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Abstract

CO, 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 FeCOj scale that forms during the CO4 corrosion process
has gained much interest as it can prevent further corrosion once fully formed. However,
fundamental research on CO, 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 CO,
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 FeCOs

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.” The yearly global cost of corrosion was
estimated at $2.5 trillion; 3.4% of the world’s GDP in 2013.”° 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.” Therefore, plenty of research is devoted to study
the corrosion process and develop new tools and strategies to detect and prevent corrosion
damage.* "

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

natural gas and petroleum-derived products.'” 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.'? 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 CO,) environments respectively.
Sour environments contain high levels of sulfides—mainly H,S—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. '*'” 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

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

The two main electrochemical reactions are the oxidation of Fe to Fe?' at the anode

Fe) == Fe(hy + 2e {1}

and the hydrogen evolution reaction (HER) at the cathode.
" -1
Hag + 1o == 5 Hyg {2}
The CO, gas dissolves in the water phase and hydrates to give carbonic acid:

CO;(g) = COz(aq) {3}

C02 (aq) + HQO = H2C03 {4}
The carbonic acid can then dissociate into HCO3~ and CO3* losing one proton at each step:

HQCOg = H+ + HCO:; {5}

HCO; = H" 4 CO5 {6}

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

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

Despite the rate of corrosion being demonstrably higher in the presence of CO, 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 HyCOs3

19



and (IT) the ability of H,COj to act as a reservoir of H" due to its weak acid properties, also
known as the buffering effect.'® As of the writing of the present work the consensus is that
the contribution of the HyCOj3 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. !

While the additional protons are provided by the deprotonation of HyCOj3 (Reaction {5})
and, to a lesser extent, the deprotonation of HCO3 (Reaction {6}) both of these reactions are
limited by the slow CO, hydration reaction (Reaction {4}).?*** Therefore, the three major
factors limiting the HER are (I) the mass transport of H* (II) the mass transport of H,CO,

and (IIT) the kinetics of the CO, hydration reaction.”’

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.?"?’

In CO, corrosion the oxidation reaction releases Fe*" ions into solution where they combine
with CO4 ions and precipitate on top of the steel surface as FeCOs in the siderite crystalline
phase.'* Figure 1.1 shows a diagram of the different chemical and electrochemical reactions

involved in CO, corrosion.
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Figure 1.1: CO4 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
(IT) the film covers the steel surface thereby blocking active corrosion sites.”” 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. %'9?7%0 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.”” 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.”’'” 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.

CO, 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:
E lai = g ic,j (1.1)
7 J

i, and i, are typically expressed as a function of the applied potential (F). The potential
at which Eq. (1.1) holds true is known as the corrosion potential (E,,) which is typically
obtained using numerical methods such as the Newton-Raphson method when an analytical
solution doesn’t exist. Then, the corrosion current (i.,;) can be obtained by adding up all

anodic (or cathodic) currents.

22



Many CO, corrosion models have been developed over the past decades. The first CO,
corrosion model was introduced by De Waard and Milliams®' in 1975. They proposed the

following mechanism for the cathodic reaction:

HQCO?)(aq) +e — HCO?:(aq) + H2(gas) {7}

H* + HCO;; = 2003 {8}

This mechanism assumes that the direct reduction of the carbonic acid is the main ca-
thodic reaction when CO, is present in the environment. Their model is based on a linear

approximation of the pH dependence of the log of the corrosion current (icop):”'
logicor = —ApH+ 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

1

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

of CO3 (pco,) to obtain a relation for the corrosion current as a function of the partial pressure
of COy:

1
108 icorr = —§A log pco, + 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.” ™" Therefore, later versions of the model are considered semiempirical.””

The next generation of CO, 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 CO, corrosion process. The models developed by Gray et al.”” and Dayalan

1.%% are amongst the first examples of such models with the most complete model being

et a
developed by Nesic et al.* in 1996 which included the H*, H,COs, H,O 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, CO, 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:

oC;
ot

where C} is the concentration of species 7, N; is the flux of species i and R; is the source or sink
that accounts for all the chemical and electrochemical reactions that the species ¢ is involved
in. While the first CO, corrosion models that used this approach were somewhat limited
(Turgoose et al. ', Pots*") the more comprehensive model developed by Nordsveen et al. ' in
2003 is considered a milestone in CO, 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. *%**

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 CO, corrosion modelling have seen major improvements over the last decades
current CO, corrosion models still present some shortcomings. Firstly, current CO, 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 CO, 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 CO, 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 CO, 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.’”*® 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 CO, 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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36,39,42,49.50 Gome of these models have

disregarding any stochastic or local surface phenomena.
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.””"'* 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 CO, corrosion under scaling conditions. "

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.””
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.’” 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.”®’" 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 CO, corrosion.

Input parameters

.

Initialisation J

:

Update 3D cell }4

:

Update water chemistry

:

Update mass trans-
fer coefficients

!

Update electrochemistry Update time

i A

Update precipitation

!

Collect data

|

Time limit yes
reached?

Write data

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 CO, 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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36,

have been refined and improved over many years.*%**** 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 Fe?t, H", OH ,
HCO;, CO{ 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.”® The model has been used recently in other CO, corrosion models. """ 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 COy—H,0 system with no additional ions the charge balance

results in the constraint:

[HY] + 2[Fe*"] = [OH ] + [HCO4] + 2[CO5 ] (2.1)

where [X] is the concentration of species X. Under the assumption of thermodynamic equilib-
rium the concentration of [H'], [OH ], [HCO4] and [CO4 | are determined by the thermody-
namic equilibrium constants listed in Table B.2. As a consequence, for a known [Fe®'] 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

CO, corrosion consists of two main electrochemical reactions: the oxidation of Fe to Fe’" at

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

Fe(s) = Fe(Qaf;) + 2e {9}
_ 1
H(ZCI) +le =— 3 Ha {10}

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

transfer current density (ie) equation as: "

iHER = ict = ’io exXp < — —AE) (22)

where 1 is the exchange current density, « is the charge transfer coefficient, F' is the Faraday
constant, R is the ideal gas constant, T is the temperature and AE = F — E; where F is
the electrostatic potential and Fj is the potential at the equilibrium. The exchange current

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

@HERFEO,HER) (2.3)

io.nER = FKHERC,, g+ €XP ( — RT

where c,, ;+ is the H" concentration at the reactive surface and kygg is the reaction rate

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

—AH (1 1
k= k‘refexp (T (T — T f)) (24)

where k¢ is the value of k at temperature T, and AH is the enthalpy of the reaction.

Arrhenius-like relation:

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 (HyCO3). The
protons already in solution reach the surface via mass-transfer while the protons stored as
H,COj are transported to the surface as H,CO3 which subsequently deprotonates releasing
H'. Furthermore, the carbonic acid supply is limited by the slow CO, hydration reaction
(Reaction {4}). Therefore, the iggr can be divided into two components in terms of proton
sources:

IHER = fmt T ir (2.5)

where i, is the H" mass-transfer current and the i, combines the H,CO5; mass-transfer and
the CO, hydration reaction that limits the supply of H,CO5. Both components are described

below.

