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The recent failures in flexible pipes have motivated the exhaustive research of corrosion mechanisms on high-strength carbon steel
armor wires that are the main structural compounds of those structures that mostly operate in seawater environments in the
presence of carbon dioxide (CO,) and confined spaces. Recently, the literature reported discoveries about electrolyte properties
(as Fe*z(aq)/HCO;(an ratio) and supersaturation, near neutral pH inside the confined space, multiphase reactions of
contaminants present in CO, gas, the formation and dissolution mechanism of FeCO, film, and interaction of CO, gas
impurities with the corrosion scale. Therefore, this review is aimed at presenting an up-to-date narrative of the CO, corrosion
phenomenon in carbon steel, connecting background fundamentals with current data studies.

1. Introduction

Corrosion drastically impacts the financial costs of the oil
and gas industry. The International Measures of Preven-
tion, Application, and Economics of Corrosion Technolo-
gies (IMPACT) study, conducted by NACE International,
estimates that the global cost of corrosion is about US$2.5
trillion, corresponding to 3.4% of the global gross domestic
product (GDP) [1]. The reduced service life of structures,
due to the operation in severe service environments,
demands investments in maintenance and replacement of
components to avoid failures and potential environmental
outcomes. Scientists have been investigating ways to over-
come or minimize the corrosion issue since it is imperative
to guarantee the integrity of the oil and gas equipment.
The discussion concerning CO, corrosion, or sweet cor-
rosion, mechanisms in carbon steels was introduced by De
Waard and Milliams in 1975 [2] and extends it up to the
present day without a definitive conclusion for more varied

and complex systems composed of water, carbon steels,
and CO, [3-6]. In offshore structures, it is common to find
CO,-H,0 environments, such as the annulus space of flexi-
ble pipes, where metallic tensile and pressure armors are
present. The geological structure where oil and gas are
extracted produces different amounts of molecules with cor-
rosive properties (such as water and gases). One of the main
corrosive gases in the hydrocarbon product fluids is carbon
dioxide (CO,). When dissolved into the aqueous phase,
CO, can cause several corrosion processes during transpor-
tation from upstream to downstream applications, impact-
ing the inner walls of the rigid carbon steel pipelines [7-9].

Some specific concerns regarding the structure of flexible
pipes and operational conditions should be considered when
assessing CO, corrosion of their armoring steels. Flexible
pipe design comprises concentric and nonadherent metallic
and polymeric layers responsible for providing radial and
axial strength to the structure and barrier protection, respec-
tively. The space between the inner and outer polymeric
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barrier layers, called annulus space, can be flooded with
seawater during operation, leading to the corrosion of
the metallic armor. The permeation of species such as gas-
eous CO, from production fluids to the annulus through-
out the polymeric barrier layers makes the corrosion more
severe [8, 10].

External factors such as hydrostatic pressure and annu-
lus properties such as temperature, pH, fugacity of dissolved
species, and oxygen presence can influence the resulting cor-
rosion mechanism of carbon steels in such environments
[11-14]. Some flexible pipe failure cases related to stress cor-
rosion cracking (SCC) mechanisms in high-content CO, gas
injection pipes were reported recently in presalt fields. These
failures occurred in structures that operated just 10% of their
designed life [15], generating an alert about this degradation
phenomenon caused by CO, and stimulating studies by sev-
eral research laboratories. This review is aimed at mapping
the main contributions of the scientific community over
the last 2 decades on CO, corrosion mechanisms in carbon
steels and discussing the main parameters that influence
the severity of corrosion due to CO, presence in confined
spaces.

2. Fundamentals of the Corrosion
Mechanisms in CO,:H,0:Steel Systems

The major corrosive agents in the oil and gas industry are
carbon dioxide (CO,), hydrogen sulfide (H,S), and free
water. Corrosion that occurs in environments containing
even traces of H,S is called sour corrosion, while in the
presence of CO, only, it is denominated sweet corrosion.
Nesi¢ [3] published a review about the internal sweet corro-
sion of carbon steel pipes. Some of the critical factors will
be discussed here in the present review, for instance, the
electrochemical reactions: (1) the anodic reaction of iron
in an aqueous solution and (2) the reduction of bicarbonate
ions due to CO, corrosion. It is consensus in the literature
that reactions (1) and (2) lead to the formation of FeCOs,
and H,, as products of the corrosive phenomenon [2-7, 9,
11-13]. According to Nesi¢ [3], during iron corrosion in an
aqueous solution, dissolved CO, increases the iron dissolu-
tion rate due to the increase in hydrogen evolution reaction.

Regarding the anodic reactions, Nes$i¢ [3] agreed with
the proposed model by Bockris and Koch [16], which states
that the anodic reaction of iron depends on pH. However,
the authors showed that this dependency decreases for pH
higher than 4. Reactions (1) and (2) are involved in the
mechanism proposed by Bockris and Koch [16], Lorenz
and Heusler [17], and Moiseeva and Kuksina [18].

+2H}

Fe(,) +2H,0(, — Fe(OH), (aq

) yt2e (1)

2HCOj g +26” — Hyq) +2C05 (2)

Due to the instability of Fe (HCO;),, which forms

according to reaction (3), this product dissolves into more

ferrous (Fe*z(aq)) and bicarbonate (HCO3'2(aq)) ions to the
electrolyte.
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Fely + 2H,CO5q) < Fe(HCO;), )+ Hyg  (3)

Gray et al. [19] suggested that the direct reduction of
bicarbonate ions occurs for CO, corrosion at pH <5, accord-
ing to reaction (2). The corrosion rate decreases with
increasing pH at a pH range from 4 to 7.

The study of George and Nesi¢ [20] shows that CO, dis-
solves to produce carbonic acid according to reactions (4)
and (5). The first carbonic acid dissociation results in a
bicarbonate ion and generates a hydrogen proton (reaction

(6)).

COyg) > COxag) (4)

C02<aq) + HZO(I) < H2CO3(aq) (5)

H,CO;,q) < Hi,

(ag) T HCO3(5) (6)

In the subsequent dissociation, carbonate ions are
formed at a higher pH. The electrons involved in reaction
(2) are supplied by the iron dissolution reaction (1). How-
ever, it is still a matter of discussion whether carbonic acid
diffuses to the metal surface to reduce or acts as a supplier
of hydrogen ions through dissociation, being the fastest step.
From George and Nesi¢ [20], it is currently accepted that
carbonic acid direct reduction reaction (2) is predominant
at high CO, partial pressures (pCO,) and high pH values.
In contrast, hydrogen reduction becomes predominant for
low pCO, and pH. Linter and Burstein [21], Moiseeva and
Kuksina [18], and Hernandez et al. [22] have proposed a
mechanism in two steps. Mora-Mendoza and Turgoose
[23] combined these two reactions in order to support their
experimental results. Therefore, at pH 3.8, the concentration
of bicarbonate ions is low, then the precipitation is given in
the following:

Fe(l, + HCOS ) < FeCOy g + Hyyy (7)

As stated by Hernandez et al. [22] and Sun et al. [24], the
process of mass transport when CO, is in contact with water
can be explained by the formation of FeCOj, including the
local acidification process that will dissolve FeCO, and result
in porous scales.

Tran et al. [25] elucidated the mechanism of CO, corro-
sion, through either the direct reduction of bicarbonate or
the buffer effect by supplying H'(,., ions and catalyzing
the hydrogen reduction reaction. The build-up of hydrogen
ions in solution promotes its reduction on the metal surface.

Considering the buffer effect, Tran et al. [25] questioned
whether only the thermodynamically based arguments of
Linter and Burstein [21] are sufficient to prove that the
reduction of carbonic acid cannot be considered a contribu-
tor to hydrogen ions. The authors concluded that the corro-
sion rate is proportional to the partial pressure of CO,
because they related the reduction of carbonic acid as the
dominant mechanism. Nevertheless, if the dominant mech-
anism is the buffer effect with the predominant cathodic
reaction, the corrosion rate will increase due to the increase
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in pCO, only when the corrosive process is controlled by
mass transport.

Tran et al. [25] showed that when the concentration of
hydrogen ions increases (i.e., the pH decreases), the charge
transfer current increases, regardless of the presence of
CO, or not. As well as for different pCO, (1 and 10 bar),
the variation of pH and temperature parameters did not
change their respective charge transfer currents, confirming
that hydrogen ions will permanently be reduced. The
authors concluded that the predominant mechanism is the
buffer effect under the conditions in which the authors per-
formed their experiments. The predominant reaction is the
reduction of hydrogen ions, with carbonic acid being rele-
vant only to act as a source of hydrogen ions due to its dis-
sociation. The compounds arising from the CO, hydration
process are directly linked to the increase in the iron dissolu-
tion rate.

