proposed an

alternative derivation that includes a finite diffusion layer and results in an equation similar

to Eq. (2.11) but with an extra flow factor (f):

ir,lim = Fcb,H2CO3

√
DH2CO3

kbf (2.13)

where f is defined as

f = coth

(
δm
δr

)
(2.14)

δm is the thickness of the mass-transfer layer and δr is the thickness of the chemical reaction

layer (see Appendix B.4 for how these quantities are calculated). This flow factor balances

the diffusion vs reaction current densities. Figure 2.2 displays a diagram of the diffusion (δd),

reaction (δr) and mass transport (δm) layers for a steel surface with and without a corrosion

scale. The relative position of δd and δr will depend on the thickness of the scale but generally

the reaction layer is only a few micrometers thick whereas the scale can grow much thicker.

Substituting Eq. (2.10) in Eq. (2.5) in we can obtain an expression for the cm,H+:

36



cm,H+ = cb,H+

(
1 +

ir − ic
imt,lim

)
(2.15)

Using this relation in Eq. (2.2), the cathodic current can then be rewritten as:

ic =

(
1 +

ir − ic
ilim,mt

)
i′0 exp

(
− αF

RT
∆E

)
(2.16)

where i′0 is equivalent to i0 but uses bulk concentrations instead of surface concentrations.

For the HER:

i′0,HER = FkHERcb,H+ exp

(
− αHERFE0,HER

RT

)
(2.17)

Solving Eq. (2.16) for ic one can obtain the cathodic current density as a function of bulk

concentrations as opposed to surface concentrations.

ic = i′ct

(
ir + imt,lim

i′ct + imt,lim

)
(2.18)

This result contrasts with the parallel resistance model that results from a similar derivation

when the H2CO3 reduction is assumed to be a significant component of the cathodic current.39

However, it ultimately results in a similar behaviour, i.e. the cathodic reaction can be limited

by the charge-transfer reaction or by the (reaction or mass transport) limiting current.

The anodic current density is controlled by the iron oxidation reaction. This reaction

was studied by Nesic et al. 66 over a wide pH range (2-7) concluding empirically that the

dependence of the reaction rate is not strongly dependent on the [Fe2+] in solution. However,

it is dependent on [OH–] at pH < 5 and on CO2 partial pressure (pCO2
) from 10−2 to 1 bar.

ia = kca1m,OH–(pCO2
)a2 exp

(
− αaF

RT
η

)
(2.19)

where k is the rate of reaction constant, cm,OH– is the concentration of OH– at the reactive
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surface, a1 and a2 are reaction order parameters, pCO2
is the partial pressure of CO2, αa is

the anodic charge transfer coefficient and η is the applied potential.

In the present work, the corrosion potential (Ecorr) is calculated from the assumption that

a dynamic equilibrium has been reached in which there is no charge build-up during the

corrosion process and therefore the total cathodic current is equal to the total anodic current.

This is equivalent to the net current (inet) being equal to zero.36,39

inet = ia(Ecorr) − ic(Ecorr) = 0 (2.20)

where ia and ic are defined in Eqs. (2.18) and (2.19) respectively and Ecorr is the corrosion

potential. Therefore, the corrosion current density can be expressed as

icorr = ia(Ecorr) = ic(Ecorr) (2.21)

2.2.3 Corrosion product precipitation

The mass transport of chemical species will be influenced by the morphology of the scale (if

present) and the type of flow (or lack thereof).

Scale growth

The scale formed as a by-product of the CO2 corrosion process is of great interest as it can offer

protection against general corrosion by blocking corrosion sites and hindering the diffusion of
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species. Therefore, an accurate model of the growth rate of the corrosion scale under different

conditions is of paramount importance to optimise the protection offered by scale.

The first attempt at modelling the amount of precipitated corrosion product was led by

Johnson and Tomson 67 in 1991 followed by Van Hunnik et al. 68 in 1996 who attempted to

develop a more accurate equation under a wider range of supersaturation levels. In both

studies the precipitation of the corrosion product was calculated indirectly by measuring the

concentration of Fe +
2 in solution, the so-called “Fe +

2 method”.69 This method assumes that

FeCO3 is the main component of the precipitated corrosion product. Sun et al. 69 tested the

validity of both equations in 2006 by using a more accurate method to measure the amount of

precipitation on the steel surface, the weight gain/loss method, which consists in weighing the

steel coupons before and after removing the corrosion scale.69,70 Their results demonstrated

that the Fe +
2 concentration alone was insufficient to predict the weight of the corrosion

product on the steel surface and suggested that not all the precipitated FeCO3 deposits on

the surface. Consequently, in 2008 Sun and Nešic 71 developed an alternative scale growth

model which they called corrosion layer accumulation rate (CLAR) to distinguish it from

the homogeneous precipitation rate equations used previously (Eq. (2.22)). The parameters

of this equation were further improved in 2018 by using an Electrochemical Quartz Crystal

Microbalance (EQCM) to measure in-situ the weight of the corrosion scale.72 This empirical

equation was reported to be significantly more reliable for predicting the time evolution of

the total mass of the deposited scale and it is adopted in the present model.

RFeCO3
= kre

−∆G
RT Ksp(SSFeCO3

− 1) (2.22)

The model uses the kinetic constant kr and the activation energy ∆G obtained by Ma et al. 72

from a series of EQCM experiments between 50 ◦C and 80 ◦C:
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kr = 1.8 × 106 m4 mol−1 s−1

∆G = 64 851.4 J

The SSFeCO3
is calculated as a function of the Fe +

2 and CO 2–
3 activities (aFe +

2
and aCO 2–

3

respectively):

SSFeCO3
=
aFe +

2
aCO 2–

3

Ksp

(2.23)

The FeCO3 solubility product (Ksp) can be obtained from the empirical equation developed

by Sun, Nesic and Woollam relating the Ksp with the temperature (Tk) and ionic strength

(I).73,74

logKsp = −59.3498 − 0.041377Tk −
2.1963

Tk
+ 24.5724 log Tk + 2.518I0.5 − 0.657I (2.24)

Equation (2.24) already incorporates the ionic strength dependence on the activity of Fe2+

and CO 2–
3 so the activity of the species can be replaced by their concentrations.

SSFeCO3
=
cFe +

2
cCO 2–

3

Ksp

(2.25)

A shortcoming of Eq. (2.22) is that it was fitted with SSFeCO3
values obtained from the

bulk of the solution and while the authors claim that in their measurements the surface

SSFeCO3
was not much different from the bulk SSFeCO3

the model is then validated against

other experiments where the difference between the bulk and the electrode surface could be

significant. Furthermore, in the presence of a scale it is not obvious if one should use the

SSFeCO3
value of the bulk, the scale-electrolyte interface or the metal-scale interface. Since

precipitation takes place throughout the scale the present model takes the mean SSFeCO3

inside the scale obtained by calculating the SSFeCO3
at each point of the scale from the
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Fe +
2 and CO 2–

3 concentrations.

Scale dissolution

When the supersaturation is below 1 the scale starts dissolving. While this process is not

generally modelled by CO2 corrosion models it is an important part of the life cycle of the

scale and may lead to a loss of corrosion protection under certain environments. Therefore,

the present model incorporates a dissolution model.

There are not many CO2 corrosion related studies that investigate the scale dissolution

reaction. However, the dissolution kinetics of siderite have been previously studied in

the geochemical sciences field.75,76 The scale dissolution model will be based on the scale

dissolution kinetics study carried out by Golubev et al. 76 . The main dissolution reactions are

the irreversible carbonate surface protonation (Reaction {11}) and the reversible carbonate

surface hydration (Reaction {12}).

FeCO3(s) + H +
(aq)

k+,H+

Fe2+ + HCO –
3 {11}

FeCO3(s)

k+,H2O

k−,H2O

Fe2+ + CO 2–
3 {12}

Therefore, the net dissolution rate Rdiss can be described by:

Rdiss = R+,H+ +R+,H2O −R−,H2O

= k+H+(aH+)n + k+H2O − k−H2OaFe2+aCO 2–
3

(2.26)

R+ and R− refer to the rate of dissolution reactions and precipitation reactions respectively.
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k+,H+ , k+,H2O and k−,H2O are the reaction rate constants, n the order of Reaction {11} and

aj,scale represents the activity of species j. The value of n has been reported to be 0.75 at

25 ◦C and very close to 1 from 60 ◦C to 100 ◦C.76,77 Following the same assumption as in the

model adopted by Golubev et al. 76 an n of 1 is used in this model.

While both Reactions {11} and {12} contribute to the dissolution of the scale k+H+ is two

orders of magnitude larger than k+H2O, hence, Reaction {11} is generally much faster than

Reaction {12} and can be neglected. The total dissolution rate (Rdiss) can then be simplified

to only include the protonation reaction.

Rdiss = R+,H+ = k+H+aH+ (2.27)

The temperature dependence of the reaction rate constants can be modelled using the

Arrhenius equation.

k = kref exp

(
−∆Eact

R(T − Tref )

)
(2.28)

where ∆Eact is the activation energy, and kref is a reference reaction rate constant measured at

temperature Tref . Golubev et al. 76 reported a ∆Eact of 65 kJ mol−1. Their k+,H+ measurement

at 60 ◦C (6.20 × 10−7 mol cm−2 s−1) is used for k+,H+,ref .

Equation (2.27) can then be used to compute the dissolution rate at each discrete xy plane

of the scale which can lead to different dissolution rates at different sections of the scale.
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2.2.4 Mass transport

During the corrosion process electroactive species in the solution move away and towards the

steel surface where the electrochemical reactions take place. In the oil and gas industry the

solution is under constant turbulent flow. Therefore, the current model assumes that the

bulk of the solution is under turbulent flow conditions which affects the mass transport of

species between the bulk of the solution and the steel surface. If a corrosion scale is present

the flow inside it is considered to be negligible and, hence, the mass transport is dominated

by molecular diffusion. Diffusion inside the scale is influenced by the morphology, thickness

and density of the scale. This section describes the mass transport models adopted for the

mass transport of species inside and outside the scale.

Turbulent flow

Under turbulent flow conditions the mass transfer coefficients (kmt,f low) between the bulk

of the solution and the metal-electrolyte (or scale-electrolyte if a corrosion scale is present)

interface are determined by the hydrodynamics of the system. Several empirical models

are available in the literature for a variety of common flow types and geometries. Studies

have shown these empirical equations work reasonably well in most situations.78–81 Generally,

these models correlate the Sherwood number (Sh)—a ratio of convective and diffusive mass

transport— with the Reynolds number (Re)—a measure of how turbulent the flow is—and the

Schmidt (Sc)—a ratio between the momentum diffusivity and mass diffusivity. For example,

Eisenberg et al. 82 proposed the following equation for rotating cylinder electrodes (RCE):

Shj = 0.0791vLRe
0.70Sc0.356j (2.29)

43



where Sh, Re and Sc are defined as

Shj =
kmt,flowL

Dj

; Re =
ρuL

µ
; Scj =

µ

ρDj

(2.30)

where ρ and µ are the density and dynamic viscosity of the electrolyte u is the linear velocity

of the fluid with respect to the surface of the electrode, L is the characteristic length of the

geometry of the system (in this case the diameter of the cylinder electrode) and Dj is the

diffusion coefficient of the chemical species j. A similar relation was obtained by Berger and

Hau 83 for turbulent flow in straight pipes:

Sh = 0.0165vLRe
0.86Sc0.33 (2.31)

Scale

The formation of a corrosion scale on the steel surface decreases the corrosion rate via two

independent mechanisms: (I) the reduction of the steel surface area available for the anodic

and cathodic reactions and (II) the internal geometry of the scale decreases the diffusion

coefficient of the species flowing through it.26

The reduction in steel surface area can be addressed by assuming that the surface covered

by the scale completely blocks corrosion from occurring underneath it. Then, the reduced

current density (icorr,s) can be obtained by multiplying the current density by the fraction of

the surface not covered by the corrosion scale (θs):

icorr,s = (1 − θs)icorr (2.32)
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where icorr represents the corrosion current density without corrosion scale, θs is the fraction of

the steel surface covered by the corrosion scale and icorr,s is the area-adjusted current density.

Within the scale the concentration of chemical species follows the reaction-diffusion

equation:

∂c

∂t
= ∇ · J +R(c) (2.33)

where c is the concentration of the species, J is the total flux and the function R accounts for

all the chemical reactions.

Eq. (2.33) can be approximated by assuming a quasi-steady state (∂c
∂t

≈ 0) for the duration

of a small time interval. After integration, the following relation can be obtain:

Jz = Jm −
z∫

zm

Rdz (2.34)

where Jm is the integration constant which is equal to the flux at the metal-scale interface

which can be obtained using Eq. (2.21). The integral term in Equation (2.34) can be discretised

as

Jnz = Jm −
nz∑

n=nm

Rn∆z (2.35)

where n represents a coordinate in the discrete z axis normal to the electrode surface and ∆z

is the length of one discrete unit.

Negligible fluid flow—and thus convective transport—is assumed within the scale (although

this might not hold true at the edge of the scale for very porous scales). Therefore, the total

flux inside the scale can be described by Fick’s first law of diffusion:

J = −Deff∇c (2.36)
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Here, the effective diffusion (Deff) is used instead of the diffusion coefficient in water (D) to

account for the decreased diffusion inside the porous scale diffusion of species. The effective

diffusion can be defined in terms of the diffusion coefficient as:84

Deff =
Dεtδ

τ
(2.37)

εt is the effective transport-through porosity which accounts not only for the loss of

cross-section area but also for those pores that are isolated and cannot be accessed by the

solution. Assuming that there are no trapped pores, we can use the general porosity of the

scale (ε). δ is the constrictivity and it has a value of 1 unless the molecule is of the same

order of magnitude than the pores. Since the pores inside the scale are much larger than the

individual chemical species, δ=1. τ is the tortuosity which is related to the geometry of the

pores and how they are interconnected. It is not trivial to model τ especially for anisotropic

systems where τ is related to the geometry of an ideal 1-dimensional capillaric model and not

a 3-dimensional network.85 To overcome this problem many empirical equations have been

proposed in the literature which define the ε
τ

ratio as a function of the porosity.86 One of the

most widely used models approximates the ε/τ ratio as a power of the porosity:84

ε

τ
≈ εm =⇒ Deff ≈ Dεm (2.38)

where parameter (m) is usually determined by fitting to observed transport rates. While a

material can have a range of different values, the vast majority of diffusion experiments in the

literature report values in the 1.5-2 range for different materials.84,86 Previous sweet corrosion

1-dimensional models have used the value m=1.5 proposed by Newman for porous electrodes,

also called the Bruggeman relation, and this is the value adopted in the current model.42,87–89
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The absence of flow inside the scale and the difference in the effective diffusion coefficients

(Deff) inside and outside the scale implies that one cannot use the mass transfer coefficient

associated with the flow conditions outside the scale (kmt,flow). Kahyarian et al. 36 proposed to

combine the mass transfer coefficients of the flow (kmt,flow) and scale (kmt,scale) into a composite

mass transfer coefficient (kmt,comp) via the following relation:

1

kmt,comp

=
1

kmt,scale

+
1

kmt,flow

(2.39)

The sum of mass transport coefficient reciprocals implies that the composite mass transport

coefficient is dominated by the smallest mass transport coefficient. In other words, the mass

transport from the bulk to the steel surface is dictated by either the mass transport from

the bulk of the solution to the scale-electrolyte interface or the diffusion of species across the

scale, whichever is the slowest.

Firstly, we describe how porosity affects the concentration gradient for a system with

constant flux. If the porosity of the scale is assumed to be uniform across the scale the

difference between the edges of the scale is calculated using Fick’s first law of diffusion and

Eq. (2.38):

cse − cm = − JLs

Dεm
(2.40)

where Ls is the thickness of the scale, cse is the concentration at the scale-electrolyte interface

and cm is the concentration at the steel-scale interface. This model constitutes a significant

approximation to the real internal structure of the corrosion scale as the topology of the

scale is reduced to the average porosity which is then used to estimate the tortuosity to

approximate the effective diffusion coefficient. In the current work this approximation is

partially improved by considering the change in average porosity in discrete intervals along
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the direction normal to the surface (z):

cse − cm = −J∆z

D

nse∑
n=nm

1

εmn
(2.41)

where ∆z is the length of a discrete unit of space n represents a coordinate in the z direction

in units of ∆z, nm and ns represent the coordinates at the steel-scale interface and scale-

electrolyte interface respectively.

Combining Eqs. (2.40) and (2.41) an equivalent porosity (εeq) can be defined for a scale

with non-uniform porosity:

1

εmeq
=

l

Ls

ns∑
n=nm

1

εm(z)
=

1

nse − nm + 1

ns∑
n=nm

1

εm(z)
(2.42)

The equivalent porosity is a useful metric to summarise the overall porosity of the scale

as it corresponds to the uniform porosity that a scale of the same thickness would need to

have to obtain the same concentration difference between both sides of the scale assuming a

constant flux. Indeed, even if the flux is not constant across the scale this metric can provide

a good indication of the overall porosity of the scale.

Due to the FeCO3 precipitation reaction the Fe2+ flux at the steel surface does not remain

constant throughout the scale as described by Eq. (2.35).

The homogeneous reactions of the carbonate equilibria reach thermodynamic equilibrium

relatively quickly when compared to the diffusion of the respective chemical species so the

chemical species involved in these reactions are considered to be in thermodynamic equilibrium

throughout the scale. On the other hand, the concentration of Fe2+ is subject to the slow FeCO3
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precipitation reaction. Therefore, for JFe2+ the RFe2+ in Eq. (2.35) is simply the precipitation

reaction rate as defined in Eq. (2.22) divided by the length of the scale (R = RFeCO3
/Ls) so

that R is in mol s−1 m−3. The flux at the scale-electrolyte interface (Jse,Fe2+) can then be

obtained from Eq. (2.35).

Jse,Fe2+ = Jm,Fe2+ −
nse∑

n=nm

Rn,FeCO3

Ls

∆z = Jm,Fe2+ −RFeCO3
(SSFeCO3

) (2.43)

where RFeCO3
(nz) is the precipitation rate calculated using the SSFeCO3

at nz and SSFeCO3

is the mean SSFeCO3
inside the scale. Then, the Fe2+ concentration at the scale-electrolyte

interface (cse,Fe2+) can be calculated using Eq. (2.8) and Eq. (2.7):

cse,Fe2+ =
Jse,Fe2+

kmt,flow,Fe2+
+ cb,Fe2+ (2.44)

The Fe2+ concentration at the discrete coordinate inside the scale that is closest to the

scale-electrolyte interface (cnse−1,Fe2+) can be obtained using the following relation:

cnse−1,Fe2+ =
∆zJnse,Fe

2+

DFe2+ε
m
nse

+ cnse,Fe
2+ (2.45)

More generally, the Fe2+ concentration at each discrete node in the scale is calculated by

sequentially solving the following equation:

cnse−i,Fe2+ =
∆zJnse−i+1,Fe2+

DFe2+ε
m
ns−i+1

+ cns−i+1,Fe2+ (2.46)

Starting at the scale-electrolyte interface (nse) where the concentration is known from Eq. (2.44)

the concentration at the steel-scale interface can be obtained by repeatedly applying Eq. (2.46).

However, in order to calculate cnse−1,Fe2+ (Eq. (2.44)) the Jse,Fe2+ is needed which depends on

the mean supersaturation inside the scale (Eq. (2.43)) and can only be calculated from the
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Fe2+ concentrations inside the scale (Eq. (2.46)). Therefore, Eqs. (2.43) and (2.46) must be

solved iteratively using the self-consistent method.

The model described up to this point is 1-dimensional. However, the simulation takes

place in a 3-dimensional space. In order to accommodate the 1-dimensional model into the

3-dimensional space the concentrations of all species and the porosity of the scale are averaged

over the xy-plane parallel to the steel surface for each nz.

In the 3-dimensional model, both the steel-scale interface and the scale-electrolyte interface

(now defined as θm and θse respectively) are obtained by taking the average over all (x, y)

coordinates of the lowest and highest z coordinate respectively:

θm =
1

NxNy

Nx∑
nx=1

Ny∑
ny=1

minnz,s(nx, ny) (2.47)

θse =
1

NxNy

Nx∑
nx=1

Ny∑
ny=1

maxnz,s(nx, ny) (2.48)

where Nx and Ny are the number of discrete units in the x and y directions and nz,s(nx, ny)

represents the subset of discrete volume units at (nx, ny) that are part of the scale. As an

example, Fig. 2.3 displays a 3-dimensional cell where nmetal and ns positions are indicated in

its cross sectional representation.

