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Abstract

Carbon steel is a universally used material in various transportation and construction
industries. Research related to CO; corrosion environments agree on the pccurrence of
siderite (FeCOs3) as a main product conforming corrosion films, suggestedto impart
protection to carbon steel. Identifying and understanding the presénce ef all corrosion
products under certain conditions is of greatest importance to elucidate the behavior of
corrosion films under operation conditions (e.g., flow, pHytemperature) but information
regarding the nature and formation of other Fe corresionproducts apart from FeCOs is
lacking. Corrosion products in CO2 environments typically consist of common Fe minerals
that in nature have been demonstrated to-undergo transformations forming other Fe phases.
This fact of nature has not been yet exploredin the'corrosion science field, which can help us
to describe mechanisms associated to industrial processes. In this work, we present a
multiscale and multidisciplinary approaeh’'to understand the mechanisms occurring on
corrosion films under the Keyyfactors©f flow and pH through the combination of molecular
techniques with imagifig. Wereport that certainly siderite (FeCOs3, cylindrical with trigonal-
pyramidal caps) is'the.main product identified under the conditions used (representative of
brine transport.at 80°C)but wustite (FeO) and magnetite (Fe3O4) minerals also form, likely
fromythe de-carbonation of FeCO3; — FeO — Fe304, depending on pH under the action of
flow. "These.minerals exist across the corrosion films evidencing a more complex nature of
the three-dimensional layer not currently accounted in the mechanistic models. A relatively
low flow velocity (1 m/s), as recognized for industrial operations, is enough to produce
chemo-mechanical damage to the FeCOs crystals causing breakage at low pH where
dissolution of FeCOs3 occurs with a rapid crystal size reduction of the cylindrical FeCO3
geometry of ~ 80% in just 8 hours changing also the local chemical structure of Fe3C under
the film. Similarly, flow velocity of 1 m/s is capable to induce crystal removal at neutral pH
inducing further degradation of the steel compromising the protectiveness assumption of

FeCOj3 corrosion films. The chemo-mechanical damage and Fe phase transformations will



affect the critical localised corrosion and therefore, they need to be accounted for in
mechanistic models aiming to find new avenues for control and mitigation of carbon steel

corrosion.

Keywords: pH, flow velocity, flow cell, film dissolution, mechanical damage, localized

corrosion
1. Introduction

API 5L X65 grade carbon steel is one of the most common materials used for industrial
pipeline construction because of the excellent mechanical properties and:low cost but it is
highly prone to corrosion. API 5L X65 has a typical concentration of ~98 wt.% Fe, ~0.12
wt.% C and trace amounts of other elements. Siderite (FeCO3) and.magnetite (Fe3O4) are the
most reported corrosion products in CO> corrosion environments [1];7although, other phases
like chukanovite (Fe2CO3(OH)2) have been also reported in laboratory studies [2, 3]. Various
factors define the type of corrosion products formed on pipeline walls, e.g., temperature,
pressure, flow, pH, and fluid composition [4-6]. These.factors control the growth of corrosion
films and determine its coverage and continuityzIt has been reported that corrosion rates
typically decrease when corrosion products form, and hence, it has been widely accepted that
FeCOs corrosion films protect the.steel from further degradation suggesting that the film
either retards the diffusion of further corrosive species or blocks the steel surface. Models
have been developed to @stimate the degree of protectiveness based on the controlling factors
for the growth of cerresion products and film properties (e.g., density, porosity, and

thickness) but this topic isstill.a matter of further research [7-9].

It is known that pHuinfluences the formation of FeCO3 corrosion films, but it is less known
what the effects are of fluids circulating at high flow velocity on the corrosion films with just
few reports available [10-15]. Some of these works have reported film removal when testing
flows of 4.4 m/s (Re = 1.29 x 10°) and 6.28 m/s (Re = 1.84 x 10°) using experimental setups
consisting of rotating cylinders [13-15]. These works suggested that mechanical removal
occurs because of wall shear stress induced by high fluid flow velocity as part of a mass-
transfer process, expressed as an increase in corrosion rates. Despite these observations, the
effect of flow has been diminished from an experiment using turbulent multiphase flow of up
to 30 m/s [13]; however, this conclusion was reached from an experiment in absence of film,

having no consideration for crystal arrangement within a fully covered corrosion film. Other



works have pointed out that intrinsic stress might be linked to film removal produced by a

volume mismatch between the metal and the film [14].

In relation to chemical dissolution at low pH, it has been reported that almost total removal of
the film occurs at pH 3.0 in 1 wt.% NaCl involving a mass-transfer process [15]. In addition,
the combined effect of pH and flow velocity has been reported in films exposed to pH 5.8
under a flow velocity of 6.28 m/s showing partial damage of the film and yielding corrosion
rates of 0.69 mm/year [16]. Similar results were obtained when 4.40 m/s flow velocity was
used with a corrosion rate of 0.29 mm/year [16]. Based on these electrochemical results, it
was suggested that the combined effect of pH and flow induce mechanical and chemical
damage of corrosion films. Another work has explored techniques like electrochemical quartz
crystal microbalance (EQCM) combined with jet impingement to evaluate kinetics of FeCO3
dissolution under flow velocity but contrasting to the previous research, this work suggested

that dissolution occurs with no mass transfer involved [17].