Regarding CO, corrosion mechanisms in mild steel,
Kahyarian et al. [26] investigated the preponderance of
buffer effects and direct reduction of carbonic acid. They
found that the direct reduction of carbonic acid is irrelevant,
similar to Tran et al. [25]. On the other hand, the increase of
carbonic acid concentration in the system, due to the
increase of pCO,, also increases the cathodic current limit
because the hydration restores the concentration of carbonic
acid, supplying hydrogen ions for later reduction at the
metallic surface. The kinetics of iron dissolution, when
exposed to CO,, suggests a relationship between CO, or its
corresponding species and the corrosion of iron, which goes
against what was predicted by Bockris et al. [27]. Finally,
carbon steel, when immersed in an acid solution in the pres-
ence of CO,, promotes the increase in the corrosion rate of
steel due to the ability to buffer CO, and carbonic acid, pro-
ducing an increase in the cathodic current limit [27]. A deeper
investigation of the chemistry related to the solution test or
seawater employed in the corrosion tests should be necessary.

Typically, sweet corrosion occurs when H,O in a vapor
or liquid state is unsaturated, saturated, or supersaturated
by CO, molecules, or it occurs when gaseous or supercritical
CO, is unsaturated, saturated, or supersaturated by water
molecules [28-30]. CO, corrosion in H,O (unsaturated or
saturated with CO,) involves a phenomenon of CO,,q
HCO3‘2(aq4), and CO3'2(aq_) dissolution and FeCOj, precipita-
tion (Figure 1). The dissolved salts can modify the phase
portioning of H,0 and CO, because they can change the sol-
ubility. Generally, the corrosion rate is higher at the initial
immersion time and becomes lower after long immersion
times due to the formation of corrosion products on the steel
surface, leading to pseudo passivation of the substrate.

Several authors have observed differences between the
corrosion mechanisms for supercritical CO,, that is, at tem-
peratures and pressures above the critical point (31.1°C and
73.8 bar), with gaseous or liquid CO, [28, 31, 32]. The solu-
bility of CO, in water increases dramatically from the critical
point onwards [29, 30], which directly impacts the concen-
tration of H,CO,, HCO;', and CO;". The increase in the
concentration of carbonic species accelerates the electro-
chemical reactions and consequently increases the corrosion
rate [33].

2.1. Electrolyte Equilibria. The conditions where the steels
are exposed, the comprehension of the environment at all,
comprising brines, condensed water, gas, or dense phases
with their impurities, affect physic-chemical parameters
where corrosion takes place, with consequent effect on cor-
rosion mechanisms and severities. In this way, some relevant
parameters regarding these will be commented.

Several seawater parameters can be modified with water
depth increase, such as salinity, pH, temperature, pressure,
and oxygenation grade, depending on the condition of expo-
sure of some equipment. During laboratory corrosion tests,
in order to better represent and compare the results, the
majority of researches showed here follows the recommen-
dations of ASTM D1141, SSW, or NaCl5% as test environ-
ments, as they represent many situations in the O&G
industry [19, 34].

According to specific situations of operation, other solu-
tions can be employed, such as those containing distilled
water saturated by CO, or brines saturated by CO, ). Some
examples of electrolytes employed in the literature can be
cited as follows:

(i) NaCl 3.2mol.L"" with adjusted pH to around 4 with
HCI or NaHCO,; (Almeida and Bandeira [12])

(ii) NaCl 0.2 wt% with adjusted pH from 6 to 6.6 with
NaHCO,; (De Motte et al. [35])

(iii) NaCl 1wt% with adjusted pH to around 6 with
NaHCO; (Rizzo et al. [36])

(iv) Distilled water with COyy) at saturated (1 or 30 bar
of CO,,) or supercritical conditions (110 bar and
40°C) with adjusted pH to 4 with NaHCO,
(Almeida and Bandeira [12])

(v) Solutions that simulate the soil in conditions close
to neutrality, composed of CaCO,, KCIl, MgSO,,
CaCl,, and NaHCO; sprinkled with a mixture of
gases such as CO,/N, and O, [37]

The presence of dissolved salts and weak acids proves
that the water chemistry is more complex than pure distilled
water or only saturated by CO, . The concentration of dis-
solved salts can be high (>10wt%), comprising a nonideal
solution.

Equation (8) shows the concentration of CO,, dis-
solved in seawater that depends on its salt concentration
[38]. This improved model proves that the electrolyte com-
position has the main role in corrosion behavior. It con-
siders the wvarious salts that can precipitate if their
solubility is exceeded, such as FeCO,, CaCO,, and CaSO,
(3, 4, 34].

Hco,

RT
~20co, (mNa + Mo, + Mg + mMg) (8)
h 8C027NafClmCl (mNa T Mo, T Mg + mMg)

+0.7mgq s

Lnmeo, = Lnygo, co,P ~
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FIGURE 1: Schematic diagram of CO, corrosion in carbon steel.

where y, is related to the molar fraction of carbon dioxide
in the vapor phase, ¢, is related to carbon dioxide fugac-
ity, P represents the total pressure of the system, g is

related to the chemical potential of carbon dioxide at stan-
dard conditions (at around -393 kJ/mol), RT is the product
between the ideal gas constant (8,134 joule/molK), T is the

temperature in kelvin, 0o, and 8¢o, are related to
N o

interaction parameters between carbon dioxide with sodium
cation and carbon dioxide with Na-Cl, respectively, my,,
Mc,, My, and my,, are related to the molarity of cations:
sodium, calcium, kalium, and magnesium, respectively, m
is related to chloride molarity, and mg, is related to sulfate
molarity.

The dissolved ions in seawater produce the “salting
effect,” whereas a minor CO, amount is dissolved compared
to distilled water or water containing minor concentrations
of salts. In this sense, the ionic strength (IS) equation shown
in (9) can predict the ranking of the salting-out effect [38].

IS = 9)

Y-

n
Z Zim,
1

where Z; represents the charge of ionic species and m repre-
sents the concentration of a solution containing this ion in
mol.L™".

Pressure and temperature can modify the phases in the
system CO,,:H,0(, [39, 40]. Pressure-temperature data
for CO,(g):H,0, system comprises the coexistence of
phases, such as

(i) Vapor rich in CO, or H,O
(ii) Liquid rich in CO, or H,0, and

(iii) Hydrates of crystalline substances composed by an
open water molecule network arranged to entrap
guest molecules

In pure water saturated by CO, two quadrupoles can be
observed: Q, (11.8 bar and -1.43°C) and Q, (46 bar and
9.93°C). A recent study by Zadeh et al. [39] is in accordance
with Diamond and Akinfiev [40], where four phases in equi-
librium are achieved based on phases: L, or LCO, liquid (liq-
uid richer in CO,), L, or LH,O (liquid richer in H,0), vapor
richer in CO,(g), and Cla (identified as CO,-clathrate
hydrate or hydrate) until the lower critical end-point
(LCEP).

The chemical equilibrium of seawater components, the
physical equilibrium of gaseous components dissolved in
seawater, and the impurities present in CO,, justify the
study of complex mechanisms involving the speciation of
dissolved components present in a CO,,:H,0, system
with pH variation.

2.1.1. pH and Dissolved Species. Many researchers over the
years proposed different CO, corrosion mechanisms. De
Waard and Milliams were the first to propose a mechanism
for this system in the 70s [2]. Considering the cathodic reac-
tion as the rate-determining step, a Volmer-Heyrovsky
mechanism for cathodic reactions of carbon steel in an acid
solution was proposed according to the following reactions:

(10)

H+

(ag) +€ > Heay

2H (445 — Hy(g 0u H(+aq) +Higy e — H2<g>'

(11)

Gray et al. [19] correlated the corrosion rates with car-
bonic acid concentration at different pressures and
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temperatures. It could be expressed by equation (12), where
i, is the corrosion current.

logi,=—A*pH + B. (12)

The constant A depicts the dependence of the anodic
dissolution on the pH. The more significant value for A,
obtained experimentally, suggests a correlation between
corrosion rate and the concentration of undissociated car-
bonic acid, i.e., pH. Given equation (13) and since the con-
centration of carbonic acid is proportional to the CO,
partial pressure (pCO,), according to Henry’s law, equa-
tions (12) and (13)

1
pH= -5 log Pcq, + constant. (13)
Equation (14) could be expressed as
o1 '
log 1C=E*A*log Peo, +B. (14)

The referred proposed corrosion mechanism from De
Waard and Milliams [2] starts from the already established
relationship between potential (E) and current density for
anodic dissolution (i,).