Therefore, the limits of the scale and, hence, its thickness are pseudo-continuous, i.e. they

increase in increments of ∆z
NxNy

. To account for the pseudo-continuous scale limits a weight

function can be introduced to correct the weight that porosity at the extremes has on the

diffusion of species. This correction ensures that the diffusion coefficients vary smoothly as
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the scale grows.

cnse−i,Fe2+ =
wnse−i+1∆zJnse−i+1,Fe2+

DFe2+ε
m
ns−i+1

+ cns−i+1,Fe2+ (2.49)

with

wnz


θm if nz = nm

θse if nz = nse

1 otherwise

(2.50)

where θse and θm are the fraction of ∆z occupied by the scale at the extremes. Therefore, by

definition the scale thickness is:

Tscale = (θm + (nse − nm − 1) + θse)∆z (2.51)

The total precipitation rate is therefore calculated as a weighted average of the precipitation

rate at each nz of the scale

RFeCO3
(SSFeCO3

) =

∑nse

nz=nm
wnzRFeCO3,nz∑nse

nz=nm
wnz

(2.52)

∆z is an important parameter of the model. It constraints both the internal and external

structure of the scale to a minimum length. The changes in the structure of the scale can result

in scales with different protective properties and thus different corrosion rates. Therefore,

it is important to select an adequate value for ∆z. The CO2 corrosion scales are mostly

made of siderite crystallites of sizes of a few micrometres. These crystallites constraint the

structure of the scale in a similar way. Therefore it is appropriate to set the value of ∆z to

a representative size of these crystallites. While siderite crystallite dimensions may change

during the formation of the corrosion scale generally the smallest crystallites are around 5 µm

in size54,90. Therefore, the ∆z chosen for the current CO2 corrosion model is 5 µm.
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2.2.5 Stochastic 3-dimensional model

Despite the recent advancements in general CO2 corrosion models their inability to describe

the stochastic nature of the corrosion and scale formation phenomena limits their predictive

power.47,48 The present model addresses this limitation by extending the 1-dimensional CO2

corrosion model described in Sections 2.2.1 to 2.2.4 into a 3-dimensional discrete space and

introducing a stochastic method to drive the corrosion and scale formation process at the

micro-scale.

The stochastic method adopted in the present model is inspired by cellular automaton

models which have been used to model general stochastic phenomena successfully.47,91 Time

and space are discretised in the order of seconds and micrometers respectively and the

simulation takes place in a 3-dimensional cell which is periodic in the x and y directions which

correspond to the steel surface plane. Each discrete unit of volume (voxel) can have one of 3

different states: metal (M), corrosion product (S) or electrolyte (E). The cell is initialised

with two layers of steel (M) and two layers of electrolyte (E) above the steel layers. The cell

dynamically grows in the z direction to accommodate for the corroding steel surface and the

corrosion scale growth

In the present model, steel surface corrosion and corrosion product precipitation take

place in discrete voxel units, the smallest unit of volume in the simulation cell. The length of

a voxel is a parameter of the model. Since the model must reproduce the micro-scale features

of a CO2 corrosion scale the length of a voxel is set to the size of the FeCO3 crystallites that

make up the scale which are on the order of a few µm. Figure 2.3 shows a 3D representation

of the simulation cell as well as a vertical cross section of the cell.
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Once the corrosion current density (icorr) is calculated for time tn using Eq. (2.21) the total

volume of steel dissolved due to corrosion (Vcorr) during time-step ∆tn = tn+1 − tn (where ∆tn

changes throughout the simulation as explained below) can be obtained using the following

conversion factor:

V n
corr = (1 − θscale)i

n
corr

M(Fe)

2Fρsteel
∆tn (2.53)

where M(Fe) is the molecular weight of Fe, F is the Faraday constant and ρsteel is the density

of the steel. Then, the number of steel voxels that ”dissolve” in this time-step (turn into

electrolyte voxels) can be calculated as:

NME =
Vcorr
Vvoxel

(2.54)

where NME is the number of steel voxels that have to turn into electrolyte voxels. NME

is rounded to the nearest integer as voxels are indivisible units of volume in this model.

The residual decimal part of NME is then stored and added to the NME of the next time

interval. The NME steel voxels that will change their state to electrolyte are selected from

the subset of steel voxels that have at least one electrolyte neighbour, i.e. they form at least

one steel-electrolyte interface with any of their six neighbouring voxels. Valid corrosion sites

are marked with a ”C” in Fig. 2.3. These voxels are sampled from a uniform probability

distribution of all the existing steel-electrolyte interfaces in the simulation cell. Hence, steel

voxels with more steel-electrolyte interfaces, i.e. more surface area exposed to the electrolyte,

have a higher probability of developing corrosion and dissolving into the electrolyte. This

probability distribution is updated after each change of state to remove the previous selected

voxel from the distribution.

Similarly, the total volume of corrosion product precipitated can be obtained from the
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Figure 2.3: Cross section of the 3-dimensional simulation cell. Square represents on of the
three phases: steel (gray), scale (dark red) and water (cyan). Steel squares marked with a C
are candidates to be dissolved in the next iteration cycle. Water squares marked with a P are
sites where precipitation may take place in the next iteration cycle.

total precipitation rate (Rtot) calculated using Eq. (2.52).

V n
precip = Rn

tot

M(FeCO3)

ρsiderite
∆tn (2.55)

where M(FeCO3) is the molecular weight of FeCO3 and ρFeCO3 is the density of FeCO3. Then,

the number of electrolyte voxels to ”precipitate” (turn into scale voxels) can be calculated as:

NES =
Vprecip
Vvoxel

(2.56)

where NES is the number of electrolyte voxels that have to turn into scale voxels. As with

NME, NES is rounded to the nearest integer and the residual decimal part of NES is then

stored and added to the NES of the next time interval.

Corrosion product precipitation can only take place in electrolyte voxels with neighbouring

steel or scale voxels, i.e. precipitation is only allowed on top of either steel or scale surface.

Indeed, homogeneous precipitation is ignored in the current model as most of the precipitation

occurs directly on the metal or scale surface where the SSFeCO3
is the highest.92 Furthermore,

precipitation is considered equally as likely to occur on the steel surface than on the scale
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surface. Valid precipitation sites are those marked with a ”P” in Fig. 2.3.

The NES electrolyte voxels to change their state to scale are sampled from a probability

distribution of all electrolyte-metal and electrolyte-scale interfaces weighted by their corre-

sponding local SSFeCO3
, i.e. the SSFeCO3

calculated at the xy plane of the corresponding

interface. Consequently, electrolyte voxels at high SSFeCO3
will have a higher likelihood

of undergoing precipitation compared to those at low SSFeCO3
. As with the probability

distribution of NME, this probability distribution is also updated after each change of state

to remove the previous selected voxel from the distribution.

The corrosion and precipitation processes result in physical changes to the surface of the

steel and the corrosion scale and concentration changes in the solution which in turn determine

the precipitation and corrosion rates of the next time interval. Therefore, it is important to

select a time-step that is short enough so that both the precipitation and corrosion rates

change gradually but long enough that simulations take a reasonable amount of time to

complete. This is achieved by using a dynamic time-step that is adjusted at every step to

only change the state of less than NxNy × 1% of voxels per time interval.

Since the probability distributions for both corrosion and precipitation change after a

voxel’s change of state these changes form a Markov chain and consequently the order in

which corrosion and precipitation are changing states within a time interval is important. For

example, if in a given time interval all corrosion changes of state are carried out first followed

by all precipitation changes of state it would be equivalent to a high corrosion rate followed by

a high precipitation rate. While this issue is partly mitigated by the small dynamic time-step

described above, additionally, the NME and NES changes of state are processed in small

batches of nME and nES where the nME : nES ratio within each batch is as close as possible

to the NME : NES ratio.
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With this stochastic method the corrosion and scale formation will still follow general CO2

corrosion trends but now each simulation run will result in a different outcome due to the

non-deterministic nature of the model. The next section investigates the associated variance

of these stochastic simulations.

2.3 Algorithm

All the electrochemical, chemical and transport equations used by the SLCA model have been

described in Sections 2.2.1 to 2.2.5. This section explains the general steps that the algorithm

follows during a simulation run.

2.3.1 Initialisation

1. Initialise the 3-dimensional cell with a flat steel surface. That is two xy layers of

electrolyte (E) on top of two xy layers of steel (M).

2. Initialise the mass transport coefficients using either Eq. (2.29) or Eq. (2.31).

3. Initialise bulk concentrations.

4. Initialise electrochemical constants for the cathodic and anodic reactions.

5. Initialise corrosion and precipitation rates.
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2.3.2 Solution chemistry

The model assumes that the solution remains locally electroneutral. Therefore, one can

calculate the H+ concentration from Eq. (2.1) using the Newton-Raphson method provided

the Fe2+ concentration is known. Then, HCO –
3 and CO –

3 can be calculated using the

corresponding thermodynamic equilibrium equation from the carbonate equilibria (Table B.2).

The model also incorporates a Pitzer model (Appendix B.2) that calculates the activity

coefficients of the chemical species which are used in the carbonate equilibria thermodynamic

equations (Table B.2) to calculate the activities of the chemical species. However, the Pitzer

model requires the concentration of the species to calculate their respective activity coefficients.

Therefore, the solution chemistry must be solved by calculating the concentrations and activity

coefficients iteratively until a self-consistent result is reached given a convergence criteria.

In this case, the convergence criteria is reached when the H+ concentration is known with a

precision of 10−14 times its value. The H+ concentration is chosen as the convergence criteria

because all other concentrations are derived from it.

2.3.3 Corrosion and precipitation rates calculation

The corrosion rate can be calculated by solving Eq. (2.20) using the Newton-Raphson method.

The precipitation rate depends on the mean SSFeCO3
inside the scale which is calculated

from all the local SSFeCO3
across the scale. The local SSFeCO3

depends on the local Fe2+

and CO 2–
3 concentrations which are obtained from the Fe2+ flux inside the scale (Eq. (2.46))

and Eq. (2.1) and Table B.2 respectively. The Fe2+ flux inside the scale depends on the

precipitation rate at each point of the scale Eq. (2.35) which is a function of the local
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SSFeCO3
. Therefore, the local and global precipitation rate must be solved iteratively until a

self-consistent result is reached. The bisection method is used to find a global precipitation

rate that is consistent with the mean of all local precipitation rates. The lower and upper

limits of the bisection algorithm are set to [0, Fcorr + Flim,Fe2+] where Fcorr is the Fe2+ flux

due to corrosion and Flim,Fe2+ is the maximum mass transport current from the bulk of the

solution to the scale-electrolyte interface. The calculation is considered converged when the

global precipitation rate is known with a precision of 10−14 times its value.

2.3.4 Iteration cycle

After the initialisation of the model, the simulation goes through a series of iteration cycles

that evolve the corrosion system until the time limit is reached. Each iteration cycle contains

the following steps:

1. Select a time-step (in µs) where NME and NES are less than 1% of Nx ×Ny.

2. Calculate NME and NES (Eqs. (2.54) and (2.56)).

3. Apply the NME and NES changes of state in batches that keep the NME : NES ratio.

4. Update the bulk Fe2+ concentration.

5. Update the bulk concentrations of all species.

6. Update mass transport coefficients kmt,comp.

7. Update corrosion rate.

8. Update precipitation rate.
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2.4 Model variance

The stochastic method used in the model plays a key role in describing both the dissolution of

steel due to corrosion and the precipitation of corrosion product on the steel surface. However,

this results in a non-deterministic simulation. Therefore, it is instructive to investigate the

variance of the metrics calculated by the model at different points in time. Figures 2.4 and 2.5

displays the standard deviation of the corrosion rate, precipitation rate, surface coverage and

equivalent porosity of 50 simulations at pH 5 and pH 6, a A/V of 1 m−1, 80 ◦C, 1% NaCl

with a RCE of 2 cm of diameter rotating a X-65 steel sample at 1000 rpm. The simulation

cell was configured with a square cell width of 200 voxels. The corrosion rate standard

deviation increases rapidly during the initial stages of the simulation, it plateaus during the

corrosion scale growth stage and drops once the scale has formed. The standard deviation

at pH 5 has a similar shape to that at pH 6 but it rises and drops later due to the slower

film formation. The standard deviation of the precipitation rate increases as the film grows

until the precipitation rate reaches its peak and the standard deviation remains constant

for the rest of the simulation. A similar trend can be observed for the surface coverage and

equivalent porosity.

These results not only showcase the expected standard deviation of the model but, crucially,

they provide qualitative insights on the inherent volatility of the corrosion and scale formation

process. Both the corrosion and precipitation rate exhibit close to an order of magnitude

difference in standard deviation between the start of the simulation and the partial formation

of the corrosion film. Indeed, the CO2 corrosion system appears to be most volatile during

the scale formation stages, in particular when the precipitation rate reaches its maximum.

Furthermore, this volatility in the corrosion and precipitation rate is carried over to the

physical properties of the corrosion scale such as the coverage and equivalent porosity shown
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Figure 2.4: Standard Deviation of the corrosion rate, precipitation rate, surface coverage and
equivalent porosity at pH 5 and pH 6. Simulation conditions: 80 ◦C, 1 bar, 1% NaCl, 1 m−1

A/V and 1000 rpm RCE.

in Fig. 2.4. While the standard deviation of these metrics constitute only a small fraction of

their respective mean value these small macroscopic variations can arise from significant local

changes. These variations originating from the stochastic nature of the model are observed in

phenomena such as localised corrosion, a type of corrosion that only affects a small area of

the surface but can result in critical damage to the material.93–100

The size of the simulation cell is investigated in Figs. 2.6 and 2.7 where the mean and

standard deviation for the corrosion rate, precipitation rate, steel surface coverage and

equivalent porosity are displayed for three sets of 50 120h simulations with cell widths of 20,

40 and 60 voxels. The simulations were initialised with the same conditions used in Figs. 2.6
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Figure 2.5: Mean corrosion rate, precipitation rate, surface coverage and equivalent porosity
at pH 5 and pH 6. Simulation conditions: 80 ◦C, 1 bar, 1% NaCl, 1 m−1 A/V and 1000 rpm
RCE.

and 2.7 at pH 6. The mean is not significantly different between any of the three cell widths

for the four metrics displayed in Fig. 2.6. However, the standard deviation (Fig. 2.7) increases

for lower cell widths. Moreover, the set of simulations with a cell of 20 voxels wide displays

considerably higher standard deviation compared to cell widths of 40 and 60 voxels suggesting

that the standard deviation converges for a high enough cell width value. The convergence of

both the standard deviation and the mean is explored in Fig. 2.8 where the corrosion rate

standard deviation and the mean corrosion rate is plotted against the number of voxels in

the xy cross section of the simulation cell (Ny ×Nx). At 40,000 voxels—a square cell width

of 200 voxels—both the standard deviation and the mean have converged to a stable value.

Therefore, from here onwards all simulations will be run with a simulation cell 200 voxels
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Figure 2.6: Mean corrosion rate, precipitation rate, surface coverage and equivalent porosity
for a square cell width of 20, 40 and 60 voxels. Simulation conditions: 80 ◦C, pH 6, 1 bar, 1%
NaCl, 1 m−1 A/V and 1000 rpm RCE.

wide unless otherwise specified.
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Figure 2.7: Standard Deviation of the corrosion rate, precipitation rate, surface coverage and
equivalent porosity for a square cell width of 20, 40 and 60 voxels. Simulation conditions:
80 ◦C, pH 6, 1 bar, 1% NaCl, 1 m−1 A/V and 1000 rpm RCE.
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Figure 2.8: Standard Deviation and mean of the corrosion rate as a function of the number of
voxels in the xy plane. Simulation conditions: 80 ◦C, pH 6, 1 bar, 1% NaCl, 1 m−1 A/V and
1000 rpm, 2 cm RCE.
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2.5 Conclusions

The present work introduces the Semi-local Corrosion Approximation (SLCA), a hybrid

corrosion model that combines a general CO2 corrosion model with elements of Cellular

Automata models to incorporate the heterogeneous and stochastic component that current

general corrosion models are lacking. The general corrosion model includes a water chemistry

model, an electrochemical model, a corrosion product precipitation model and a mass transport

model.

The water chemistry model incorporates the carbonate equilibria thermodynamic equations

and a charge balance equation. The activity coefficients are calculated using a Pitzer model.

The electrochemical model describes the anodic iron oxidation reaction and the cathodic

HER reaction. The cathodic limiting current density (ilim) includes the H+ mass transport

limiting current density (ilim,mt) and the CO2 hydration reaction limiting current (ir,lim) which

controls the so-called buffering effect. The corrosion current density and corrosion potential

is obtained by assuming that the total current density is zero, i.e. there is no charge build-up

in the electrochemical system.

The corrosion product precipitation model is adapted from the well established corrosion

layer accumulation rate (CLAR) model first introduced by Sun and Nešic 71 and using the

FeCO3 solubility product equation first developed by Sun et al. 73 . Additionally, a dissolution

model for FeCO3 was developed to account for scale dissolution in those environments where

SSFeCO3
drops below 1.

The mass transport model introduces defines the mass transport coefficients for different
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flow geometries. Additionally, a simplified diffusion model is used to describe the combined

mass transport and corrosion product precipitation inside the scale. The effective diffusion

coefficient inside the scale is approximated by the porosity of the scale which is discretised to

account for a non-uniform porosity across the scale. Lastly, a series of equations are derived

to obtain the concentration profile of Fe +
2 from the bulk of the solution to the steel surface

allowing to compute the average supersaturation inside the scale.

The 1-dimensional corrosion model was then adapted to a 3-dimensional system by

averaging some key metrics in the xy-plane such as the porosity and the limits of the scale.

A 3-dimensional stochastic model was developed to reproduce the intrinsic randomness

of the local corrosion and precipitation processes. Similar to cellular automaton models,

the time and space is discretised and discrete volume units (voxels) can have one of three

different states: metal (M), corrosion product (S) or electrolyte (E). Then, corrosion events

are defined as the transition from a metal state to an electrolyte state whereas precipitation

events are defined as the transition from an electrolyte state to a corrosion product state.

Once the volume of steel to dissolve and corrosion product to precipitate are calculated from

the corrosion and precipitation rates, the stochastic model selects the voxels that will corrode

and precipitate in the current time interval from all possible candidates by sampling from

a probability distribution given by basic rules. For corrosion only metal voxels exposed to

electrolyte voxels are able to corrode and the more exposure to electrolyte voxels the higher

the probability of getting picked. For precipitation, any electrolyte voxel with a neighbouring

metal or scale voxel can be selected for precipitation. As with the corrosion probability

distribution, more metal and scale neighbours results in a higher probability but, in addition,

each voxel is weighted by its local SSFeCO3
so that higher supersaturation results in higher

chance of precipitation.

65



Finally, the variance associated to the stochastic model was studied as a function of time.

The analysis revealed that the variance of the corrosion and precipitation rate as well as scale

properties such as the scale surface coverage and the equivalent porosity generally increases

during the formation of the corrosion scale and either decrease or remain stable once the scale

is fully formed. In addition, the optimum xy cell dimensions found to be 200 × 200 voxels.

This novel modelling technique is developed with the goal of understanding the heteroge-

neous and stochastic interaction between the metal surface and the corrosion scale that occur

naturally during the corrosion process. To the author’s knowledge no CO2 corrosion model

is able to describe this process explicitly. Furthermore, the simplicity of the 3-dimensional

stochastic model allows additional use cases to be incorporated with ease as demonstrated in

Section 5.3 where a simple inhibitor model is incorporated to the SLCA model.

Next chapter will focus on the validation of the model and the predictions obtained by

the model for different corrosion environments.
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Chapter 3

CO2 corrosion time-series analysis

3.1 Introduction

The measurement of the corrosion rate in steel substrates is a challenging task with many

factors at play. Small variations in the preparation, composition, surface chemistry and

roughness of the samples can lead to corrosion rates that are difficult to reproduce, especially

between different research groups. Most of these variations can be mitigated to a certain

extend but can never be completely eliminated. This is an important issue for the development

of corrosion models as the data from corrosion experiments is used to fit these models and,

consequently, the accuracy of a model can only be as good as the accuracy of the measurements.

Corrosion rates are typically calculated by either the linear polarization resistance (LPR)

or the weight gain/loss (WGL) methods.101 The LPR method is an electrochemical technique

that measures the polarization resistance which is inversely proportional to the current
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density. The WGL method consists on scraping the corrosion product off the sample after the

experiments and compare the weight of the sample to its original weight. Using LPR one can

take continuous measurements of the same sample, however the current density can only be

obtained through calibration against the electrochemical system under study. On the other

hand, one can obtain the mass lost due to corrosion using the WGL method, however this is

a destructive measurement so multiple samples are needed to take measurements over time.

Since mass transport in the oil and gas pipelines is driven by turbulent flow it is important

to reproduce similar flow conditions in corrosion experiments to obtain results that are

representative of the corrosion systems found in the field. However, such experiments require

a more complex setup and, consequently, are less common compared to experiments carried

out under stagnant conditions.

Despite the these challenges, carefully designed measurements can still elucidate the trends

and patterns arising from these complex electrochemical systems. This chapter validates the

SLCA model against experimental data and explores how the conditions of the environment

affect the development of the corrosion process and the formation of the corrosion scale.