Undoubtedly, this information provides a good framework of the effects of two key
controlling factors on the integrity of the corrosion films but still many questions remain
regarding the process and the chemical changes of the films under these factors. Therefore,
our work provides mechanistic insights and further understanding of the processes regarding
chemical and physical changes of FeCO3,corrosion films under the influence of pH and 1 m/s
flow velocity using a multiscale and multidisciplinary approach. We combine a flow cell
setup to perform the study under relevant conditions for fluid transport industries and apply
molecular techniques and imaging to understand the changes incurred in the films linked to

application processes.

Results and Discussion

The evaluation of the dissolution of FeCOj3 corrosion films was performed at low pH under 1
m/s flow wvelocity using 1% NaCl with an initial pH value of pH 3.6 which steadily increased
to 4.7 during the 24 h period of the experiment (Figure 1a). The increase in pH indicates that
H* in the solution are consumed during the dissolution of FeCOs crystals releasing HCO3™(aq)
according to equation (Eq. 1). In this reaction, the dissolution of siderite is promoted by the
adsorption of H" on the mineral surface which has been reported to occur between pH 2 and 5

[18].

FeCOS (s) + H+ (aq) = Fe2+ + HCO3_ (aq) Eq 1



After 24 h of the dissolution reaction, the main corrosion product identified was FeCOs
(~97%, Figures 1b and S1) using siderite mineral as a reference (International Centre for
Diffraction Data 8-0133) [19]; however, Fe’ from the steel and FeO (~2%) were also
quantified (Figure 1b and S1a).
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Figure 1. a) pH profile recorded during the dissolution experiment of the corrosion film
using 1% NaCl, 80°C, 1 m/s. The pH started at 3.6 and increased to 3.7 in 2 h, then to 4.2 in 8
h, reaching a final value of 4.7 after 24 h; b) X-ray diffraction patterns obtained from the
preformed corrosion film.and from the film after dissolution experiments (pH 4.7 at the end
of the experiment) at 80°C using 1% NaCl and 1m/s flow velocity. Diffraction pattern
collected from APISE X-65 C-steel as a control shows that diffraction peaks from the
starting material reflect only the contribution of Fe. Most of the diffraction peaks before and
after dissolution correspond to siderite (ICDD 8-0133) and those marked (*) correspond to
Fe? from steel. For both diffraction patterns, the lack of other Fe** oxide products indicate

good handling of experimental conditions to prevent air oxidation.

SEM images showed that the preformed corrosion film consisted of well-grown closely
packed FeCOjs crystals organised in random orientations with a micro-faceted cylinder and
trigonal-pyramidal caps geometry as described by Ahmad et al., 2019 [20] (Figure 2a). The
crystals were ~20-30 um in diameter (~12 microns along the ¢ axis and ~25 um between the
vertices of the planes at 120°) but they progressively downsized during the 24-hour period of
the dissolution experiment (Figs. 2b-2d and 3). After 2 h, these crystals become slightly



rounded with rougher surfaces resulting from dissolution when the solution reached pH 3.7.
Also, we observed that the number of crystals increased per area analysed (50,000 um?) by
comparing to the number of crystals in the same area of the preformed film; this is evident in
the corresponding black and white images (Figure 2b). We attribute this phenomenon to the
rhombohedral cleavage of siderite (crystal breakage at three different planes), and it would
indicate that FeCOs crystals experienced certain degree of mechanical damage. After 8 h, the
size of the crystals further reduced to ~5-10 pm in diameter becoming irregular in shape, but
overall homogeneous in size (Figure 2c). After 8 h, the number of crystals increased ~2.5
times when compared to the performed film over the same area. We interpreted this as
further fracture of the crystals. In addition, bare steel was visible between the.remains of the
highly dissolved crystals at 8 h when the pH reached 4.2; these remains still show neat
surfaces without any deposited material on them (Figure 2¢). After 24 h, some remains of
FeCOs crystals were visible on the surface of the steel; however;new re-precipitated
material, that was not present in the first 8 h, was evidently.filling the gaps between the
crystal remains covering again the bare steel. This suggests that FeCOs3 re-precipitated during
the increase of pH from 4.2 to 4.7. These observations indicate that dissolution and re-

precipitation processes would modify the thickness and the porosity of the film over time.