E=b,*logi,— b, * pH+c,. (15)

The same can be done for the cathodic current density
when it is assumed that reactions (10) and (11) are the
cathodic reactions of the system, as follows:

E:bk*logik—bk*pH+Ck. (16)

Alternatively, the authors assumed that there is no dif-
tusion limitation in the range of potentials, therefore elim-
inating the E potential from equations (15) and (16),
reached at (8), with A equal to

b.—-b
A= 4. 17
b, +b, (17)

However, the A values calculated by De Waard and
Milliams [2] did not correspond to the experimental value
of A equal to 1.3. Assuming 40 mV/dec and 120 mV/dec,
the values of the anodic and cathodic Tafel slopes, respectively,
the authors reached a value of A equal to 0.5. Therefore, the
high A value obtained experimentally suggests a possible cor-
relation of the corrosion rate with the concentration of car-
bonic acid. Thus, a catalytic mechanism for the cathodic
reaction was proposed based on the following reactions:

H,COs045) + € — Haag) + HCO5 4y

) ) (18)
HCO3 g + H

(ag) = H>CO;

(aq)

The linear relation between pH and corrosion current of
carbon steel associated with CO, in pipelines comprises the

empirical/semiempirical models that consider the fundamen-
tal physicochemical processes studied in the 1980s and 1990s
[19, 34]. The papers assume that carbon dioxide is almost
always present as a byproduct of natural gas extraction in this
hydrated form (H,CO;), and the fundamental physicochemi-
cal process underlying uniform CO, corrosion is discussed
with a mathematical relationship.

The literature proves that all chemical reactions of the
CO,:H,0 system were strongly affected by H"(,,, concen-
tration and CO,, pressure by the respective relations due
to saturation of water with CO,, followed by its dissocia-
tion steps and correspondent equilibrium constants accord-
ing to the following equations [22]:

CO,g (inair) + H,0 < HyCO3,q) Kk =2.58x 107 (at20°C)

. _ _ [H][HCO3] _ .
H,COj )« H' (i) +HCO3 0 Ky = “H,C0, - 42%10
HCO;,. , < H"+CO:? k —M—SOXN’“
3 () 3 @) 2T HCO;]

(19)

The proportional relation between the concentration of
carbonic acid [H,CO;] and CO, partial pressure (Pc )
(equation (20)) and the relation between the concentration
of bicarbonate and carbonate ions with pH and CO, pres-
sure (equations (21) and (22), respectively) suggests that
the dissociation of H,CO; is followed by the reduction of
H,, evidencing the buffering effect [22, 41].

Log[H,CO;] & ~1.43 + P, (20)
Log[HCO;"| <> =7.8 + Log P, — LogH ;) (21)
Log[CO;7?] ¢ ~18.14 + Log Py, — 2 LogH{, (22)

De Waard and Milliams [2] proposed equation (23) to
predict the rate and mechanism of carbon dioxide corrosion
on carbon steel, which depends on the partial pressure of
CO, and temperature.

2320 5.55

Log V. =7.96 -
o8 Ve 2732+ T 1000

T +0.67 Logpwz,
(23)

where V. is the surface average rate of metal weight loss
(g/(m°h)), pco, is the partial pressure of carbon dioxide
(bar), and T° is the temperature ("C) (applicable at pCO, <
10 bar and T < 140°C).

The pCO,, described by equation (23), presents a strong
effect on pH, which is associated with the dissociated species
of CO, in water (see equations (20)-(22)), as well as
adsorbed species [18].

Coz(g) (in air) + HZO < COZ(soluble) + HZO

© COyaq5) + HyO = HyCOy s
(24)



The pH act directly on corrosion behavior as the primary
determining factor on the cathodic half-reaction of the cor-
rosive phenomenon of CO, of steel alloy, whereas the anodic
half-reaction at free oxygen conditions in a wide pH range is
the following reaction [18]:

Feo(;) +2H,0 o Fe(OH), o +2H/y

+2e” (25)

Moiseeva and Kuksina [18] proposed the half-cathodic
reactions shown in Table 1, where the reactions are divided
according to the pH range, as follows:

(1) pH <5: COyy exists in the molecular form mainly
and H,CO;q, is the main depolarizer of the
cathodic process according to Table 1

(i) pH ~6.5 to 6.8: the ratio between H,CO, e HCO;  in
solution is approximately 3:7, and the cathodic
process can be followed in two ways as presented
in Table 1

(iii) pH >6.8: the percentage of bicarbonate ions in
aqueous solutions achieves 99%. Under those condi-
tions, dissolved bicarbonate ions are the dominant
depolarizers according to Table 1. On the other
hand, the anodic half-reaction (Table 1) produces
a siderite film at pH >6.8. The previous layer of iron
hydroxide (Table 1) reacts with bicarbonate anion
producing more siderite film (Table 1). The bicar-
bonate ions in excess can react with iron carbonate
promoting the dissolution of siderite film according
to Table 1 that shows the complex soluble [Fe
(CO3),1 %)

(iv) pH =7: the cathodic half-reaction dominant is the
H,O reduction that increases OH’ ions in solution
(Table 1). CO32' ions accumulate in solution
according to Table 1

It is crucial to remember that pH acts directly on the
corrosive phenomenon but never alone. The temperature
can intensify the corrosion phenomenon because it pro-
motes a more porous and permeable corrosion product
layer on the steel surface (reactions in Table 1) between
25 and 40°C. A denser layer on the steel surface can mod-
ify the corrosion mechanism, promoting a deceleration of
the general corrosion at 60°C (according to reactions for
pH > 6.8 shown in Table 1) [18] due to pseudopassivation
effects.

The reduction reactions of carbonic acid and bicarbon-
ate anion (reactions (26) and (27)), with a decreased proton
concentration near to surface (reaction (28) and reduction of
water (reaction (29), promote a higher pH on the surface
when compared to the bulk values according to a study car-
ried out with NaCl 1 wt% saturated with COy) [42, 43].

2H,CO; + 2e & Hy ) + 2HCO; (26)

2HCOj3 5 +2e © Hyy) +2CO05 (27)

(aq.)
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TasLE 1: Half-cathodic reactions according to the pH range for the
CO,H,Oy:steel system [18].

pH range Half-cathodic reactions
pH <5 H,CO;5 (o5 + € = Hyge + HCO;3 4,
Hcog(sol.) tee Hads. + CO%(_aq.)
6.5< pH - -
<6.8 P HCO3(ads.) teo Hads. + Cog(aq,)
2 Hads. - HZ (ads.)
HCOj 1) + Fefy) > FeCOy( + H{yg) +2¢
pH >6.8 Fe(OH)z(S) +HCO;,y) « FeCO;( + H,0() + OH
- -2
FeCO; () + HCO; ) < [Fe(CO3)2] ) T H(+aq‘>
2H,0+2e< Hyg +20H
pH >7 2 - 2-
HCO5™ + OH,y ) © CO;3q) + H,0
2H' +2e & Hy (28)

A series of measurements were performed by Han et al.
[44] to compare bulk pH (pH,) to surface pH (pHgpce)
in the corrosive process of mild steel. The corrosion tests
employed a NaCl 1wt% solution (saturated with CO,) at a
total pressure of 1 bar CO, and partial pressure of 0.97
CO,. The authors observed a higher pH .., approximately
5.7 at 25°C and 6.2 at 80°C, while the pHy was approxi-
mately 4 for the studied temperature range.

The diffusion coefficients of species from the bulk are
often a limiting factor because protons are consumed on
the steel surface faster. As can be seen in Table 2, H" ,, ) pre-
sents a higher diffusion coefficient (9.312 x 10~ m?/s) when
compared to other species involved [45].

The conditions of thermodynamically nonideal solu-
tions, such as seawater, should be preserved as closely as
possible in the laboratory corrosion tests to reproduce oper-
ational conditions. In this sense, experiments carried out in
artificial seawater solution (ASTM D-1141 [49]) prove this
similarity at pH 8.2 [3, 50]. This estimation assumed that
the infinite dilution theory is valid, ie., the activity coeffi-
cients for all chemical species are assumed to be the unity.
The effect of nonideal behavior consists of systems with
higher pressures where ion-ion and ion-neutral molecule
interactions can be significant, promoting changes in the
concentration of solutions and affecting speciation and
transport properties, typical for concentrated electrolytes
such as seawater [51]. Regarding speciation, the association
of ions needs to be considered. The presence of undissoci-
ated neutral species promotes significant changes in con-
ductivity, concentration, and activity coeflicients in NaCl
0.05 mol.L™" [50].