3.2 Validation of the model

The model presented in this work is aimed at predicting CO2 corrosion of the ubiquitous

X-65 steel under scaling conditions and turbulent flow. However, time-series measurements of

experiments under these conditions are scarce. The work carried out by Tanupabrungsun 1 in

2013 is one of the very few studies that measure the corrosion of X-65 steel under turbulent

flow and scaling conditions. In his study the corrosion rate of X-65 steel substrates was
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measured for different flow velocities (100, 500 and 1000 rpm) at high temperature (120 ◦C).

Although most of the electrochemical and thermodynamic equations and constants used in

this model were not validated at such high temperatures we nevertheless attempt to use this

study as a reference as is currently the only available data available. Therefore, to facilitate

the comparison between the experimental and theoretical results the current density was

scaled to match the experimental corrosion rate at 100 rpm. Thus the prediction being

validated is the subsequent trend in the corrosion rate and properties of the scale. However,

it is also worth noting that the relative initial corrosion rate between the three systems is

similar to the one predicted by the model.

Figure 3.1 shows the measured and predicted corrosion rate. The initial corrosion rate

follows the same trend in both the experiment and the model predictions for the three

velocities. Higher initial corrosion rates are observed at lower flow velocities where lower mass

transfer is offset by the lower pH at the surface due to the larger concentration gradient. The

model predicts a higher initial surface SSFeCO3
at 100 rpm compared to 500 and 1000 rpm

(Fig. 3.1). This translates into an immediate FeCO3 precipitation on the steel surface at 100

rpm Fig. 3.2, and consequently a rapid reduction in the rate of corrosion. The experimental

measurements also show a rapid decrease in corrosion rate in all flow conditions tested but it

is fastest at 100 rpm suggesting that at the conditions of the experiment the precipitation rate,

and hence the surface FeCO3 supersaturation, is higher at low flow velocities in agreement

with the model predictions. At higher flow velocities the FeCO3 supersaturation, and hence

the precipitation rate, is lower, thus, the corrosion rate decreases at a lower rate.

Analysing the model one can see that the rapid precipitation of corrosion product at low

flow velocities lowers the corrosion rate by (I) covering active corroding sites on the steel

surface and by (II) acting as a mass transport barrier for the electrochemical species. The
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predicted cross section of the corrosion scale formed after 20 hours of simulation can be

observed in Fig. 3.3. The surface coverage can be calculated as the fraction of the steel surface

covered by the corrosion scale. The cross section graphics show partially covered steel surfaces

for 1000, 500 and 100 rpm with a surface coverage of 29%, 38% and 48% and average scale

thickness of 26, 36 and 45 µm respectively. The additional scale coverage and thickness that

develops at low flow velocities provides a better protection against corrosion which is predicted

to result in lower long term corrosion rates in agreement with the experimental measurements.

The final corrosion rates predicted by the model are considerably different from the ones

observed experimentally. This is attributed to an underestimation of the precipitation rate

at high temperatures by the precipitation model. Indeed, the FeCO3 precipitation kinetics

model used in Eq. (2.22) was only fitted for temperatures up to 80 ◦C and it is likely that

this leads to the underestimate of the precipitation at higher temperatures.72

The current model extends beyond the prediction capabilities of current CO2 corrosion

models by providing a in-depth analysis of the generalised structure of the corroding surface

as a function of time. Thanks to the explicit simulation of the steel surface 3D structure other

important metrics can also be extracted from the model as time series data such as the local

porosity, surface coverage, scale thickness, surface roughness, pit size distribution, pit density

distribution, and concentration profile of chemical species. This new data brings a novel

perspective on the evolution of the CO2 corrosion process and improves our understanding of

the metal dissolution and film growth dynamics. This is explored further below.
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Figure 3.1: Comparison between the corrosion rates from the experimental results from
Tanupabrungsun 1 (dashed line) and the model predictions (solid line) under the same
conditions.

3.3 Predictions of scale growth

Having validated the general predictions of the model for the time evolution of growth rates it

is interesting to see the insights it provides about the growth of the 3D scale structure under

different conditions.

The purpose of the model developed herein is to improve our understanding of the corrosion

and scale formation process under different environments. In this section the predictions of

the model for conditions in which four key parameters—initial pH, area/volume ratio (A/V ),

temperature and pressure—are modified will be discussed and compared to the current general

understanding of CO2 corrosion. These parameters have been chosen for their relevance in the

oil and gas industry and for their significant impact in the corrosion process. The simulations

run under turbulent flow conditions simulating the mass transfer of a RCE of 2 cm diameter

rotating at 1000 rpm with a sample of X-65 steel.
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Figure 3.2: Predicted precipitation rates for 100, 500 and 1000. Simulation conditions: 120 ◦C,
pH 4, 5.2 bar, 1% NaCl and 0.63 m−1 A/V and a 2 cm diameter RCE.

3.3.1 pH dependence

The pH of the water phase is of great importance to the industry because it is one of the

few parameters that can be controlled to a certain degree using different pH stabilisation

techniques.102 These techniques typically aim to reduce the acidity of the water phase to

promote the formation of corrosion product films, thereby reducing the corrosion rate. Indeed,

the solution pH has proven to be a determining factor in the formation and growth of the

corrosion scale.54,103,104 To understand the effect of pH on the film formation three corrosion

systems were simulated for 5 days with initial pH values 5.4, 6 and 6.6, an A/V of 1 m−1,

80 ◦C and 1% NaCl.

At the start of the simulation the precipitation rate at pH 6.6 is the highest of the three

whereas for pH 5.4 and 6 is close to zero since the concentration of CO 2–
3 is not as high.

During the initial stages of the simulation where a film hasn’t fully formed the precipitation

rate will increase steadily for all three initial bulk acidities as the Fe2+ concentration increases
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Figure 3.3: Cross-sections and porosity profiles of the 3-dimensional simulation cells after 20
hours of simulation for 100, 500 and 1000 m s−1. Simulation conditions: 120 ◦C, pH 4, 5.2 bar,
1% NaCl and 0.63 m−1 A/V

due to the corrosion reaction. Additionally, the [CO 2–
3 ] increases as the solution shifts to

higher pH as a result of the corrosion reaction which further contributes to the precipitation

rate increase (Fig. 3.4).

As the steel surface is covered by the corrosion product the corrosion rate and its respective

diffusion gradient decrease steadily (Fig. 3.4). Consequently, the difference between species

concentrations at the bulk and at the steel surface shrink, and hence so does the SSFeCO3

which causes the precipitation rate to drop. For the three pH values tested the precipitation

rate peaks at about 4 mm/year; however, the peak is reached considerably sooner at pH 6.6

since the higher [CO 2–
3 ] results in higher SSFeCO3

for the same Fe2+ concentration.

After 40 hours of simulation the corrosion rate at pH 6.6 stabilises and subsequently

increases slightly for the rest of the simulation as a dynamic equilibrium is achieved between

continuing corrosion and precipitation. At pH 5.4 and 6 the precipitation rate is still decreasing

after 120 hours and at this point the corrosion becomes lower than that computed for pH 6.6.

We examine this interesting cross-over below.

Figure 3.5 shows the different computed physical properties of the scale such as its coverage
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Figure 3.4: Model predictions of corrosion rate (solid line), precipitation rate (dashed line),
bulk [Fe2+] and bulk pH for pH 5.4, 6 and 6.6. Simulation conditions: 80 ◦C, 1 bar, 1% NaCl
and 1 m−1 A/V .

over the steel surface, equivalent porosity, weight, and average thickness. The total mass of

the pH 6.6 scale cross over the masses of the other two scales as the precipitation rate drops

at 120 hours. This result has recently been reproduced experimentally at similar pH values.54

The emerging physical properties illuminate the growth process. The scale forms signifi-

cantly quicker at pH 6.6. After 40 hours of simulation the scale is considerably thicker and

less porous than at pH 5.4 and 6 while also covering a larger area of the steel surface (Fig. 3.5).

However, by the end of the simulation the scales formed at pH 5.4 and 6 exhibit a larger

coverage of the steel surface, a similar porosity and greater thickness. This suggests that when

the scale is rapidly formed it may not cover the entirety of the steel surface. Indeed, at pH

6.6 the scale reaches a maximum coverage of 84% leaving some small areas of the steel surface

exposed to corrosion. These small areas can then develop localised corrosion and compromise

the structural integrity of the steel. Figure 3.6 shows the cross-section of the 3-dimensional
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Figure 3.5: Model predictions of surface coverage (solid line), equivalent porosity (dashed
line), scale weight and scale thickness for pH 5.4, 6 and 6.6. Simulation conditions: 80 ◦C,
1 bar, 1% NaCl and 1 m−1 A/V .

simulation cells after 120 hours where the panels on the left side display the fraction of void

volume (porosity). While all three scales exhibit a similar density at the centre of the scale,

the interface between the steel surface and the scale is significantly more porous at pH 6.6.

Moreover, the 2-dimensional cross-section shows fairly localised porous sites rather than a

uniformly distributed porosity across the interface hinting that localised corrosion is taking

place. This result is in good agreement with reports of localised corrosion observed after the

formation of a protective scale at high pH.53,105 At both pH 5.4 and 6 the model predicts

that rather similar, dense scales form with a lower porosity at the steel-scale interface which

provides a better corrosion protection after 120 hours compared to pH 6.6 as indicated by the

crossover in corrosion rates at that point.

Overall, these findings highlight the importance of incorporating a 3-dimensional component

to corrosion modelling and the difficulty in defining and identifying a protective corrosion

scale. Several studies reported increased corrosion protection at high pH.54,70 However, these
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Figure 3.6: Cross-sections and porosity profiles of the 3-dimensional simulation cells after
120 hours of simulation for pH 5.4, 6 and 6.6. Simulation conditions: 80 ◦C, 1 bar, 1% NaCl,
1 m−1 A/V .

experiments typically run for no longer than a few days which the current model suggests may

not be enough time to assess the long term protectiveness of a scale. The results presented in

this section demonstrate that the long protectiveness of the scale cannot always be derived

from the total corrosion product deposited on the steel surface. Instead, the formation process

of the scale has to be taken into account in order to determine the stability of a fully formed

corrosion scale. This includes analysing the evolution of key metrics such as the scale coverage

and the porosity of the scale. The CO2 corrosion model presented in this work is able to

predict these properties by explicitly modelling the corrosion scale in the 3-dimensional space,

a key feature that current CO2 corrosion models are lacking. Furthermore, thanks to the

3D description of the scale the model allow us to observe how localised corrosion appears

underneath rapidly formed corrosion scales. This level of insight is key to describe corrosion

scale and their protective properties.
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3.3.2 A/V dependence

The total macroscopic metal surface area and the volume of electrolyte are also key parameters

that affect the corrosion process and the formation of the film. In a pipeline flow the surface

area is proportional to the radius of the pipe and the volume is proportional to the radius

squared, hence the A/V ratio is inversely proportional to the radius of the pipe. The effective

surface area in contact with the water and the volume of water also depend on the proportion

of water in the oil/gas/water multiphase system flowing through the pipe. The higher the A/V

ratio the faster the electrolyte will reach FeCO3 supersaturation leading to more precipitation

in a shorter period of time. Figure 3.7 illustrates the results of the model for a 5-day simulation

of three systems with 0.1, 1 and 10 m−1 A/V, pH 5.8, 80 ◦C and 1% NaCl.

For the same amount of iron dissolved into solution the system with an A/V of 10 m−1

increases the Fe2+ concentration 10 and 100 times faster than for 1 and 0.1 m−1 (Fig. 3.7).

This results in a rapid buildup of SSFeCO3
causing a sudden increase in precipitation rate

for the first 8 hours followed by an equally rapid decline as the corrosion scale forms and

protects the steel surface from further corrosion and hence limiting the source of Fe2+ and

reducing the SSFeCO3
. At 1 m−1 the buildup of [Fe2+] is slower which results in a gradual

change in precipitation rate over the course of the simulation. At 0.1 m−1 the increase in Fe2+

concentration is even slower as there is more electrolyte per unit area. In this case there is

minimal precipitation on the metal surface and a scale is never formed. Consequently, the

corrosion rate stays constant throughout the simulation.

The scales formed at 10 and 1 m−1 are significantly different (Fig. 3.8). The scale formed

at 10 m−1 is considerably thinner and more compact as the steel surface underneath the scale

didn’t corrode significantly due to the rapid formation of the scale and therefore is rather
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flat. On the other hand, the scale formed at 1 m−1 is thicker and since the steel surface

has corroded for considerably longer the resulting scale exhibits a rather irregular interface

between the steel and the scale which is also slightly more porous than the 10 m−1 scale as

indicated by the porosity panel on the left side of the figure. Finally, the simulation performed

at 0.1 m−1 left a completely eroded steel surface due to the continuous corrosion throughout

the simulation as no scale was able to form under this conditions.

0

2

4

6

8

R
at

e
/

(m
m

/y
ea

r)
0.1 m−1 1 m−1 10 m−1

0.01

0.1

1

10

R
at

e
/

(m
m

/y
ea

r)

0

100

200

300

[F
e2

+
]

/
p

p
m

5.8

6

6.2

6.4

p
H

0 20 40 60 80 100 120
0

200

400

Time / hours

F
eC

O
3

S
u

p
er

sa
tu

ra
ti

on

Figure 3.7: Model predictions of corrosion rate (solid line), precipitation rate (dashed line),
bulk [Fe2+], bulk pH and bulk supersaturation for A/V ratios of 0.1, 1 and 10 m−1. Simulation
conditions: 80 ◦C, 1 bar, pH 5.8, 1% NaCl.
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Figure 3.8: Cross-sections and porosity profiles of the 3-dimensional simulation cells for A/V
ratios of 0.1, 1 and 10 m−1 after 120 hours. Simulation conditions: 80 ◦C, 1 bar, pH 5.8, 1%
NaCl.

3.3.3 Temperature dependence

Temperature is a key factor in electrochemical systems. Higher temperatures enhance the

kinetics of chemical and electrochemical reactions and facilitates the diffusion of species in

solution. In the context of CO2 corrosion temperature accelerates both the corrosion reaction

and the precipitation reaction.54,106 Since FeCO3 precipitation is a considerably slower reaction

the enhanced kinetics at higher temperatures have a significant impact in the precipitation rate.

The FeCO3 solubility also decreases at high temperatures hence increasing the SSFeCO3
.73,74,107

Therefore, the increase in precipitation has previously been hypothesised to compensates

for the enhanced corrosion kinetics. To better understand the effect of temperature on the

corrosion and scale growth three corrosion systems at 60, 70 and 80 ◦C were simulated for 5

days with an A/V of 1 m−1, pH 6 and 1% NaCl.

The simulated initial corrosion rate increases with temperature as reported in the literature

(Figure 3.9).54,106 At the initial conditions there’s not enough surface SSFeCO3
for FeCO3 to
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precipitate immediately. Instead, as the surface SSFeCO3
increases so does the precipitation

rate. Following the same trend as the corrosion rate the precipitation rate increases faster at

high temperatures. This is explained by the combined effect of (I) a higher supersaturation

due to the higher corrosion rate at high temperatures and (II) enhanced precipitation reaction

kinetics at high temperatures. At 80 ◦C the higher precipitation rate results in the rapid

formation of a corrosion scale. Despite starting at a higher corrosion rate this scale decreases

the corrosion rate below those formed at 60 and 70 ◦C in less than 40 hours and by the end of

the simulation the scale manages to block the majority of the corrosion on the steel surface.

At 60 and 70 ◦C the simulations follow a similar trend but the formation of the scale is slower,

especially at 60 ◦C. Interestingly, by the end of the simulation the corrosion rate at 70 ◦C is

similar to that at 80 ◦C despite the slower formation of the scale.

Figure 3.10 displays the cross-section of the 3-dimensional simulation cells for 60, 70 and

80 ◦C after 120 hours. The scale formed at 80 ◦C appears to be the only fully formed scale of

the three. At 70 ◦C the scale is of similar thickness to the one at 80 ◦C but is more porous

despite having a similar level of protection in terms of corrosion rate. In contrast, the scale

formed at 60 ◦C is still in the early stages of growth and it’s significantly more porous than

the other two.

According to the predictions obtained from the model higher temperatures accelerate the

growth of the corrosion scale which result in the rapid decrease of the corrosion rate even

at the expense of higher initial corrosion rates. Therefore, the model supports the general

consensus that more protective scales are formed at higher temperatures and quickly offset

the initial higher corrosion rates.
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Figure 3.9: Model predictions of corrosion rate (solid line), precipitation rate (dashed line),
bulk [Fe2+] and bulk pH at 60, 70 and 80 ◦C. Simulation conditions: 1 bar, pH 6, 1% NaCl
and 1 m−1 A/V .

3.3.4 Pressure dependence

The total pressure determines the CO2 partial pressure and, hence, the total number of

carbonate species in solution. An increase in total pressure increases the concentration of

carbonic acid which enhances the buffering effect contribution to the HER and, consequently,

it increases the corrosion rate. Similarly, an increase in total pressure also increases the

carbonate concentration which results in an increase in SSFeCO3
and a higher precipitation

rate. Since the total pressure affects both the corrosion and the precipitation it is difficult

to provide general trends about the formation of the scale and its protectiveness without

explicitly simulating the system with predictive corrosion models like the one presented herein.

In this section the effect of the total pressure is investigated by simulating three corrosion

systems at 1, 2 and 3 bar of total pressure for 5 days. The corrosion systems are initialised
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Figure 3.10: Cross-sections and porosity profiles of the 3-dimensional simulation cells at 60,
70 and 80 ◦C after 120 hours of simulation. Simulation conditions: 1 bar, pH 6, 1% NaCl and
1 m−1 A/V .

with the following conditions: 80 ◦C, an A/V of 0.1 m−1, pH 6 and 1% NaCl.

Figure 3.11 displays the predicted corrosion rate, precipitation rate, Fe2+ bulk concen-

tration, SSFeCO3
and scale surface coverage as a function of simulation time. Both the

initial corrosion rate and precipitation rate are predicted to increase at higher total pressures

due to the aforementioned increase in H2CO3 and CO 2–
3 concentrations. As the corrosion

process dissolves iron into solution the SSFeCO3
increases which accelerates the precipitation

of corrosion product. As the corrosion product covers the surface of the steel and creates

a diffusion barrier for electroactive species the corrosion rate decreases steadily. When the

corrosion and precipitation process generate and consume (respectively) the same amount of

Fe2+ the supersaturation stops increasing. From that point on, high pressure environments

may exhibit a significantly higher precipitation rate compared to the corrosion rate creating

a net consumption of Fe2+ ions inside the scale which results in a lower supersaturation

compared to the bulk. Therefore, the precipitation rate drops while the bulk SSFeCO3
remains

stable. This is particularly noticeable at 2 and 3 bar due to the high precipitation rate and
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Figure 3.11: Model predictions of corrosion rate (solid line), precipitation rate (dashed line),
bulk [Fe2+] at 1, 2 and 3 bar. Simulation conditions: 80 ◦C, pH 6, 1% NaCl and 0.1 m−1 A/V .

it leads to a rapid decrease of the scale surface coverage soon after the precipitation rate

drops as corrosion undermines the scale. On the other hand, at 1 bar the precipitation rate is

considerably lower during the initial stages of the simulation resulting in a sustainable growth

of the corrosion scale which achieved an 80% coverage of the corrosion surface.

Figure 3.12 displays a cross section of the 3-dimensional simulation cell after 5 days for the

three simulated environments. At 1 bar the corrosion scale is thinner compared to the thicker

scale developed at 2 and 3 bar and the steel-scale interface is significantly less porous providing

a stronger adhesion to the steel. In contrast, the scales developed at higher pressures (2 and

3 bar) are thicker due to the higher precipitation rate but the corrosion has undermined the

scale to the point where the scale is at risk of detaching from the steel surface.
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Figure 3.12: Cross-sections and porosity profiles of the 3-dimensional simulation cells after
120 hours of simulation at 1, 2 and 3 bar. Simulation conditions: 80 ◦C, pH 6, 1% NaCl and
0.1 m−1 A/V .

3.4 Conclusions

This chapter focused on the validation of the model described in Chapter 2 and the analysis

of the model predictions. Four key parameters in CO2 corrosion—initial pH, A/V ratio,

temperature and total pressure—were analysed due to their relevance in the oil and gas

industry.

The model was validated against a high temperature, turbulent flow experiment where

X-65 steel samples were corroded at 100, 500 and 1000 rpm. The model was able to reproduce

the corrosion rate trends of the experimental data adequately and its predictions are consistent

with the current understanding of the corrosion process. However, the absolute values could

not be reproduced reliably likely due to the precipitation rate model not being validated at
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such high temperatures.

When comparing the same corrosion system at different pH values the model predicts

a thinner and denser film at high pH while porous thicker films are obtained at low pH, a

result consistent with the current literature. Furthermore, the model was able to explain this

phenomena in terms of the growth characteristics of the corrosion film for each pH tested.

The simulations at different A/V ratios emphasized the importance of the macroscopic

geometry of the system during the scale growth phase and suggests that fast precipitation

might not always be desirable to form a protective film.