We hypothesize that if re-precipitation of FeCOs occurred, the process would involve the
reaction of Fe?* in the brine, which has been enriched from the previous dissolution of
FeCOs. This dissolution precess.also releases HCO3™ reflected by the increase of pH in the
brine solution. FeCOs3 crystal remains, acting as seeds, will provide surface nucleation sites
that altogether with-doecal favorable saturation conditions promoted by higher pH values than
in the bulk solution,:and higher concentrations of HCO3 and CO3* would support re-

precipitation of FeCQs.






Figure 2. SEM images of FeCOj3 corrosion films and the corresponding black and white
(B&W) binary images. a) Preformed film as initially observed at the beginning of flow
experiments (time = 0, initial pH 3.6); b) corrosion film after 2 h of dissolution using 1%
NaCl and 1 m/s flow velocity at 80°C. Signs of crystal dissolution and size reduction were
evident from the wider gaps observed between the crystals in the corresponding B&W image.
Furthermore, the number of crystals increased in the image field view suggesting breakage of
the initial crystals (time=0); ¢) corrosion film after 8 h under the same conditions as'in (b)
showing further reduction in size and uncovering the steel; the number of crystals increased
by ~2.5 times compared to the preformed film (time = 0); d) corrosion film after 24 h at the
same conditions as in (b) but the bare steel is not visible anymore and instead fresh
precipitation is observed, which occurred between 8 h and 24 h. Cross-sectional view images

of all corrosion films here presented are shown in Figure S2.

Quantification of the size reduction and number of crystals are presented in Figure 3. The
distribution of the crystal size over 50,000 um?*of thespecimen is presented in Figure 3a.
The preformed film had larger crystal size'distribution than films exposed to dissolution
experiments. It is worth to note that'specimens used for dissolution (i.e., 2 h, 8 h and 24 h)
were all from the same growth batch ensuring the same characteristics of crystal size and
surface coverage. Figure 3a shows that:50% of the crystals from the preformed film had areas
between ~60 and ~260 um? with aumedian value of ~140 um?; however, the presence of
larger crystals (the top'25 percentile) increases the mean value to 442 um?. After 2 h
dissolution, the crystal size reduced by ~50% (~60 and ~180 um?) with a median value of
106 um?, yielding a homogeneous distribution. This means that within 2 h, the crystals
reduced 25% from their original size using the median value as reference. After 8 h, the size
reduction was ~80% and the number of crystals increased by about 2.5 times (Figure 3b
boxplots). These results quantify the significant chemical and mechanical damage of the film

caused by low pH in flow conditions.
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Figure 3. a) FeCO; crystal size (um?) distribution quantified over 50,000/um? of the
preformed film (time =0) and over the same area of films after 2 h.and 8 h of dissolution

experiments; b) distribution of the number of crystals over the same areas and films as in (a).

Surface chemical characterization (top 10 nm) of the preformed film revealed siderite
(FeCO3) as the main corrosion product (57%); however, a large proportion (35%) consisted
of magnetite (Fe3O4) and to a lesserextent (8% ) wustite (FeO) (Figure 4a and Table S1).
After exposing the specimens to 1 m/s flow at 80°C for 8 h when the solution reached pH 4.2,
the film surface was mainly composed of FeCO3 (92%) and FeO (8%) (Figure 4b). At the
end of the 24 period, the film,was mainly FeCOs (88%) and Fe’ (12%) (Figure 4¢). These
results indicate that on‘the surface, FeO and Fe3Os also formed during the growth of FeCO3
(at pH ~7 and 80°C) but they dissolved from the surface during the dissolution experiments at
low pH, first Fe3O4 thenFeO. These two minerals likely formed as by-products of FeCO3
from.the de-carbonation of FeCOs3, a process that increases the O fugacity in the system as
reported toroccur in a small although stable field in the Fe-CO>-H>O system [21, 22].
Furthermore, FeO likely formed first and then transformed to Fe3O4 at pH near neutral and

high temperature (at and above 80°C) as previously reported [21, 23-25].

Changes in the chemistry of the corrosion products are highly dependent on pH; thus, the
amount and type of Fe species in corrosion films will describe the variability in the
conditions during industrial operations. Various Fe oxide species have been reported in oil
and gas operations under CO> environments [21, 26, 27]. In this work, the surface of the

preformed corrosion film (grown at pH 7.0 and 80°C) contained mainly FeCO3; and minor



amounts of FeO and Fe3Og4. Dissolution of FezO4 occurred from the surface as soon as the

specimen was exposed to low pH releasing Fe** to the solution via congruent reduction and

therefore, it was not present after dissolution at this condition [28, 29]. As mentioned above,

FeO likely resulted from the decomposition of FeCOs3 (into FeO and CO) which has been

demonstrated to occur at temperatures below 100°C [30]. In addition, FeO is often described

as an intermediate product towards the transformation to Fe3O4 in CO> environments; and

therefore, it is likely that the order of formation of these corrosion products has been FeCOs

— FeO — Fe304. It is worth noting that if oxygen is present, FeO rapidly transforms to

Fe,O3 [30-32].
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Figure 4. Fe 2p3,» XPS spectra collected from the surface of a) preformed corrosion product

film grown at pH 7.0; brand €) specimens under 1 m/s flow, 80°C and pH between 3.6 (at the

start) and 4.7 (after 24+h).