Seawater saturated with CO,, decreases the pH to 5
and strongly influences the corrosion rate, as showed exper-
imentally and computationally by Dugstad [52]. The typical
pH of CO,-saturated condensed water is about 4. Figure 2(a)



International Journal of Corrosion

TasLe 2: Diffusion coefficients of reacting species from bulk in
CO,:seawater:steel system (adapted from [45-48]).

Species Diffusion coefficients (m?/s) Source
H' o) 9.312x107° (35]
OH'(,,, 5.26x 107 (36]
CO,qq 1.96 x 107 (35]
H,CO5 ) 2.00x 107 (37]
HCO; () 1.105x 107 (36]
CO5 %) 0.92x107° (37]
cr 2.032x107° [36]
Na* () 1.334x107° [36]
Ca"? ) 0.79x107° (36]
Fe'? ) 0.72x107 (37]
Ba ) 0.847 x 107 [36]
S g 0.791x107° (36]

shows the concentratlon of CO, () HyCO;5q) HCO; (g
and CO3(dq) in synthetic seawater (SSW) according to the
pH values proposed by Konig et al. [53] and by Kahyarian
et al. in 2016 [50], the last in solution 0.5molL" NaCl
(Figure 2(b)). For these two environments, the effect of
bicarbonate ions is preponderant when the CO,, buffered
brine turns the pH value to around 5.

The simulated soil solution used by Wang et al. [37]
represents a more conductive environment at near-neutral
conditions, similar to the external environment of buried
pipelines where near-neutral stress corrosion cracking
occurs. This electrolyte is composed by 0.05 mmol.L™" KCI,
0.11 mmol.L"" MgSO,.7H,0, 0.17mmol.L"" CaCl,.2H,0,
0.23mmol.L”" NaHCO,, and 0.61 mmolL™" CaCO;. The
solution was bubbled with a gas mixture composed of 5%
CO,/balance N, or 3%0, and 5% CO,/balance N,.

The pH has a direct effect on the corrosion rate and the
direct reduction of H" () ions for pH <4, particularly at a
lower partial pressure of CO, [42]. The probability of involv-
ing H,CO;(,q and HCO; () soluble or adsorbed species
and molecular or dissolved species such as CO,q4 )
CO4 401> and CO5> (aq, @ depolarizers in oxygen-free aque-
ous media saturated w1th CO, depends on the partial pres-
sure of CO,, pH, temperature, and the hydrodynamic
parameters of the environment. So, variations in pH and
pCO, change the pattern of cathodic and anodic processes.
The general equation for the cathodic reaction rate can be
given by the following equation [50]:

(30)

. -ua.F.E
Leathodic = ch[COZ] €xp [ RT :|’

where F is the Faraday constant, k. is the reaction constant,
and [CO,] is the CO, concentration in the solution.

Barker et al. [4] showed that pH can act on the CO,:H,0O
equilibrium by significant variations in Fe+2(aq4> solubility in

a solution containing chloride ions at different pressures
from Dugstad et al.’s [52] study. It is plausible to conclude
that differences in pH from the metal surface (pH ~5.7) to
bulk (pH ~6.2) provide different quantities of dissolved
Fe'? across the solution, i.e., from the metal surface to the
bulk electrolyte, resulting in a variation of the amount of
FeCO, that is deposited [44].

The probability of corrosion or precipitation and scaling
tendency is related to the speciation chemistry of Fe*™> and
Fe"’ modified according to pH values in seawater
(Figure 3). As the Fe*? (Figure 3(a)) concentration decreases
for pH greater than 8 and the Fe*? (Figure 3(b)) concentra-
tion decreases for pH greater than 4.5, the iron dissolved
concentration in seawater is minor: around 0.05 to
2n.mol.L"' [54]. In the same way, the precipitation of fer-
rous compounds, such as FeCO,, occurs under specific con-
ditions of pH, temperature, and strength force according to
previous works [55].

The possibilities of corrosion or precipitation rate and
scaling tendency according to pH values were reported by
Nesic¢ et al. [42], and all possibilities are the results of the
complex mechanism of saturation, nucleation by precipita-
tion, and growth of siderite film. This mechanism is a conse-
quence not only of the pH values but also of temperature
and pressure effects. Hence, the equations explained in this
chapter should be associated with dissolved iron and super-
saturation to better clarify the sweet corrosion.

2.1.2. Dissolved Iron and Corrosion Rate. Carbon steels are
employed in several oftshore components that face CO, cor-
rosion. The major microstructures present in these steels are
composed of ferrite and perlite, and when exposed to environ-
ments containing water and CO,, preferential ferrite dissolu-
tion occurs, leaving the lamellar cementite (Fe,C), which is a
more noble structure on the surface [56, 57]. Cementite acts
as a cathode, and hydrogen reduction occurs on this structure,
creating a galvanic coupling with ferrite and accelerating the
ferrite dissolution, which contributes to iron dissolved as a
contaminant in seawater. The preferred dissolution of ferrite
also contributes to the localized corrosion process, besides
other factors such as alloy composition, heat treatment, sur-
face defects, level and nature of nonmetallic inclusions, and
slip band dissolution [58, 59]. For closed systems, such as flex-
ible pipe annulus, Fe*? aq Was indicated as a contaminant and
is found soluble in a very small volume, turning the flooded
annulus region supersaturated with iron [60, 61].

The carbonic gas dissolved in seawater can act like
chemical binders and catalyze iron dissolution, independent
of pH [62]. This behavior can increase iron anodic dissolu-
tion without iron carbonate protection according to reaction
(31). Whereas Linter and Burstein [21] proposed that the
kinetic of iron dissolution is not affected by CO,, indepen-
dent of the corrosion mechanism, the opposite was proposed
by Nesic et al. [63].

Fe()—>Fe( o T2€ (31)

Then, carbon steel corrodes in environments containing
CO,, producing dissolved iron in seawater, which can react
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CO3'2(aq) dotted blue line in CO,/water equilibrium at pCO, =1 bar, T =25°C, and 0.5 M NaCl (reproduced from Kahyarian et al. [50]

under the Creative Commons Attribution License/public domain).

with carbonate anions and produce a corrosion film com-

+2 -2
posed mainly of iron carbonate or siderite (FeCO;) (reaction Fe(aq_) i HCO3(aq) = Fe(HCO,), ) (33)
(32)). Thus, FeCO, is believed to occur through a one-step
reaction process with carbonates. However, a two-step reac- Fe(HCO3)2(aq) © FeCOs,) + COyg) + Hy0y (34)
tion involving bicarbonates (reactions (33) and (34)) has ) ) )
also been proposed [4]. The formation of FeCO; through bicarbonate ions was
also supported by Davies and Burstein [64], consisting of
Fe (+a2q) +CO;(2aq_) o FeCO (32) “multiple-step reactions.” They assume that other ions

are responsible for the dissolution rate of Fe (reactions
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(35)-(38)). According to the authors, the stable complex
anion Fe(CO;);~ should be incorporated into the COygy-
Fe:H,O system, and has a fundamental contribution to
pitting formation on the steel surface.

Fe( +2H,0 < Fe(OH), +2H[,y +2¢”  (35)
Fef,) + HCO3 ) < FeCOy ) + Hy, ) +2¢7 (36)

Fe(OH)Z(S) + HCO;(aq.) < FeCO3(S) + HZO(I) + OH(_aCI) (37)

FeCOy ) + HCOj3 g © Fe(CO; )3, + Hiyg)

(38)

The consensus from the literature is that FeCO, forms
via reactions (24) and (33) [8, 22, 62, 65]. The dissolution
of siderite film in acid media should be considered as a
sequential reaction.
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The influence of iron saturation on corrosion rate can
be observed in the work carried out by Rogowska et al.
[66]. The authors evaluated the influence of the iron con-
centration on the corrosion of carbon steel in an environ-
ment containing CO, at 1 bar. From the mass loss
measurements, the general corrosion rates decreased with
increasing Fe*" concentration. The addition of 1300 ppm
Fe** resulted in a reduction of 97% in the corrosion rate.
On the other hand, without Fe** in solution, the corrosion
rate increases along with 242h of exposure time. In this
sense, the addition of dissolved iron reduces the corrosion
rate (Figure 4).

