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CO; transmission pipeline integrity

Abstract

To mitigate the corrosive effect encountered in carbon steel pipelines during dense phase CO2
transport the general consensus is that the CO2 stream must be sufficiently dehydrated.
Although such a process will undoubtedly help prevent the breakout of free water, it can
contribute significantly towards the handling costs, particularly in the context of offshore

installations. As opposed to drying the CO2 streamto excessive levels, one alternative option
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is the application of corrosion resistant alloys such as 13Cr. This paper performs a comparison
between X65 carbon steel and 13Cr in pure and impure CO», evaluating the influence of SO2
and Oz on the general and localized corrosion rate of both materials at 80 bar and 35°C. The
results show that 13Cr is able to perform exceptionally well in comparison to X65 in pure CO2
as well as when SOz and O; are present in the system individually, producing no localized
corrosion and general corrosion rates below 0.02 mm/y. However, when SO, and O, were
combined, the formation of sulfuric acid was permitted which proved detrimental to 13Cr,
producing excessive localized attack much greater than that observed on X65. Raman

spectrosopy, XRD and SEM/EDX are used to analyse the corrosion products

Key words: CO; corrosion, carbon steel, carbon capture and storage, sulfur dioxide, oxygen

1. Introduction

Fossil fuels will continue to be the dominant source of the world’s energy production for the
foreseeable future, yet there has been increased concern that the combustion of such carbon-
based fuels produces greenhouse gases (particularly CO2), which adversely affect the global

climate.lt!

The implementation of Carbon Capture and Storage (CCS) technology would allow the
continued use of fossil fuels through the abatement of carbon dioxide (CO2), preventing
emissions into the atmosphere. Currently, CCS is the only process available to generate a

significant and immediate impact on the Earth’s environment.

CCS refers to a process by which CO: is captured from large point sources (e.g. power
generation and industrial applications), followed by compression and transportation to a

storage site (e.g. a geological reservoir or depleted oil field). For the transmission of large
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quantities of CO2, the most logical and cost effective solution would be the development of a
dedicated pipeline network manufactured from carbon steel to transport CO2 in a liquid or
supercritical state. However, one limitation of carbon steel is its susceptibility to corrosion in
flue gas environments due to the presence of CO», water (H20), oxygen (O2), sulfur dioxide
(SO2), nitrogen oxides (NOx) and other constituents that can result in the formation of

corrosive phases.

A number of studies have recently been published which seek to understand the implications
of such impurities in liquid or supercritical CO2 on the extent of carbon steel corrosion during
pipeline transportation.[2-20] Research has alsofocused on defining the safe limits of impurities
that can be tolerated within the CO2 stream by systematically varying the water content or

concentration of other contaminants such as SO2, 02 and NOx amongst others.[4 > 7,9,18 20,33,

34,35, 36]

From a review of the literature within this subject area it appears that in order to
appropriately mitigate excessive corrosion rates the general consensus is that sufficient
drying (i.e. water removal) of impure CO; upstream of the pipeline is required. Although such
a process can prevent the breakout of free water, it can contribute significantly towards
handling costs, particularly in the context of offshore installations.!!] Furthermore, some
studies have suggestedthat extensive dehydration down to 50 ppm (mole) should be applied,
which can require the use of molecular sieves, imposing an even greater cost® 32l Limits as
low as 50 ppm have already been implemented in the US[ and Norway!?2l for specific
pipelines. However, other specifications from the DYNAMIS project!?3] and for the Kinder