The chemical composition of the preformed corrosion film was confirmed through pu-XANES
mapping characterisation (Figure 5). The optical microscopy image of the cross-section
analysed from the preformed corrosion film is presented in Figure Sa. The corresponding
XANES map shows three clusters that represent three different local chemical environments
of Fe in the cross section of the film (Figs. Sb and Sc¢). Fe K-edge XANES spectra typically
are characterized by a pre-edge (first peak) and the edge (main peak) which both provide
information about the oxidation state and site symmetry of the absorbing atom (e.g., Figure
5d). The pre-edge peak is due to the dipole-forbidden 1s—3d transition and is sensitive to
spin state, oxidation state and other elements surrounding the absorbing atom. It is'only
observed in the presence of a 3d — 4p orbital mixing or direct quadrupolar ceupling. On the
other hand, the edge is caused by the transition 1s — 4p, and because'the outer p-orbitals are
more sensitive to electronic changes, the average valence state of the absorbing atom can be
estimated from the position of the main absorption edge (main peak) with respect to standards
[33]. As the valence state of the central absorbing atom decreases, all the main features shift
to lower energies and vice versa. Spectrum I of the preformed corrosion film showed a pre-
edge and edge close to that of FeCOj; standard (Figure 5d). Cementite (FesC) and Fe® were
both identified in spectrum III; however, changes in the local environment of cementite were
identified with an increase in the pre-edge intensity with respect to the Fe3C standard (Figure

6¢).
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Figure 5. a) Optical microscopeimage of the cross section lamella containing the corrrosion
film (marked area) and steel (area in white) at pH 7.0 and 80°C; b) XANES cluster map (43
pm x 44 um); ¢) Fe K-edge XANES spectra I, II and III of cluster regions identified on the
map; d) Fe k-edge XANES spectrum I and LCF (full energy range collected is shown in
Figure S3); e)Fe K-edge XANES spectrum III compared to Fe” and Fe;C spectra.

Figures 6a and 6b show the optical microscopy image and XANES map from the corrosion
film after 24=hour dissolution at low pH. It is worth to mention that corrosion products after
the 24-hour dissolution experiment were scarce as most of the film has already dissolved;
therefore, information extracted from the film at these conditions is limited. Nevertheless,
three clusters were identified on the cross-section of the specimen (Figure 6b). All spectra
consisted of combinations of FesC and Fe® quantified by LCF; however, the fingerprints are
slightly different on the pre-edge feature suggesting changes in the local environment of Fe,
particularly on regions close to the steel where the pre-edge showed an intensity increase

(Figs. 6¢ and 6d) [34]. This indicates that not only the film is chemically changing but also



the material under the film (e.g., Fe3sC). Spectrum I was quantified to contain a mixture of
Fe;C ( 30%) in line with the cementite standard and Fe® (70%). Spectrum II showed the
highest amount of FesC (93%), while spectrum III was richer in Fe® (95%). The pre-edge of
spectra II and III showed changes in the intensity and shape of the peak, shifting towards
lower energy values with respect to both Fe’ and FesC standards. This intensity change
represents average electronic changes in the transitions 1s 3d of both phases suggesting wider
distribution of orbitals that possibly are because of the breaking of the crystalline long-range
order of FesC and Fe? phases [35]. It could be also possible that the smothering of the pre-
edge relates to the formation of Fe-Fes;C as reported to occur [34]. Theseresults evidence the
simultaneous changes on the FesC structure under the film which contributes:to degradation

of the steel as the corrosion film dissolves.

g)r d) I

i 3 1l

S f%_ Fit

-g_ -8 Residual

5 g— Fe,C

38 A Fel

< <

D 2

B = Pr7=2rfec 030

@ E "

g = | Fel 0.70

2 ' z|/ R 0.001
7110 7120 | 2 Jea

| T | T T T T T T T 1 ;f/—Redx -
7100 7120 7140 7160 7180 7200 ! '

7100 7150 7200
Energy (eV) Energy (eV)



Figure 6. a) Optical microscope image of the cross section containing the corrrosion film

(marked area) and steel (area in white) after dissolution experiment at pH 3.6, 80°C using 1%

NaCl and 1m/s flow velocity; b) XANES cluster map (16 pm x 30 pum) identifying three
slighly different Fe local environments; ¢) Fe K-edge XANES spectra I, IT and III showing
differences in pre-edge intensities and energy shift (full enery range presented in Figure S4);
d) Fe k-edge XANES spectra I, II and III and LCF (full energy range of these spectra are

shown in Figure S5).