The model adopts the diffusion layer approximation proposed by Nernst®' and Brunner "
in 1904 whereby the diffusion of electroactive species only takes place within a diffusion layer

(8,n) of stationary liquid irrespective of the flow conditions.’® For the mass transport of H
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the diffusion layer approximation is defined as:

Cb7H+ - Cm,H+

5m,H+

where Jy+ is the flux of H" Dy+ is the H' diffusion coefficient ¢, g+ and ¢, y+ are the bulk

and steel surface concentrations of H respectively and O+ 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.®” The electromigration of ions can be neglected for solutions with an excess of
supporting electrolyte. %! 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, 9, is not known so it is often combined with the diffusion coefficient to define
a new constant, the mass-transfer coefficient (ky = D/d,,); a measure of the speed at which
species diffuse from the bulk of the solution to the surface of the electrode.® 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 (27)
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where n; is the charge of species j, F' is the Faraday constant and J; is the flux of species j.
Therefore, the mass transport current density (i) 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 (Zjim mt):

ilim,mt = FnHJrkmt,HJer’HJr (29)

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

C
imt = (1 - m’HJr)imt,lim (210)

Cb,H+

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 HyCO3 hydration reaction

the equation is as follows:"’

2F F
7;7» = ir,lim\/l + exXp (ﬁAE> — 2exp <ﬁAE> (211)

irlim = F'cy 1,004/ Du,coske (2.12)

where F'is the Faraday constant, Dy,co, is the diffusion coefficient of the HyCO3 and £ 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.

1.9 proposed an

be of comparable lengths which invalidates Vetter’s assumption. Nesic et a
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):
i lim = Fey 005/ Duycoskn f (2.13)

where f is defined as

f = coth <i—m) (2.14)

R
0., is the thickness of the mass-transfer layer and 4, 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 (d4),
reaction (d,) and mass transport (d,,) layers for a steel surface with and without a corrosion
scale. The relative position of §; and ¢, 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 c,, y+:
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Tmt,lim

Coitt = Comt (1 41z Zc) (2.15)

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

. 7:7‘ - /l;C . aF
i = <1 + o )26 exp ( - ﬁAE) (2.16)

where i( is equivalent to iy but uses bulk concentrations instead of surface concentrations.
For the HER:

OéHERFEo,HER) (2 17)

Solving Eq. (2.16) for i. one can obtain the cathodic current density as a function of bulk
concentrations as opposed to surface concentrations.

e = 1l (M) (2.18)

7 .
Tet + th,lim

This result contrasts with the parallel resistance model that results from a similar derivation
when the H,COj3 reduction is assumed to be a significant component of the cathodic current. *”
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.”® 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 CO, partial pressure (pco,) from 1072 to 1bar.

: a a . F
iy = kcm’OHf(pcog) exp ( ~ &7 77) (2.19)

where k£ is the rate of reaction constant, ¢, og- is the concentration of OH at the reactive
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surface, a; and ay are reaction order parameters, pco, is the partial pressure of CO,, «, is

the anodic charge transfer coefficient and 7 is the applied potential.

In the present work, the corrosion potential (Feoy) 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 (i,e) being equal to zero. "

Z'net = Z-a(lycorr> - ic(Ecorr> =0 (220)

where i, and i, are defined in Eqgs. (2.18) and (2.19) respectively and FE.,, is the corrosion

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

icorr - Z.a(Ecorr) - Z.c(Ecorr) (221)

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 CO, 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 " in 1991 followed by Van Hunnik et al.®® 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

3¢

concentration of Fe,;™ in solution, the so-called “Fe," method”.?” This method assumes that
FeCOjy is the main component of the precipitated corrosion product. Sun et al.*” 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

69,7

steel coupons before and after removing the corrosion scale.”" Their results demonstrated
that the Fe,” concentration alone was insufficient to predict the weight of the corrosion
product on the steel surface and suggested that not all the precipitated FeCO5; deposits on
the surface. Consequently, in 2008 Sun and Negic”' 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.”” 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.
_ac
RFeCO3 = k:re RT KSP(SSFQCOS — 1) (2.22)

The model uses the kinetic constant k, and the activation energy AG obtained by Ma et al. ™

from a series of EQCM experiments between 50 °C and 80°C:
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k, =1.8x10°m*mol's™!

AG =64851.47J

The SSreco, is calculated as a function of the Fe,” and COZ  activities (aFe;r and agg 2

respectively):
Ope,tACO2

K

sp

SSreco, = (2.23)

The FeCOj3 solubility product (Kj,) can be obtained from the empirical equation developed
by Sun, Nesic and Woollam relating the K, with the temperature (7) and ionic strength
(I).757

2.1963

k

log K, = —59.3498 — 0.041377T}, — +24.572410g Tj, + 2.5181%% — 0.6571  (2.24
4

Equation (2.24) already incorporates the ionic strength dependence on the activity of Fe**
and CO4 so the activity of the species can be replaced by their concentrations.

Cre,tCCcO2™

K

sp

SSreco, = (2.25)

A shortcoming of Eq. (2.22) is that it was fitted with SSp.co, values obtained from the
bulk of the solution and while the authors claim that in their measurements the surface
S Sreco, was not much different from the bulk SSp.co, 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
S'Sreco, 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 SSgeco,

inside the scale obtained by calculating the SSr.co, at each point of the scale from the
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2 .
Fe,” and CO5 concentrations.

Scale dissolution

When the supersaturation is below 1 the scale starts dissolving. While this process is not
generally modelled by CO, 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 CO, corrosion related studies that investigate the scale dissolution
reaction. However, the dissolution kinetics of siderite have been previously studied in
the geochemical sciences field. ™™ The scale dissolution model will be based on the scale
dissolution kinetics study carried out by Golubev et al. ™ . The main dissolution reactions are
the irreversible carbonate surface protonation (Reaction {11}) and the reversible carbonate

surface hydration (Reaction {12}).

+ Frn 2+ -
FeCOs) + Heag) Fe™ + HCO;3 {11}
kim0
FeCOjq = Rt COZ {12}
k- 1,0

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

Raiss = R, g+ + R4 n,0 — R-n,0
+,H 2 2 (2.26)

= kg (ag+)" + kim0 — k—HQOaFeQWCOBQ

R, and R_ refer to the rate of dissolution reactions and precipitation reactions respectively.
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ki g+ > kim0 and k_ 0 are the reaction rate constants, n the order of Reaction {11} and
@ scale TEPresents 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."%"" Following the same assumption as in the

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

While both Reactions {11} and {12} contribute to the dissolution of the scale k_ + is two
orders of magnitude larger than k,,0, hence, Reaction {11} is generally much faster than
Reaction {12} and can be neglected. The total dissolution rate (Rgiss) can then be simplified

to only include the protonation reaction.

Rdiss = R+,H+ = k+H+aH+ (227)

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

Arrhenius equation.

_AEac
e =)

where AE, is the activation energy, and k,.; is a reference reaction rate constant measured at

(2.28)

temperature T}.;. Golubev et al.”® reported a AE,; of 65kJmol™". Their k L+ measurement

at 60°C (6.20 x 10~ "molem~?s7") is used for k g+ .-

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 (kwt, fiow) 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. ' 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,

82

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

Shj = 0.0791vy Re™ ™53 (2.29)
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where Sh, Re and Sc are defined as

Fmt fow L L
tlow R = P42 g = (2.30)

Sh; = :
’ D; 7 pD;

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

Hau® for turbulent flow in straight pipes:

Sh = 0.0165v, Re™ 53 (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.