Morgan pipelinel2*l are less conservative, imposing limits of 500 and 650 ppm, respectively.
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As opposed to dehydrating the CO2 stream, one alternative option is the application of
corrosion resistant alloys (CRAs) such as 13Cr. However, limited data on CRA corrosion in
dense phase CO3 is available in the literature with the exception of work by Choi et al.[1®lwhich
was performed with 13Cr in the presence of very high SO2/0; concentrations (1% and 5%,
respectively) that are orders of magnitude greater than those typically anticipated for

anthropogenic CO2 transport according to Walspurger et al.[23],

The purpose of this present study is to contribute to the literature by determining the ability
of 13Crrelative to X65 carbon steel to mitigate corrosion in water-saturated dense phase CO2
when SOz and O3 are present both individually and together. Both the general and localized
corrosion behavior of X65 and 13Cr are determined using white light interferometry and the
nature and morphology of corrosion products formed on the steel surface are reviewed using
a combination of scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), and X-ray diffraction (XRD) in order to clarify the role low concentrations of SO2 and Oz
play in the degradation process and ascertain whether selection of a CRA is a suitable

corrosion mitigation option.

2. Experimental procedure

2.1 Sample preparation

Test specimens were machined into discs of diameter 25 mm and thickness of 6 mm from
both API 5L X65 carbon steel and 13Cr (UNS41000) bars. The chemical composition of X65
and 13Cr and their microstructures are provided in Table 1 and Figure 1 respectively. Surface
preparation for corrosion experiments consisted of wet-grinding the entire sample with up to
600 grit silicon carbide abrasive paper, rinsing with distilled water, followed by acetone and

high purity ethanol, followed by drying gently with compressed air. Samples were then stored
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in a desiccator until required and weighed immediately before the experiment on an
electronic balance to within an accuracy of 0.01 mg before suspending inside the autoclave.
Two samples of the same material were placed within the autoclave for each individual test.
Surface preparation for the microstructures consisted of wet-grinding the entire sample
surface up to 1200 grit silicon carbide abrasive paper, followed by polishing with the help of
3um diamond suspension to attain a mirror finish, rinsing with distilled water, followed by
acetone, high purity ethanol and drying gently with compressed air. Etchants were varied
depending on the sample alloy composition. A 2% Nital was used for X65 where etching
consisted of swabbing the surface for 10-20 seconds with a cotton pad. 13Cr was etched with
waterless Kalling's reagent (5 g copper chloride + 100 ml hydrochloric acid + 100 ml ethanol)

by swabbing the surface for 10 seconds with a cotton pad.

2.2 Autoclave testing procedure
A schematic representation of the autoclave experimental system layout is provided in Figure

2. The testing procedure has been published in a previous paper. "1

All tests were conducted under static conditions in water-saturated supercritical CO2 (a water
content of 3437 ppm in the dense phase at 80 bar and 35°C based on the analysis performed
by Spycher et al.[2%]). However, in order to ensure complete saturation of CO2 under these
conditions, 34000 ppm of water was introduced to the bottom of the autoclave (i.e. not in
direct contact with the sample). The entire matrix of the experimental conditions is provided
in Table 2 which describes the different materials and conditions that were evaluated. The
molar concentrations of SO2 (100 ppm) and O2 (1000 ppm) were specifically chosen to reflect

the recommended limits proposed by de Visser et al.[23land Alstom (which can be found ina
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publication by Dugstad et al.[*3]) to ensure safe CO3 transport. However, it should be noted
that the proposed limits within these publications are based on health and safety criteria in
the event of a sudden release from a pipeline, not from the perspective of corrosion/pipeline
integrity. This study aims to evaluate whether these proposed limits are tolerable within a
CO; pipeline when the stream is saturated with water. Previous research 137:38] has indicated
that the addition of these particular impurities at the aforementioned concentrations do not
shift the critical point of CO2 significantly. As such, all experiments performed in this study are

conducted with CO2 within its supercritical state.