FeCOs corrosion films under flow at neutral pH perform different than those atlow pH as
shown in figure 7. Our observations indicated that entire crystals were removed from the
FeCOs film shortly after the experiments started. After 2 h, gaps between the crystals were
visible, and the frequency of those gaps increased over the 8 h and 24 h tests., The fact that
these gaps were inexistent at the beginning of the experiment indicate:that they were induced
by mechanical damage as crystal fragments seen inside these gaps support this hypothesis
(Figure 7c¢ and 7d). We interpret this phenomenon as‘induced localized corrosion because
dissolution of FeCOs at neutral pH is not a favourable process. Dissolution under the film is
neither a prevalent process at pH 7.0 butpossibly the perous material frequently observed
under the FeCO3 crystals can itself.contribute as,a weak point of attachment of the crystals to
the steel decreasing the shear stress required to temove the crystals from the film. Another
explanation that could support crystal removal is a mechanical effect under the inverse
pseudo Hall-Petch relation that can besexplained by the weakest-link model which describes

failure behaviour of brittle materials [36].

As mentioned before, it'has been suggested that removal of corrosion films by the action of
high flow velocities (upsto 30 m/s) is unlikely [13] but this suggestion was made from a
system without the'presence of corrosion film dismissing the structure and crystal
arrangement of corrosion products that conform the film. In contradiction, corrosion film
removal was reported when exposed to fluids under lower flow velocities (i.e., 4.4 m/s and
6.28 m/s) [15]. In this work, the preformed film consisted of relatively large well-packed
crystals randomly oriented with sliding boundaries (Figure 7a). Being FeCOs a brittle
material, its failure depends on number and distribution of structural defects as described by
the weakest-link model (linked to the inverse Hall-Petch relation), which has been
successfully applied to study the failure of brittle materials such as graphene and perovskites.
In this model, grain boundary junctions (weak-links defects) are considered the weakest

points for failure. The number and distribution of boundary junctions are highly affected by



crystal arrangements in different orientations, which have different atomic structures and
boundary energies; and therefore, different failure strengths. In other words, different
configurations of grain boundaries will yield different configurations and large distribution of
grain boundary junctions that contribute to the failure of the material [36, 37]. Therefore, the
polycrystalline FeCOs crystals conforming the preformed corrosion film should contain a
large number and distribution of boundary junctions that can be considered as weak-links

within the model. This can initiate nucleation cracks expressed themselves as entire crystal

damage of the corrosion film at neutral pH indicates that even if the conditions
for FeCO3 formation it does not mean that the film protects the steel, an

damage of an existent corrosion film promotes the contact of the ma derneatt

corrosive species in the brine solution.

Figure 7. SEM images of a) the preformed FeCOs film used in flow experiments for 2 h, 8 h
and 24 h. The preformed film was grown at 80°C using 1% NaCl adjusted to pH 7.0 using
NaHCO3 and with a total pressure of 30 bar for 72 h. Specimens from the same growth batch
were used in all flow experiments; b-d) FeCOs films after 2 h, 8 h and 24 h of flow



experiments. As observed, the preformed film had full coverage with no gaps between the
crystals but after flow experiments, all films showed entire crystals missing from the film that
progressively increased in frequency over time; phenomenon that we interpreted as localised

corrosion (~50um x 15um).

As expected, diffraction data showed FeCOj3 as the main corrosion product before and after
flow experiments at pH 7.0 because no dissolution of the corrosion products occurred
(Figure 8a). Chemical information from the film surface, evidenced the presence of
magnetite (~50%) that as mentioned above can form either directly from precipitation of
Fe?* 4q) or from the transformation of FeCO3, directly or via FeO depending on fo> (Figure 8b
and Table S2). The presence of magnetite and FeO across the film at pH 7.0 was also
confirmed by p-XANES. The optical microscopy image from the cross-section and p-
XANES map are shown in figure 9a. Three clusters were identified on the cross section of
the specimen at these conditions that indicated the presence of Fe€Os; Fe3;04 and FeO.
Spectrum I representative from the bulk of the film was mainly eomposed of FeCO3 (100%)
(Figure 9d). Spectrum II showed a more reactive region with 74% FeCO3, 12% FeO and
14% Fe304 and indicating that a significant transformation from siderite to Fe oxides
occurred, possibly aided by the action of temperature and flow (Figure 9e). Interestingly, the
areas with corrosion products close to the steel (spectrum III) showed the highest proportion

of Fe oxides with 24% FeO and 18% Fe304, and 58% corresponded to FeCO3 (Figure 9f).