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 (icorrs) can be obtained by multiplying the current density by the fraction of

the surface not covered by the corrosion scale (6;):

icorns = (]- - gs)icorr (232)

44



where 7., represents the corrosion current density without corrosion scale, #, is the fraction of

the steel surface covered by the corrosion scale and 7.y s is the area-adjusted current density.

Within the scale the concentration of chemical species follows the reaction-diffusion
equation:
dc

5 =V 7R (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.

Jc

Eq. (2.33) can be approximated by assuming a quasi-steady state (5; ~ 0) for the duration

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

J,=Jn — /Rdz (2.34)
where J,, 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

Jo. =Jm— Y RuAz (2.35)

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

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 = —DegVe (2.36)
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Here, the effective diffusion (Deg) 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:®*

(2.37)

¢ 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 (). § 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, 6=1. 7 is the tortuosity which is related to the geometry of the
pores and how they are interconnected. It is not trivial to model 7 especially for anisotropic
systems where 7 is related to the geometry of an ideal 1-dimensional capillaric model and not
a 3-dimensional network.®” To overcome this problem many empirical equations have been
proposed in the literature which define the £ ratio as a function of the porosity. % One of the

most widely used models approximates the /7 ratio as a power of the porosity:*’

~ ™ = Dog &~ De™ (2.38)

N | ™

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.***° Previous sweet corrosion
1-dimensional models have used the value m=1.5 proposed by Newman for porous electrodes,

87-89

also called the Bruggeman relation, and this is the value adopted in the current model.**
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The absence of flow inside the scale and the difference in the effective diffusion coeflicients

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

36

associated with the flow conditions outside the scale (k¢ fiow). Kahyarian et al.”® proposed to
combine the mass transfer coefficients of the flow (Kt fow) and scale (kmscale) into a composite

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

1 1 1
= + (2.39)

kmt,comp kmt,scale kmt,ﬂow

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):

JLg

se — Cm — — 2.40
c c Do ( )

where L, is the thickness of the scale, c,. is the concentration at the scale-electrolyte interface
and ¢, 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):

JAz &5 1
se — Cm — — — 2.41
Cse — C 5 o (2.41)

n=nm

where Az is the length of a discrete unit of space n represents a coordinate in the z direction
in units of Az, n,, and ng represent the coordinates at the steel-scale interface and scale-

electrolyte interface respectively.

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

with non-uniform porosity:

1 I . 1 1 ]
— — 2.42
€& Z gm(z) Nge — Ny, T+ 1 Z €m(2> ( )

S
€q N=Nm n=nm

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 FeCO; precipitation reaction the Fe* 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 Fe?T is subject to the slow FeCOj
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precipitation reaction. Therefore, for Jp 2+ the Rpe2+ in Eq. (2.35) is simply the precipitation

reaction rate as defined in Eq. (2.22) divided by the length of the scale (R = Ryeco,/Ls) so
that R is in mols™' m™3. The flux at the scale-electrolyte interface (Jge pe2+) can then be
obtained from Eq. (2.35).

Nse

R, e =
Jse,FeZJr = ‘]m,FeQJr - Z %COBAZ = Jm,Fe2+ - RF6003<SSF6C03) (243)

n=nm

where Rpeco,(n:) is the precipitation rate calculated using the SSr.co, at n, and ﬁpeco3
is the mean SSkeco, inside the scale. Then, the Fe?' concentration at the scale-electrolyte

interface (c,, p2+) can be calculated using Eq. (2.8) and Eq. (2.7):

S

Cse,Fez+ =+ Cb,FeQ+ (244)

mt,flow,Fe? ™

J e,FeQ+

The Fe*" concentration at the discrete coordinate inside the scale that is closest to the

scale-electrolyte interface (c,  _;pa2+) can be obtained using the following relation:

AZJ Fe2+

o0+ — e + Cnse,Fe2+ (2.45)

C
m
DF62+€TL55

nse—1,Fe

More generally, the Fe>™ concentration at each discrete node in the scale is calculated by

sequentially solving the following equation:

AZJnse 7i+1,FeQ+

+ Cns 7i+1,Fez+ (246)

C . 24+ —
nse—1,Fe D m
Fe2+5nS —i+1

Starting at the scale-electrolyte interface (ng.) 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 ¢, _; pe+ (Eq. (2.44)) the J,, g2+ is needed which depends on
2.

the mean supersaturation inside the scale (Eq. (2.43)) and can only be calculated from the
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Fe’™ 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 n..

In the 3-dimensional model, both the steel-scale interface and the scale-electrolyte interface
(now defined as 6,, and 0, respectively) are obtained by taking the average over all (z,y)

coordinates of the lowest and highest z coordinate respectively:

Nz Ny

1 .
0,, = NN Z Z minn, ¢(n,, ny) (2.47)

Y ng=1 ny=1

N, N
1 T Y
O = NN, Z Z maxn, s(ng, ny) (2.48)

nz=1ny=1

where N, and N, are the number of discrete units in the z and y directions and n, 4(n,, n,)
represents the subset of discrete volume units at (n,,n,) that are part of the scale. As an
example, Fig. 2.3 displays a 3-dimensional cell where npe, and ng positions are indicated in

its cross sectional representation.

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

Az
NoNy

increase in increments of 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.
wnse —i+1 AZJTLSG 7’L'+1,Fe2+

C’n567’L’,F82+ - DF62+5,Z177{+1 + Cnsfi+1,Fe2+ (2.49)
with
(
0,, ifn,=n,,
Wn, € 0, if n, = nge (2.50)

1 otherwise

\

where 6, and 6,, are the fraction of Az occupied by the scale at the extremes. Therefore, by

definition the scale thickness is:

Tscale = <9m + (nse — N, — ]-) + QSG)AZ (251)

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

rate at each n, of the scale

Nse
Do Wh, REecogm.

Nse
2o W
nz=Nm z

Rpeco,(SSreco,) = (2.52)

Az 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 Az. The CO, 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 Az 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 pm

in size”"". Therefore, the Az chosen for the current CO, corrosion model is 5 pm.
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2.2.5 Stochastic 3-dimensional model

Despite the recent advancements in general CO, corrosion models their inability to describe
the stochastic nature of the corrosion and scale formation phenomena limits their predictive
power. " The present model addresses this limitation by extending the 1-dimensional CO,
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.*””" 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 CO,4 corrosion scale the length of a voxel is set to the size of the FeCOj5 crystallites that
make up the scale which are on the order of a few pm. 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 (icop;) is calculated for time ¢ using Eq. (2.21) the total
volume of steel dissolved due to corrosion (Vo) during time-step At™ = "1 —¢" (where At"
changes throughout the simulation as explained below) can be obtained using the following

conversion factor:

. M(Fe)
‘/cgrr =(1- 080(1 e Z?orr
( : ) 2F Psteel

AL" (2.53)

where M (Fe) is the molecular weight of Fe, F is the Faraday constant and pgeel 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:

V::orr
V;/oxel

N = (2.54)

where Ny g is the number of steel voxels that have to turn into electrolyte voxels. Ny g
is rounded to the nearest integer as voxels are indivisible units of volume in this model.
The residual decimal part of Ny,g is then stored and added to the Ny g of the next time
interval. The N,/ 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 7C” 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 (Riot) calculated using Eq. (2.52).