Based on the work of Bockris et al. [27], Linter and Bur-
stein [21] admitted that the presence of a porous scale,
formed by Fe(OH), before the formation of FeCOj, occurs
in a deaerated electrolyte at pH 4. The authors proposed that
the CO, initial reaction was the formation of FeCO, from
the hydroxide iron layer, resulting in

Fe(OH)2 5) + C02<aq) — FeCO3(s) + H2<g) (40)

(

However, gaseous CO, can also follow other routes to
participate in corrosion reactions through its associated
aqueous species. As seen in the research of Kern [67], the
dissolved CO, in water at pH 4 results in the formation of
carbonic acid (H,CO;), considered the determinant step
for the corrosion mechanism of steel. Afterward, this acid
is dissociated into bicarbonate and carbonate ions, respec-
tively, HCO, and CO,”". As iron carbonate is stable thermo-
dynamically at pH 4 when compared to iron oxide,
according to the Pourbaix diagram, reactions (41) and (42)
are expected [29]. In this manner, solid FeCO, comes from
iron hydroxide (Fe(OH),). Imperfections in the Fe(OH),
corrosion film, such as pores, allow siderite to grow outside
the preexisting hydroxide corrosion scale.

Fe(OH)2 + H2C03<aq) — FeCO3(S) + 2H20<l)

(41)

(s)

Fe(OH),,, + HCO ) + Hpy — FeCOs ) +2H,0,

(42)

(s)

The pH produces a dislocation of equilibria of several
species in seawater and modifications to chemical and elec-
trochemical equilibrium. The involved reactions according
to the pH range are described below and summarized in
Table 3.

(i) For pH lower than 5, a direct reaction of iron with
carbonic acid is an alternative route to that pro-
posed by Linter and Burstein [21] in the pH 4.
However, Fe(HCO,),, is unstable and comes to
decompose in sequential reactions, creating a solid
siderite layer on steel substrate
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F1GURE 4: Iron dissolved (Fe*z(aq)) as a function of time (h) for tests
with different initial dissolved iron contents (reproduced from
Rogowska et al. [66] under the Creative Commons Attribution
License/public domain).

(ii) AtpH ataround 6.8, some authors predicted that due
to a higher concentration of HCOy, direct reduction
with iron, and/or iron hydroxide may occur

(iii) For pH higher than 7, the previous reactions com-
ments in reactions become predominant, increasing
carbonate and hydroxyl contents in confined sea-
water. This accumulation of hydroxyl ions (OH")
in the solution favors the equilibrium related to
increasing the concentration of carbonate ions
(CO327(aq))

The protection level of hypoeutectic steel is related to the
properties of the siderite layer. The conditions of electrolyte
supersaturation and impurities in the system influence the
scale equilibria at different temperatures and pressures. So,
a specific chapter about scale equilibria will be introduced
to clarify the topic.

2.2. Scale Equilibria

2.2.1. Supersaturation. The consensus in the literature is that
the supersaturation value of siderite (SS) is a critical param-
eter that provides information about the aggressive or pro-
tective character of confined seawater to carbon steel alloy
[44, 50, 51]. Barker et al. [4], Burkle [9], Sun et al. [24],
Rogowska et al. [66], and several authors represent the SS
expression (equation (43)) as the ratio of the product
between Fe+2(aq') and CO3'2(aq_) by the term K.

$Sreco.. {Fe@zq)} Jcoﬂ%iq)} . (43)

Sp

Sun et al. [24] reported the modeling of iron saturation
considering siderite supersaturation and temperature. The
results followed the experiments of Dugstad [68] and origi-
nated a unified equation, comprising a better comprehen-
sion of the siderite precipitation equilibria. Figure 5
clarifies the situations under saturation and supersaturation
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TaBLE 3: Reactions and pH range for CO,,:H,0y:steel system [21, 68].

pH

Reactions

Lower than 5 (significant [H,CO,])

Fe(y) + 2H,C0; 4y — Fe(HCO3), + Hyg)1

Fe(HCO;), ) — Fe{,,) + 2HCO;

HCOj ) — H{yy + Cog(-aq>

.
(aq

Fel;, +CO3,

(aq) — FeCOsq)

At 6.8 (significant [HCO3'2])

Feyy + Hcof;q) — FeCOs + Hy +2€
Fe(OH)Z(S) +HCOjy,,) — FeCOs(5) + H, Oy + OH )

Higher than 7 (significant [CO3’2])

Fe(z) + CO3l,, ) < FeCOy

80
70 ~
60
50 4
40

Supersaturation

Fe?* concentration (ppm)

30 +
20 4 Under saturation
10 A
0 T T T T
0 20 40 60 80 100

Temperature (°C)

e Dugstad’s experimental data (21)

—— Unified equation’s calculated results

FIGURE 5: Comparison between the experimental saturated Fe'?
concentration provided by Dugstad and the calculated saturated
Fe'? concentration using the unified equation at different
temperatures (reproduced from Sun et al. [24] under the Creative
Commons Attribution License/public domain).

related to iron dissolved and temperature. The similarity
between Dugstad’s experimental data and the unified equa-
tion’s calculated results is evident.

Chokshi et al. [69] investigated the effect of different
supersaturation values of FeCOj;, in a pH range from 6 to
6.6, on the corrosion rates of X65 steel along immersion hours
[70]. At pH 6.3, a low level of supersaturation was achieved,
§S=7, with the corrosion rate slowly decreasing over time,
reflecting the formation of a porous and nonprotective film.
However, in the case of pH 6.6, the supersaturation achieved,
SS = 150, provided a rapid decay of the corrosion rate due to
the formation of protective films (Figure 6).

The supersaturation is directly proportional to the
Pe+2(aq) concentration (as can be seen in reaction (43))
and, according to De Motte et al. [70], is inversely propor-
tional to the corrosion rate. The authors performed immer-
sion tests at pH 6.3 and 6.8 to investigate the influence of pH
on the precipitation of FeCO; in a brine containing CO, at
80°C (Figure 7). At pH 6.8, there is a sharp drop in the cor-
rosion rate over 20 hours of immersion, indicating the for-
mation of a more protective film in comparison to pH 6.3.
Additionally, the dissolved iron concentration is much lower
in the system with pH 6.8, corroborating the formation of a
more protective film at a higher pH value.

De Motte et al. [71] studied the pH developed near the
surface of X65 carbon steels during immersion tests. The
pH values addressed, pH 6 and pH 6.6, were similar to De
Motte et al. [70]. The conditions of the experiments were
80°C and a stagnant solution of pCO, at 0.54 bar, with con-
tinuous bubbling in brine. The corrosion rates were deter-
mined through the linear polarization resistance technique
(LPR), and the open circuit potential (OCP) was measured
over 12 days of immersion to evaluate the development of
a corrosion scale. At the end of the test, corrosion rates of
0.04 and 0.02mm.y" were measured for pH 6 and 6.6,
respectively. On the other hand, the corrosion rate becomes
stable after 9.4 days at pH 6.6 (Figure 8(a)). This behavior
agrees with the positive shift potential observed in
Figure 8(b), and according to literature [44, 72], this is due
to a protective “pseudopassive” film formation, resulting in
lower corrosion rates and an increase in OCP values.

Several subsequent publications improved the CO,:H,O
system studies including the effects of flow rate [73], non-
ideal solutions, protective scales [74], and steel microstruc-
tures [7].

2.2.2. Scale and Impurities Interactions. CO,, impurities
transform the corrosion scale formed due to their oxidant
properties. Even low quantities of impurities present in
CO,, are sufficient to generate a galvanic cell after dissolu-
tion/recrystallization of siderite film and/or decrease the sol-
ubility of water in CO,, producing more corrosive situations
[75-79].

Sun et al. [75] showed that several products present
inside a dense phase can interact with the film formed on
steel according to the following reactions:

4FeS ) + Oy + 2H,0 ) « 4FeOOH ) +4S )
4FeSO, ) + 6H,0y) + Oy, > 4FeOOH ) + 4H,S0, )
4FeCO, ) + 6H,0 ) + O,y < 4FeO0H ) +4H,CO;
2H,Sg) + Oy < 25, + 2H, 0
2H,Sg) + SOy < 35 +2H,0y,
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The corrosion products can react when in contact with
strong oxidants, such as O,(,), and can easily modify the
properties of the early corrosion product formed [76, 77].
In comparison, H,S promotes water-free scales by reducing
the H,O, solubility in CO,, [78]. The sour corrosion
occurs if H,S,) pressure exceeds 0.05 times CO,, pressure.
A mixed process between sour and sweet corrosion occurs
only if H,S., pressure is greater than 0.002 times CO,,
pressure and lower than 0.05 times CO,, pressure. So, sour
corrosion enhances the corrosion damage to metallic struc-
tures [79].