These results evidence that Fe3Os consistently forms at pH 7 as a corrosion product yet the
amount is small as the«conditions-are still favourable to form FeCOs. Given their stabilities,
the most likely phases to be-observed as corrosion products in operational pipelines under the
conditions tested would be FeCO3, Fe3O4 and FexOs. This is valid if other cations are not
present. That means-packing different type of corrosion products with different morphologies
will change thefilm, and this will have direct effects on porosity and permeability.
Furthermore, different Fe phases as corrosion products will have different reactivities will
differ depending on environment conditions. We can hypothesise that the transformation of
FeCOs3 to Fe304 could occur by an increase in the foo. Oxygen can be supplied by either the
gas phase, dissolved in the fluid, a mineral (e.g., FeO) or even by COx itself. That would
define different reactions depending on the source of oxygen and concentration, but from a
general equation the reaction could be 3FeCO3 + 2 0= Fe304 + 3CO,*. However, another
pathway of transformation could also occur via FeO by further oxidation of FeO, 3FeO + %2

O2 = Fe30a.
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Figure 8. a) Diffraction patterns of the preformed corrosion film and of the film after flow

experiment at pH 7.0 compared to Fe and siderite references; b) XPS data of the film after 24

h flow experiment.
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Figure 9. a) Optical microscope'image of the cross section containing the corrrosion film

after 24 h flow experiment and steel (pH 7.0, 80°C, 1m/s flow velocity); b) XANES cluster

map (16 um x 30 um);.¢) Fe.K-edge XANES spectra I, II and III; d-f) Fe k-edge XANES

spectrum I, IT and HT and LCF (full range of energy presented in figures S6-S8).



Chemical dissolution of FeCO3 crystals was demonstrated to be a pH-driven process. Starting
at pH 3.6, H* from the solution react with FeCO3 crystals from the film with the release of
Fe?* and HCOs™ ions increasing the pH of the solution. Simultaneous dissociation of FeCO3
in solution (Fe?*+COs>+H,0) of the crystals yields to the production of OH™ and HCOs" ions,
also increasing the pH of the solution. The chemical dissolution is significantly aided by the
flow causing crystal breakage in up to 80% in a short period of time (8 h) producing also
changes in the material under the corrosion film. Contrary at pH 7.0, crystal removal was the
most notorious physical change in the film promoting direct contact of the fluid to the
material under the film. The transformation of FeCOj3 to FeO at 80°C aided by flow. suggest
another pathway of formation of FeO as corrosion product; however, it can be either

transformed to Fe3O4 in CO2 environments or rapidly transformed toFe>Os.in presence of Oo.

Conclusions

Waustite (FeO) and magnetite (Fe3Os) are confirmed corrosion products to form along with
siderite (FeCOs3) at neutral pH, 80°C in CO2 environments; however, FeCOs3 is the dominant
and more stable product under these conditions. The formation of FeO and Fe3O4 can also
occur through the transformation of FeCO3 depending on pH conditions and likely the action
of flow. The transformation follows the sequence, FeCO3, FeO and Fe3O4 in CO2
environments confirmed to exist in the three-dimensional corrosion layer. Chemical changes
are not limited to the film but to-the material underneath with changes confirmed at the
molecular level in FesC which contributes to the degradation of steel. This has serious
implications in industrial operations as the use of low pH fluids in the cleaning process of
pipelines not only disselve the corrosion products but also the steel. At the lower end of
demanding CO3 environments; under conditions that induce FeCOj3 dissolution, the reduction
of crystal size of'the cylindrical FeCO3 geometry is so rapid that in 8 h crystals are ~80%
smaller'but homogeneous in size. The action of flow cause crystal breakage contributing to
the breakdown of the corrosion films at both low and neutral pH, being a key factor indirectly
contributing to the further degradation of steel; however, flow in combination with pH
accelerate damage of the film. The influence of pH on the nature of corrosion products and
the combined effect of mechanical damage and time will define the quality of the film;
however, systems under flow compromise the protective assumption of FeCO3 corrosion
films. Changing operation conditions will define different crystal morphologies, and
therefore different packing and subsequent changes in the mechanical properties that define

how the film react those conditions. The chemo-mechanical damage and Fe phase



transformations will affect the critical localised corrosion and therefore, they need to be
accounted for in mechanistic models aiming to find new avenues for control and mitigation of

carbon steel corrosion.
Methods

In this study, FeCOs corrosion films were grown in an autoclave reactor and then used in
flow-cell experiments in conditions detailed below (Figure S9). Fast-rinse and air-dried
specimens were transferred immediately from the autoclave to a desiccator which.was
maintained under vacuum. Specimens were only removed from the desiccator forimmediate
use in flow experiments or for characterisation analysis. The drying and transfer,procedures
were always completed in less than 2 minutes to avoid air oxidation or.contamination, Fresh
prepared specimens were used in flow experiments and characterisation analyses. Transfer of
specimens to the instruments for characterization was performed in vacuum sealed bags. We
used API 5L X65 C-steel as a testing material with a ferritic-pearlitic microstructure with an
specified elemental composition (wt. %) consisting of Fe.(97.8), C (0.12), Si (0.18), Mn
(1.27), P (0.008), S(0.002), Cr (0.11), Mo (0.17), Ni (0.07), Cu (0.12), Sn (0.008), Al (0.022),
B (0.0005), Nb (0.054), Ti (0.001) and V (0.057). Cylindrical X65 C-steel specimens of 10
mm in diameter and 6.25 mm in thickness with a total surface area of ~ 5.49 cm? were
manufactured. A hole was tapped in the eentre of the base for mounting onto a custom-made
holder inside the autoclave reactor. Prior film growth, C-steel specimens were wet-ground
using progressively 120, 320 .and 600silicon carbide (SiC) grit papers. They were then rinsed
with DI water, acetoneiand then dried with air. For the solutions, we used NaCl (Fluka/