M(F8003)

n — R"
- tot
Psiderite

precip

At (2.55)

where M (FeCOs3) is the molecular weight of FeCO3 and pg.cos is the density of FeCO3. Then,

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

Voo
Nig = 2= 2.56
s ‘/voxel ( )

where Ngg is the number of electrolyte voxels that have to turn into scale voxels. As with
Nyg, Ngg is rounded to the nearest integer and the residual decimal part of Ngg is then

stored and added to the Ngg 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 SSgeco, is the highest.”? 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 Ngg 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 SSreco,, i-e. the SSp.co, calculated at the zy plane of the corresponding
interface. Consequently, electrolyte voxels at high SSgeco, will have a higher likelihood
of undergoing precipitation compared to those at low SSpeco,. As with the probability
distribution of N,/g, 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 N, N, x 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 Ny and Ngg changes of state are processed in small
batches of nyr and ngg where the ny g : ngg ratio within each batch is as close as possible

to the Ny/g : Ngg ratio.
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With this stochastic method the corrosion and scale formation will still follow general CO,
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 zy 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.

o6



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 Fe?" concentration is known. Then, HCO; and CO; 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 107! 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 SSpeco, inside the scale which is calculated
from all the local SSp.co, across the scale. The local SSp.co, depends on the local Fe?*
and CO4 concentrations which are obtained from the Fe** flux inside the scale (Eq. (2.46))
and Eq. (2.1) and Table B.2 respectively. The Fe*™ 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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S'Sreco,- 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, Feorr + F) 2+] where Fy, is the Fe?t flux

im,Fe

due to corrosion and F}; 2+ is the maximum mass transport current from the bulk of the

lim,Fe

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

global precipitation rate is known with a precision of 10~'* 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 ps) where Ny g and Ngg are less than 1% of N, x N,

2. Calculate Ny and Ngg (Eqgs. (2.54) and (2.56)).

3. Apply the Ny and Ngg changes of state in batches that keep the Ny g : Ngg ratio.
4. Update the bulk Fe*" concentration.

5. Update the bulk concentrations of all species.

6. Update mass transport coefficients k¢ 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 1m~t, 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 CO, 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, 1bar, 1% NaCl, 1m™*
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.”* "

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. 2.0
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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, 1bar, 1% NaCl, Im~ 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 (N, x N,). 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, 1m~! 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
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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 zy plane. Simulation conditions: 80°C, pH 6, 1bar, 1% NaCl, Im~* A/V and
1000 rpm, 2cm 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 CO, 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 (i};,) includes the H™ mass transport
limiting current density (ijmmt) and the CO, hydration reaction limiting current (i, iy, ) 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 Nesic "

and using the
FeCO4 solubility product equation first developed by Sun et al. . Additionally, a dissolution
model for FeCO3 was developed to account for scale dissolution in those environments where

S'Sreco, 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;" 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 zy-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 SSreco, so that higher supersaturation results in higher

chance of precipitation.
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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 zy cell dimensions found to be 200 x 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 CO, 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

CO, 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.'’" 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 CO, 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' 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 SSr.co, at 100 rpm compared to 500 and 1000 rpm
(Fig. 3.1). This translates into an immediate FeCOj3 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 low 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 FeCOj3 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 pm 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 FeCO;3 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.

The current model extends beyond the prediction capabilities of current CO, 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 CO, 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 ' (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 CO, 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, 5.2bar, 1% NaCl and 0.63m™" A/V and a 2cm 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.'"” 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

05105104 To yunderstand the effect of pH on the film formation three corrosion

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

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 CO5 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 Fe** 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 ms~—!. Simulation conditions: 120°C, pH 4, 5.2 bar,
1% NaCl and 0.63m~! A/V

due to the corrosion reaction. Additionally, the [CO4 ] increases as the solution shifts to
higher pH as a result of the corrosion reaction which further contributes to the precipitation

rate increase (Fig. 3.1).

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 SSgeco,
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 [CO5 ] results in higher S Sreco, for the same Fe* 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 [Fe**] and bulk pH for pH 5.4, 6 and 6.6. Simulation conditions: 80°C, 1bar, 1% NaCl
and Im™' 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.”

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,
1bar, 1% NaCl and 1m~* 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.**'"> 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.”""" 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, 1bar, 1% NaCl,
Im™t 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 CO, 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 CO, 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 10m~! 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 10m™!
increases the Fe*™ concentration 10 and 100 times faster than for 1 and 0.1m~" (Fig. 3.7).
This results in a rapid buildup of SSr.co, 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 Fe*™ and
reducing the SSr.co,.- At 1m™" the buildup of [Fe®*] is slower which results in a gradual
change in precipitation rate over the course of the simulation. At 0.1m™' the increase in Fe?"
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 1m™!

are significantly different (Fig. 3.8). The scale formed
at 10m~! 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 1m™! 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 10m~" scale as
indicated by the porosity panel on the left side of the figure. Finally, the simulation performed
at 0.1m™~! left a completely eroded steel surface due to the continuous corrosion throughout

the simulation as no scale was able to form under this conditions.
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Figure 3.7: Model predictions of corrosion rate (solid line), precipitation rate (dashed line),
bulk [Fe*"], bulk pH and bulk supersaturation for A/V ratios of 0.1, 1 and 10m~'. Simulation
conditions: 80°C, 1bar, 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 10m~! after 120 hours. Simulation conditions: 80°C, 1bar, 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 CO4 corrosion temperature accelerates both the corrosion reaction

54,106

and the precipitation reaction. Since FeCO4 precipitation is a considerably slower reaction

the enhanced kinetics at higher temperatures have a significant impact in the precipitation rate.
The FeCOj3 solubility also decreases at high temperatures hence increasing the S Speco,. "
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 1m~!, pH 6 and 1% NaCl.

The simulated initial corrosion rate increases with temperature as reported in the literature

(Figure 3.9).7%'"% At the initial conditions there’s not enough surface SSreco, for FeCOj to
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precipitate immediately. Instead, as the surface SSgeco, 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 [Fe*"] and bulk pH at 60, 70 and 80°C. Simulation conditions: 1bar, pH 6, 1% NaCl
and Im™' A/V.

3.3.4 Pressure dependence

The total pressure determines the CO, 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 SSre.co, 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: 1bar, pH 6, 1% NaCl and
Im™! A/V.

with the following conditions: 80°C, an A/V of 0.1m~!, pH 6 and 1% NaCl.

Figure 3.11 displays the predicted corrosion rate, precipitation rate, Fe** bulk concen-
tration, SSreco, 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 HyCO3; and CO4 concentrations. As the corrosion
process dissolves iron into solution the SSr.co, 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
Fe*" 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 Fe** ions inside the scale which results in a lower supersaturation
compared to the bulk. Therefore, the precipitation rate drops while the bulk SSreco, 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 [Fe®*] at 1, 2 and 3 bar. Simulation conditions: 80°C, pH 6, 1% NaCl and 0.1m~" 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
0.1m~' 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 CO, 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 low 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 H,CO3 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
Fe™ is consumed by the precipitation reaction than produced by the corrosion reaction. This
leads to an interesting scenario where the SSgeco, inside the scale is lower than the SSgeco,

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

COITOS1ion.
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Chapter 4

CO, 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 CO, 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 CO, corrosion environments it is important
to understand the interactions between parameters which requires a prohibitive number of

data points for experimental work.