The model demonstrated how temperature influences both the corrosion and precipitation

reaction by simulating the same corrosion system at 60, 70 and 80 ◦C. The temperature effect

on the corrosion rate is predicted to only be significant during the initial stages of corrosion

whereas the impact of temperature on the precipitation rate is considerably greater and

longer-lasting. Therefore, corrosion at different temperature exhibit a similar steel dissolution

but a faster film formation at high temperatures.

Lastly, three simulations were carried out at 1, 2 and 3 bar to investigate the effect of

the total pressure of the system on the corrosion and scale formation. It was found that at

high pressures the initial corrosion rate is higher due to the increased H2CO3 concentration.

Moreover, due to the fast corrosion product precipitation at high pressures the corrosion rate

decreases rapidly to the point where it is so low compared to the precipitation rate that more

Fe2+ is consumed by the precipitation reaction than produced by the corrosion reaction. This

leads to an interesting scenario where the SSFeCO3
inside the scale is lower than the SSFeCO3

at the bulk of the solution which drives the precipitation rate down.
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The analysis of these parameters in isolation illustrates the value the present model. Each

parameter affects the steel dissolution and scale formation process differently and thanks to

the additional structural data provided by the present model we are able to decompose each

effect independently and obtain a detailed history of the microscopic events that led to the

final structure of the steel and the corrosion scale. This new level of detail in the description

of the corrosion process is key to understand the relationship between the 3D structure and

growth characteristics of the corrosion scale and the degree of protection it offers against

corrosion.
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Chapter 4

CO2 corrosion multiparameter analysis

4.1 Introduction

In experimental investigations it is important to isolate the variable under study by controlling

or fixing all other variables so that the effect can be directly correlated with the isolated

variable. In CO2 corrosion experiments this methodology, while necessary, is often complex and

time consuming resulting in very few data points to draw conclusions from. Furthermore, in

complex systems with multiple parameters such as CO2 corrosion environments it is important

to understand the interactions between parameters which requires a prohibitive number of

data points for experimental work.

CO2 corrosion models not only provide forecasting capabilities but also allow us to carry

out a comprehensive exploratory analysis of the parameter space which would otherwise be

unfeasible experimentally. This is important when generalising trends observed in the data as
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the validity of these trends is constraint to the set of conditions tested. Therefore, the ability

of models to test a wide range of different conditions in a reasonable amount of time is key to

draw accurate conclusions from the data.

The temperature, pressure and pH are known to have a profound effect in the development

of CO2 corrosion.14,43 This chapter explores the relationships amongst these three parameters

by running 336 simulations with different combinations of environment parameters and

analysing 4 important metrics in CO2corrosion: the corrosion rate, the surface coverage, the

porosity and the total volume of steel lost. The results will shed some light on the complex

relationships between the investigated parameters and help to establish general CO2 corrosion

trends valid for a wide range of the parameter space.

4.2 Multiparameter analysis

This section investigates the corrosion rate, the corrrosion scale surface coverage, the equivalent

porosity and the amount of steel lost at the end of a 2-day simulation. A set of 336 simulations

of a X-65 steel sample where carried out for the following parameter ranges: 60 ◦C to 90 ◦C,

1 bar to 6 bar and pH 5 to pH 6.4. All simulations are initialised with the following parameters:

1% NaCl, 1 m−1 A/V and a 2 cm diameter RCE at 1000 rpm. The data is analysed in the

following figures in a series of heatmaps that display two variables simultaneously. Each figure

consists of a 3 × 3 matrix where each row contains heatmaps with a different pair of the

parameters under study (temperature, pressure and pH) and each of the columns within a

row represent a different value of the third parameter. This comprehensive visual inspection

of the data facilitates the identification of trends and patterns across the parameter space.
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Figure 4.1: Matrix of heatmaps displaying the corrosion rate after 120 hours of simulation as
a function of two of the following three parameters: temperature, pressure and pH. The third
unused parameter is represented across each row of the matrix. Simulation conditions: 1%
NaCl, 1 m−1 A/V , and a 2 cm diameter RCE at 1000 rpm.
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The corrosion rate is examined in Fig. 4.1. The top row displays the T-pH heatmaps

showing a low corrosion rate at high temperatures and (or) high pH likely due to the increased

precipitation kinetics and carbonate concentration respectively which boost the precipitation

rate. The corrosion rate decreases at low pH, however the maximum corrosion rate is achieved

at 70 ◦C. This is attributed to the slower corrosion kinetics at lower temperatures. Increasing

the total pressure from 1 bar to 5 bar does not change the relative corrosion rates significantly

but it does increase the absolute corrosion rate due to the higher carbonic acid concentration.

This is clearly observed in the P-pH heatmaps of the second row where the corrosion rate

increases with the total pressure except at pH 6 and above where the corrosion rate is generally

low across all pressures due to the formation of a protective corrosion scale. Furthermore, at

80 ◦C a new hotspot is observed at high pH and high pressure. Under these conditions there is

a remarkably high amount of precipitation occurring in a short period of time resulting in an

incomplete formation of the scale which is subsequently undermined by the corrosion process.

The bottom row provides a better visualisation of this phenomenon. At pH 5.4 and 5.8 the

precipitation rate is only high enough to form a protective corrosion scale at temperatures of

80 ◦C and above or at very low pressure otherwise the high pressure increases the corrosion

rate to the point where the precipitation process is not fast enough to form a scale. At pH 6.2

the heatmap is notably different, the majority of the parameter space displays a low corrosion

rate indicating the successful formation of a protective corrosion scale. However, at high

pressure and high temperature there is an increase in corrosion rate due to the aforementioned

intense but short-lived precipitation. Furthermore, the heatmap for pH 6.2 clearly divides

the parameter space in three sections: the bottom left corner where the temperature and

pressure are too low to generate enough precipitation to form a corrosion scale fast enough

to overcome the steel dissolution, the top right corner where the temperature and pressure

are too high to form a stable scale and a band separating these two section corresponding

to the dark area of the heatmap that represents the section of the parameter space where a
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protective scale has formed as indicated by the low corrosion rate.

Figure 4.2 displays the data for the fraction of the steel surface that is covered by the

corrosion scale. The first row examines the T-pH heatmaps. At 1 bar high pH and high

temperature correlate with a larger surface area the corrosion scale covers, in line with the

corresponding heatmap from Fig. 4.1. However, at 3 and 5 bar the surface coverage of the

corrosion scale is significantly lower at high temperature and high pH suggesting that scales

formed at those conditions are likely to eventually detach from the steel surface. Instead, the

higher coverage corrosion scales are found at high pH and low temperature which typically

corresponds to a slow corrosion environment and a slow corrosion scale formation. On the

second row the P-pH heatmaps show that most high coverage scales form under high pH and

low pressure conditions. However, the scales formed at 80 ◦C exhibit a significantly larger

surface coverage than those formed at lower temperatures. The bottom row clearly shows the

band that separates the scales that have not yet formed (bottom left corner) from those scales

that have formed but have lost their adhesion to the steel surface (top right corner). The

band is particularly visible at pH 5.8 and 6.2 and represents scales with a large steel surface

coverage. Additionally, it there exist a clear maxima for the surface coverage in most of the

heatmap plots presented in Fig. 4.2. This suggests that one could in principle optimise the

parameters to obtain the maximum surface coverage thereby maximizing the protectiveness

of the formed scale.

The porosity of the corrosion scale is examined in Fig. 4.3. Overall, the porosity is

predicted to decrease monotonically as the temperature, pressure and/or pH increases. This

is attributed to the increased precipitation rate whenever any of these three parameters

increases. Therefore, the porosity is predicted to be directly correlated with the precipitation

rate as opposed to the scale surface coverage. Indeed, a high precipitation environment—high
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Figure 4.2: Matrix of heatmaps displaying the corrosion scale surface coverage after 120 hours
of simulation as a function of two of the following three parameters: temperature, pressure
and pH. The third unused parameter is represented across each row of the matrix. Simulation
conditions: 1% NaCl, 1 m−1 A/V and a 2 cm diameter RCE at 1000 rpm.
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Figure 4.3: Matrix of heatmaps displaying the porosity after 120 hours of simulation as a
function of two of the following three parameters: temperature, pressure and pH. The third
unused parameter is represented across each row of the matrix. Simulation conditions: 1%
NaCl, 1 m−1 A/V and a 2 cm diameter RCE at 1000 rpm.
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temperature, high pressure and high pH—does not guarantee the protection of steel surface

against corrosion as it is only weakly correlated with the surface coverage of the corrosion

scale, however it is strongly correlated with the formation of a dense scale as observed in

Fig. 4.3.

While it is important to develop a protective scale it is preferred to do so with minimal

steel loss. In Fig. 4.4 the total volume of steel lost is investigated to better understand the

trade-off between the rapid formation of a protective scale and the loss of steel incurred

throughout the process. In Fig. 4.1 low corrosion rates are observed both at high pH and at

high temperature, however the T-pH heatmaps from Fig. 4.4 suggest that there is a significant

loss of steel associated with that corrosion rate reduction at high temperatures whereas the

corrosion rate reduction observed at high pH is not predicted to come at the expense of a

significant loss of steel. This is the result of two different mechanisms by which precipitation

is enhanced. On the one hand, a temperature increase improves the precipitation kinetics

at the expense of also increasing the corrosion reaction kinetics resulting in a considerable

amount of steel dissolved. On the other hand, at high pH there is a high concentration of

CO 2–
3 which leads to a higher SSFeCO3

faster than at low pH reducing the amount of steel that

must dissolve in order to reach the same SSFeCO3
. The lowest amount of steel lost is found at

90 ◦C, pH 6.4 and 1 bar due to the rapid formation of a corrosion scale that covers 80% of the

steel surface—the highest surface coverage from all conditions tested (Fig. 4.2)—preventing

further corrosion.
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Figure 4.4: Matrix of heatmaps displaying the volume of steel lost after 120 hours of simulation
as a function of two of the following three parameters: temperature, pressure and pH. The
third unused parameter is represented across each row of the matrix. Simulation conditions:
1% NaCl, 1 m−1 A/V and a 2 cm diameter RCE at 1000 rpm.
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4.3 Conclusions

In this chapter the intricate relationships amongst three key environment parameters—

temperature, total pressure and initial pH—were investigated by carrying out simulations

combining different values of these parameters in a grid-like approach and analysing the

corrosion rate, surface coverage, porosity and total volume of steel lost after 120 hours of

simulation time.

The results were analysed using a series of 3 × 3 matrices containing heatmaps of the

metrics under study as a function of two of the three parameters investigated (temperature,

total pressure and initial pH).

The predicted corrosion rates show that both the temperature and initial pH are positively

correlated with the corrosion rate. The T-P heatmap at pH 6.2 revealed a band where the

corrosion rate was the lowest. This band separates the region of the parameter space that

leads to a porous scale (low temperature and pressure) from that where a corrosion scale

has formed so fast that it could not cover most of the steel surface and the also fast steel

dissolution undermines the steel underneath the scale (high temperature and pressure). The

surface coverage supports this view as it shows a similar band for the same set of conditions.

Additionally, Fig. 4.2 exhibits a clear maxima in the displayed heatmaps which opens new

avenues to obtain the maximum scale protection by maximasing the corrosion scale coverage.

Unsurprisingly, the porosity of the corrosion scale was found to be positively correlated

with low scaling conditions such as low temperature, low pH and low pressure.

Finally, the heatmaps displaying volume of steel lost due the oxidation reaction showed

96



that high temperatures lead to more metal loss than high pH despite forming scales with

similar protection against corrosion. This is due to the fact that the corrosion kinetics are

enhanced at high temperatures. The corrosion system simulated at 90 ◦C, pH 6.4 and 1 bar

was found to lose the lowest amount of steel due to the fast and complete formation of the

corrosion scale.

97



Chapter 5

Additional use cases

5.1 Introduction

The SLCA model is designed to be modular and flexible so that it can be adapted to a wide

range of different scenarios. This chapter explores two unique applications of the SLCA model.

Firstly, the model is used to study the stability of the corrosion scale upon a change in the

environment, at use case commonly encountered in the field. Secondly, an inhibitor model is

build on top of the SLCA model to investigate the effect of the inhibitor on the corrosion

scale. The inhibitor protection mechanism is based on blocking the corrosion active sites.
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5.2 Changes in the environment

In both experiments and models the environment conditions are generally kept fixed while

the experiment or simulation is running. In this way, one can map the results to a specific set

of conditions and be confident about the rationale of the conclusions. However, the conditions

in the field are rarely ever constant. The environment inside an oil and gas pipeline evolves

as the oil reservoir depletes and the chemistry and composition of the multiphase system

changes. Under such a dynamic environment there is a concern about the stability of a

”protective” corrosion scale once the environment changes. Additionally, one of the suggested

approaches to utilise protective properties of the FeCO3 scale is to purposefully grow the scale

in a controlled environment that promotes the formation of a protective scale and then deploy

the pipe in the field where it will be exposed to a different environment. For this approach to

work it is important to understand how will the scale be affected by the new environment

and, in particular, whether the protection provided by the scale remains after exposing it to

the new environment.

The model presented in this work is able to simulate these scenarios by changing the

simulation environment after a specified amount of time. This section explores how different

changes in the environment affect the protective properties of a fully formed scale. The

simulation is divided in two stages of 3 hours each. During the first stage the conditions

are chosen such that the growth of a reasonably protective scale is encouraged. The initial

conditions of this first stage are as follows: 80 ◦C, pH 6.5, 1 bar, 1% NaCl, 1 m−1 A/V and

1 m/s in a 0.2 m diameter pipe. Figure 5.1 shows the corrosion rate, surface coverage and

equivalent porosity for a 5-day simulation using this set of conditions. After approximately

3 days the corrosion rate reaches its lowest value which indicates that the protection of the

scale is at its highest. In the second stage one of the initial parameters is changed and the
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iron concentration in solution is reset back to zero. This two-step simulation represents the

process of artificially growing the protective film off-site and deploying the pipe in a different

environment. Three different environment parameters are investigated: the temperature,

initial pH, pressure. Figures 5.2 to 5.4 display the formation of the scale from Fig. 5.1 for 3

days followed by a reset of the solution chemistry to their initial values, a change in a single

environment parameter and another 3-day simulation under the new environment.
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Figure 5.1: Model predictions of the corrosion rate, corrosion scale surface coverage and
equivalent porosity. Simulation conditions: 80 ◦C, pH 6.5, 1 bar, 1% NaCl, 1 m−1 A/V and
1 m/s in a 0.2 m diameter pipe.

Effect of temperature

Figure 5.2 shows the effect of the temperature on the corrosion process of a steel surface

with a corrosion product layer. After the formation of the scale the corrosion rate, bulk pH,

equivalent porosity, precipitation rate and surface coverage were computed for a period of 3

days at 70 ◦C, 80 ◦C and 90 ◦C.
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The corrosion rate is predicted to remain low with minimal differences between the different

temperatures suggesting that the protection of the scale is not significantly affected after

a temperature change. As the Fe2+ concentration slowly increases due to the corrosion

reaction the pH increases. The increase in pH occurs at different rates for each temperature

because of the differences in thermodynamic equilibrium constants involved in the carbonate

equilibria. The higher pH results in a higher concentration of CO 2–
3 which combined with

the increase in Fe2+ concentration leads to an increase in SSFeCO3
. This increase is higher at

low temperatures where the FeCO3 solubility product (Ksp) is higher.73 The precipitation

rate remains relatively similar amongst the different temperatures despite the differences in

SSFeCO3
. This is attributed to a combination of small differences in the starting corrosion

rate and the faster precipitation reaction kinetics at high temperatures. The surface coverage

of the corrosion scale is virtually identical in the three temperatures tested due to the similar

precipitation rate.

Overall, a change in temperature does not result in significant changes to the corrosion or

precipitation rates according to the model’s prediction so the effect on the scale is negligible

for the duration of the simulation.

Effect of pH

Figure 5.3 examines how a formed scale responds to three different pH environments: pH

5.5, 6 and 6.5. The differences in pH result in different CO 2–
3 concentrations which determine

the SSFeCO3
and, consequently, the precipitation. The difference in precipitation rate is

immediately observed after the change of pH at the 3-day mark with a faster precipitation at

higher pH (Fig. 5.3). At pH 5.5 and 6 the corrosion rate gradually increases as the precipitation

rate can no longer keep up with the corrosion rate leading to a decline in corrosion scale
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Figure 5.2: Model predictions of the corrosion rate, precipitation rate, surface coverage, bulk
pH, equivalent porosity and SSFeCO3

for a 3-day simulation at 80 ◦C, pH 6.5, 1 bar, 1% NaCl,
1 m−1 A/V and 1 m/s in a 0.2 m diameter pipe followed by a water chemistry reset, a change
in temperature to 70 ◦C, 80 ◦C and 90 ◦C and another 3-day simulation.

coverage. On the other hand, at pH 6.5 the precipitation rate rises fast enough that the

coverage of the corrosion scale barely changes. Indeed, due to the higher CO 2–
3 concentration

at pH 6.5 the supersaturation is able to recover faster from the lack of Fe2+ ions in solution and

the stability of the scale is maintained. Furthermore, the corrosion rate at pH 6.5 decreases

slightly due to the significant increase in scale density compared to pH 5.5 and pH 6.

The effect of pH predicted by the model is significant. At relatively low pH the model

predicts that even a considerably dense scale that covers the majority of the steel surface can

be susceptible to breakdown due to the corrosion undermining the corrosion scale. This could

be partially mitigated if the new environment already contained enough concentration of Fe2+

ions to maintain the original precipitation rate.
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Figure 5.3: Model predictions of the corrosion rate, precipitation rate, surface coverage, bulk
pH, equivalent porosity and SSFeCO3

for a 3-day simulation at 80 ◦C, pH 6.5, 1 bar, 1% NaCl,
1 m−1 A/V and 1 m/s in a 0.2 m diameter pipe followed by a water chemistry reset, a change
in pH to pH 5.5, pH 6 and pH 6.5 and another 3-day simulation.

Effect of pressure

Figure 5.4 presents the effect of pressure on the corrosion scale for 1, 2 and 3 bar environments.

An increase in total pressure results in an increase in the partial pressure of CO2 and, hence,

and increase in the concentration of all carbonate species. An increase in the carbonic acid

concentration leads to a stronger buffering effect which fuels the HER with H+, hence, an

increase in the total pressure results in a higher corrosion rate. Similarly, an increase in the

concentration of CO 2–
3 results in a higher SSFeCO3

and, therefore, a higher precipitation rate.

Since both the corrosion rate and precipitation rate are expected to increase simultaneously

it is not trivial to determine whether the scale will keep the same level of protection as the
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pressure increases without simulating the specific environment with a corosion model such as

the one presented herein.

The precipitation rate at 3 bar continues at roughly the same rate after the first 3-day

simulation due to the high CO 2–
3 concentration. On the other hand, the corrosion rate starts

significantly higher than the original due to the increased H2CO3 concentration, however it

decreases momentarily as the as porosity of the scale decreases due to the high precipitation

rate. The precipitation rate also decreases with the corrosion rate due to the lower SSFeCO3

inside the scale, however it increases again once the bulk SSFeCO3
recovers from the lack of

Fe2+ ions in solution. Similar but less pronounced changes are observed at 2 bar. Both the 2

and 3 bar simulations exhibit a rapid decline in corrosion scale surface coverage due to equally

rapid increase in corrosion rate. However, the simulation at 1 bar maintains a low corrosion

rate despite the also low precipitation rate due to the stable corrosion scale surface coverage

and the constant decline of the scale porosity.

Overall, a change in the total pressure can have a significant effect on the protective

properties of the scale. In particular, if the environment changes to higher pressures the

corrosion process is predicted to undermine the corrosion scale which can eventually cause

the detachment of the scale from the steel surface.

104



0

0.5

1

1.5

2

C
or

ro
si

on
R

at
e

/
(m

m
/y

ea
r)

1 bar 2 bar 3 bar

6.5

6.52

6.54

p
H

0

1

2

3

4

P
re

ci
p

ia
ti

on
ra

te
/

m
m

/y
ea

r

0

5

10

15

20

E
q
u

iv
al

en
t

p
or

os
it

y
/

%

0 1 2 3 4 5 6
0

20

40

60

80

100

Time / days

C
ov

er
ag

e
/

%

0 1 2 3 4 5 6
0

20

40

60

80

100

Time / days

S
S
F
eC

O
3

Figure 5.4: Model predictions of the corrosion rate, precipitation rate, surface coverage,
pH, bulk [Fe2+] and SSFeCO3

for a 3-day simulation at 80 ◦C, pH 6.5, 1 bar, 1% NaCl, 1 m−1

A/V and 1 m/s in a 0.2 m diameter pipe followed by a water chemistry reset, a change in
temperature to 70 ◦C, 80 ◦C and 90 ◦C and another 3-day simulation.
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5.3 Corrosion inhibitor protection

The use of corrosion inhibitors has been one the most cost-effective corrosion prevention and

mitigation strategies for decades.108,109 However, the mechanism by which these chemicals

inhibit corrosion is still not fully understood.110 The corrosion inhibitors used in the oil and

gas industry are typically surfactant molecules—organic molecules with a hydrophilic head

and a hydrophobic tail—that adsorb onto the steel surface and inhibit the corrosion process in

various ways such as physically blocking active sites on the surface of the steel or by chemically

displacing electroactive species.110

In CO2 corrosion, inhibitors are designed to either inhibit the cathodic reaction or promote

the formation of the corrosion product layer.110 However, the inhibition mechanism of some

of the most commonly used inhibitors such as imidazolines is still unknown.109

The goal of this section is to investigate the effect of inhibitors on the corrosion process

including their interaction with the corrosion scale. Since the inhibition mechanism of most

common CO2 corrosion inhibitors is not known we define a generic inhibition model whereby

the inhibitor adsorbs to the surface and physically blocks active corrosion sites. This inhibition

model has one single parameter θI that determines the fraction of the surface covered by

the inhibitor or, equivalently, the fraction of active corrosion sites blocked by the inhibitor.