It is difficult to monitor the actual pH of the solution due to the presence of small amounts of
water in the system and the considerable pressure. Consequently, the OLI software 31 was
used to speculate about the possible pH of the aqueous phase as shown in Figure 3.
Considering the experimental conditions in this work (35°C and 80 bar CO>), the solution pH
is expected to reduce from 3.1 in the absence of SO2 to 2.4 when 100 ppm SO2 is introduced.
This is based on the assumption that SO2 will partially dissolve into the aqueous phase to form
sulfurous acid (H2SO3) as stated by Dugstad et al.l191 It is difficult to predict the effect of
combined addition of Oz and SOz to this system. However, based on the assumption that the
likely effect is to promote the formation of sulfuric acid through the oxidation of sulfurous
acid, the pH can be expected to decrease markedly given that sulfuric acid is a much stronger

acid.

At the end of each experiment, the specimens were dried thoroughly and subsequently
chemically cleaned to remove all traces of corrosion products before weighing. The cleaning
process consisted of wiping the surface with a cotton pad soaked in Clarke’s solution (20 g

antimony trioxide + 50 g stannous chloride + 1000 ml hydrochloric acid) in accordance with
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ASTM Standard G1-03[27], This was followed by rinsing the samples with distilled water and

then drying with compressed air.

The mass loss due to corrosion was determined from the weight difference before exposure

and after cleaning. The corrosion rates were calculated using Equation (1):

v = 87600Am 1)
© pAt
where V¢ is the corrosion rate of the sample in mm/year, Am is the weight loss in grams, p is

the density of the sample in g/cm3, A is the exposed area in cm? and t is the immersion time

in hours.

3. Results and Discussion

3.1 General corrosion of X65 and 13Cr steels exposed to water-saturated supercritical CO2

condition with various SO2/02 concentrations

Figure 4 provides the general corrosion rates recorded (based on gravimetric analysis) for X65
and 13Cr exposed to water-saturated conditions in the presence of various concentrations of
SOz and O2. In the absence of SO2 and Oz, the general corrosion rates of X65 and 13Cr are 0.1
and 0.003 mm/y, respectively. Addition of 1000 ppm O: serves to reduce the general
corrosion rates of both materials to 0.03 and 0.001 mm/year. The ability of O2 to reduce the
general corrosion of carbon steel in CO2 systems has been reported previously by other
authors atlow temperatures and can be attributed to the formation of protective oxide films
on the steel surfacel> 28, In terms of 13Cr, O3 is also known to assistin the formation and
replenishment of the passive chromium oxide films that can be established on the steel
surface, which can explain the increase in general corrosion resistance with the introduction

of Oa.
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The mass loss measurements in Figure 4 indicate that Oz has no detrimental effect on the
general corrosion of X65 and 13Cr in a CO2-H20-02 system under these particular conditions
and that 13Cr exhibits improved corrosion resistance compared to X65 in both environments.
The superiority of 13Cr relative to X65 in CO2-H20 and CO2-H20-0; systems at high pressure
was also reported by Choi et al.l18] for experiments performed at 80 bar and 50°C in CO»-
satuarted water. However, in contrast to the results in Figure 4, Choi et al.l’®] reported an
increase in general corrosion rates of X65 for experiments in water-saturated CO2 with the
introduction of O2. A possible explanation for the disparity in observations could be linked to
the temperature difference in experiments, but also the higher O contents of 1.6-5.5 bar
evaluated by Choi et al.,[16l. As 02 content and temperature are increased, Oz is capable of
influencing the kinetics of the cathodic reaction at the steel surface (see Equation (2) for the
reaction under acidic environments), which may explain the accelerated corrosion reported

by Choi and co-workers. [16]

0, +4H* +4e~ - 2H,0 (2)