CO;, 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 CO4 corrosion.'*** 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 COycorrosion: 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 CO, 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, 1m~! A/V and a 2cm 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 x 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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NaCl, 1m~! A/V, and a 2cm diameter RCE at 1000 rpm.

o2
(21

=

w
Corrosion rate (mm/year)

(=2}

Corrosion rate (mm/year)

v75

=
o

no
—

(=23 =2 T | ~1 OO oo =]
S o o & &S
-
[\
[ —
S
Corrosion rate (mm/year)

P (bar)

bar

89



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 1bar 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
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unused parameter is represented across each row of the matrix. Simulation conditions: 1%
NaCl, 1m~! A/V and a 2cm 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
CO4 which leads to a higher S'Sreco, faster than at low pH reducing the amount of steel that
must dissolve in order to reach the same SSgeco,. 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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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 X 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
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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.
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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 FeCOj 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, 1bar, 1% NaCl, 1m~* A/V and
1m/s in a 0.2m 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, 1bar, 1% NaCl, 1m~! A/V and
Im/s in a 0.2m 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 Fe’' 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 CO5 which combined with
the increase in Fe*™ concentration leads to an increase in S SFeco,. This increase is higher at
low temperatures where the FeCOj solubility product (Kj,) is higher.” The precipitation
rate remains relatively similar amongst the different temperatures despite the differences in
SSreco,. 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 CO5> concentrations which determine
the SSreco, 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 SSpeco, for a 3-day simulation at 80°C, pH 6.5, 1 bar, 1% NaCl,
Im™ A/V and 1m/s in a 0.2m 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# concentration
at pH 6.5 the supersaturation is able to recover faster from the lack of Fe>™ 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 Fe**

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 SSgeco, for a 3-day simulation at 80°C, pH 6.5, 1 bar, 1% NaCl,
Im™ A/V and 1m/s in a 0.2m 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 CO, 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 CO5 results in a higher S Sreco, 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 CO4 concentration. On the other hand, the corrosion rate starts
significantly higher than the original due to the increased HyCOj3 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 SSgeco,
inside the scale, however it increases again once the bulk SSr.co, recovers from the lack of
Fe*™ 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.
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5.3 Corrosion inhibitor protection

The use of corrosion inhibitors has been one the most cost-effective corrosion prevention and

105,109 However, the mechanism by which these chemicals

mitigation strategies for decades.
inhibit corrosion is still not fully understood.''” 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. "

In CO, corrosion, inhibitors are designed to either inhibit the cathodic reaction or promote

the formation of the corrosion product layer.!''" However, the inhibition mechanism of some

of the most commonly used inhibitors such as imidazolines is still unknown. '’

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 CQO, 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 6; that determines the fraction of the surface covered by
the inhibitor or, equivalently, the fraction of active corrosion sites blocked by the inhibitor.
f; can be obtained experimentally by fitting the corrosion rate data to the appropriate
adsorption isotherm.'"® 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 (6;) 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 CO4 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 (Az?). 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 6; X N area units where NN 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 #;. The system used for this study was simulated for 5 days and was initialised with
the following conditions: pH 6, 80°C, 1bar, 1% NaCl, 1m~! A/V and 20mm 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 6; of 0%, 25%, 50% and 75%. The corrosion rate of those environments
that contain the inhibitor (#; > 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 Fe?' ions in solution which reduces both the pH and the S Sreco,- 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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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 CO, 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, 1bar, 1% NaCl, Im™ A/V and 1m/s in a 0.2m diameter pipe.
Then, Fe*" 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
@;. 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 6;.
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 6; of
0%, 25%, 50% and 75%. Unsurprisingly, the initial corrosion rate is reduced by the same 6;
fraction. However, as a side-effect of the lower corrosion rates the corrosion scales become
thinner, flatter and less porous for higher values of #; 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 CO, 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).'""""?. 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.''” 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.''"* """ However, CO, corrosion atomistic studies are still
lacking due to the complexity of these environments. DF'T 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 DF'T operates on the electron density of the whole

system rather than the individual wave functions of every single electron.

6.2.1 Schrodinger equation

In principle, the total energy of a quantum-mechanical system can be calculated using the

non-relativistic time-dependent Schrodinger equation:
L d -
Zh% |V (1)) = H|V(t)) (6.1)

where W is the wave function of the system and H 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 Schrodinger equation can be used instead.
H|U) = E|D) (6.2)

where F 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.
H=T,+T,4+ Ve + Ver, + Viun (6.3)

where T}, is the electron kinetic energy, T,, is the nucleus kinetic energy, V.. is the electron-
electron repulsive interaction, Vnn is the nucleus-nucleus repulsive interaction and Ven 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: '

N —Vf
:ZZ:; 2 Z2MA+ZZ\7"1—7"]\

=1 7>t (64)
N M M M 770
DD e D D e
i—1 A=1 |TZ RA| A=1B>A |RB — R

where M 4 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 Z, and Zpg 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. '’

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 () and the nuclear (1,) wave functions:

‘Ijtotal = wewn (6 5)

Consequently, the Schrodinger equation can now be solved independently for the electronic

and nuclear wave functions:

H, [tpe) = Ee |he) (6.6)
I:[n |¢n> = E, ’wn> (6-7)

Applying the Born-Oppenheimer approximation to the electronic system we can obtain the

~

electronic Hamiltonian (H,) from Eq. (6.3) by only including electronic interactions:

~ A

He = Te + ‘A/ee + ‘76n (68)

where due to the fact that the nuclei are considered fixed in space V.n nOW depends only
parametrically on the nuclear positions (R) and T,, is zero. The total energy (Ejoq) can then
be obtained by adding the Vi contribution which is constant within the Born-Oppenheimer
approximation.

Etotal - Ee + ‘A/nn (69)

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):

P(r)e(w)

x(z) =19 or (6.10)

b(r)B(w)

\

where x(z) is a spin orbital wave function, 1 (r) is the spatial component of the orbital and «

and [ 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:
e (6.11)

[ is the angular momentum, r is the distance of the electron from the nucleus and ( is the
effective nuclear charge. On the other hand, GTOs use Gaussian functions to describe the

radial component of the orbital:

YOO (r) o rle=¢r’ (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).'*"

U=> ax; (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.'”’ They
have the following atomic functions meet the antisymmetry requirement.'?! They have the

following form:

xi(1)  xe(wi) - xw(71)
U(er, 29, ) = (N!)% Xl('$2) X2('$2) . XNQ?) (6.14)
xi(zy) xe(rn) - xn(zN)

where N is the number of electrons and (N !)% 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 1 the ground state

energy (Ep) has an upper bound given by:

Ey < (| H |¢) (6.15)

118



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

A

Because the electronic Hamiltonian (H,) contains an electron-electron repulsion term (V)
it is necessary to reformulate the 2-electron operator as a 1l-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.'**'?* The Fock

operator can then be defined as:'"®

F(1) = h(1) + Y [2);(1) = k;(1)] (6.16)

where the (1) indicates that these are 1-electron operators, h(1) are the 1-electron terms of
the electronic Hamiltonian, j;(1) is the Coulomb operator and l%j(l) is the exchange operator

arising from the antisymmetric nature of the wave function.