Sun et al. [77] evaluated the stress corrosion of X65 steel
at 80 bar of CO,,) and 50°C in four conditions: (i) 1000 ppm

of Oy, (i) 1000 ppm of NO, ), (iii) 1000 ppm of SO, ),
and (iv) 20 grams of H,0y,. The authors observed that the
impurities promoted higher corrosion rates, but NO, and
SO, presented a more pronounced effect than O,. Addition-
ally, the environments with impurities increased the SCC
susceptibility of the steel.

According to Basilico et al. [80], a pseudopassive scale
turns steel substrate highly susceptible to localized corrosion
by pits, attributed to changes in the local chemistry of corro-
sion scale, such as dissolution/reprecipitation of siderite and
prior precipitation of oxides on the surface alloy by O,
contaminants. The authors evidenced a clear tendency to
pit formation on API X65 carbon steel immersed in a test
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solution with 171 ppb O, . The authors attributed a forma-
tion of a galvanic pair between O,-depleted areas (anodic
sites) and the rest of the surface (cathodic sites) as the pri-
mary mechanism of initiation and propagation of pits, even
at very low concentration (hundreds of ppb O, ). Figure 9
shows the SEM images of the corrosion films obtained dur-
ing the O, feed, 24h, and 4 days after the O, feed cut
(Figure 9(d)). Chukonavite and magnetite films are achieved
in the inner area of the tubercular structures according to
Figure 9(a)) under O, contamination. Chukonavite crys-
tals are the main constituent present at pit depth, as evi-
denced by Figures 9(a) and 9(b), confirming its detrimental
effect on the localized corrosion process of carbon steels.

Li et al. [76] employed electrochemical spectroscopy
impedance to study the behavior of 5L X80 steel immersed
in a water-rich phase containing CO, at 35°C and 80 bar.
A similar equivalent circuit composed by R.[Qg4[R(Q;R,)]
was fitted in the three environments tested: (i) water-rich
phase without contaminants, (ii) contaminated by O,, or
(iii) SO,. The circuit elements can be related to electrolyte
resistance (R,), the constant phase angle element of the elec-
trical double layer (Qg), charge transfer resistance (R,), the
constant phase angle element related to scale (Q,), and the
resistance related to scale (R;). The decrease of resistance
(R, and R;) and increase of constant phase angle element
(Qq and Q,) values show the deleterious effect of the con-
taminants compared to the water-rich phase. The presence
of NO,, as a contaminant shows a circuit composed of
Re[Qg[R(Q,R;)W]. The presence of Warburg impedance
(W), the lower resistances (R and R,), and the higher con-
stant phase angle element (Qgq and Q) were attributed to
the poor adhesion of the scale to the substrate and a gravelly
corrosion product.

2.3. Effect of Temperature. Several studies have been reported
on the influence of temperature on corrosion mechanisms
for steel alloys [81-86]. The temperature plays a main role
in iron carbonate precipitation kinetics, forming a protective
or nonprotective film on the steel surface. When the temper-
ature and supersaturation levels in the bulk solution are ele-
vated, significant deposition of corrosion products occurs

and probably leads to the forming of a protective film of sid-
erite (FeCO;) [3]. The precipitation rate is slow, and the rel-
ative supersaturation becomes particularly high at low
temperatures (<40°C), resulting in a porous and poorly
adhered layer, which hinders surface protection [52]. On
the other hand, improved steel protection is observed at high
temperatures (>60°C) due to the formation of crystalline and
dense FeCO, layers. This is proportionated by the fast pre-
cipitation rate of FeCOj, at higher temperatures.

Modeling of siderite precipitation was proposed by Mar-
ion et al. [87], following previous studies by Helgeson [88]
and Greenberg and Tomson [89]. The equilibrium constant
of siderite as a function of temperature can be demonstrated
by equations (45)-(47). Thus, the increase in temperature
generates a decrease in the solubility product of FeCO,.

1365.17
Logk,, = —14.66 + T, (45)
-2.1963
Logk,, = -59.2385-0.041377 T, —
¥ Ty (46)

+24.5724 Log (Ty),

Logk,, =Logk AR ! . :

ogk,, =Lo EEwrerd G -

g Ksp 8 K298.15 2.303R\T, 298.15 2.303RT,
Ty

1
—_— ACdIn T,
2.303RTy J 19815

Tk
X J ACT ) +
298.15
(47)

Zhang and Cheng [90] evaluated the corrosion behavior
of an API X65 pipeline steel at 30, 60, and 90°C. Electro-
chemical measurements were conducted in a simulated
CO,-saturated oilfield formation water. The morphology of
the corrosion products was characterized by scanning elec-
tron microscopy (SEM). The authors observed no scale for-
mation at 30°C, whereas a scale with a compact structure
was found at 60 and 90°C. The higher temperature (i.e.,
90°C) produced the film with the minimum crystallite size,
approximately 1 um. This was attributed to the increase in
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FIGURE 9: SEM images of localized corrosion on API X65 carbon steel (a) during O2(g) feed, (b) 24 h, and (c) 4 days after O2(g) feed cut. (d)
Detail of crystals at the base of the pit (reproduced from Basilico et al. [80] under the Creative Commons Attribution License/public

domain).

the nucleation rate of FeCO;. Furthermore, substrate protec-
tion was enhanced as the temperature increased.

Zhou et al. [91] studied the corrosion film deposited
onto Q235 carbon steel at different temperatures. The films
formed from 30 to 60°C were poorly compact and adherent,
showing some cracks, pores, and gaps. The thickness of the
films increased slightly with the increment in temperature.
A compact and dense FeCOj, film only began to form at
70°C, and a similar no-crack structure was achieved at 80
and 90°C. The corrosion product achieved at 90°C present
crystals coarser and bulkier than those at lower tempera-
tures. In this case, the film was mainly composed of FeCO,
but presented a small amount of Fe;O,, which impaired
the substrate corrosion resistance and resulted in a higher
corrosion rate.

Nesi¢ et al. [42] reported the temperature effect on the
precipitation rate/corrosion rate relation of carbon steel
immersed in CO, solution at 1 bar of CO, with pH 6
and dissolved iron concentration at 1ppm. In tests per-
formed at 50°C, the surface scaling tendency (SST) reached
unity and favored the formation of a protective corrosion
film. In addition, an increase of a thousand times in pre-
cipitation rate kinetic constant (kgr) was observed as the
temperature varied from 20 to 70°C. Any protective corro-
sion product was formed below 50°C because SST <1 for
these conditions.

Experiments were carried out by Honarvar et al. [92] in
the temperature range from 55 to 85°C for X70 carbon steel.
The samples were immersed in 3 wt% NaCl brine and deaer-
ated with a constant injection of CO, at atmospheric pres-

sure. The iron carbonate precipitation was monitored over
72 hours. In the same way as Nesi¢ et al. [42], the minor
temperature (i.e., 55°C) was insufficient for iron carbonate
formation, independent of the analyzed pH. Honarvar
et al. [92] concluded that the iron carbonate precipitation
in temperatures below 65°C is not associated with protective
properties. On the other hand, the condition at 85°C and pH
6.5 was the better parameter combination for protective iron
carbonate formation. The increase in temperature produced
a dense and thicker FeCOj, layer.

In order to evaluate the influence of temperature on the
corrosive behavior of API X100 steel in solutions containing
HCO; and CO,, Eliyan and Alfantazi [93] varied the con-
centrations of the bicarbonate ion for the conditions of
20°C and 50°C. The authors calculated the corrosion rates
for a solution containing 10 and 50g.L™" of bicarbonate.
The lower bicarbonate concentration achieved a higher cor-
rosion rate, regardless of the system temperature. Addition-
ally, high bicarbonate levels lead to a higher formation of
protective films. The test at 50°C resulted in an abrupt drop
in the corrosion rate, evidencing the strong influence of tem-
perature on the kinetics of the corrosion product precipita-
tion from the bicarbonate ion.

Experiments conducted at temperatures above 80°C
demonstrated the occurrence of other compounds in the
corrosion films besides FeCO; ([35, 84, 94-96]. Chukanovite
(Fe,(OH),CO;) was observed in association with siderite
(FeCO;) by Tanupabrungsun et al. [95] in 4-day tests at
80-150°C. Fe,(OH),CO; is considered a metastable constitu-
ent that leads to the formation of FeCO,. The authors



International Journal of Corrosion

evaluated the morphology of the corrosion products, where
prismatic shape crystals were related to siderite presence,
whereas plate-like crystals were associated with chukanovite.
Regards the corrosion rate, protective films formed above
120°C lead to a decrease in corrosion rate.

