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The corrosion property of carbon steel was evaluated using
an autoclave under COrsaturated water phase and water-
saturated CO2phase with impurities(02and S02)at 80 bar CO2
and 50 °C to simulate the conditionof CO2transmission
pipelinein the carbon capture and storage (CCS)applications.
The results showed that the corrosion rate of carbon steel
in COrsaturated water was very high and it increased with
addingO2in the system due to the inhibitioneffect of O2on the
formationof protective FeCOa.It is noteworthythat corrosion
took place inthe water-saturated CO2phase under supercritical
conditionwhen no free water is present The additionof O2
increased the corrosionrates of carbon steel inwater-saturated
CO2phase. The additionof 0.8bar S02 (1%)in the gas phase
dramaticallyincreased the corrosion rate of carbon steel from
0.38to 5.6mm/y.This then increased to more than 7 mm/y
with additionof bothO2and S02.S02can promotethe formation
of iron sulfite hydrate (FeSOa-3H20)on the steel surface
which is less protective than iron carbonate (FeCOa),and it is
further oxidizedto become FeS04and FeOOHwhen O2is
present with S02 in the COrrich phase. The corrosion rates of
13Crsteel were very low compared with carbon steel in COr
saturated water environmentswith Ob whereas it was as high
as carbon steel in a water-saturated CO2phase with O2and
S02.

1. Introduction
. Acomplete carbon capture and storage (CCS)cycle requires
safe, reliable, and cost efficient solutions for transmission of
the carbon dioxide (C02) from the capturing facility to the
location of permanent storage (1).For transmission oHarge-
quantities of CO2 over moderate distances, carbon steel
pipelines are considered the most cost-efficient solution. The
mechanical properties and low cost are important consid-
erations when long distances are planned. However, carbon
steels are susceptible to corrosion in flue gas environments
due to carbon dioxide (C02),water (H20),oxygen (02),sulfur
dioxide (S02) and other constituents that can cause the
formation of corrosive products (2).

Rigorously dry CO2 does not corrode carbon steels;
however, corrosion rates are much higher if free water is
present because of its reaction with CO2to form carbonic
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acid (H2C03). Thus, sufficient drying (water re~oval) up-
stream of the pipeline is required to prevent breaking-~ut of
freewater and excessive corrosion rates (3,4). The maxImum
allowed moisture content in the pipeline is related to water
solubility in CO2.The requirement for CO2pipelines, u~ed
for enhanced oil recovery (EaR) in the Umted States, IS a
maximum of 600 ppm (mole) water (Kinder Morgan) (5).
Thermodynamic modeling for solubility of water in CO2
indicates a higher critical limit for free water precipitation
of approximately 2000 ppm (mole) in temperature. and
pressure ranges of 15-85 °C and 73-300 bar, respectively
(6, 7).

In corrosion, water has the ability to act as an electrolyte,
solvent and even reactant for dissolved gases such as CO2,
O2, and S02. O2 is important in corrosion mechanisms
because it provides several of the cathodic reaction paths for
corrosion to proceed as well as inhibiting a formation
mechanism for protective iron carbonate (FeCOa)(8, 9). S02
has high solubility in water/moisture, this results in the
formation of sulfurous acid (H2SOa).Similar to CO2,S02will
not cause corrosion in the absence of moisture. It has been
suggested that corrosion rates are acceptable as long as the
moisture content is 50 ppm (mole) with S02 (10, 11).

Although the impact ofCO2corrosion on carbon steel has
been studied extensively at pressures relevant for oil and gas
transport (up to 20 bar CO2),little information is available
under high CO2partial pressure and experimental data are
sparse at higher pressures. In addition, the presence of
impurities such as O2and S02in CO2transmission pipelines
may increase the corrosion riskand should not be neglected.
Thus, in the present study, the corrosion property of carbon
steel was evaluated using an autoclave under C02~saturated
water phase and water-saturated CO2phase with impurities
(02 and S02) to simulate the condition of CO2transmission
pipelines in carbon capture and storage (CCS)applications.