1 Za

h(1) = —§v§ - ; Y (6.17)
i1 =~ [ dmi @) (6.3
b)) = - [ drai @)= a(2) (6.19)
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Then, the one-electron wave functions can be obtained by solving the following eigenfunction
equation:

F(L)xi(1) = Eixi(1) (6.20)

where x;(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 FEy and the associated wave function ¥, can be obtained by minimising the
energy using the variational principle (Eq. (6.15)). The Hamiltonian is completely defined by
the external (nuclear) potential vex(r) and the number of electrons of the system. Therefore,

the wave function of an system with N electrons is also determined uniquely by vext (7).

Vext — H — U (6.21)

In 1964, Hohenberg and Kohn '** proposed two theorems that would become the foundation
of DFT. The first theorem notes that the external potential Ve (r) is uniquely determined by

the electron density (p(r)) and, consequently, the Hamiltonian operator and the total energy
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are also uniquely determined by the charge density:
P —> Vext — H— U
We can define the energy functional as:

Elpl = Tl + Viulpl + Vielpl = [ pr)ot0)dr + Flg

where

Venlp] = /P(T)Uext(r)

Flp] =T(p] + Veelp]

The second theorem extends the variational principle to the energy functional E|p).

Ey < E[p]

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)

where p(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|p].

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[p].

In 1965, Kohn and Sham '*° proposed to use a noninteracting reference system with no

electron-electron interactions described by the following Hamiltonian:

o= Y (592 + 3 v (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:
N

Tl = 3 (W~ 5Vi ) (6.25)

i

Equation (6.25) can then be reformulated using 7:
F =T,[p] + JIp] + Exelp] (6.29)

where E,.[p] is called the exchange-correlation energy and it combines the nonclassical part

of V..[p] and the difference between T'[p] and T}[p].

We can define an effective potential v.g that adds the coulomb and exchange-correlation
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contribution to the original external potential:

Vot = Vot (1) + 6J1p] | 0Euc[p]
7! , ’
= Vet (7) +/ |Tp(_ 2,|dr + vge(r)
where v, is the exchange-correlation potential.
5Ex0[10]
xrc . 1
telr) = S (6:31)

Then, the electron density p(r) can be obtained by solving the N one-electron equations:

[ - %V2 + Ueﬁ(T)] Vi =g, (6.32)

where the electron density is constrained by:
N

plr) =2 2 wilrys)P (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 E,. is known. However, the
exact form of E,. is not known, hence it must be estimated. An accurate approximation of
the F,. 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.

123



The simplest approximation for the exchange-correlation functional is known as the local-
density approzimation (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

E.. for this and similar approximations is defined as:

ELPA[) = / p(r)ene(pl(r)dr (6.34)

where ,.(p) refers to the exchange and correlation energy per electron of a uniform electron
gas of density p. This approximation works well for slowly varying densities but it tends to
underestimate ground-state and ionisation energies while overestimating binding energies. '’
Therefore, more complex E,. 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.'”®. This approximation is known as the generalised
gradient approzimation (GGA).'*” Additionally, other functionals include the non-interacting
kinetic energy to improve accuracy.'”’ 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. *' These are known as hybrid functionals

and they were implemented in periodic calculations for the first time using the CRYSTAL code. '+

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 wnitio
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.'**'*

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.'*” for CaCOg are used in the
current work as some calculations involve carbonate species. A triple-zeta basis set optimised
by Peintinger et al. '?" 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 8.7
A second shrinking factor of 16 defines the sampling of k-points for the calculation of the
density matrix—the Gilat net.*®'* The truncation criteria for the Coulomb and exchange
infinite sums are set to 1078 for the overlap threshold of Coulomb integrals, 10~ for the
penetration threshold of the Coulomb integrals, 10~8 for the overlap threshold of HF exchange
integral and 107! for the HF pseudo-overlap. The SCF method is used until a convergence

of AE = 1077 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.'*’>'*! 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.""* """ 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. > %0

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 DF'T 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. 17192

a-Fe has a conventional cell lattice constant of 2.8606 A at 0 K and 2.8662 A at 295 K, 193,151

Figure 6.1 shows the primitive and conventional cell of the BCC crystal structure of a-Fe.

(a) a-Fe primitive cell (b) a-Fe conventional cell

Figure 6.1: a-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 DF'T approximations can have a significant
impact on the results and could even lead to the wrong conclusions in some cases.””!70
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.'”"'". 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. 7"

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 HSEQ6.

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 a-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. '*’ Figure 6.2 shows the three lowest Miller index surfaces of a-Fe: (100), (110)

and (111).
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Table 6.1: Iron bulk properties

Functional Lattice Magnetic moment Bulk modulus
parameter (A) (1B /atom) (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

(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 (Fhunx)
and the total energy of a slab of the corresponding facet (Fqap,) as follows: "'

1

Esur = T
7924

(Estab — nEbuk) (6.35)

where Fyg and Eg,, and are the total energy per unit cell at the bulk and of a n-layer slab
respectively. However, g, generally diverges linearly with n when using this method as

161 A way to mitigate this is to calculate the Ep. from two slabs with

noted by Boettger
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

B
N, slab

1
J —— —(EB -
slab B A
Nslab - Nslab

= (B — B (6.36)

where A and B denote two different slabs with unit cell thicknesses N4, and NZ, respectively

A B
and where N7, < N
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Figure 6.3: a-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
Egs. (6.35) and (6.30) 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) a-Fe surfaces
using the PBE functional. density and energy of these three a-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 a-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/ A® Surface energy / atom/A2

(100) 0.122 4617
(110) 0.172 4197
(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.”'"”

Moreover,
CO is the by-product of CO, activation on an iron surface which is a common process in

. . . . . . 32
many applications involving corrosion and catalysis. '’

Erley ? 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. 6.1 for a top view image of the
Fe(110) high symmetry sites) with the carbon atom closest to the iron surface. The measured

L associated to the Fe-C stretching

vibrational spectrum revealed a wide peak around 450 cm™
and a narrower peak around 1900 cm ™! corresponding to the stretching of the C-O bond. The
frequency of the C-O peak shifts towards higher frequencies with more exposure. Erley”
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
HSEO06 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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Figure 6.5: Geometry optimised atomistic models of the adlayer structures identified by
Erley” using the PBE functional.

Table 6.3: CO/Fe(110) high frequency peak

Functional 0.25 ML / cm™! 0.5 ML / cm™!