θI can be obtained experimentally by fitting the corrosion rate data to the appropriate

adsorption isotherm.108 The model assumes that the inhibitor adsorbed on the steel surface

is in equilibrium with the concentration of inhibitor in solution and that the fraction of

the surface covered by adsorbed inhibitor (θI) is constant throughout the corrosion process.

However, this adsorption equilibrium is a dynamic process where inhibitors can desorb and

readsorb onto a different part of the surface as long as the same fraction of the surface is
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covered by inhibitor. For the sake of simplicity, the model further assumes that the inhibitor

is equally as likely to attach to the corrosion scale than to the steel surface, however when

the inhibitor attaches to the corrosion scale it does not provide any corrosion protection to

the steel surface.

The CO2 corrosion model developed in this work is a discrete model so the surface of the

steel is covered by the inhibitor in discrete area units (∆z2). However, this does not impact

the inhibition mechanism as the steel dissolution process is subject to the same constraints. At

every time interval the inhibitor model samples θI ×N area units where N is the total number

of surface area units exposed to the electrolyte (both steel and scale surfaces combined) and

marks those surface units as protected by the inhibitor.

Using this simple inhibitor model the corrosion process is studied as a function of the

parameter θI . The system used for this study was simulated for 5 days and was initialised with

the following conditions: pH 6, 80 ◦C, 1 bar, 1% NaCl, 1 m−1 A/V and 20 mm RCE at 1000

rpm. Figure 5.5 shows the corrosion and precipitation rate, the bulk pH of the solution and

the surface coverage, equivalent porosity and thickness of the scale for a corrosion system with

an inhibitor with a θI of 0%, 25%, 50% and 75%. The corrosion rate of those environments

that contain the inhibitor (θI > 0) is noisy as a consequence of the stochastic adsorption of

the inhibitor on the surface coupled with the stochastic corrosion process. As expected, the

presence of an inhibitor decreases the corrosion rate. The initial corrosion rate is reduced by

the same fraction of inhibitor steel surface coverage. A reduction in corrosion rate results in

less Fe2+ ions in solution which reduces both the pH and the SSFeCO3
. Therefore, there is

lower corrosion product precipitation at higher inhibitor surface coverage. Despite the lower

precipitation the scale formed is less porous, thinner and covers a larger portion of the steel

surface compared to scales formed at lower inhibitor coverage or without inhibitor (Fig. 5.5).
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This is also apparent in the cross-section images at the end of the 5 days (Fig. 5.6) where

the system with no inhibitor exhibits a thick and irregular scale with a porous steel-scale

interface. As the inhibitor coverage increases the scale becomes thinner and less porous and

the steel-scale interface becomes flatter which favours the adhesion of the scale to the steel

surface.

Overall, the addition of a corrosion inhibitor that blocks active corrosion sites not only

reduces the corrosion rate by changing the effective area exposed to the electrolyte but by

doing so it creates an environment that encourages the growth of protective scales, i.e. uniform

dense scales with good adhesion to the underlying steel surface.

Furthermore, the absolute reduction in the initial corrosion rate is roughly constant

throughout the simulation as opposed to being proportional to the corrosion rate without

inhibitor. This is an important result as it leads to a significantly faster decrease in corrosion

rate and it is attributed to the aforementioned enhancement to the formation of the corrosion

product layer.
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Figure 5.5: Model predictions of corrosion rate, surface coverage and equivalent porosity for
1 bar, 2 bar and 3 bar. Simulation conditions: 80 ◦C, 1% NaCl, 1 m−1 A/V and 1000 rpm.
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Figure 5.6: Cross-sections and porosity profiles of the 3-dimensional simulation cells after 120
hours of simulation for 60, 70 and 80 ◦C. Simulation conditions: 80 ◦C, 1 bar, pH 6, 1% NaCl,
1 m−1 A/V and 1000 rpm.
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5.4 Conclusions

This chapter presented two modified versions of the SLCA model to tackle two unique use

cases where and adapted version of the SLCA model was used to provide valuable insight.

In the first section the stability of a fully formed CO2 corrosion scale is tested after a

change in the environment. In the field, some environment parameters may change gradually

over time or the pipeline may be ”pre-conditioned” to grow a protective scale before being

deployed to the field. This section focused on the latter use case for simplicity. Firstly, a

dense corrosion scale covering more than 80% of the steel surface was formed after a 3-day

simulation at 80 ◦C, pH 6.5, 1 bar, 1% NaCl, 1 m−1 A/V and 1 m/s in a 0.2 m diameter pipe.

Then, Fe2+ concentration was reset back to zero and one of the simulation conditions was

changed to simulate the transfer of the pipe to a new environment. Finally, the simulation

continued for 3 more days in the new environment. Three different environment parameters

were tested: the temperature (70, 80 and 90 ◦C), the initial pH (pH 5.5, 6 and 6) and the

total pressure (1, 2 and 3 bar). The temperature changes did not have any significant impact

on the scale or the corrosion and precipitation rates. pH changes did have a strong effect

at both pH 5.5 and 6 where the scale coverage decreased due to a low precipitation rate

which resulted in a gradual increase of the corrosion rate over time. The changes in the total

pressure led to a momentary decrease followed by a gradual increase of both the corrosion

and precipitation rates at 2 and 3 bar. This was attributed to an initial increase in scale

density—corresponding to the temporary decrease in corrosion rate—and a subsequent decline

in scale coverage —corresponding to the gradual increase in corrosion rate. The corrosion rate

at 1 bar remained low for the duration of the simulation despite the also low precipitation

rate. This ensured a stable corrosion scale surface coverage and a constant decline of the scale

porosity for the duration of the simulation.
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The second section presented a corrosion inhibitor model where corrosion inhibitor is

adsorbed onto a fraction of the surface area (both steel and scale) determined by the parameter

θI . The inhibitor adsorption is modelled as a dynamic equilibrium where the inhibitor desorbs

and readsorbs onto the metal or scale surface while maintaining a surface coverage of θI .

The inhibitor model further assumes that the inhibitor is equally as likely to adsorb on the

metal than on the scale and adsorbing on the scale surface provides no corrosion protection

and does not affect the scale in any way. This simple inhibitor model was tested for a θI of

0%, 25%, 50% and 75%. Unsurprisingly, the initial corrosion rate is reduced by the same θI

fraction. However, as a side-effect of the lower corrosion rates the corrosion scales become

thinner, flatter and less porous for higher values of θI which further decreases the corrosion

rate. Therefore, corrosion inhibitors with a similar inhibition mechanism to the one described

for this inhibitor model are expected to benefit from not only a reduction of the corrosion

rate but also the formation of a more protective corrosion scale.

The inhibitor model could be further improved by calculating the relative adsorption

energy between steel-inhibitor and scale-inhibitor to obtain the relative tendency of the

inhibitor to adsorb on top of steel and scale. Then, this relative adsorption chance can be

incorporated into the inhibitor model.

Overall, this chapter showcases the flexible capabilities of the SLCA model. By applying

simple modifications to the base model one can reproduce unique scenarios or build additional

models taking SLCA as a base.
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Chapter 6

Atomistic scale corrosion modelling

6.1 Introduction

The development of new prevention and mitigation strategies for CO2 corrosion requires a

deep understanding of the corrosion process at an atomistic scale. A large body of literature

studies the corrosion process using ab initio methods and atomistic simulations such as Density

Functional Theory (DFT), Molecular Dynamics (MD) and Monte Carlo (MC).111,112. These

new computational methods open new avenues for the prevention and mitigation of corrosion

and enable the design of new types of corrosion inhibitors based on their molecular interaction

with the metal surface.113 In particular, DFT simulations have been used extensively to study

the initial stages of the corrosion process at the atomic scale and the interaction of inhibitors

molecules with metallic surfaces.113–117 However, CO2 corrosion atomistic studies are still

lacking due to the complexity of these environments. DFT can also provide new insights on

the adsorption of inhibitor molecules on the steel surface and on the corrosion scale which
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could. Inhibitor adsorption energies can be interpreted as the relative binding strength of

a molecule to a surface which could be incorporated to the inhibitor model described in

Section 5.3 as the probability of attaching to either the steel surface or the corrosion scale

surface. This chapter aims to revisit our fundamental understanding of corrosion in simplified

chemical systems in order to build a solid foundation for future research on the topic.

6.2 Density Functional Theory

DFT is an ab initio (”from first principles”) quantum mechanical method for calculating

the electronic structure of chemical systems. DFT aims to deliver results with an accuracy

comparable to other well established ab initio techniques (e.g. Hartree Fock) at a fraction of

their computational cost. To achieve this DFT operates on the electron density of the whole

system rather than the individual wave functions of every single electron.

6.2.1 Schrödinger equation

In principle, the total energy of a quantum-mechanical system can be calculated using the

non-relativistic time-dependent Schrödinger equation:

iℏ
d

dt
|Ψ(t)⟩ = Ĥ |Ψ(t)⟩ (6.1)

where Ψ is the wave function of the system and Ĥ is the Hamiltonian operator. However,

often only the ground state of the chemical system is of interest and the non-relativistic
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time-independent Schrödinger equation can be used instead.

Ĥ |Ψ⟩ = E |Ψ⟩ (6.2)

where E is the total energy of the system. The Hamiltonian operator is composed of the

kinetic energy of electrons and nuclei, and the potential energy of all the particle interactions.

Ĥ = T̂e + T̂n + V̂ee + V̂en + V̂nn (6.3)

where T̂e is the electron kinetic energy, T̂n is the nucleus kinetic energy, V̂ee is the electron-

electron repulsive interaction, V̂nn is the nucleus-nucleus repulsive interaction and V̂en is the

electron-nucleus attractive interaction. The expanded Hamiltonian operator for a system of

N electrons and M protons can be expressed in atomic units as follows:118

Ĥ =
N∑
i=1

−∇2
i

2
+

M∑
A=1

−∇2
A

2MA

+
N∑
i=1

N∑
j>i

1

|ri − rj|

+
N∑
i=1

M∑
A=1

−ZA

|ri −RA|
+

M∑
A=1

M∑
B>A

ZAZB

|RB −RB|

(6.4)

where MA is the mass of nucleus A, r and R are the electron and nucleus positions respectively,

electron-nucleus and nucleus-nucleus absolute distances respectively; and ZA and ZB are the

charge of nucleus A and B.

6.2.2 Born-Oppenheimer approximation

The mass of a nucleus is typically several orders of magnitude larger than the mass of an

electron. Consequently, the electrons move at such high speeds relative to the movement of
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the nuclei that we can consider the nuclei to be static relative to the electron movement. This

is known as the Born-Oppenheimer approximation.119

This approximation has several implications. First of all, the wave functions of electrons

and nuclei are no longer coupled and, therefore, the total wave function of the system can be

expressed as the product of the electronic (ψe) and the nuclear (ψn) wave functions:

Ψtotal = ψeψn (6.5)

Consequently, the Schrödinger equation can now be solved independently for the electronic

and nuclear wave functions:

Ĥe |ψe⟩ = Ee |ψe⟩ (6.6)

Ĥn |ψn⟩ = En |ψn⟩ (6.7)

Applying the Born-Oppenheimer approximation to the electronic system we can obtain the

electronic Hamiltonian (Ĥe) from Eq. (6.3) by only including electronic interactions:

Ĥe = T̂e + V̂ee + V̂en (6.8)

where due to the fact that the nuclei are considered fixed in space V̂en now depends only

parametrically on the nuclear positions (R) and T̂n is zero. The total energy (Etotal) can then

be obtained by adding the V̂nn contribution which is constant within the Born-Oppenheimer

approximation.

Etotal = Ee + V̂nn (6.9)

Therefore, the total energy can be obtained through the electronic Hamiltonian up to a

constant.
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6.2.3 Molecular orbitals

An orbital is a wave function of a single electron. A chemical system composed of a single

atom contains atomic orbitals. To fully define an electron these orbitals must include both a

spatial and spin components (spin orbitals):

χ(x) =


ψ(r)α(ω)

or

ψ(r)β(ω)

(6.10)

where χ(x) is a spin orbital wave function, ψ(r) is the spatial component of the orbital and α

and β are the two possible spin configurations.

There are two commonly used types of atomic orbitals Slater-type orbitals (STOs) and

Gaussian-type orbitals (GTOs). STOs have the following radial form:

ψ(r)STO ∝ rle−ζr (6.11)

l is the angular momentum, r is the distance of the electron from the nucleus and ζ is the

effective nuclear charge. On the other hand, GTOs use Gaussian functions to describe the

radial component of the orbital:

ψGTO(r) ∝ rle−ζr2 (6.12)

Chemical systems with more than one atom are composed of molecular orbitals. Molecular
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orbitals can be estimated using a Linear Combination of Atomic Orbitals (LCAO).120

Ψ =
∑
i

aiχi (6.13)

Atomic orbitals need to obey Pauli exclusion principle, i.e. the orbitals wave function must be

antisymmetric with respect to the interchange of any two electrons. Slater determinants meet

the antisymmetry requirement and are widely used as molecular wave functions.121 They

have the following atomic functions meet the antisymmetry requirement.121 They have the

following form:

Ψ(x1, x2, . . . , xN) = (N !)
1
2

∣∣∣∣∣∣∣∣∣∣∣∣∣

χ1(x1) χ2(x1) · · · χN(x1)

χ1(x2) χ2(x2) · · · χN(x2)

...
...

. . .
...

χ1(xN) χ2(xN) · · · χN(xN)

∣∣∣∣∣∣∣∣∣∣∣∣∣
(6.14)

where N is the number of electrons and (N !)
1
2 is a normalisation constant. The rows of

the determinant represent the electrons whereas the columns represent the orbitals. Slater

determinants exhibit exchange correlation—correlation in the movement between two electrons

with parallel spins—which arises naturally from the antisymmetry requirement.

6.2.4 Variational principle

According to the variational principle, for any normalised wave function ψ the ground state

energy (E0) has an upper bound given by:

E0 ≤ ⟨ψ| Ĥ |ψ⟩ (6.15)
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Therefore, we can obtain the best estimate of the ground state energy by finding the spin

orbitals that minimize the energy subject to the constraint that spin orbitals remain ortonor-

mal.

6.2.5 Hartree-Fock approximation

Because the electronic Hamiltonian (Ĥe) contains an electron-electron repulsion term (V̂ee)

it is necessary to reformulate the 2-electron operator as a 1-electron operator so that the

eigenfunction equation can be split into a set of 1-electron equations. Hartree proposed using

the mean field approximation (MFT) to substitute all electron-electron interactions with the

1-electron interaction with an average potential of the other N − 1 electrons.122–124 The Fock

operator can then be defined as:118

F̂ (1) = ĥ(1) +

N/2∑
j=1

[2ĵj(1) − k̂j(1)] (6.16)

where the (1) indicates that these are 1-electron operators, ĥ(1) are the 1-electron terms of

the electronic Hamiltonian, ĵj(1) is the Coulomb operator and k̂j(1) is the exchange operator

arising from the antisymmetric nature of the wave function.

ĥ(1) = −1

2
∇2

1 −
∑
A

ZA

r1A
(6.17)

ĵ(1) = −
∫
dx2χ

∗
b(2)

1

r12
χb(2) (6.18)

k̂(1) = −
∫
dx2χ

∗
b(2)

1

r12
χa(2) (6.19)
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Then, the one-electron wave functions can be obtained by solving the following eigenfunction

equation:

F̂ (1)χi(1) = Eiχi(1) (6.20)

where χi(1) refers to the set of 1-electron molecular orbitals. This equation can be solved

using the self-consistently field (SCF) method.

While the Hartree-Fock method provides a good approximation of the ground state the

computational cost scales as 3N where N is the number of electrons in the system as each

1-electron molecular orbital must be determined in a 3-dimensional coordinate system.

6.2.6 Hohenburg-Kohn Theorems

In an electronic system defined by the Hamiltonian described in Eq. (6.8) both the ground-

state energy E0 and the associated wave function Ψ0 can be obtained by minimising the

energy using the variational principle (Eq. (6.15)). The Hamiltonian is completely defined by

the external (nuclear) potential υext(r) and the number of electrons of the system. Therefore,

the wave function of an system with N electrons is also determined uniquely by υext(r).

υext → Ĥ → Ψ (6.21)

In 1964, Hohenberg and Kohn 125 proposed two theorems that would become the foundation

of DFT. The first theorem notes that the external potential υext(r) is uniquely determined by

the electron density (ρ(r)) and, consequently, the Hamiltonian operator and the total energy
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are also uniquely determined by the charge density:

ρ→ υext → Ĥ → Ψ (6.22)

We can define the energy functional as:

E[ρ] = T [ρ] + Ven[ρ] + Vee[ρ] =

∫
ρ(r)υ(r)dr + F [ρ] (6.23)

where

Ven[ρ] =

∫
ρ(r)υext(r) (6.24)

F [ρ] = T [ρ] + Vee[ρ] (6.25)

The second theorem extends the variational principle to the energy functional E[ρ̃].

E0 ≤ E[ρ̃] (6.26)

where ˜ρ(r) is a trial electron density. Therefore, just like the ground state wave function can

be obtained by minimising the energy (Eq. (6.15)) the electron density of the ground state

can be obtained by minimising E[ρ̃].

The key advantage of using the electron density instead of the wave function is that for an

N -electrons system only the 3 spatial coordinates of the density are required to calculate the

ground state energy whereas in the Hartree-Fock approximation the wave function contains

3N variables accounting for the 3 spatial coordinates of each electron.
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6.2.7 Kohn-Sham equations

While the concept of obtaining the ground state energy by minimising the energy functional

was a considerable step forward over the Hartree-Fock approximations but it still requires

drastic assumptions to compute F [ρ].

In 1965, Kohn and Sham 126 proposed to use a noninteracting reference system with no

electron-electron interactions described by the following Hamiltonian:

Ĥs =
N∑
i

(−1

2
∇2

i ) +
N∑
i

υs(ri) (6.27)

For such Hamiltonian the ground state electron density and the associated wave function can

be calculated exactly. Then the kinetic energy functional for this noninteracting system can

be defined as:

Ts[ρ] =
N∑
i

⟨Ψs| −
1

2
∇2

i |Ψs⟩ (6.28)

Equation (6.25) can then be reformulated using Ts:

F = Ts[ρ] + J [ρ] + Exc[ρ] (6.29)

where Exc[ρ] is called the exchange-correlation energy and it combines the nonclassical part

of Vee[ρ] and the difference between T [ρ] and Ts[ρ].

We can define an effective potential veff that adds the coulomb and exchange-correlation
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contribution to the original external potential:

υeff = υext(r) +
δJ [ρ]

δρ(r)
+
δExc[ρ]

δρ(r)

= υext(r) +

∫
ρ(r′)

|r − r′|
dr′ + υxc(r)

(6.30)

where υxc is the exchange-correlation potential.

υxc(r) =
δExc[ρ]

δρ(r)
(6.31)

Then, the electron density ρ(r) can be obtained by solving the N one-electron equations:

[
− 1

2
∇2 + υeff(r)

]
ψi = εiψi (6.32)

where the electron density is constrained by:

ρ(r) =
N∑
i

∑
s

|ψi(r, s)|2 (6.33)

The set of eigenvalue equations represented in Equation (6.32) are known as the Kohn-Sham

equations and can be solved self-consistently.