2. Experimental Section
The test specimens were machined from carbon steel (API
5LX65)with a size of25 x 15x 4mm. In addition, 13Crsteel
(UNS 541000) was selected as a mitigation strategy for
inhibiting the corrosive effect of high pressure CO2with
impurities. SeeTable SI, Supporting Information (SI)for the
chemical compositions of carbon steel and 13Cr steel.

The corrosion rates were determined from weight-loss
method (see SIfor the detailed procedures). The morphology
and compositions of corrosion products were analyzed by
scanning electron microscopy (SEM),energy dispersive X-ray
spectroscopy (EDS) and Raman spectroscopy.

2.1. Corrosion Tests under CO2-Saturated Water Phase.
SI Table S2 shows the test matrix for corrosion tests in a
COz-saturated water phase. 400 mL of DI water was added- ....-._--
to the autoclave and CO2gas was bubbled for 3 h to remove
oxygen before starting the test. Corrosion tests were con-
ducted under 80 bar CO2 at 50 °Cwith O2partial pressures
of 0 and 3.3 bar (4%). The specimens were inserted in the
CO2-saturated water phase.

2.2_ Corrosion Tests under Water-Saturated CO2Phase.
SI Table S3 shows the test matrix for corrosion tests in a
water-saturated CO2phase. Specimens were inserted in the
water-saturated CO2phase. From the water solubility in CO2
simulated in the previous study (7), it was calculated that
about 0.35 g of water will dissolve in 1 L of CO2under the
test conditions. Thus, 10 g of DI water was added to the
autoclave in the water-saturated CO2 tests to ensure
saturation.
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FIGURE 1. Effects of oxygen and exposure time on the
corrosion rates of carbon steel in water-rich phase.

3. Results and Discussion
3.1. Corrosion Tests under CO2-Saturated Water Phase.
Figure 1 shows the corrosion rates of carbon steel in the
CO2-saturated water phase with and without O2 as a function
of the test period at 50 °C. The corrosion rates of carbon steel
in COr saturated water were very high and the addition of
O2 (Po. =3.3 bar) in the system did not significantly increase
the corrosion rates of carbon steel at the initial stage.
However, after 120 h, the corrosion rate decreased from 19.2
mm/y to 10.6 mm/y in the absence of O2, whereas it reduced
from 19.3 mm/y to 14.1 mm/y in the presence of O2• SI Figure
S2 represents the surface morphologies of the corroded
samples at 50 °C in the water-rich phase with and without
O2 after 24 h. It can be seen that the morphologies were
almost identical and the surface was locally covered by the
corrosion products (Fe3C)'

Figure 2 shows the SEM images and EDS spectra of the
corroded surface of the samples after 120 h in the water-rich
phase with and without O2• In the absence of O2 (Figure 2
(a», the surface was covered by dense, crystalline FeC03.
This indicates that the decrease of corrosion rates with time
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FIGURE 2. SEM image and EDS spectra of the corroded surface of samples exposed in COrsaturated water for 120 h: (a) without
oxygen, (b) with oxygen.
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(c) (d)
FIGURE 5. SEM image and EDS spectra of the sample exposed in water-saturated e02 for 24 h with differentO2 contents: (a) 80 bar
eOb 50ce, (b)80 bar eOb 1.6bar Ob 50 ce, (c) 80 bar COb 3.3bar Ob 50 ce, (d)80 bar COb 5.1bar Db 50 ce.

mainly resulted from the formation of FeC03 on the surface
(12, 13]. However, when O:!was added in the system, severe
uniformcorrosion attackand some scattered brightcompounds
were found on the surface-(Figure2 (b)). From ED5 analysis,
iron and oxygen were its major constituents. Carbon was,
however, also found, but it is believed that this isbecause traces
ofFec~ are present on the metal surface. This indicates that
the addition ofO2 can inhibit the formation ofFeC03 and form
nonprotective iron oxide (8, 9).