Referring again to Figure 4, the introduction of solely 100 ppm SOz to the CO2 system resulted
in anincrease in general corrosion rates of X65 and 13Cr from 0.1 and 0.003 mm/y to 0.65
and 0.01 mm/y, respectively. Generally, the acceptable internal corrosion limit for such
pipelines is ~¥0.1 mm/y, although this depends on the system design life and the anticipated
corrosivity of the fluid being transported. For the sake of material evaluation, adopting 0.1
mm/y as an acceptable benchmark, the corrosion rate of X65 under these conditions is well
beyond this limit, whereas 13Cr is still able to offer adequate corrosion protection even in a

water-saturated environment.
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Addition of both 100 ppm SOz and 1000 ppm O (final column in Figure 4) clearly enhances
the corrosion rate of both materials from the pure CO2 environment, particularly in the case
of 13Cr. The general corrosion rates recorded were 0.95 and 0.75 mm/y for X65 and 13Cr,
respectively. The collection of results within Figure 4 indicate a noticeable synergistic effect
between SO; and O2. Corrosion rates observed when SOz and O; are together exceed the sum
of the two individual degradation rates when the both species are present individually. The
observed synergistic effect is evident in both materials and results in 13Cr exceeding 0.1
mm/y by a large margin (by 0.65 mm/year), making it an unsuitable material choice for such

an environment based on this reported limit.

3.2 Corrosion product morphology for X65

Figure 5 shows the SEM images of the X65 steel surface after 48 h exposure to the water-
saturated CO2 phase containing different concentrations of SO2 and O,. In the absence of SO>
and O3, iron carbonate (FeCOs3)is the sole crystalline product recorded on the steel surface
(Figure 5(a)) and this is confirmed by the XRD pattern provided in Figure 6. Addition of 1000
ppm O:2 inhibited the formation of FeCO3s, producing a seemingly amorphous corrosion
product layer which produced no XRD pattern within Figure 6. XPS analysis of the filmin a
previous publication identified that the film formed under these conditions predominantly
comprises of iron oxides and/or hydroxides!®.. It is assumed that the oxidation of Fe2*to Fe3*

due to the presence of Oz inhibits the formation of FeCOs.

Addition of solely 100 ppm SO2 (SEM image in Figure 5(c)) produced a corrosion product layer
comprising of both FeCOs and iron sulfite (FeSO3) according to the XRD pattern provided in
Figure 6. This was confirmed by additional Raman spectroscopy measurements performed on

the same sample. The introduction of both 100 ppm SO2 and 1000 ppm O; resulted in the
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formation of FeCOs and FeSOs (confirmed by XRD patterns in Figure 6), but also the co-
presence of hydrated FeSO4 based on localized Raman spectra (specifically peaks at 185, 480

and 990 cm12%] jdentified within Figure 7).

These observations are in alignment with Choi et al.[1®lwho reported that the presence of SO;
alone promoted the formation of FeSO3 on X65 steel while the addition of O2 can form FeSOa.
The work is also in alignment with Dugstad et al.[’% who stated that the presence of SO;
permits the formation of sulfurous acid (H2S03), and the addition of Oz enables sulfuric acid
(H2S04) to be formed via the series of reactions (3) to (5). H2SOa is a significantly stronger acid
then H2SO3, and is potentially more corrosive, corroborating with the observed synergistic

effect between O3 and SO».

H,0 + S0, » H* + HSO; (3)
HSO; — H* + S0% (4)

1
S0%~ +50, ~ S03- )

The formation of sulfite and sulfate ions enables the precipitation of FeSO3 and FeSO4 via

precipitation reactions:
Fe?* +S05~ > FeSO, (6)
Fe?* + 507~ - FeSO0, (7)

while FeCOs is produced from the precipitation of iron and bicarbonate ions formed from the

steel dissolution and dissociation of carbonic acid within the aqueous phase:
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Fe** + C0%~ > FeCO, (8)
3.3 Corrosion product morphology for 13Cr