6.2.8 Exchange-correlation functional

Kohn-Sham equations lead to the exact electron density provided Exc is known. However, the

exact form of Exc is not known, hence it must be estimated. An accurate approximation of

the Exc functional is crucial to obtain the true ground state of the system and, therefore, it

has been an active area of research since the Kohn-Sham method was proposed.
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The simplest approximation for the exchange-correlation functional is known as the local-

density approximation (LDA) and is derived from the homogeneous electron gas (HEG) model

which assumes that the electron density is uniformly distributed across the 3D space. The

Exc for this and similar approximations is defined as:

ELDA
xc [ρ] =

∫
ρ(r)εxc(p(r))dr (6.34)

where εxc(p) refers to the exchange and correlation energy per electron of a uniform electron

gas of density ρ. This approximation works well for slowly varying densities but it tends to

underestimate ground-state and ionisation energies while overestimating binding energies.127

Therefore, more complex Exc functionals have been developed. A popular way of improving

the local description of the exchange-correlation energy is to incorporate the second-order

density gradient expansion while imposing the necessary constraints to correct for the exchange

hole violations arising from the expansion.128. This approximation is known as the generalised

gradient approximation (GGA).129 Additionally, other functionals include the non-interacting

kinetic energy to improve accuracy.130 These are know as meta-GGA functionals. Another

popular family of functionals are those that include a portion of the exact exchange energy

computed with the Hartree-Fock exchange functional.131 These are known as hybrid functionals

and they were implemented in periodic calculations for the first time using the CRYSTAL code.132

Selecting the appropriate exchange-correlation functional approximation is not a trivial task

and will depend on the system under study, the accuracy requirements and the computational

resources available.
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6.3 Computational methods

All ab initio calculations including the geometry optimisation, the total energy calculations

and the DFT-PDOS were performed using CRYSTAL17, a quantum-mechanical ab initio

program based on DFT that uses a linear combination of atom-centered Gaussian-type

orbitals (the basis set) for the expansion of the crystalline orbitals to carry out periodic

solid-state simulations of atomic systems.133,134

The Kohn-Sham equations were solved in the unrestricted open shell formalism. A 8-

64111d41G quintuple-zeta basis set was used for iron atoms. The oxygen 8-411d11G and

carbon 6-311d11G basis sets developed by Valenzano et al. 135 for CaCO3 are used in the

current work as some calculations involve carbonate species. A triple-zeta basis set optimised

by Peintinger et al. 136 is used for the hydrogen atoms. The details of this basis sets can be

found in Appendix A.1. In order to compute the Fermi energy of the system the reciprocal

space is sampled according to the Pack-Monkhorst method with a shrinking factor of 8.137

A second shrinking factor of 16 defines the sampling of k-points for the calculation of the

density matrix—the Gilat net.138,139 The truncation criteria for the Coulomb and exchange

infinite sums are set to 10−8 for the overlap threshold of Coulomb integrals, 10−8 for the

penetration threshold of the Coulomb integrals, 10−8 for the overlap threshold of HF exchange

integral and 10−16 for the HF pseudo-overlap. The SCF method is used until a convergence

of ∆E = 10−7 is achieved.
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6.4 Iron bulk and surface properties: a comparative

study

Transition metals have been widely used and studied for many years due to their industrial

importance. Metal catalysts play a key role in common chemical reactions such as the

Fischer-Tropsch and the Haber process.140,141 Moreover, iron based alloys are used extensively

in the oil and gas industry where the chemical and physical processes occurring on the metal

surface, such as corrosion and wear, need to be well understood in order to overcome the major

challenges that this industry faces. Due to its relevance in industry, the surface chemistry in

metals has been an active field for decades and with the addition of new experimental and

computational tools many studies brought unique insights into the surface chemistry at the

atomic level.142–144 In particular, Density Functional Theory (DFT) has been instrumental to

understand the adsorption and reaction of different chemical species on the metal surface and

has aided the interpretation of complex experimental results.145,146

The pipes used to transport oil and gas are typically made from steel, an alloy made up of

iron with a small percentage of carbon (up to 2%). To analyse these complex surfaces highly

simplified models are adopted. To that end, steel surfaces are typically modelled as a pure

iron surfaces in DFT computations.

At the typical temperatures and pressures found in the oil and gas industry the iron

is found in the alpha phase, a body-centred cubic (BCC) crystalline structure. The iron

surface chemistry has been studied for decades due to its industrial relevance. The most

thermodynamically stable surfaces are generally those with a lower miller index as they

tend to be closer packed and exhibit a higher adsorption energy. Therefore, the (100), (110)

and (111) iron facets have been studied extensively to investigate the adsorption of small
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molecules.147–152

α-Fe has a conventional cell lattice constant of 2.8606 Å at 0 K and 2.8662 Å at 295 K.153,154

Figure 6.1 shows the primitive and conventional cell of the BCC crystal structure of α-Fe.

(a) α-Fe primitive cell (b) α-Fe conventional cell

Figure 6.1: α-Fe body-centered cubic crystal structure

DFT methods can be used to investigate both bulk and surface properties of iron. However,

DFT should be used with care as the use of different DFT approximations can have a significant

impact on the results and could even lead to the wrong conclusions in some cases.155,156

Generalized gradient approximation (GGA) functionals have found much success at describing

metallic systems but adsorption calculations are limited by their semi-local approximation of

the exchange-correlation (XC) functional and the associated self-interaction error. On the other

hand, hybrid functionals tend to predict the adsorption site preference more reliably partly due

to the inclusion of a portion of the Hartree-Fock exchange into the functional.157,158. However,

hybrid functionals are typically more computationally expensive than GGA functionals and

some do not fulfil the homogeneous electron gas limit leading to suboptimal results in metallic

systems.159

Therefore, the choice of density functional is not straightforward in systems involving
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metallic surfaces with adsorbed molecules. In such systems, an initial validation with

experimental surface data should be carried out to ensure that the DFT method used is

adequate and can reliably model the interaction between the adsorbed molecules and the

surface. Such validation can come from a range of experimental techniques such as STM,

XPS, LEEDS, IR, etc., which allow to compare, for example, the most stable adsorption site,

the density of states (DOS) at the valence band or the vibrational frequencies in an IR or

Raman spectra. This kind of validations are often lacking in surface calculations and rarely

more than one functional is used for all the calculations to compare the results. This not only

diminishes the reliability of the results but it also may lead to the selection of a sub-optimal

density functional or basis set.

The aim of this work is to study the adsorption of small molecules, thus four different

functionals are compared with experimental data in order to select the most adequate for this

work. Two Generalised Gradient Approximation (GGA)—PBE and PBEsol—and two hybrid

functionals—B3LYP and HSE06.

Firstly, the lattice parameter, magnetic moment and bulk modulus of bulk iron are

compared to the corresponding experimental values in Table 6.1. The lattice parameter and

bulk modulus of α-Fe obtained using hybrid functionals are closer to the experimental value

than those obtained using GGA functionals. On the other hand, the experimental magnetic

moment is more accurately represented by the GGA functionals.

Low Miller indices generally correspond to closer packed surfaces. Closely packed surfaces

typically exhibit a lower surface energy, and consequently those surfaces are more stable and

predominant.160 Figure 6.2 shows the three lowest Miller index surfaces of α-Fe: (100), (110)

and (111).
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Table 6.1: Iron bulk properties

Functional
Lattice

parameter (Å)
Magnetic moment

(µB/atom)
Bulk modulus

(GPa)

Experimental 2.8639 2.22 168
PBE 2.8136 2.15 236
PBEsol 2.7769 2.09 257
B3LYP 2.8928 2.74 200
HSE06 2.8691 2.81 218

(a) Fe(100) (b) Fe(110) (c) Fe(111)

Figure 6.2: Top view of the Fe(100), Fe(110) and Fe(111) facets.

The surface energy of a facet can be calculated from the total energy of the bulk (Ebulk)

and the total energy of a slab of the corresponding facet (Eslab) as follows:161

Esurf =
1

2A
(Eslab − nEbulk) (6.35)

where Ebulk and Eslab and are the total energy per unit cell at the bulk and of a n-layer slab

respectively. However, Esurf generally diverges linearly with n when using this method as

noted by Boettger 161 . A way to mitigate this is to calculate the Ebulk from two slabs with

different thicknesses to get the total energy required to create additional bulk-like unit cells

at the centre of the slab. Then the surface energy can be calculated as

Esurf =
1

2A

(
EB

slab −
NB

slab

NB
slab −NA

slab

(EB
slab − EA

slab)
)

(6.36)

where A and B denote two different slabs with unit cell thicknesses NA
slab and NB

slab respectively

and where NA
slab < NB

slab.
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Figure 6.3: α-Fe surface energy of (100), (110) and (111) facets as a function of the atomic
layers of the slab

Figure 6.3 shows the surface energy for the (100), (110) and (111) facets calculated using

Eqs. (6.35) and (6.36) is shown as a function of the number of atomic layers and slab thickness.

The surface energy calculations carried out using Eq. (6.35) exhibit the aforementioned linear

divergence and therefore this method is not adequate to calculated the surface energy of

these facets. On the other hand, the surface energy calculation method using Eq. (6.36)

produces noticeably more stable surface energies even at small slab thicknesses. However, the

(111) facet exhibits less stable surface energies which could be related to its smaller surface
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density. The large differences in surface energy for the (111) facet could indicate that the

geometry optimisation reached a local minimum rather than the global minimum for some of

the calculations.

Table 6.2 displays the calculated surface energy for (100), (110) and (111) α-Fe surfaces

using the PBE functional. density and energy of these three α-Fe facets. Fe(110) is the most

closely packed and low energy surface of the three followed by Fe(100) and Fe(111). The

correlation between surface density and surface energy is in line with the aforementioned

general trend: the higher the packing efficiency the lower the surface energy. Since Fe(110)

is the most stable and predominant facet of α-Fe it has been studied by a large body of

literature.

Table 6.2: Surface density and energy of iron facets

Facet Surface density / atom/Å
2

Surface energy / atom/Å
2

(100) 0.122 4.617
(110) 0.172 4.197
(111) 0.073 6.238

To assess the suitability of the candidate functionals from Table 6.1 the IR spectrum of a

small molecule adsorbed on the iron surface can be calculated and compared to experimental

measurements. The CO molecule was chosen as the adsorbate due to its simplicity, availability

of experimental literature and its composition similarity to carbonate species.2,162 Moreover,

CO is the by-product of CO2 activation on an iron surface which is a common process in

many applications involving corrosion and catalysis.163

Erley 2 measured the infrared spectrum of CO chemisorbed on Fe(110) at different exposures

and identified two different CO adlayer structures: p(2x4) (0.25 ML) at low exposures and
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distorted p(1x2) (0.5 ML) at high exposures. They propose that the CO molecule adsorbs

vertically on the ”on top” high symmetry site (see Fig. 6.4 for a top view image of the

Fe(110) high symmetry sites) with the carbon atom closest to the iron surface. The measured

vibrational spectrum revealed a wide peak around 450 cm−1 associated to the Fe-C stretching

and a narrower peak around 1900 cm−1 corresponding to the stretching of the C-O bond. The

frequency of the C-O peak shifts towards higher frequencies with more exposure. Erley 2

proposed the top site as the most likely adsorption site for the CO molecule. The proposed

Fe(110)/CO structures were replicated and the geometries were optimized using DFT methods.

The optimised geometry was similar amongst all functionals for both adlayers; Fig. 6.5 shows

the optimised geometry for the PBE functional.

Figure 6.4: Top view of the Fe(111) highlighting the high symmetry sites: on-top (OT),
long-bridge (LB), short-bridge (SB) and, 3-fold hollow (TH).

The IR vibrational frequencies associated with the C-O bond are shown in Table 6.3 where

they are compared to those obtained by DFT methods using PBE, PBEsol, B3LYP and

HSE06 functionals. The theoretical frequencies obtained for the 0.25 ML adlayer structure are

lower than the experimental ones regardless of the functional used with the HSE06 functional

being the closest to the frequencies obtained experimentally. On the other hand, the 0.5 ML

adlayer had frequencies much closer to the experimental measurements.

One aspect that should not be neglected when choosing a functional is its associated
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(a) CO/Fe(110) 0.25 ML (b) CO/Fe(110) 0.5 ML

Figure 6.5: Geometry optimised atomistic models of the adlayer structures identified by
Erley 2 using the PBE functional.

Table 6.3: CO/Fe(110) high frequency peak

Functional 0.25 ML / cm−1 0.5 ML / cm−1

Experimental 1952-1985 1890-1948
PBE 1725-1815 1879-1932
PBEsol 1747-1843 1907-1960
B3LYP 1755-1875 1894-1955
HSE06 1779-1893 1927-1987

computational cost. Generally, as the complexity of the functional increases so does the

accuracy of the results. However, the increase in accuracy usually comes at the expense of

a higher computational cost. Table 6.4 shows the time it took for the CPU to complete

the initial self-consistent field (SCF) calculation of the p(2x4) (0.25 ML) adlayer structure.

GGA functionals take significantly less time to complete the SCF calculation compared to

the hybrid functionals. This is likely due to the additional Hartree-Fock calculation included

in the hybrid functionals in order to improve the description of the exchange energy. The

computational cost becomes increasingly important as the number of simulations required

increases.
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Table 6.4: Computation time difference between exchange-correlation functionals

Functional CPU time / s

PBE 2289.37
PBEsol 3602.21
B3LYP 9537.85
HSE06 11 047.63

One can choose a suitable functional for their particular use case by comparing the

bulk properties and CO surface adsorption frequencies with the corresponding experimental

measurements and accounting for the computational cost of each functional. The PBE

functional was considered the most adequate for the following iron surface calculations as

the improvements of hybrid functionals over PBE were not considered to be large enough to

warrant the additional computational cost.

6.5 Oxygen adsorption on Fe(110)

Iron-oxides are not only important in many corrosion environments but are also used in nu-

merous applications due to their magnetoelectronic and catalytic properties. In CO2 corrosion

Fe3O4 and FeO constitute a considerable portion of the corrosion scale composition formed

as a by-product of the CO2 corrosion process.164,165 The formation of iron-oxides from pure

iron is initiated by the adsorption of oxygen on the iron surface.152 Therefore, this adsorption

process has been studied extensively both experimentally and theoretically.150,151,166–169

Oxygen adsorption on Fe(110)—the most stable Fe surface—was originally believed to

take place in the long-bridge site, a view supported by both experimental and theoretical
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studies.147,168,168,170 The adsorption energy measures the energy released upon the adsorption

of a chemical species onto a specific site of a surface and is a key metric used to determine

theoretically the most likely adsorption site for a particular adsorbate; higher adsorption

energy typically corresponds to a more thermodynamically favoured site for the adsorbate

to bind to. Recently, some theoretical studies reported a larger adsorption energy on the

three-fold hollow site compared to the long bridge site at high coverages and similar adsorption

energies at low coverages.152,171

To investigate these discrepancies the adsorption of oxygen was modelled on a symmetric

slab using DFT methods. The slab must be thick enough to avoid interactions between both

surfaces of the slab. In order to decide what slab thickness is adequate for the purposes of

determining the adsorption energy of oxygen it is instructive to analyse how the adsorption

energy and the distance between atomic layers change as a function of the thickness of the

slab. To this end, the geometry of a series of Fe(110) p(1x1) symmetric slabs of different

thicknesses was optimised with one oxygen atom adsorbed at both sides of the slab for all the

high symmetry sites. The adsorption energy of adsorbed oxygen atoms can be calculated as:

E
O/Fe
ads = − 1

NO

(
E(O/Fe) − E(Fe) − N

2
E(O2)

)
(6.37)

where N is the number of oxygen atoms in the supercell, E
O/Fe
slab is the total energy of the

optimised geometry of the slab with the adsorbed oxygen atoms, EFe
slab is the total energy

of the optimised geometry of the clean slab and EO2 is the total energy of the optimised

geometry of the O2 molecule. The adsorption energy calculated in Eq. (6.37) represents the

energy difference between an oxygen atom in molecular form and the oxygen atom adsorbed

on the iron surface. A positive Eads indicates that the adsorbate is stable on the surface of

the slab.
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In addition, since Atomic Orbitals (AO) basis sets are being used to describe the electron

density we need to account for the basis set superposition error (BSSE). This type of error

arises when comparing the total energies of isolated and combined systems. For example, in

the combined O/Fe(110) system described in the current work the slab can improve its electron

density description thanks to the additional AO provided by the oxygen and vice-versa. Since

this additional description of the electron density is not present in the isolated calculations of

the Fe(110) slab and the oxygen molecule the shared atomic orbitals in the combined system

can lead to BSSE when calculating adsorption energies.172 Boys and Bernardi 173 proposed a

method to correct for BSSE by calculating the error for each component and subtracting it

from the energy in the combined system. The error for each component can be calculated as:

EBSSE(Fe) = E
O/Fe
O/Fe(Fe) − EFe

O/Fe(Fe) (6.38)

EBSSE(O) = E
O/Fe
O/Fe(O) − EO

O/Fe(O) (6.39)

(6.40)

where the subscript represents the geometry of the calculation, the superscript represents the

basis set used and the symbol in parenthesis is the chemical system for which the total energy

is calculated. For example, E
O/Fe
O/Fe(Fe) is the total energy of an iron slab with the optimised

geometry of a O/Fe system and with all the basis sets used to optimise the O/Fe system.

With the BSSE errors calculated the adsorption energy can now be estimated as:

E
O/Fe
ads = −

(
E

O/Fe
O/Fe(O/Fe) − EFe

Fe(Fe) − EO
O(O) − EBSSE(Fe) − EBSSE(O)

)
(6.41)

Table 6.5 shows the adsorption energy of oxygen onto a Fe(110) slab for different thicknesses

and adsorption sites. The three central layers where fixed at their bulk positions to mimic

the bulk of the material at the centre of the slab. The adsorption energy does not change
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significantly as the thickness increases. At 5 atomic layers the threefold hollow, long bridge

and short bridge sites have a slightly higher adsorption energy compared to the rest of the

thicknesses tested.

Table 6.5: Adsorption energy in J m−2 of oxygen adsorbed onto Fe(110) p(1x1) symmetric
slabs for different thicknesses (atomic layers) and different adsorption sites

Atomic layers Top Threefold hollow Long bridge Short bridge

5 1.33582 2.86649 2.03383 2.12422
7 1.33552 2.86506 2.03097 2.12244
9 1.33593 2.86555 2.03109 2.12271
11 1.33690 2.86538 2.03105 2.12273
13 1.33558 2.86564 2.02977 2.12276

The distance between atomic layers of the slab can be expressed relative to the distance

between atomic layers at the bulk for the same crystallographic direction:

∆i,j = (di,j − dbulk)/dbulk (6.42)

where di,j is the distance between the atomic layer i and j. Atomic layer 1 is taken as the

outermost layer of the slab so that d1,2 is the distance between the first and second outermost

layers of the slab. dbulk is the distance between two consecutive atomic layers on the same

crystallographic direction as the slab surface.

Figure 6.6 displays the distances between atomic layers 1, 2, 3 and 4 as a percentage of the

distance at the bulk for a clean Fe(110) surface and for oxygen adsorbed on the high symmetry

sites of the Fe(110) surface. The distance between the first and second layer exhibits the

largest deviations from the bulk distance ranging from 1 to 4%. The sites furthest away from

the surface—on-top and short bridge—have smaller deviations from the bulk compared to

the sites closest to the surface—threefold hollow and long-bridge—where the deviation of the
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long bridge adsorption site is considerably larger than the rest. The clean surface deviation is

similar to that of the threefold hollow adsorption site. Interestingly, the deviations with a

slab of 5 atomic layers, which has all but the surface layer fixed, are not significantly different

than those of thicker slabs indicating that only the outermost layer of the slab experience

a meaningful relaxation for both the clean Fe(110) surface and when oxygen is adsorbed.

Indeed, the distances between the second and third, and third and forth atomic layers deviate

less than 0.5% from the bulk.
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Figure 6.6: Distances between the four outermost atomic layers of a Fe(110) p(1x1) slab for
the four high symmetry sites: on-top (T), long-bridge (LB), short-bridge (SB) and, 3-fold
hollow (TH). The distances are expressed relative to the distances at the bulk.
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These results suggest that (I) fixing all the layers of the slab to their respective bulk

positions except for the surface layer accounts for most of the slab relaxation (II) a 5-layer

slab is thick enough to obtain adsorption energies with reasonable accuracy. Therefore, a

5-layer slab with the three central layers fixed to their respective bulk positions appears to be

the most cost-efficient approach to model adsorption on the Fe(110) surface and it is used in

the following oxygen adsorption analysis.

The adsorption energy of oxygen on Fe(110) was calculated for a p(1x1), p(2x2), p(3x3),

p(4x4) and p(5x5) slab to understand the role of the interaction between neighbouring

adsorbates on the adsorption stability. Figure 6.7 shows the adsorption energy as a function

of the distance between two neighbouring oxygens and the oxygen coverage of the iron surface.

The surface coverage is defined in terms of the ratio between the number of atoms at the

surface and the number of adsorbate atoms (ML). The on-top site least stable site across the

range of coverage tested in this work. This is likely due to the large distance of the oxygen to

the surface and the single neighbouring iron atom underneath the adsorbate leading to low

coordination with the surface. At 1 ML the long bridge and short bridge sites have similar

adsorption energies whilst the threefold hollow site is the most stable of the four at this

coverage. At 0.25 ML all sites exhibit a higher adsorption energy due to the weaker repulsive

interaction between the adatoms. However, the long bridge site is now similar in energy to

the threefold hollow site instead of the lower adsorption energy short bridge site. Therefore,

at 0.25 ML the long bridge and threefold hollow site are the most thermodynamically stable.