Honeywell CAS 7647-14-599%) and NaHCO3 (Alfa Aesar 99% CAS 144-55-8).

Corrosion film growth was performed using five C-steel specimens per experiment that were
attached ontoe the holder and fixed to the shaft of the autoclave lid (Figure S1b). An
unstirred 4% NaCl solution saturated with CO; for 24 h was placed in the autoclave and the
pH was adjusted to 7.0 at 80°C using NaHCOs3. FeCO3 corrosion films were grown in static
mode at 80°C under a COx total pressure of 30 bar for 72 h. The surface area of the specimen

to solution volume ratio (A/V) was kept to ~42 cm?/L.

The specimens with preformed FeCOj3 corrosion films (from the autoclave) were used in the
flow experiments (1% NaCl circulating with a flow velocity of 1 m/s at 80°C, 0.54 pco2 bar)
at pH 3.6, to test for dissolution, and at pH 7.0 to evaluate mechanical damage (while

preventing dissolution) (Figure S1c). Both types of experiments were performed at identical



saturation degree conditions. The pH of the brine solutions was adjusted at the beginning,
NaHCOs3 was used to adjust the pH to 7.0. The pH was constantly monitored throughout the
reaction. Experiments were performed in duplicates at each of the three times of reaction
evaluated (i.e., 2 h, 8 h and 24 h) and the two pH conditions evaluated. The experimental
setup consisted of a closed loop that transported the solution between a glass reactor and a
custom-built flow-cell described and validated to work with a flow of 1 m/s, which was
quantified to be a turbulent flow (Reynolds number of 16445) with a shear stress of 3.15 Pa.
Details of the design of the flow cell shown in figure S1c can be found in Burkle et al., 2016
[38]. The flow was controlled through a customised high precision magnetic drive gear
micro-pump (Micropump® Series GJ-N25). The reactor consisted of a glassireaction vessel
with a lid fitted with a pH electrode, inlet and outlet for gas and solution, and a condenser.
The custom-made flow-cell comprised two main components, a base and a'windowed top
secured together with screws. The base of the cell contained a compartment where the C-steel

specimen was placed.

To perform the experiments, 1L of 1% NaCl solution was stirred and flushed with CO; for
24 h while attached to the closed loop of the flow-eell rig. The solution was heated up to
80°C and the pH was adjusted to either 3.6'or 7.0 with NaHCOs, if necessary. Once the
solution reached the temperature and-pH values; the specimen with the preformed corrosion
film was placed at the base of the.flow-cell and the full setup was left to deaerate for further
15 minutes. The dissolved oXygen concentration was then confirmed to be below 50 ppb
using a DO probe (Intellical™ LDO101) before starting the experiment and then the solution
was circulated through the closed loop. The pH was recorded automatically over the length
of the experiment using a'pH and conductivity meter (Mettler Toledo S213). Three
experiments were performed at pH 3.6 for 2, 8 and 24 h, and three experiments at pH 7.0 for

the same.time duration.

For specimen characterization, we used a complementary approach of analysis at different
dimension scales. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were
used to collect information from the corrosion products. X-ray Photoelectron spectroscopy
(XPS) was used to analyse the chemical composition at the surface of the FeCOs film up to
10 nm. Micro X-ray absorption near edge spectroscopy (1-XANES) was used to investigate

speciation of Fe products of cross-sections of the FeCO3 films at the micron level.



After completion of flow experiments, the specimens were rapidly removed from the flow-
cell, rinsed with DI water, dried immediately with air, and then stored in a vacuum desiccator
while they were transferred to the instruments. This process was always completed in less
than 2 minutes. XRD and SEM were used to investigate the composition and morphology of
the corrosion products. For XRD analysis, the cylindrical specimens were mounted onto a
holder and scanned from 15 to 80° 20 at 1.55°/min using a Bruker D8 X-ray diffractometer.
The diffraction patterns were compared against the diffraction data of the structure of siderite
and o-Fe [19, 39]. For SEM imaging acquisition, a TM3030Plus microscope wasused. The
specimens were fixed onto stubs using high purity double-sided conductive adhesive carbon
tabs and mounted on the sample stage of the instrument which was operated at 15kV. To aid
the analysis, areas of 250 um x 200 pm over the images were converted to black and white
binary images to quantify number of crystals and size of the preformed film (time =0) and
films after flow experiments at 2 h, 8 h and 24 h. This wasperformed.on at least three
different areas of each specimen. All the images were analysed using the ImageJ software

[40].