13Cr samples exposed to 0 ppm SO; with and without 1000 ppm O produced general
corrosion rates below 0.003 mm/year, indicating that O; presence has little effect on the
general corrosion of the CRA. SEM images of the steel surface indicated no noticeable signs
of general or localized corrosion and are provided in Figure 8. SEM images of the 13Cr surface
after exposure to 100 ppm SO2 with and without 1000 ppm Oz are provided in Figure 9 and
show clear signs of material degradation as a result of introducing SO, the presence of SO,
permits the formation of H2SO3 and the addition of Oz enables H;SO4 to be formed. Both
H2S03 and H2SO4 are more corrosive in comparison to that of H,CO3s, corroborating with the
increased mass loss observed. No significant corrosion product was visible on the 13Cr surface
exposed to solely 100 ppm SO (Figure 9(a)) as degradation rates under these conditions were
still low at 0.01 mm/y and unlikely to result in substantial corrosion product precipitation.
However, the combined presence of SO and O; resulted in corrosion rates rising to 0.65

mm/y, producing a thin, cracked corrosion product layer (Figure 9(b)).

XRD and Raman analysis of the corrosion product observed inthe SEM image shown in Figure
9(b) proved challenging and were unable to identify the nature of the corrosion product
present. However, cross-section EDX analysis of the films formed on X65 and 13Cr after
exposure to 100 ppm SO2and 1000 ppm O; after 6 h and 48 h (Figure 10) showed that the
thickness of the corrosion products increased for both materials and the corrosion product
on 13Crwas richin Cr, Sand O, and contained very little traces of Fe. Given that the combined
presence of Oz and SO, permits the formation of H2S0a4, as discussed by Dugstad et al.[1%, it is

suggested that this acid is capable of dissolving the Cr.03 passive filmand reacting with Cr3*
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to produce chromium sulfate (Cr2(SOa)3), although this cannot be confirmed and requires

further study.

3.4 Localized corrosion of X65 and 13Cr

One particular concern in acidic environments, particularly in CRAs is the potential for
localized corrosion to occur. Each material and test environment combination considered in
Figure 1 (and Table 2) was evaluated for localized attack using white-light interferometry. The
threshold value used was 1 um and so the measured localized depth beneath that value of
depth will not be considered. An example of profilometry images of X65 and 13Cr sample
surface exposure to water-saturated CO2 condition in the presence of 100 ppm SO2 and 1000
ppm O3 are provided in Figure 11. Smaller versions of these images are also embedded within
Figure 12 which provides a summary of the pit/localized depth measurements extracted from
X65 and 13Cr samples from all tests performed in Figure 1 and are expressed as penetration
rates. The localized/pit depth analysis was conducted in alignment with ASTM Standard G46-
94, selecting the average of the 10 deepest pits on the surface to provide an accurate
assessmentB%. Multiple scans (atleast 3) such as those shown in Figure 11 were performed

across the steel surface to ensure reliable data was obtained.

Considering Figure 12, it is evident that X65 steel undergoes localized attack in all
environments. The attack manifests itself as a form of micro-pitting over 48 h (typical image
shown in Figure 11) and is particularly prominent in the presence of 1000 ppm O> and 100
ppm SO2/1000 ppm O, exceeding pitting rates of 2 mm/year. In contrast, 13Cr was only
susceptible to localized corrosion when both SO2 and Oz were present together. Under these

conditions, the form of corrosion observed was a combination of extensive localized attack
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and pitting, with the surrounding material adjacent to the attack undergoing significantly less
attack. SEM images of the X65 and 13Cr surfaces after 6h and 48 h of exposure are provided
in Figure 13. These images were taken after cleaning with Clarke’s solution and etching the
steel surface; they indicate that the pit initiation is not limited to solely the ferrite phase of

the material for X65 steel.