These results are in good agreement with the latest theoretical O/Fe(110) adsorption studies

and support the hypothesis that the threefold hollow site is more thermodynamically stable

at very high coverages.152,171 Identifying the adsorption site at high coverage is of great

importance to facilitate the discovery of new intermediate structures between the adsorption

of oxygen and a fully formed iron oxide layer. For coverages lower than 0.25 ML we see no
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difference in the adsorption energy for the long bridge and threefold hollow sites indicating

that the oxygen atoms no longer experience the repulsive interactions of their neighbouring

adatoms. Indeed, it is the repulsive interactions amongst adatoms that decreases the binding

of oxygen atoms to the surface on long bridge sites more than on threefold hollow sites.
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Figure 6.7: Distances between the four outermost atomic layers of a Fe(110) p(1x1) slab. The
distances are expressed relative to the distances at the bulk.

6.6 O/Fe(110) XPS analysis

To understand the corrosion process it is crucial to identify not only the composition but also

the chemical state of species on the corroding surface. X-ray photoelectron spectroscopy (XPS)

is a non-destructive surface analysis technique that can be used to obtain the composition

and chemical state of the first few atomic layers of the surface by radiating X-rays of constant

frequency over the surface and measuring the kinetic energy of photoelectrons generated by
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the photoelectric effect. The kinetic energy of the electrons can be expressed as:

Ek = hν − Eb − φ (6.43)

where Ek is the kinetic energy of the photoelectron, hν is the energy of the photon, Eb is

the binding energy of the electron and φ is the work function of the surface—the energy

difference between the vacuum and the Fermi level of the metal surface. The spectrum of

binding energies obtained from an XPS measurement consists of peaks representing molecular

orbitals of the chemical species present in the surface. Often these peaks are composed of

overlapping peaks which complicate the analysis of the data. This is often resolved by fitting

the multi-peak to a function with multiple peak components. The choice of fitting function

and the number of overlapping peaks can affect the interpretation of the data so a theoretical

analysis of the chemical system under study can provide key insights to chose an adequate

fitting function.174

Asymmetric peaks are not uncommon in XPS spectra and it is not always trivial to

determine whether they should be treated as a multi-component peak or a single asymmetric

peak.3 The origin of the shape of XPS peaks is key to interpret the chemical system under

study; therefore, theoretical investigations have been carried out to support the interpretation

of odd shaped peaks. For example, asymmetric peaks in conducting surfaces are known

to appear due to the creation of low energy electron-hole pairs near the Fermi level.175

Asymmetric peaks can also be observed for adsorbate atoms on conducting surfaces.151,176–181

Tillborg et al. 182 proposed that the asymmetry of the adsorbate XPS peaks arise from the

hybridisation of the adsorbate orbitals with the surface atoms. When the resulting hybrid

orbital spans over the Fermi energy, and hence is partially filled, the low energy electron-hole

pairs can still form on these hybrid orbitals. However, if the resulting hybrid orbital is

completely full, i.e. its energy is lower than the Fermi energy, then no additional electron-hole
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pairs can be created resulting in a symmetric peak.182 This explanation for asymmetric peaks

of adsorbates on conducting surfaces implies that one can validate the choice of fitting function

by analysing the electronic structure of the surface using either theoretical or experimental

techniques. This type of validation is still rare in XPS experiments which can lead to

independent studies fitting a different line shape for similar chemical systems.177,183

Oxygen adsorption on iron is the first step in the formation of iron oxides. The atomic

oxygen can originate from different sources so it is instructive to analyse the dissociative

adsorption of oxygen from common small molecules using XPS. The XPS spectra of Fe(110)

exposed to O2, H2O and CO2 is shown in Fig. 6.8 for Fe 2p and O 1s orbitals.3 As expected,

the Fe 2p orbitals present an asymmetric shape in the XPS spectra with a very similar spectra

across all molecules tested. Furthermore, the O 1s orbital also produces an asymmetric peak

regardless of the molecule exposed to the Fe(110) surface. The asymmetric O 1s peak has

also been reported by other studies exposing the Fe(110) surface to O2.
151,184

The O 1s asymmetric peak can have two different interpretations: (I) multiple overlapping

symmetric peaks corresponding to different adsorbate states or (II) a single asymmetric peak

as a result of hybrid states near the Fermi level as reported by Tillborg et al. 182 . To determine

the origin of the asymmetric peak DFT Projected Density of States (PDOS) calculations

were carried out for a (2 x 2) 5-layer Fe(110) symmetric slab with an oxygen atom adsorbed

on the threefold hollow site—the most stable site according to the present work (Fig. 6.9).

The PDOS reveals hybridised states of the O 1s and the surface layer Fe 2d orbitals around

the Fermi level. According to Tillborg et al. 182 this results in an asymmetric O 1s peak in

the XPS spectrum. Therefore, asymmetric peak the observed in Fig. 6.8 can be attributed

to the hybrid states around the Fermi energy and an asymmetric line shape function (e.g.

Lorentzian-based asymmetric functions) must be used to fit the peak.
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Figure 6.8: (A) Fe 2p and (B) O 1s X-ray photoelectron spectroscopy (XPS) spectra (hν =
1486.6 eV, θ E = 0) acquired from four ordered phases formed on Fe(110) following exposure
to either O2, CO2, or H2O. Details of exposure (in mbar/s), substrate temperature (in K),
and the resulting surface unit cells (matrix notation) are indicated. Each spectrum has been
normalised to have a maximum (minimum) intensity of 1 (0). Insets (top left of each panel)
show superimposition of spectra displayed in panel. Also shown is the best fit (blue markers)
to the bottommost O 1s spectrum, using an LF line shape function (broken red lines) and a
Shirley-type background. Source: Acres et al. 3 . Figure reproduced with permission of the
rights holder, John Wiley & Sons.

DFT-PDOS calculations provide a simple method to verify the type of line shape that is

appropriate for a given surface.

143



Figure 6.9: To the left, schematic plan and side views of Fe(110) (2 x 2)-O structure used to
generate DFT-PDOS.The O atoms are located in their most energetically favourable adsorption
sites, as determined from DFT modelling. Atom labels are employed to identify the source of
plotted DFT-PDOS. To the right O, Fe1, Fe2 and Fe3 DFT-PDOS (−2eV ≥ EF ≥ 2eV ) from
an optimised five-layer Fe(110) (2 x 2)-O slab. DFT, density functional; PDOS, projected
electronic density of states. Source: Acres et al. 3 . Figure reproduced with permission of the
rights holder, John Wiley & Sons.

6.7 H2CO3/Fe(110) adsorption geometry

Direct H2CO3 reduction has been studied extensively in CO2 corrosion as it was thought to

be the origin of the additional corrosion current density obtained under CO2 environments

compared to CO2-free environments.31,185,186 The carbonic acid still plays a major role in CO2

corrosion so it is important to understand its interaction with the reactive surface. To that

end, a H2CO3 molecule is adsorbed at each side of a symmetric (2 x 2) Fe(110) 5-layer slab.

The H2CO3 molecule and the outermost layer of the slab was allowed to relax and geometry

optimisation was performed using different starting geometries for the H2CO3 molecule. Three

different configurations were obtained (Fig. 6.10). In all three configurations the carbonic

acid molecule dissociates into two H+, a O2– and a CO2 molecule. The H+ and the O2– ions

adsorb at the threefold hollow site—the most stable site for oxygen to adsorb as shown in

Fig. 6.7. In the first two configurations the oxygens of the CO2 molecule are located at the

on-top site of the Fe(110) surface and the C-O bond exhibits a length of 125.4 pm, higher

than the 116.3 pm bond length measured in the gas phase.187 On the other hand, the third

144



optimised geometry displays a more asymmetric configuration where one of the oxygens is

at the on-top site while the other is at the short bridge site. This asymmetric configuration

results in asymmetric C-O bond lengths of 124.9 pm for the on-top oxygen and 129.0 pm for

the short-bridge oxygen.

Figure 6.10: Top view of the Fe(100), Fe(110) and Fe(111) facets.

Since no stable geometry with the full H2CO3 molecule could be found it is likely that the

dissociation of H2CO3 is a thermodynamically favourable process. This dissociation could

constitute an additional pathway for the transport of H+ to the reactive steel surface and is

compatible with the established consensus that the reduction of H2CO3 is not responsible for

the increase in corrosion rate under CO2 environments. Nevertheless, a more in-depth study

is necessary to understand the conditions under which this dissociation reaction takes place.

6.8 Conclusions

The application of DFT methods to model CO2 corrosion is still lacking. In order to obtain

reliable results from DFT calculations it is important to select a density functional that is

adequate for the chemical system under study. In this chapter, four different density functionals

were investigated in Sections 6.4 and 6.5 comparing both bulk and surface properties with

experimental data to determine the most adequate functional to be used in the iron surface
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chemistry calculations. The PBE functional was considered to be accurate enough for the

following surface chemistry calculations.

DFT calculations can also help with the interpretation of XPS spectra by computing the

electronic structure of the surface under study. In Section 6.6 the asymmetric peak observed

in the O-Fe110 spectra was found to originate from the partially filled hybridised orbital

around the Fermi energy by calculating the PDOS using DFT methods.

Lastly, the adsorption of carbonic acid onto Fe(110) was investigated by optimising

the geometry of a Fe(110) surface with a H2CO3 molecule on the surface. The geometry

optimisation performed using DFT resulted in the dissociation of H2CO3 into H+, O2– and

CO2 on the iron surface. This dissociation on the iron surface could further contribute to the

buffering effect driving the HER reaction although further research is necessary.
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Chapter 7

Conclusions

Corrosion is an ubiquitous problem in many industries costing $2.5 trillion yearly. A large

portion of the cost is spent on methods and strategies to prevent or mitigate the corrosion

process. Therefore, there is a considerable financial incentive to develop new cost-effective

prevention and mitigation strategies.

In the oil and gas industry corrosion is not only a financial risk but also and environmental

one. The pipes used to extract the oil and gas are susceptible to both external (outer surface)

and internal (inner surface) corrosion so they require regular inspections and adequate

maintenance to safely extend their lifespan. Internal corrosion is generally more aggressive

and dangerous than external corrosion due to the highly corrosive environment inside the

pipeline. A key component from such environments is the CO2 gas extracted alongside the

oil and water. The CO2 gas dissolves into solution and hydrates to form carbonic acid. The

corrosion reaction is limited by the supply of protons to the reactive surface where the cathodic

HER takes place. The carbonic acid boosts the HER by acting as an additional source of
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protons, the so-called buffering effect. This type of corrosion is known as CO2 corrosion.

A key feature of CO2 corrosion is that under certain conditions corrosion product may

precipitate on the metal surface forming a film that can protect the steel from further

corrosion. This phenomenon has been studied for decades due to its potential to become a

cost-effective corrosion mitigation strategy. However, the formation process of these films is

still not fully understood and their long term stability is still uncertain due to the difficulty

of running reproducible experiments under field conditions. However, CO2 corrosion models

can in principle simulate long term experiments in complex environments as long as they are

appropriately calibrated. Generally, CO2 corrosion models are 1-dimensional electrochemical

models of general (or uniform) corrosion where only a few of them incorporate some description

of the corrosion product film. In this work a novel hybrid model combining an electrochemical

CO2 general corrosion model with a stochastic 3-dimensional model was presented, the Semi-

local Corrosion Approximation (SLCA). The goal of this model is to capture the stochastic

nature of the corrosion process which is generally missing in CO2 general corrosion models.

The model was then validated against experimental data and a series of model predictions at

different conditions were analysed and compared against our current understanding of the

CO2 corrosion process. The model results revealed that the formation process of the corrosion

scale plays an important role on the stability and protection capabilities of the scale once

fully formed. If the film forms too slowly it will become thick and porous whereas a rapidly

formed film can result in an incomplete formation of the film which can lead to localised

corrosion. This level of insight was only possible due to the explicit 3-dimensional description

of the corrosion scale.

CO2 corrosion trends are generally based on experiments that only change a single

environment variable. The applicability of these trends is then limited to the conditions of
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the experiment, hence they are not guaranteed to hold true under a different set of conditions.

To better understand the relationships between the different environment parameters and to

be able to provide general trends with a wide range of applicability a multivariate analysis of

the temperature, total pressure and bulk pH was carried out using the SLCA model. One

of the key findings of this analysis is that there exist a band in the parameter space that

covers the conditions at which a protective film will form and separates the sets of conditions

where a porous thick scale forms from those where the scale forms too fast to fully cover the

steel surface. More generally, this analysis suggests that one can optimise the environment

parameters to form a scale with excellent protective properties.

The SLCA model was adapted to two additional use cases. Firstly, the change of envi-

ronment after the formation of a protective scale was investigated. It was found that while

temperature and pressure changes have a significant effect on the scale stability the scale

is not significantly affected by changes in temperature. Secondly, an inhibitor model was

incorporated into the SLCA model to describe the protection mechanism of an inhibitor

that physically blocks active corrosion sites. The inhibitor was found to not only lower the

corrosion rate but also significantly improve the formation of the corrosion scale.

Density Functional Theory has been instrumental to improve our understanding of corrosion

at the fundamental level and to support the interpretation of experimental data. This work

sets the foundations for future CO2 corrosion DFT studies by calculating the bulk and surface

properties of iron for four popular functionals and compares the results with their respective

experimental measurements. The adsorption of oxygen was investigated using the iron Fe(110)

surface as a simplified model for the carbon steel surface. The most stable adsorption site

was found to be dependent on the surface coverage. At low coverage the three-fold hollow

and long bridge sites were the most stable exhibiting similar adsorption energies whereas at 1
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ML coverage the three-fold hollow site was found to be the most stable. The XPS spectrum

of oxygen adsorbed on iron displays an asymmetric peak for the O 1s orbital. The PDOS of

the adsorbed oxygen atoms was calculated to elucidate the origin of the asymmetric peak. It

was found that the asymmetry originated from the hybridisation of the O 1s orbitals with the

Fe 2p orbitals of the outer atomic layer. The hybrid orbital is positioned around the Fermi

level, hence the orbital is expected to be half empty which causes the asymmetry in the peak.

Lastly, the adsorption of a carbonic acid molecule on a Fe(110) surface was investigated to

understand its interaction with the reactive surface in CO2 corrosion. The molecule was found

to be unstable on the surface with a tendency to dissociate into H+, O2– and CO2.

Recommendation for further work

The Semi-local Corrosion Approximation model presented in this thesis represents one of

the first steps towards a new class of corrosion models that combine a deterministic model

with a stochastic component. The current implementation of the model utilises a relatively

simple electrochemical model to ensure that simulations run in a reasonable amount of time.

However, more complex general corrosion continuous models have been developed which could

in principle be adapted to replace the current electrochemical model. Additionally, this model

can be applied to a variety of corrosion systems unrelated to CO2 corrosion where some type

of passivating film forms on the metallic surface.

DFT has the potential to further improve the model by incorporating results from atomistic

simulations into the model. However, the present work has focused on the early stages of the

corrosion process and no results have been directly implemented into the model yet. Therefore,

further DFT studies targeted to improve the model could be carried out in the future. This
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could include surface energy studies to understand what crystals form under what conditions

and adsorption studies of different inhibitors on a steel surface. Additionally, some of the

most inaccurate reaction kinetics models could be studied using Molecular Dynamics.

So far the pipeline system that the model simulates is a closed-loop system where the solu-

tion is recirculated through the system. While this is adequate to compare with experimental

measurements it doesn’t replicate the set up one would find in the field, i.e. non recirculating

water flow. Therefore, one could extend the model to cover the case where the solution does

not circulate back through the same part of the pipe.

Lastly, in the field the environment inside the pipeline is dynamic. In the current state

the model can account for sudden changes in the environment. However, it cannot handle

constant change in the environment, e.g. changes in temperature, pressure, salt content, etc;

a common problem encountered in the industry.
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Appendix A

Atomistic scale corrosion modelling

A.1 basis sets

A.1.1 Iron 8-64111d41G

26 8

0 0 8 2.0 1.0

315379.0 0.000227

45690.0 0.0019

9677.3 0.0111

2520.88 0.0501

759.746 0.1705

262.964 0.36924

102.801 0.4033
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42.9733 0.1434

0 1 6 8.0 1.0

798.262 -0.0052 0.00850

191.162 -0.068 0.0608

63.6885 -0.1314 0.2114

25.3625 0.2517 0.3944

10.7338 0.6433 0.398

3.764 0.2825 0.2251

0 1 4 8.0 1.0

48.1434 0.0122 -0.0215

17.4579 -0.2278 -0.085

6.9972 -0.8801 0.201

3.0791 0.9755 1.3024

0 1 1 2.0 1.0

1.3137 1.0 1.0

0 1 1 0.0 1.0

0.5625 1.0 1.0

0 1 1 0.0 1.0

0.225 1.0 1.0

0 3 4 6.0 1.0

30.4821 0.0583

8.692 0.2591

3.1008 0.5162

1.1709 0.5656

0 3 1 0.0 1.0

0.353683 1.0
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A.1.2 Oxygen 8-411d11G

8 6

0 0 8 2.0 1.0

8020. 0.001080

1338. 0.008040

255.4 0.053240

69.22 0.168100

23.90 0.358100

9.264 0.385500

3.851 0.146800

1.212 0.072800

0 1 4 6. 1.0

49.43 -0.008830 0.009580

10.47 -0.091500 0.069600

3.235 -0.040200 0.206500

1.217 0.379000 0.347000

0 1 1 0. 1.0

0.486 1. 1.

0 1 1 0. 1.0

0.1925 1. 1.

0 3 1 0. 1.

2.0 1.

0 3 1 0. 1.

0.500 1.
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A.1.3 Carbon 6-311d11G

6 6

0 0 6 2.0 1.00

0.4563240000D+04 0.1966650000D-02

0.6820240000D+03 0.1523060000D-01

0.1549730000D+03 0.7612690000D-01

0.4445530000D+02 0.2608010000D+00

0.1302900000D+02 0.6164620000D+00

0.1827730000D+01 0.2210060000D+00

0 1 3 4.0 1.00

0.2096420000D+02 0.1146600000D+00 0.4024870000D-01

0.4803310000D+01 0.9199990000D+00 0.2375940000D+00

0.1459330000D+01 -0.3030680000D-02 0.8158540000D+00

0 1 1 0.0 1.00

0.4834560000D+00 0.1000000000D+01 0.1000000000D+01

0 1 1 0.0 1.00

0.1455850000D+00 0.1000000000D+01 0.1000000000D+01

0 3 1 0.0 1.0

2.0 .1000000000D+01

0 3 1 0.0 1.0

0.6 .1000000000D+01
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A.1.4 Hydrogen TZVP

1 4

0 0 3 1.0 1.0

34.061341000 0.00602519780

5.1235746000 0.04502109400

1.1646626000 0.20189726000

0 0 1 0.0 1.0

0.4157455100 1.00000000000

0 0 1 0.0 1.0

0.1795111000 1.00000000000

0 2 1 0.0 1.0

0.8000000000 1.00000000000

A.2 Vibrational frequencies

Table A.1: Vibrational frequencies in cm−1 of C-O adsorbed on Fe(110) at 0.25 ML

Functional 1st peak 2nd peak 3rd peak 4th peak

PBE 1725 1756 1762 1815
PBEsol 1747 1776 1783 1843
B3LYP 1755 1794 1798 1875
HSE 1779 1808 1825 1893
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Table A.2: Vibrational frequencies in cm−1 of C-O adsorbed on Fe(110) at 0.5 ML

Functional 1st peak 2nd peak

PBE 1879 1932
PBEsol 1907 1960
B3LYP 1894 1955
HSE 1927 1987
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Appendix B

Semi-local Corrosion Approximation

B.1 Water chemistry

Constant Reference

pH2O Wagner and Kretzschmar 188

ρH2O Nordsveen et al. 42

µH2O Korson et al. 189

φCO2
Duan et al. 190

Ṽm,CO2
Garcia 191

Table B.1: References of temperature dependent physicochemical properties

The partial pressure of CO2 (pCO2
) can be calculated using the water saturation pressure

(pH2O):188

pCO2
= Ptotal − pH2O (B.1)

The homogeneous chemical reactions included in the model are shown in Table B.2 where

158



ai stands for the activity of species i and fi is the fugacity of gas i defined as fi = piφi where

φi is the fugacity coefficient of gas i

Reaction
Equilibrium
constant

H2O 2 H+ + OH– Kw=
aH+aOH–

aH2O

CO2(g) CO2(aq) KH=
aCO2

fCO2
aH2O

CO2 + H2O H2CO3 Khy=
aH2CO3

aCO2

H2CO3 H+ + HCO –
3 Kca=

aH+aHCO –
3

aH2CO3

HCO –
3 H+ + CO 2–

3 Kbi=
aH+aCO 2–

3

aHCO –
3

Table B.2: Thermodynamic equilibrium constants of the homogeneous reactions involved in
CO2 corrosion.