Han et al. [94], Hua et al. [84], and De Motte et al. [35]
reported the presence of magnetite (Fe;O,) between the
FeCO; layer and the steel surface at high temperatures,
which generated an improved protective capacity of the sub-
strate by the corrosion films. Han et al. [94] studied the cor-
rosion products formed in X65 steel at 80°C. The tests were
conducted in a NaCl solution saturated with CO, at pH 8.
The results showed the majority formation of FeCO,; how-
ever, the elevated local pH created a favorable environment
for the formation of Fe;O, near the substrate.

The corrosion behavior of X65 was also evaluated by
Hua et al. [84], in the temperature range from 90 to
250°C. The general corrosion rate decreased with increas-
ing temperature, presenting the lowest value (0.36 mm/
year) at 200°C. In this condition, the formed film presented
gaps between the crystals and reduced coverage. The
Raman analysis identified the crystals as FeCO3 and the
gap region as Fe;O,. Thus, the formation of Fe,;O, was
more effective in reducing the general and localized corro-
sion rates on the steel surface compared to cases with only
FeCO, films.

In the work of De Motte et al. [35], the corrosion films
obtained at 80°C, 0.54 bar of CO,, and pH 6.6 also presented
Fe,O, in the composition. Figure 10(a)) shows the cross-
section analysis of the corrosion film. In the EBSD analysis
of the region below the FeCO, layer (Figure 10(b)), the pres-
ence of Fe;O, can be noticed. The formation of magnetite is
indicative of a high local pH at the bottom of the pores
formed by iron carbonate, which is a close neighbor of mag-
netite in the stability diagram [94].

It is important to note that during the operation of pipes
transporting pressurized fluids, they can be subjected to
shut-down operations, where the temperature is low due to
gas expansion and pressure drop. The turning condition of
the corrosion films is probably different during the compo-
nent’s operational life [97].

2.4. Hydrostatic and CO, Partial Pressure Effects. Pressure
significantly impacts the solubility of CO,q, in water,
whereas the increase in pressure enhances its dissociation
in water and increases carbonic concentrations (H,CO,
and HCO™), accelerating the electrochemical reactions and
consequently increasing the corrosion rate [82, 98]. Equa-
tion (48) [99] shows the relation between corrosion rate
and CO, partial pressure.

1710
Log V o =5.8 — —— +0.67 Log (pcoz), (48)

where V_, is the corrosion rate (mm.y'), T is the temper-

ature (K), and p¢, is the CO, partial pressure (Pa).

Zhang et al. [33] discussed the corrosion mechanisms of
X65 steel at low and high partial pressures of CO, (10 and 95
bar, respectively). Different immersion times (from 0.5 to
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168h) were evaluated, and the temperature was kept at
80°C. The corrosion rate decreased rapidly for the first 40
hours of the experiment. After this time, the corrosion rate
remained roughly stable for both pressures. It can be noticed
that the corrosion rate was much higher for the 95 bar con-
dition (around 28 mm.y'l).

A similar range of pressure (0 to 80 bar) was studied by
Suhor et al. [100]. The mild steel exposure to CO, for short
periods presented a higher corrosion rate at high pressures.
On the other hand, the corrosion rate decreased for high
pCO, (70 and 80 bar) compared to lower pCO, values (10,
20, and 40 bar) for longer exposure times. This result was
attributed to the passivation effects of the protective layer
formed during corrosion assisted by elevated CO, pressure,
where the FeCO, layer was able to suppress the corrosion
rate to deficient levels (below 0.1 mm.y'l).

The hydrostatic pressure effects in the case of offshore
corrosion under higher water depths influence the thermo-
dynamics of the substances, the chemical equilibrium, and,
consequently, the electrode reactions. The model proposed
by Ma et al. [101] evaluated the influence of hydrostatic
pressure on the electrode potential equilibrium and
exchange current density and established a corrosion model
of metals under deep-sea hydrostatic pressure. According to
the authors, the hydrostatic pressure influences the molar
volume of materials, affecting their activity and, conse-
quently, the chemical equilibrium.

3. Influence of Hydrodynamic Conditions

Several experimental studies and mathematical models have
been reported about the effect of the hydrodynamic condi-
tions on steel’s CO, corrosion [102-106]. The flow condi-
tions influence the severity of CO, corrosion since it
impacts the mass transfer process and wall shear stress.
Figure 11 illustrates the corrosive process for different flow
rates: (a) laminar, (b) transition from laminar to turbulent,
and (c) turbulent flow. In the first case (Figure 11(a)), the
reduced flow rate allows the formation of a compact and
protective layer of FeCOj;. On the other hand, increased fluid
velocity (laminar/turbulent situation shown in Figure 11(b))
diminishes the diffusion layer thickness formed at the steel
surface and results in a porous corrosion film. A higher cor-
rosion rate is observed under these conditions. The extreme
case occurs for systems with turbulent flow (Figure 11(c)),
where little or no corrosion product is deposited, and the
metal is continuously exposed.

In this way, flow parameters impact the FeCOj, precipita-
tion on the steel surface and, consequently, affect the corro-
sion rates. This occurs because, in the case of turbulent flow,
it accelerates the mass transport of corrosive species in the
boundary layer adjacent to the metal surface (10-100 ym),
turning the metal surface always refreshed with renewed
solution and removing any corrosion scale [103, 107].
Among the species involved in sweet corrosion, H* presents
the highest diffusion coefficient, approximately 9.312 nm?s™"
(see Table 3). The higher concentration of H" results in a
more acidic environment, which leads to greater corrosion.
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F1GURE 10: (a) Cross-sectional analysis of the corrosion layer formed in API 5L X65 carbon steel at 80°C, 0.54 bar of CO,, and pH 6.6. (b)
EBSD analysis of the selected region in (a) (reproduced from De Motte et al. [35] under the Creative Commons Attribution License/public
domain).

Laminar flow Transition region

Seawater Seawater

o /I ™ o

/ / CO, (@g)
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Ficure 11: Corrosive process representation of (a) laminar, (b) transition from laminar to turbulent, and (c) turbulent flow.

Equation (49) represents a mass transport model cover-  cies) [103]. Table 4 describes the phenomena and their cor-
ing the boundary conditions from very slow laminar to tur-  responding equation term.
bulent flows. This equation results from the contribution of
all the transport phenomena involved in CO, corrosion: dif- 3¢ D
fusion, migration, convection, and electrochemical reactions L v/ <_ D¢ -z, i FcVo + Ci”) +R, (49)
on the steel surface (which consume and generate new spe- ot RT
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TaBLE 4: Equations related to the mass transfer process according
to the system region [103].

Region Transfer process Equation term
Diffusion -VDV
. S D;
Bulk solution Electromigration ~-Z; RT Fc Vo
Convection Ciu

Reactions of
precipitation —nN;
(e.g. FeCOS(th))

Steel surface

where D; is the diffusion coefficient of the species i (m®es™"),
¢; is the concentration of the species i (molem ™), z; is the
charge number of the species I, F is the Faraday constant
(96,500 Cemol™'), R is the universal gas constant
(8.314Jmol 'eK™), T is the temperature (298 K), ¢ represents
the electrostatic potential obtained by solving the electricity
model (mV), and u is the electrolyte flow velocity (mes™).

4. Monitoring, Testing, and Control of
Sweet Corrosion

4.1. Monitoring and Testing. The main role in monitoring
and assessing the corrosion of equipment and installations
in industries is to maintain integrity and reliability, especially
in oil and gas, marine, infrastructure, and manufacturing.
For that, several methodologies for corrosion parameters
monitoring and nondestructive techniques are employed,
depending on the objectives, access conditions, and limita-
tions of each technique. This chapter will briefly comment
on the characteristics of some of these techniques.

Laboratory tests can be useful to screen materials and
parameters for specific conditions and evaluate corrosion
rates for strategies of preventive maintenance or inspections.
Otherwise, with lab testing results is possible to develop
strategies against corrosion, as the use of corrosion inhibi-
tors, protective coatings, or the design of cathodic protec-
tion. Another great insight concerning laboratory tests is to
evaluate corrosion mechanisms that can occur under specific
conditions, once this can be used to implement preventive
actions, preventing the occurrence of failures during opera-
tion due to an inadequate assessment.