XPS data were collected using an EnviroESCA system:equipped with a monochromatic Al
Ka. (1.487 keV) X-ray source. Thednstrument was operated at 3.3 mbar and **Ar gas was
used for charge compensation. Specimens were fixed onto stubs using high purity double-
sided conductive adhesive carbon tabs; The area analysed was 300 um x 300 um. Survey
spectra were collected between 15 and 1500 eV with a pass energy of 100 eV. High-
resolution spectra were collected.at the binding energies of Fe (700-740 eV), O (525-545 eV)
and C (280-295 eV), with a pass energy of 20 eV and a step size of 0.1 eV. Calibration of the
binding energies was performed using the carbon 1 s peak at 285 eV using CasaXPS software
[41]. Fe 2p3,> high-resolution spectra were fitted using multiple peaks and Shirley background

subtraction.

pu-XANES mapping was performed on beamline 118 at Diamond Light Source. The
measurements were performed using a cryogenically cooled Si (111) monochromator and
two Rh-coated Si mirrors for horizontal and vertical X-ray beam focusing using a

Kirkpatrick-Baez (KB) configuration.

Samples were prepared as FIB lamellae across the steel and corrosion film using a Focused
Ion Beam FEI Helios G4 CX Dual Beam microscope. Prior FIB preparation, the specimens

were embedded in resin and the cross section was exposed through fast polishing using 600



SiC grit paper; the cross section was immediately dried with air. The specimens were coated
with Ir (20 um) using an Agar Scientific sputter coater to minimise charge effects. An
additional Pt protection layer (20 um length x by 2 um width and 1pm thick) was applied in-
situ using a Ga* Ion beam. Material was removed from either side of the lamella using 21 nA
and thinned using 9 nA. The lamella was Pt welded to an easy-lift needle, released from the
bulk then re-attached to a TEM FIB grid. Then, the lamella was thinned using progressively
smaller beam current (0.79 nA — 40 pA) until a thickness between 500- 1000 nm was

achieved.

For the u-XANES mapping, the FIB lamellae were placed at 45° to the incident beam and the
energy-dispersive silicon drift 4-element Vortex ME-4 detector with Cube pre-amplifier was
positioned normal to the beam direction. The monochromator was calibrated,using an Fe-foil
at 7112 eV. XANES spectra were collected from Fe standards (i.e., FeOyFe203, Fe304
including a FeCOs corrosion film). The lamellae covered afeas between 170 and 800 pm?.
Fluorescence maps (150 maps in total) were collected at discrete'energies between 7000 and
7250 eV in raster mode using 2 um horizontaland/2 pm vertical steps and 0.1s per pixel. The
energy points used for fluorescence XANES maps were collected between 7000 and 7100 eV
with a resolution of 4.0 eV; between 7100 and 7150 eV the resolution was increased to 0.5
eV, and between 7150 and 7250 eV the resolution was 0.4 eV. To aid with the differentiation
of Fe species from the corrosionproducts and the steel, Mn fluorescence maps were also
acquired. An aluminium filter of 0.25 mm was used to attenuate the incident X-ray beam to

ensure the linear responseof the detector.

For data analysis, fluorescence maps were stacked and converted to a single file containing
XANES maps using an.in-house python script at the beamline. To analyse the XANES
spectral maps, alignment, principal component analysis (PCA) and cluster analysis (CA)
were performediin Mantis [42]. Prior PCA and CA analysis, normalisation was performed
dividing the intensity value of each spectrum by the last energy point, which yields better
speciation cluster analysis rather than intensity differentiation. The number of clusters was
determined by using an iterative approach starting with the number of spectral components
from PCA and reducing the number of clusters until a local minimum was reached and no

further changes on the map were observed as described by Brinza et al 2014 [43].

XANES spectra from Fe standards and those obtained from the cluster analysis were

normalized in Athena [44] and compared to the spectra from the clusters obtained in Mantis.



Step size of the XANES spectra from the clusters was 4.0 eV between 7000 and 7100 eV,
then 0.5 eV between 7100 eV and 7150 eV, and finally 4.0 eV between 7150 eV and 7250
eV. Spectra of FeCO3 and Fe3;C obtained from XANES databases were also used for
comparison [45, 46]. Linear combination fitting (LCF) between 20 eV below the edge and 30
eV above (i.e., 7092- 7142 eV) was performed to fit the XANES cluster spectra. Weights
were constrained to be between 0 and 1, and their sum to be 1. E® was not constrain to the be

the same for all the standards.
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