Thermodynamic equilibrium constants can also be expressed as a function of the reaction

rate constants for the forward and backwards reaction:

K =
kf
kb

(B.2)

As described by Kahyarian et al. 36 it is necessary to add a correction factor to the

definitions of KH and Kca. The equations defined in their corresponding references assume

that CO2 and H2CO3 are the same species (commonly refered to as CO*
2) due to the difficulty

of measuring H2CO3 individually:

[CO*
2] = [CO2] + [H2CO3] (B.3)

159



Constant Reference

Kw Marshall and Franck 192

KH Li and Duan 193

Khy Kahyarian and Nesic 44

Kca Li and Duan 193

Kbi Li and Duan 193

Table B.3: Thermodynamic equilibrium constants of the homogeneous rections involved in
CO2 corrosion.

hence

KH =
1

1 +Khyd

K∗
H (B.4)

Kca =
(
1 +

1

Khyd

)
K∗

ca (B.5)
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B.2 Pitzer model

ln(γM) =
Na∑
a=1

ma(2BMa + ZCMa) +
Nc∑
c=1

mc(2ΦMc +
Na∑
a=1

maψMca)

+
Na−1∑
a=1

Na∑
a′=a+1

mama′ψaa′M + |zM |
Nc∑
c=1

Na∑
a=1

mcmaCca +
Nn∑
n=1

2mnλnM + z2MF

(B.6)

ln(γX) =
Nc∑
c=1

mc(2BcX + ZCcX) +
Na∑
a=1

ma(2ΦXa +
Nc∑
c=1

mcψXac)

+
Nc−1∑
c=1

Nc∑
c′=c+1

mcmc′ψcc′M + |zX |
Nc∑
c=1

Na∑
a=1

mcmaCca +
Nn∑
n=1

2mnλnX + z2XF

(B.7)

ln(γN) =
Nn∑
n=1

2mnλNn +
Nc∑
c=1

2mcλNc +
Na∑
a=1

2maλNa +
Nc∑
c=1

Na∑
a=1

mcmaξNca (B.8)

ln(aH2O) = −
ϕMH2O

1000

∑
mi (B.9)

The molecular weight of water (MH2O) is 18.015 and the osmotic pressure (ϕ) is defined as:

(ϕ− 1) =
2∑
mi

(
− AϕI3/2

1 + bI1/2

)[ Nc∑
c=1

Na∑
a=1

mcma(B
ϕ
ca + ZCca)

+
Nc−1∑
c=1

Nc∑
c′=c+1

mcmc′

(
Φϕ

cc′ +
Na∑
a=1

maψcc′a

)

+
Na−1∑
a=1

Na∑
a′=a+1

mama′

(
Φϕ

aa′ +
Na∑
a=1

maψaa′c

)

+
Nn∑
n=1

Na∑
a=1

mnmaλna +
Nn∑
n=1

Nc∑
c=1

mnmcλnc

+
Nn∑
n=1

Nc∑
c=1

Na∑
a=1

mnmcmaξnca

]

(B.10)
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F and Z are defined as:

Z =
∑
i

|zi|mi (B.11)

F = − Aϕ

(
I1/2

1 + bI1/2
+

Nc∑
c=1

Na∑
a=1

mcmaB
′
ca

+
Nc−1∑
c=1

Nc∑
c′=c+1

mcmc′Φ
′
cc +

Na−1∑
a=1

Na∑
a′=a+1

mama′Φ
′
aa

(B.12)

where Aϕ is the Dubye-Huckel limiting slope whose temperature dependence was studied by

Pitzer 194 who proposed the following expression:

Aϕ =
1

3
(2πρNA)

1/2

(
e2

4πεε0kT

)3/2

(B.13)

The second virial coefficients of opposite-charge ions (Bϕ
MX , BMX and B′

MX) can be obtained

using the following expressions:

Bϕ
MX = β

(0)
MX + β

(1)
MX exp (−aMX

√
I) + β

(2)
MX exp (−12

√
I) (B.14)

BMX = β
(0)
MX + β

(1)
MXg(aMX

√
I) + β

(2)
MXg(12

√
I) (B.15)

B′
MX = β

(1)
MXg

′(aMX

√
I)/I + β

(2)
MXg

′(12
√
I)/I (B.16)

with

g(x) = 2
(

1 − (1 + x)e−x
)
/x2 (B.17)

g′(x) = −2
(

1 − (1 + x+
x2

2
)e−x

)
/x2 (B.18)

The second virial coefficients of same-charge ions (Φϕ
ij , Φij and Φ′

ij) can be obtained using the
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following expressions:

Φϕ
ij = θij + Eθij(I) + IE ′

θij(I) (B.19)

Φij = θij + Eθij(I) (B.20)

Φ′
ij = E ′

θij
(I) (B.21)

with

Eθij =
(zizj

4I

)[
J(xij) −

1

2
J(xii) −

1

2
J(xjj)

]
(B.22)

E ′
θij

= −
(Eθij

I

)
+
(zizj

8I2

)[
xijJ

′(xij) −
1

2
xiiJ

′(xii) −
1

2
xjjJ

′(xjj)
]

(B.23)

where J and J ′ can be approximated by the following empirical equations proposed by

Pitzer 194 :

J =
x

4 + C1x−C2 exp(−C3xC4)
(B.24)

J ′ =
xC2 exp(C3x

C
4 )(C1(C2 + C3C4x

C4 + 1) + 4xC2 exp(C3x
C4))(

C1 + 4xC2 exp(C3xC4)
)2 (B.25)

and CMX is defined as:

CMX =
Cϕ

MX

2|zMzX |1/2
(B.26)

Table B.4 contains the references for the parameters Cϕ
MX , Ψ and ξ.
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β(0), β(1), β(2) and Cϕ Reference

Na Cl Møller 195

H Cl Holmes et al. 196

Na OH Pabalan and Pitzer 197

Na OH Pabalan and Pitzer 197

Na HCO –
3 Polya et al. 198

Na CO 2–
3 Polya et al. 198

Fe Cl Pitzer 58

Table B.4: References for β(0), β(1) and β(2)

θ Reference

OH Cl Christov and Moller 199

H Na Christov and Moller 199

OH CO 2–
3 Harvie et al. 200

Cl HCO –
3 Harvie et al. 200

Cl CO 2–
3 Millero and Pierrot 201

CO 2–
3 HCO –

3 Harvie et al. 200

Fe Na Marion et al. 202

Table B.5: References for β(0), β(1) and β(2)

ψ Reference

Na+ Cl– H Christov and Moller 199

Na+ Cl– OH Christov and Moller 199

Na+ Cl– Fe Marion et al. 202

Na+ Cl– HCO –
3 Millero and Pierrot 201

Na+ Cl– CO 2–
3 Millero and Pierrot 201

Na+ HCO –
3 CO 2–

3 Millero and Pierrot 201

Na+ H+ HCO –
3 Harvie et al. 200

Na+ H+ CO 2–
3 Harvie et al. 200

Na+ OH– HCO –
3 Harvie et al. 200

Na+ OH– CO 2–
3 Harvie et al. 200

H+ Cl– HCO –
3 Harvie et al. 200

OH– Cl– H+ Harvie et al. 200

Fe2+ Cl– HCO –
3 Marion et al. 202

Fe2+ H+ Cl– Marion et al. 202

Table B.6: References for the ternary intercation term ψ
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B.3 Electrochemistry

Nesic proposed the following empirical equation to describe the rate of iron dissolution:66

ia = k[OH–]a1surf (pCO2
)a2 exp

(
− αaF

RT
η

)
. (B.27)

where k is the rate of reaction constant, [OH–]surf is the concentration of OH– at the reactive

surface, pCO2
is the partial pressure of CO2 and η = Eapp − Erev is the overpotential.

a1, a2 and αa depend on the pH and partial pressure as follows:

a1 =


2 if pH ≤ 4

−pH + 5 if 4 < pH < 5

0 if pH ≥ 5

(B.28)

a2 =


0 if pCO2

≤ 10−2 bar

1 if 10−2 bar < pCO2
< 1 bar

0 if pCO2
≥ 1 bar

(B.29)

αa =


2 if pH ≤ 4

−1.5pH + 8 if 4 < pH < 5

0.5 if pH ≥ 5

(B.30)
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The reaction rate of the HER reaction can be described by39,42

ict = i0[H
+]asurf exp

(
− αcF

RT
η

)
, (B.31)

where the reversible potential of the HER is a function of the pH:

Erev = − ln(10)RT

F
pH. (B.32)

According to Bockris, αc = 0.5 is the most likely value for the HER which is in good agreement

with independent experimental data.39,203

The temperature dependence of i0 the reaction can be modelled using an Arrhenius-type

equation:

io = io,ref exp

(
− ∆H

R

(
1

T
− 1

Tref

))
, (B.33)

where ∆H has been reported to be approximately 30 kJ.39

Bockris observed the following relationship between the cathodic current and the pH:203

∂ log i0
∂pH

= −0.5. (B.34)

Nesic calculated io,ref to be approximately 0.05 A m−2 at 20 ◦C and pH 4.39 Hence the HER

cathodic current can be expressed as

ic = io,ref

(
[H+]surf

10−4

)0.5

exp

(
− αcF

RT
η

)
. (B.35)
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B.4 Mass transport model

The thickness of the mass transfer layer can be obtained using the following relation:65

δm =
D

kmt

. (B.36)

Vetter developed the following equation to calculate the thickness of the chemical reaction

layer:63

δr =
Dcproduct
kfcreactant

(B.37)
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licenses through the Service on behalf of the rightsholder identified on the Order

Confirmation (the "Rightsholder"). "Republication", as used herein, generally means the

inclusion of a Work, in whole or in part, in a new work or works, also as described on the

Order Confirmation. "User", as used herein, means the person or entity making such

republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the

Rightsholder with respect to a particular Work, govern the terms of use of Works in

connection with the Service. By using the Service, the person transacting for a republication

license on behalf of the User represents and warrants that he/she/it (a) has been duly

authorized by the User to accept, and hereby does accept, all such terms and conditions on

behalf of User, and (b) shall inform User of all such terms and conditions. In the event such

person is a "freelancer" or other third party independent of User and CCC, such party shall

be deemed jointly a "User" for purposes of these terms and conditions. In any event, User

shall be deemed to have accepted and agreed to all such terms and conditions if User

republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and

exclusive property of the Rightsholder. The license created by the exchange of an

Order Confirmation (and/or any invoice) and payment by User of the full amount set

forth on that document includes only those rights expressly set forth in the Order

Confirmation and in these terms and conditions, and conveys no other rights in the

Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us

payable at the end of the month. If you and we agree that you may establish a

standing account with CCC, then the following terms apply: Remit Payment to:

Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments

Due: Invoices are payable upon their delivery to you (or upon our notice to you that

they are available to you for downloading). After 30 days, outstanding amounts will

be subject to a service charge of 1-1/2% per month or, if less, the maximum rate

allowed by applicable law. Unless otherwise specifically set forth in the Order

Confirmation or in a separate written agreement signed by CCC, invoices are due and

payable on "net 30" terms. While User may exercise the rights licensed immediately

upon issuance of the Order Confirmation, the license is automatically revoked and is

null and void, as if it had never been issued, if complete payment for the license is

not received on a timely basis either from User directly or through a payment agent,

such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is

"one-time" (including the editions and product family specified in the license), (ii) is

non-exclusive and non-transferable and (iii) is subject to any and all limitations and

restrictions (such as, but not limited to, limitations on duration of use or circulation)

included in the Order Confirmation or invoice and/or in these terms and conditions.

Upon completion of the licensed use, User shall either secure a new permission for

further use of the Work(s) or immediately cease any new use of the Work(s) and shall

render inaccessible (such as by deleting or by removing or severing links or other

locators) any further copies of the Work (except for copies printed on paper in

accordance with this license and still in User's stock at the end of such period).

3.4.

In the event that the material for which a republication license is sought includes

third party materials (such as photographs, illustrations, graphs, inserts and similar

materials) which are identified in such material as having been used by permission,

User is responsible for identifying, and seeking separate licenses (under this Service
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or otherwise) for, any of such third party materials; without a separate license, such

third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license

granted under the Service. Unless otherwise provided in the Order Confirmation, a

proper copyright notice will read substantially as follows: "Republished with

permission of [Rightsholder's name], from [Work's title, author, volume, edition

number and year of copyright]; permission conveyed through Copyright Clearance

Center, Inc. " Such notice must be provided in a reasonably legible font size and must

be placed either immediately adjacent to the Work as used (for example, as part of a

by-line or footnote but not as a separate electronic link) or in the place where

substantially all other credits or notices for the new work containing the republished

Work are located. Failure to include the required notice results in loss to the

Rightsholder and CCC, and the User shall be liable to pay liquidated damages for

each such failure equal to twice the use fee specified in the Order Confirmation, in

addition to the use fee itself and any other fees and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order

Confirmation. No Work may be used in any way that is defamatory, violates the rights

of third parties (including such third parties' rights of copyright, privacy, publicity, or

other tangible or intangible property), or is otherwise illegal, sexually explicit or

obscene. In addition, User may not conjoin a Work with any other material that may

result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it

becomes aware of any infringement of any rights in a Work and to cooperate with

any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and

their respective employees and directors, against all claims, liability, damages, costs and

expenses, including legal fees and expenses, arising out of any use of a Work beyond the

scope of the rights granted herein, or any use of a Work which has been altered in any

unauthorized way by User, including claims of defamation or infringement of rights of

copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE

LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING

WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR

FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK,

EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any

event, the total liability of the Rightsholder and CCC (including their respective employees

and directors) shall not exceed the total amount actually paid by User for this license. User

assumes full liability for the actions and omissions of its principals, employees, agents,

affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT

TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC

AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S)

AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED

WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL

RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,

INSERTS OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A

MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC

NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

7.

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a

Work beyond the scope of the license set forth in the Order Confirmation and/or these terms

and conditions, shall be a material breach of the license created by the Order Confirmation
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and these terms and conditions. Any breach not cured within 30 days of written notice

thereof shall result in immediate termination of such license without further notice. Any

unauthorized (but licensable) use of a Work that is terminated immediately upon notice

thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor;

any unauthorized (and unlicensable) use that is not terminated immediately for any reason

(including, for example, because materials containing the Work cannot reasonably be

recalled) will be subject to all remedies available at law or in equity, but in no event to a

payment of less than three times the Rightsholder's ordinary license price for the most

closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses

incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to

the Service or to these terms and conditions, and CCC reserves the right to send

notice to the User by electronic mail or otherwise for the purposes of notifying User

of such changes or additions; provided that any such changes or additions shall not

apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's

privacy policy, available online here:https://marketplace.copyright.com/rs-ui-

web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User.

Therefore, User may not assign or transfer to any other person (whether a natural

person or an organization of any kind) the license created by the Order Confirmation

and these terms and conditions or any rights granted hereunder; provided, however,

that User may assign such license in its entirety on written notice to CCC in the event

of a transfer of all or substantially all of User's rights in the new material which

includes the Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and

signed by the parties. The Rightsholder and CCC hereby object to any terms

contained in any writing prepared by the User or its principals, employees, agents or

affiliates and purporting to govern or otherwise relate to the licensing transaction

described in the Order Confirmation, which terms are in any way inconsistent with

any terms set forth in the Order Confirmation and/or in these terms and conditions

or CCC's standard operating procedures, whether such writing is prepared prior to,

simultaneously with or subsequent to the Order Confirmation, and whether such

writing appears on a copy of the Order Confirmation or in a separate instrument.

8.5. The licensing transaction described in the Order Confirmation document shall be

governed by and construed under the law of the State of New York, USA, without

regard to the principles thereof of conflicts of law. Any case, controversy, suit, action,

or proceeding arising out of, in connection with, or related to such licensing

transaction shall be brought, at CCC's sole discretion, in any federal or state court

located in the County of New York, State of New York, USA, or in any federal or state

court whose geographical jurisdiction covers the location of the Rightsholder set

forth in the Order Confirmation. The parties expressly submit to the personal

jurisdiction and venue of each such federal or state court.If you have any comments

or questions about the Service or Copyright Clearance Center, please contact us at

978-750-8400 or send an e-mail to support@copyright.com.

v 1.1
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[26] S Nešic and K-LJ Lee. A mechanistic model for carbon dioxide corrosion of mild steel in

the presence of protective iron carbonate films—part 3: film growth model. Corrosion,

59(7):616–628, 2003.

[27] Arne Dugstad et al. Mechanism of protective film formation during co2 corrosion of

carbon steel. In CORROSION 98. Nace International, 1998.
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[29] V Ruzic, M Veidt, and S Nešic. Protective iron carbonate films—part 3: simultaneous

chemo-mechanical removal in single-phase aqueous flow. Corrosion, 63(8):758–769, 2007.

[30] Richard Barker, Daniel Burkle, Thibaut Charpentier, Harvey Thompson, and Anne

Neville. A review of iron carbonate (feco3) formation in the oil and gas industry.

Corrosion Science, 142:312–341, 2018.

[31] C De Waard and DE Milliams. Carbonic acid corrosion of steel. Corrosion, 31(5):

177–181, 1975.

[32] C De Waard, U Lotz, and DE Milliams. Predictive model for co2 corrosion engineering

in wet natural gas pipelines. Corrosion, 47(12):976–985, 1991.

[33] C de Waard and U Lotz. Prediction of co2 corrosion of carbon steel‖, paper no. 69.

CORROSION/93,(Houston, TX: NACE International, 1993), 1993.

177

https://doi.org/10.1149%2F1.2097069


[34] C De Waard, U Lotz, and Ame Dugstad. Influence of liquid flow velocity on co {sub 2}

corrosion: A semi-empirical model. Technical report, NACE International, Houston,

TX (United States), 1995.

[35] Liane Smith, Kees de Waard, and Bruce D Craig. The influence of crude oils on well

tubing corrosion rates. In CORROSION 2003. OnePetro, 2003.

[36] Aria Kahyarian, Mohsen Achour, and Srdjan Nesic. Mathematical modeling of uni-

form CO 2 corrosion. In Trends in Oil and Gas Corrosion Research and Tech-

nologies: Production and Transmission, pages 805–849. Woodhead Publishing, jan

2017. ISBN 9780081012192. doi: 10.1016/B978-0-08-101105-8.00034-6. URL https:

//www.sciencedirect.com/science/article/pii/B9780081011058000346.

[37] Linda GS Gray, Bruce G Anderson, Michael J Danysh, and Peter R Tremaine. Effect

of ph and temperature on the mechanism of carbon steel corrosion by aqueous carbon

dioxide. Corrosion/90, paper, 40, 1990.

[38] E Dayalan, G Vani, JR Shadley, and S Shirazi. Modeling co 2 corrosion of carbon steels

in pipe flow. E. Dayalan, G. Vani, J. R. Shadley, S. A. Shirazi, and E. F. Rybicki,

Paper, (118), 1995.

[39] S. Nesic, J. Postlethwaite, and S. Olsen. An electrochemical model for prediction

of corrosion of mild steel in aqueous carbon dioxide solutions. CORROSION, 52(4):

280–294, 1996. doi: 10.5006/1.3293640.

[40] S Turgoose, RA Cottis, and K Lawson. Modeling of electrode processes and surface

chemistry in carbon dioxide containing solutions. In Computer Modeling in Corrosion.

ASTM International, 1992.

[41] B FM Pots. Mechanistic models for the prediction of co {sub 2} corrosion rates under

178

https://www.sciencedirect.com/science/article/pii/B9780081011058000346
https://www.sciencedirect.com/science/article/pii/B9780081011058000346


multi-phase flow conditions. Technical report, NACE International, Houston, TX

(United States), 1995.
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[78] S Nešic, G Th Solvi, and J Enerhaug. Comparison of the rotating cylinder and pipe

flow tests for flow-sensitive carbon dioxide corrosion. Corrosion, 51(10):773–787, 1995.

[79] Joshua Owen, Jack Godfrey, Wenlong Ma, Greg de Boer, Mohammed Al-Khateeb,

Harvey Thompson, Anne Neville, Callum Ramsey, and Richard Barker. An experimen-

tal and numerical investigation of co2 corrosion in a rapid expansion pipe geometry.

Corrosion Science, 165:108362, 2020.

[80] M Al-Khateeb, R Barker, A Neville, and HM Thompson. The effect of surface roughness

on diffusion and chemical reaction controlled limiting currents on a rotating cylinder

electrode in deaerated solutions with and without co2. Corrosion, 74(9):971–983, 2018.

[81] DC Silverman. The rotating cylinder electrode for examining velocity-sensitive corro-

sion—a review. Corrosion, 60(11):1003–1023, 2004.

[82] M Eisenberg, CW Tobias, and CR Wilke. Ionic mass transfer and concentration

polarization at rotating electrodes. Journal of the Electrochemical Society, 101(6):306,

1954.

[83] FP Berger and K-FF-L Hau. Mass transfer in turbulent pipe flow measured by the

electrochemical method. International Journal of Heat and Mass Transfer, 20(11):

1185–1194, 1977.

183



[84] Peter Grathwohl. Diffusion in natural porous media: contaminant transport, sorp-

tion/desorption and dissolution kinetics, volume 1. Springer Science & Business Media,

2012.

[85] FAL Dullien. Characterization of porous media—pore level. In Mathematical Modeling

for Flow and Transport Through Porous Media, pages 581–606. Springer, 1991.

[86] Klaus Probst and Klaus Wohlfahrt. Empirische abschätzung effektiver diffusionskoef-
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