3.5 100 ppm SOz and 1000 ppm Oz — evolution of corrosion products and general/localized

corrosion rate vs time

The initial localized depth measurements at 48 h in the previous section cast ambiguity over
the actual growth of pits/localized areas as they are purely one measurement performed ata
particular instance in time. To determine the nature of surface pit growth/rate of localized
attack, X65 and 13Cr samples were exposed to the 100 ppm SO2/1000 ppm O2 environment
for varying exposure times between 6 and 48 h. After each experiment, gravimetric
measurements and surface profilometry were performed on both materials to determine the
general and localized corrosion rates, respectively. The data collected is provided in Figure 14
and shows that there is little difference between the general corrosion rate of X65 and 13Cr
over 48 h of exposure. However, a difference of one order of magnitude is recorded between
X65 and 13Cr in terms of localized attack, with 13Cr showing much greater susceptibility to
the SO2/0; environment than X65 steel. Both materials display decay in their rate of localized
attack as a function of time. The actual general and localized corrosion rates could be higher
than the values recorded here due to depletion of impurities in a closed autoclave over time.
However, the localized attack for both materials remain high for the duration of the

experiment.
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The evolution of corrosion products on the surface of X65 and 13Cr is provided in Figure 15
and indicates the presence of a sulfur-rich, cracked filmas early as 6 h into the experiment on
both materials. Further work is still needed to determine when exactly pit nucleation starts
to occur and what causes this process. Additionally, further work is required to determine
whether the reduction inlocalized corrosion rate is attributed to corrosion product formation
in the localized region, re-passivation of the oxide film or depletion of impurities within the

autoclave.

Conclusions
The research presented has focused towards studying and quantifying the extent of both

general and localized corrosion of X65 and 13Cr in water-saturated supercritical CO>
environments containing various SO2 and Oz, representative of dense phase CO; transport.
Tests were conducted at a pressure of 80 bar and a temperature of 35°C for periods of up to

48 h. The main conclusions which can be drawn from this study are:

e The general and localized corrosion rate of X65 in water-saturated dense-phase
environments is accentuated by the presence of 100 ppm SO2 and 100 ppm SO2/1000
ppm O2. The effect of 1000 ppm O; as a sole impurity served to reduce general
corrosion rates, but promotes more substantial pitting on the steel surface.

e The most aggressive environment for X65 was obtained when SO> and 02 were
combined together which produced general corrosion rates of 0.95 mm/y. SO alone
in the water-saturated dense phase CO2 permits the formation of sulfurous acid,
which resulted in the precipitation of FeSO3 on the steel surface. However, the
addition of O was shown to result in the formation of SO42- (through the formation of
sulphuric acid), producing FeSO4 on the steel surface.

e 13Cr was shown to be highly resistant to corrosion in the CO2-H20-02and CO»-H.0
environments, producing no indication of localized attack and general corrosion rates
below 0.003 mm/y. The material also performed well in experiments with 100 ppm
SO present, producing no signs of localized corrosion and general corrosion rates

below 0.02 mm/y.
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e The combined presence of Oz and SO; was detrimental to 13Cr, producing general
corrosion rates of 0.65 mm/y. A clear synergistic effect was observed between SO;
and O for both X65 and 13Cr whereby the degradation rates resulting from the
combined presence exceeded the total of the corrosion rates produced when the
species were present individually.

e Pitting rates of X65 and 13Cr were shown to be in excess of 7 and 80 mm/year at the
start of the experiment for X65 and 13Cr, respectively. The pitting rates were shown
to reduce with time by around an order of magnitude. If was not clear whether the
reduction in corrosion rate was attributed to corrosion product formation, pit

repassivation or depletion of impurities within the system.
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422 Table 1: Elemental composition (wt.%) of APl 5L X65 carbon steel and UNS41000 13Cr
X65 13Cr
C 0.12 0.15
Si 0.18 0.36
Mn 1.27 0.56
P 0.008 0.006
S 0.002 0.008
Cr 0.11 135
Mo 0.17 -
Fe Balance
423
424 Table 2: Test matrix for corrosion experiments in water-saturated dense phase CO,
Immersion
Temperature | Pressure | . als H,O (ppm S0 0; .
(C) (bar) 20PPm) | (ppm) | (ppm) | time hours
0 0
Abgve solubility ) 1000
limit of 3437ppm
35 80 X65/13Cr | through addition of | 100 0 48
34000ppm water 100 1000
Immersion
Temperature Pressure . SO, 0, '
) (bar) Materials H,O0 (ppm) (ppm) (ppm) | time hours
Above solubility
35 80 X65/13Cr through addition of 100 1000
34000ppm water