Experimental 1952-1985 1890-1948
PBE 1725-1815 1879-1932
PBEsol 1747-1843 1907-1960
B3LYP 1755-1875 1894-1955
HSEO06 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
HSEO06 11047.63

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 CO, corrosion
Fe;0, and FeO constitute a considerable portion of the corrosion scale composition formed
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as a by-product of the CO, corrosion process.'**'%> The formation of iron-oxides from pure

iron is initiated by the adsorption of oxygen on the iron surface.'”” Therefore, this adsorption
process has been studied extensively both experimentally and theoretically. 211067169
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. 17105105170 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. "'’

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:

EO/Fe — —L(E(O/Fe) — BE(Fe) — EE(OQ)) (6.37)
No 2

where N is the number of oxygen atoms in the supercell, Escl)a{bF “ is the total energy of the
optimised geometry of the slab with the adsorbed oxygen atoms, EX¢, is the total energy
of the optimised geometry of the clean slab and E®2 is the total energy of the optimised
geometry of the O, 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 F,q 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.'”™ Boys and Bernardi'™ 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:

Epssp(Fe) = EQ e (Fe) — Efj, (Fe) (6.38)
Epssp(0) = ES?EE(O) — E55e(0) (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, Eg;gj(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:

EO/Fe — —(Eg//§§<o /Fe) — EE¢(Fe) — ES(O) — Epsse(Fe) — Epssu(0)) (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 Jm~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

) 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:

Aij = (dij — douic)/douik (6.42)

where d; ; is the distance between the atomic layer ¢ and j. Atomic layer 1 is taken as the
outermost layer of the slab so that d; 5 is the distance between the first and second outermost
layers of the slab. dyu 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.'”>!'™ 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:

where Ej, is the kinetic energy of the photoelectron, hv is the energy of the photon, FEj, is
the binding energy of the electron and ¢ 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. '™

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.” 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.'™
Asymmetric peaks can also be observed for adsorbate atoms on conducting surfaces. > 701!
Tillborg et al.'® 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.'® 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. '™

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 Oy, HyO and CO, is shown in Fig. 6.8 for Fe 2p and O 1s orbitals.”’ 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 O,. 75!

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.'®*. 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.'® 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 (hv =
1486.6 eV, § E = 0) acquired from four ordered phases formed on Fe(110) following exposure
to either O2, CO2, or H20. 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.”. 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.
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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 DET-PDOS. To the right O, Fel, Fe2 and Fe3 DET-PDOS (—2¢V > Er > 2¢V) 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.”. Figure reproduced with permission of the
rights holder, John Wiley & Sons.

6.7 H,CO3;/Fe(110) adsorption geometry

Direct HyCOg3 reduction has been studied extensively in CO4 corrosion as it was thought to
be the origin of the additional corrosion current density obtained under CO, environments

compared to COo-free environments. *+'%%!

% The carbonic acid still plays a major role in CO,
corrosion so it is important to understand its interaction with the reactive surface. To that
end, a HyCO3 molecule is adsorbed at each side of a symmetric (2 x 2) Fe(110) 5-layer slab.
The H,CO3 molecule and the outermost layer of the slab was allowed to relax and geometry
optimisation was performed using different starting geometries for the H,CO3 molecule. Three
different configurations were obtained (Fig. 6.10). In all three configurations the carbonic
acid molecule dissociates into two HT, a O* and a CO, molecule. The HT and the O% 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 CO, 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.'®” On the other hand, the third
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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 H,CO3 molecule could be found it is likely that the
dissociation of HyCO3 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 HyCOj5 is not responsible for
the increase in corrosion rate under CO, 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 CO, 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-Fell0 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 HyCO3 molecule on the surface. The geometry
optimisation performed using DFT resulted in the dissociation of H,COj5 into HT, O and
CO, 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 CO, gas extracted alongside the
oil and water. The CO, 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 CO, corrosion.

A key feature of CO, 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, CO, corrosion models
can in principle simulate long term experiments in complex environments as long as they are
appropriately calibrated. Generally, CO, 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
CO, 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 CO, 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
COy 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.

CO, 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 CO, 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 CO, corrosion. The molecule was found

to be unstable on the surface with a tendency to dissociate into HT, O* and CO.,.

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 CO, 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 DF'T 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 Dbasis sets

A.1.1 TIron 8-64111d41G

26 8

0082.01.0
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

016 8.0

798.262

191.162

63.6885

25.3625

10.7338

3.764

0148.0

48.1434

17.4579

6.9972

3.0791

0112.0

1.3137

0110.0

0.5625

0110.0

0.225

0346.0

30.4821

8.692

3.1008

1.1709

0310.0

0.353683

0.1434

1.0

-0.0052

-0.068

-0.1314

0.2517

0.6433

0.2825

1.0

0.0122

-0.2278

-0.8801

0.9755

1.0

1.0

1.0

1.0

1.0

1.0

0.0583

0.2591

0.5162

0.5656

1

1

1

.00850

.0608

.2114

.3944

.398

.2251

.0215

.085

.201

.3024

.0

.0

.0
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A.1.2 Oxygen 8-411d11G

8 6
0082.01.0

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
0146. 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
0110. 1.0

0.486 1. 1.
0110. 1.0

0.1925 1. 1.
0310. 1.

2.0 1.
0310. 1.

0.500 1.
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A.1.3 Carbon 6-311d11G

6 6
006 2.01.00

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

0134.01.00

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
0110.01.00

0.4834560000D+00 0.1000000000D+01 0.1000000000D+01
0110.01.00

0.1455850000D+00 0.1000000000D+01 0.1000000000D+01
0310.01.0

2.0 .1000000000D+01

0310.01.0

0.6 .1000000000D+01
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A.1.4 Hydrogen TZVP

14

0031.01.0
34.061341000 0.00602519780
5.1235746000 0.04502109400
1.1646626000 0.20189726000

0010.01.0

o

.4157455100 1.00000000000

0010.01.0

o

.1795111000 1.00000000000
0210.01.0

0.8000000000 1.00000000000

A.2 Vibrational frequencies

Table A.1: Vibrational frequencies in ecm™! 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™! 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
PH,0 Wagner and Kretzschmar '
PH,0 Nordsveen et al. '
H,0 Korson et al.'®
Yco, Duan et al. '
v s~ 191
Vin,co, Garcia

Table B.1: References of temperature dependent physicochemical properties

The partial pressure of CO; (pco,) can be calculated using the water saturation pressure

. 188

(pHQO)-

bco, = Ptotal — PH,0 (Bl)

The homogeneous chemical reactions included in the model are shown in Table 3.2 where
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a; stands for the activity of species ¢ and f; is the fugacity of gas ¢ defined as f; = p;; where

©; is the fugacity coefficient of gas i

Reaction Equilibrium
constant
H,O — 2H" + OH" K= ayp+aoH"
aH,0
_ aco,
Coz(g) - CO2(aq) Ky= —""2—
fCOQCLHzo
CO; + H,O = H,CO3 Kpy= (H,CO4
aco,
H,CO3 =— H' + HCOy K, = fHranco;
aH,CO,
a+a 2
HCO; = H' + CO5" Ky Htfcos
AHCO4

Table B.2: Thermodynamic equilibrium constants of the homogeneous reactions involved in
CO, corrosion.