The assessment of the corrosion rate (CR) by mass loss
of corrosion coupons is a well-established, widely used, sim-
ple, and low-cost technique [108]. In addition, corrosion
coupons can be installed in the most diverse environments,
allowing visualization of the formed corrosion product.
However, this technique has some disadvantages: long
periods to get the results, the measurement obtained is an
average of the CR only assessing generalized corrosion, and
in addition, it can be hazardous to the operator during
installation and removal of coupons in service [109]. The
standards ASTM-G1 and ASTM-G31 provide guidelines
for preparing specimens, test environments, and determin-
ing CR using the mass loss method even in the field or in
the laboratory.
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Nondestructive testing (NDT) complies with noninva-
sive techniques that provide valuable information regarding
material loss due to corrosion and detect cracks or pits
resulting from the corrosion process, useful for the asset
integrity of most variable structures. The main techniques
are based on ultrasonic and electromagnetic techniques
and comprise the simplest to sophisticated and complex
probes and arrays, based on ultrasonic electromagnetic
waves-materials interactions. Guided waves and magnetic
flux leakage have been extensively applied as real-time in situ
monitoring tools for the inspection of pipelines [110-112].
Both methods are suitable to determine localized and uni-
form corrosion through the difference in surface thickness.
Researchers at LAMEF-UFRGS developed a guided wave
ultrasonic collar (array of sensors) to detect corrosion
defects in a buried and coated pipeline [112]. The test was
conducted for 2 years in a 24 m-long pipeline, with a wall
thickness of 9.27 mm and a diameter of 273 mm. Corrosion
was induced electrolytically in defects introduced in the
coating. The results were satisfactory as the system was able
to detect the position (longitudinal and circumferential) of
the defects with adequate precision.

Electrochemical tests employed to study the corrosion
processes in the laboratory include linear polarization resis-
tance (LPR), potentiodynamic polarization, open circuit
potential (OCP), electrochemical impedance spectroscopy,
potentiometry, and amperometry [113], as resumed in
Table 5.

Electrochemical tests that provide data such as the open
circuit potential (OCP) (EN 13509, ISO15589-1) and elec-
trochemical noise (G199-09) are standard methods
employed in the oil and gas industry for in situ measure-
ments. LPR is the most employed electrochemical technique
due to its fast response, simple operation, and data interpre-
tation. The LPR probes, inserted in the corrosive environ-
ment, measure the current flow between electrodes after
applying a slight potential (about 10 mV). The linear polari-
zation resistance (ratio of voltage to current) is inversely
proportional to the corrosion rate of the material [114]. This
technique has been employed in several laboratory investiga-
tions [76, 86, 115, 116]. For instance, Eskinja et al. [86] uti-
lized LPR to investigate the corrosion of ferritic steel in a
1.5wt% NaCl electrolyte under 1 bar CO,. The authors pre-
sented an optimization of the LPR technique by investigat-
ing different input values of open circuit potential (OCP)
and scan rate. The lowest corrosion rate (1.06 mm.y'l) was
measured with a scan rate of 0.05 mV/s. It was observed that
lower scan rates produce more accurate results, but the mea-
surements take longer time. Thus, the authors considered
0.125mV/s as the appropriate scan rate. Moreover, the effect
of temperature and time was evaluated to simulate oilfield
real conditions and estimate the corrosion of the material
in service. The sample tested at the highest temperature
(90°C) presented a thick and protective corrosion layer, lead-
ing to the lowest corrosion rate.

4.2. Control. As the integrity of the metallic structures in the
oil and gas industry is impacted by the harsh operational
conditions (for example, high pressure of CO, and H,S),
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TaBLE 5: Electrochemical techniques commonly used for corrosion monitoring [117, 118].

Electrochemical techniques Response variable

Application

Electrochemical impedance spectroscopy Current

Electrochemical noise Potential or current

Linear polarization resistance Corrosion current

Open circuit potential Potential
Chronoamperometry Current
Chronopotentiometry Potential

Cyclic voltammetry Current or potential

Linear polarization Current or potential

Pulse voltammetry Current or potential

Analysis of resistive and capacitive properties of interfaces or surfaces

Detection and quantification of localized corrosion
Determination of corrosion rate
Information about activity or passivity of electrode
Charge storage
Electrochemical activity
Electrochemical activity
Electrochemical activity and resistance against polarization

Electrochemical activity

corrosion control is required to avoid or minimize the effects
caused by corrosion. Corrosion mitigation methods include
material selection and the use of corrosion-resistant alloys,
cathodic protection, protective coatings, and corrosion
inhibitors, described as follows:

(i) Corrosion-resistant alloys (CRAs) are employed in
systems that operate at high pressure and high tem-
perature (HPHT) and in the presence of chlorides,
CO,, and H,S. Stainless steels and superalloys such
as Inconel and Hastelloy, besides titanium alloys,
are the most employed CRAs in the industry. They
have superior corrosion properties regarding several
conditions but are more expensive than carbon
steels [119, 120]

(ii) Cathodic protection consists of applying a cathodic
corrosion potential to the substrate susceptible to
corrosion trough impressed current techniques or
sacrificial anodes. The sacrificial anode is a highly
active metal (commonly alloys of aluminum, mag-
nesium, or zinc) that corrodes to protect the less
active metal of the main structure. DNV recom-
mended practice [121] and NACE/AMPP standard
[122] provide guidelines for cathodic protection
for offshore applications

(iii) Protective coatings provide a barrier of protection
to the metal structures and can be divided into
metallic, nonmetallic, and mixed. Metallic coatings
have a similar effect to cathodic protection, where
a more reactive metal (nickel, zinc, chromium, tin,
aluminum, copper, and others) is applied on the
steel surface and acts as a sacrificial layer to protect
against corrosion. A recent study by Belarbi et al.
[123] reported the use of thermal spray aluminum
(TSA) coatings to protect gas pipelines from inter-
nal CO, corrosion. The TSA coating protected the
carbon steel surface, and no localized corrosion
was observed at 40°C and 4 bar of CO,. Similarly,
a TSA coating was applied by Bertoncello et al.
[124] and proved to be effective for suppressing sul-
fide stress cracking (SSC) and hydrogen-induced

cracking (HIC) of tensile armor steel wires in a sour
environment

The application of nonmetallic coatings presents an alter-
native to substitute metallic coatings. High-performance poly-
mers (HPP) stand out due to their high thermal and chemical
resistance and high mechanical strength. They can resist
the harsh conditions of the oil and gas industry while
maintaining their superior properties. Fluoropolymers,
such as Halar® ECTFE (copolymer of ethylene-chlorotri-
fluoroethylene), have been applied to protect tensile and
pressure armor wires of flexible pipes [125]. The polymeric
coating exhibited increased resistance to corrosion and its
associated failure modes, mainly stress corrosion failures
such as stress corrosion cracking induced by CO, (SCC-
CO,). Additionally, the coating has proved promising for
application in wells with sweet or sour characteristics, high
hydrostatic pressures, and in the presence of dense fluids,
such as CO,.

(iv) Inhibitors are chemicals added to the corrosive envi-
ronments that adsorb on the metal surface and form
a protective barrier against corrosion. Literature
reports the utilization of inorganic complexes,
organic compounds, and natural products as corro-
sion inhibitors [126-128]. Imidazoline and its deriv-
atives are widely applied to protect pipelines from
CO, corrosion due to their excellent adsorption on
metal surface associated with low toxicity and low
cost [129, 130]. Shamsa et al. [131] employed an
imidazoline inhibitor composed of tall oil fatty acid
(TOFA) and diethylene triamine (DETA) to reduce
generalized and localized corrosion of an X65 car-
bon steel. Different concentrations of inhibitor were
studied in a 3wt% NaCl solution with continuous
CO, bubbling. The steel samples were significantly
corroded without the presence of the inhibitor. In
contrast, the essays with >30ppm inhibitor pre-
sented surfaces with reduced generalized corrosion.
Regarding the localized corrosion, the minor pit
depth (1.7 ym) was measured at 40 ppm. So, the
results showed that adjusting the inhibitor amount
is necessary to minimize both generalized and local-
ized corrosion
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5. Concluding Remarks

The corrosion of iron under CO, environments has been
studied by researchers since 1961. De Waard and Milliams
introduced the discussion concerning CO, corrosion mech-
anisms in carbon steels in 1975, which covers mostly the
fundamentals of corrosion mechanisms in bulky systems.
Although the topic is well-established and published, this
review provides the latest data from the available literature
on the effects of parameters such as pH, temperature and
pressure, hydrodynamics, and the presence of impurities. It
was observed that the literature is scarce for confined spaces:
systems with supersaturated electrolyte conditions.

The effects of confinement conditions in the flexible pipe
annulus are currently being explored. The limited volume
where the corrosion takes place, the ionic supersaturation,
and the other present constituents could lead to specific
effects on the corrosion of carbon steel that are unclear in
terms of severity or protectiveness. Considering the current
demand of the oil and gas industry, where exploration leads
to severe operational conditions, more research and experi-
mental data in confined environments are necessary to bet-
ter predict the corrosion-related failure modes. Studies on
the subject are therefore encouraged.
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