425
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(a) (b)
427 Figure 1: Microstructure of a) API 5L X65 — depicting a ferritic-pearlitic structure and b) UNS41000

428 13Cr - depicting a martensitic structure
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430 Figure 2: Schematic of the autoclave setup for impure, dense phase CO, experiments
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432 Figure 3: Predicted pH of CO,-saturated water in the presence of SO, at 35°C and 80 bar
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434  Figure 4: General corrosion rates of X65 and 13Cr after exposure to water-saturated dense
435 phase CO2 at 80 bar and 35 °C for 48 h in the presence of various concentrations of SO
436 and Oz
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Figure 5: SEM images of X65 samples exposed to water-saturated supercritical CO2
conditions at 80 bar and 35°C containing (a) 0 ppm SO2 and 0 ppm O3; (b) 0 ppm SOz and
1000 ppm O2; (c) 100 ppm SO2 and 0 ppm Oz and (d) 100 ppm SOz and 1000 ppm O2
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Figure 6: XRD patterns of X65 samples exposed to water-saturated supercritical CO2
containing various SO and 02 at 35°C and 80 bar after 48 h
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Figure 7: Raman spectra of X65 sample exposed to water-saturated supercritical CO2
containing 100 ppm SOz and 1000 ppm Oz at 35°C and 80 bar after 48 h
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Figure 8: SEM images of 13Cr samples exposed to water-saturated supercritical CO2
condition with, (a) 0 ppm SO2 and 0 ppm O2and (b) 0 ppm SO2 and 1000 ppm O after 48 h
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457 Figure 9: SEM images of 13Cr samples exposed to water-saturated supercritical CO2
458  condition with (a) 13Cr - 100 ppm SOz and 0 ppm O3, (b) 13Cr - 100 ppm SOz and 1000 ppm
459 O after 48 h
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Figure 10: SEM cross-section images of (a) X65 — 6 hours, (b) X65 — 48 hours, (c) 13Cr — 6 hours and (d) 13Cr — 48 hours samples exposed to water-saturated
supercritical CO2 at 80 bar and 35°C with 100 ppm SOz and 1000 ppm O-.
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Figure 11: Examples of profilometry images (after removal of corrosion products) from (a)
X65 and (b) 13Cr after exposure to water-saturated supercritical COz in the presence of
100 ppm SOz and 1000 ppm O: at 35°C and 80 bar for 48 h
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Figure 12: Localized corrosion rates of X65 and 13Cr in water-saturated supercritical CO2
environments containing varying concentrations of SOz and Oz at 35°C and 80 bar for 48 h
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Figure 13: SEM images of samples (after removal of the corrosion products) exposed to
water-saturated supercritical CO2 condition with 100 ppm SOz and 1000 ppm O (a) X65 —
6 h, (b) X65-48 h, (c) 13Cr -6 h and (d) 13Cr-48 h
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Figure 14: (a and b) Total mass loss and general corrosion rates and (c and d) localized
depth and localized corrosion rates of X65 and 13Cr in water-saturated supercritical COz in
the presence of 100 ppm SOz and 1000 ppm O: at 80 bar and 35 °C for exposure times of 6,

14,24 and 48 h
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Figure 15: SEM images of samples exposed to water-saturated supercritical CO2 with 100 ppm SO2 and 1000 ppm Oz (a) X65 — 6 h, (b) X65 —

14 h, (c) X65 — 24 h, (d) X65 — 48 h, (e) 13Cr — 6 h, (f) 13Cr — 14 h, (g) 13Cr — 24 h, and (h) 13Cr — 48 h
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