Thermodynamic equilibrium constants can also be expressed as a function of the reaction
rate constants for the forward and backwards reaction:

_ Ky

K —
ks

(B.2)

As described by Kahyarian et al.’® it is necessary to add a correction factor to the
definitions of Ky and K. The equations defined in their corresponding references assume
that CO, and HyCOj are the same species (commonly refered to as CO;) due to the difficulty

of measuring Hy,CO3 individually:

[CO,] = [COy) + [HyCOy) (B.3)
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Constant Reference

K, Marshall and Franck '??
Ky Li and Duan '
Ky Kahyarian and Nesic**
Kea Li and Duan '
Ky Li and Duan '

Table B.3: Thermodynamic equilibrium constants of the homogeneous rections involved in
CO;, corrosion.

hence

VK (B.5)
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B.2 Pitzer model

Na N. Na
In(yy) = Z Ma(2Baa + ZCha) + Z Mo(2® 70 + Z Matrte)

(B.6)
N‘l_l Na Ne Ng
+ Z Z meMmey ¢aa/M+|ZM|ZchmaC’ca—|—Zan nM+ZMF
a=1 a’=a+1 c=1 a=1
Ne Na N.
ln(fyX) = Z mc(QBcX + ZCcX) + Z ma(2(I)Xa + Z mcanc)
Nc—l Ne N. Na (B.7)
+ Z Z memes wcc/M+|leZchmaCca+22mn nX+ZXF
c=1 d=c+1 c=1 a=1

Z 2Mmp ANn + Z 2MmeAne + Z 2MgANg + Z Za MM Nea (B.8)

c=1 a=1

¢Mmn,0
Inen0) == o9 2™ (B.9)

The molecular weight of water (My,o) is 18.015 and the osmotic pressure (¢) is defined as:

2 AS%/2 Ne N,
B - ¢
(p—1)= S my ( 1+ b]1/2) [Z chma(Bca + ZC)

N1 . 021]\;1:1
T Z Z MeMe <(I)fc’ + Z mawcc’a>
J\C[a—_llc *c;}—l
T Z Z MaMar (CI) s Z mawaa c> (BlO)
a=1 a’=a+1
+ Zn Za MnMaAna + Zn ZC M MeAne
n=1 a=1 n=1 c=1

+ Zn: Z Z mnmcmainca]

n=1 c=1 a=1
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F and Z are defined as:

¢ 11/2 Ne N, .
F=-—A (W +szcmcha

c=1 a=1

N.—1 N Ng—1 Ng (B12)
! /
+ E E meme @, + g E MM Py,
c=1 /=c+1 a=1 a'=a+1

where A? is the Dubye-Huckel limiting slope whose temperature dependence was studied by

Pitzer '”* who proposed the following expression:

2

1 e o2
A® = Z(971oN 1) 72 I B.1
5(27PN4) AreeokT (B.13)

The second virial coefficients of opposite-charge ions (Bj’\} v, Bux and B),y) can be obtained

using the following expressions:

By = By + B3k exp (—anx V) + By exp (—12V1) (B.14)
Bux = B0 + B g(anxVT) + B g(12v/1) (B.15)
Blyx = Bixg (anuxVI) /1 + B5cg (12V1) /1 (B.16)
with
g(z) = 2(1 1+ x)e_’C)/xQ (B.17)
$2
d(z) = —2(1 (14t ?)6_$>/x2 (B.18)

The second virial coefficients of same-charge ions (@fb

ii» ®ij and @};) can be obtained using the
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following expressions:

(D?j = 0ij + Eo,, () + 1 Ey,; (1) (B.19)
o = K, (1) (B.21)
with
ZZ‘Zj 1 1
“: N S () — =T (2 B.22
FEy,, (41 ) [J(xm> 2J(SL’”) 2J(x1])] ( )
Ey,, 2iZj 1 1
By, = _(T> + <8[2]> [xijJ/(ﬂfij) = i (i) — 5%’#’(%3‘)] (B.23)

where J and J’ can be approximated by the following empirical equations proposed by

Pitzer '7*:

T

/ T4+ C G exp(—C3x¢t)

(B.24)

7 :xC’z eXP(C3$4C)<Cl (CQ + C304$C4 + 1) + 42> eXp(ngC4)) (B.25)

<01 + 4x§ eXp(C’g,xC4)> i

and Cy; X is defined as:
__ Chx
a 2|Z]\/[Z)(|1/2

Carx (B.26)

Table B.4 contains the references for the parameters O, ¥ and €.
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BO, s 32 and C? Reference

Na—Cl Mgller '°

H—-Cl Holmes et al. '’
Na—OH Pabalan and Pitzer "
Na—OH Pabalan and Pitzer "
Na—HCO; Polya et al. '”*
Na—CO5z™ Polya et al.'”®

Fe—Cl Pitzer *®

Table B.4: References for 3, (M) and B

0 Reference
OH—-Cl Christov and Moller ¥
H—Na Christov and Moller '?”
OH—-CO5" Harvie et al.*"!
Cl-HCO4 Harvie et al.?""
Cl-CO;5 Millero and Pierrot !
CO; —HCO4 Harvie et al.?"
Fe—Na Marion et al. "

Table B.5: References for B, 5 and 5
Y Reference
Na®™—Cl —H Christov and Moller '’
Nat—Cl —OH Christov and Moller '?”
Nat—Cl —Fe Marion et al.”"”
Nat—Cl —HCO; Millero and Pierrot “"!
Na®—Cl —CO5" Millero and Pierrot *"’

Nat—HCO; —CO5
Na"—H"—HCO,
Nat—H"—CO5"
Nat—OH —HCO;
Na®—OH —CO5
H"—Cl —HCO5
OH —Cl —H*
Fe*t—Cl —HCO;5
Fe*'—H"—Cl°

Millero and Pierrot >
Harvie et al.”"!
Harvie et al.

Harvie et al.”"!
200

200

Harvie et al.
Harvie et al.”"’
Harvie et al.?""
Marion et al.?"?
Marion et al.??

Table B.6: References for the ternary intercation term
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B.3 Electrochemistry

Nesic proposed the following empirical equation to describe the rate of iron dissolution:“

. —1a az ale
io = k[OH ]S, ¢ (pco,)™ exp ( ~ o7 17). (B.27)

where k is the rate of reaction constant, [OH |, ¢ is the concentration of OH™ at the reactive

surface, pco, is the partial pressure of CO, and 1 = E,p, — e, is the overpotential.

a1, as and o, depend on the pH and partial pressure as follows:

2 if pH < 4
a1 =4 -—pH+5 ifd4<pH<5 (B.28)
0 if pH > 5

0 if Pco, < 102 bar
az =91  if 1072 bar < pco, < 1 bar (B.29)

0 if Pco, > 1 bar

2 if pH < 4
& =149 -15pH+8 ifd<pH<5 (B.30)
0.5 if pH>5

\
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39,42

The reaction rate of the HER reaction can be described by

aF
e = do[HT]% - B.31
i =l e (= o). (B.31)
where the reversible potential of the HER is a function of the pH:

In(10)RT

Erev = -
F

pH. (B.32)

According to Bockris, a. = 0.5 is the most likely value for the HER which is in good agreement

39,203

with independent experimental data.:

The temperature dependence of iy the reaction can be modelled using an Arrhenius-type

AH (1 1
io = io,ref exp ( — ? (? — T f)), (B33)

where AH has been reported to be approximately 30kJ.*”

equation:

Bockris observed the following relationship between the cathodic current and the pH:*"

dlog i
JpH

= —0.5. (B.34)

Nesic calculated i,ef to be approximately 0.05 Am™2 at 20°C and pH 4.7 Hence the HER

cathodic current can be expressed as

(e )™ a.F
e = zo,ref([ 10]_4 f) exp ( ~ 7 n). (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:
D
O = —. B.36
i (B.36)

Vetter developed the following equation to calculate the thickness of the chemical reaction

layer: %

D TOAUC
5, = 2 Cproduct. (B.37)

kf Creactant
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