Figure 3 compares the corrosion rates of carbon steel and
13Crsteel in a CO2-saturated water phase with and without
O2 after 24 h. The corrosion rate of 13Cr steel was very low
(~O.OI mm/y) compared with carbon steel; this was in good
agreement with the literature data (14). 51 Figure 53
demonstrates the 5EM image of the surface of 13Cr steel
after 24 h in the water-rich phase with O2• Polishing marks
on the surface are clearly observed, indicating no sign of
corrosion attack in 13Crsteel due to the formation ofpassive

film. This indicates that 13Cr steel is a possible candidate
material for CO2 transportation with free water and O2,

especially for shorter pipelines.
3.2. Corrosion Tests under Witer-Saturated CO2Phase.

To investigate the effect of O2 content on the corrosion of
carbon steel in supercritical CO2 environments, corrosion
tests were conducted under different O2 partial pressures
(P02 = 1.6bar (2%),3.3 bar (4%),and 5.1 bar (6%))at 80 bar
CO2 and 50 cC.Figure 4 shows the corrosion rates of carbon
steel in water-saturated CO2phase with different O2 contents
after 24 h. It is apparent that the addition of O2 increases the
corrosion rate of carbon steel under supercritical CO2
environments. However, the corrosion rates do not increase
with increasing O2content; instead the corrosion rate reaches
a maximum of 1 mm/y with 4% of O2•

Figure 5 shows the 5EM images and ED5 spectra of the
sample surface after 24h in the CO2-rich phase with different
O2 contents. It is interesting to note that the sample surfaces
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AGURE 8. Raman spectra of the sample exposed in
water-saturated CO2 for 24 h: la) 80 bar COb 0.8 bar SOz,50 °C.
Ib) 80 bar COb 3.3 bar Ob 0.8 bar SOb 50 °C.
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FIGURE6. Effects of oxygen and sulfur dioxide on the corrosion
rates of carbon steel in water-saturated CO2 phase for 24 h.

were covered by corrosion products after 24 h in the water-
saturated COzphase. This indicates that corrosion can take
place in the water-saturated COzphase under supercritical
conditions when no free water is present. However, the
corrosion rate was low (- 0.3 rnrn/y) due to the formation
of FeC03 on the steel surface. According to recent studies
(l5, 16), it is possible that COzdissociates and reacts with
other COzor HzOmolecules to produce corrosion products
such as iron carbonate (FeC03), carbonate (COi-) orHzC03•

When Ozwas added in the system, surfaces were covered
by a porous scale that lacked any definable crystalline mor-
phology; this mainly consisted of iron and oxygen (Figure 5
(b)-(d)). This indicates that, as discussed above, the addition
of Oz can increase the corrosion rates of carbon steel by
inhibiting the formation of protective FeC~ and forming less
protective iron oxides.The surfacecoveragedue to these phases
increases with increasing Ozcontent in the gas phase.

SI Figure S4 shows the surface morphologies of samples
in the water-saturated COzphase under different Ozpartial
pressures (0 and 5.1 bar) after cleaning with Clarke solution.
As shown in SI Figure S4 (a), uniform corrosion attack was
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FIGURE1. SEM image and EDS spectra of the sample exposed in water-saturated CO2 for 24 h: la) 80 bar COb 0.8 bar SOb 50 °C. (b)
80 bar COb 3.3 bar Ob 0.8 bar SOb 50 °C.
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FIGURE 9. Corrosion rates of carbon steel and 13Cr steel in
water-saturated CO2 for 24 h with 4% oxygen and 1% sulfur
dioxide (80 bar COb 3.3 bar Ob 0.8 bar SOb 50 °C).
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after 24 h for 80 bar COz/0.8 bar SOz and 80 bar COz/3.3 bar
Oz/0.8 bar SOzconditions. As shown in Figure 7 (a), the surface
was covered by crystalline corrosion products which consisted
of iron, sulfur and oxygen. However, the surface was locally
covered by the corrosion products when the sample was
exposed to the COz-rich phase with Oz and SOz (Figure 7 (b».

To identify the corrosion products on the steel surface, Raman
spectroscopy was employed to obtain vibrational information that
is specific to the chemical bonds in molecules/polyatomic ions
and lattice vibrations of crystalline solids. Figure 8 (a)shows Raman
spectra of the corrosion product on the steel surface after 24 h in
the COz-rich phase with SOz.The strongest Raman peak observed
at 962 em-I originates from the symmetric stretching vibrations
of the S~z- ion (17, 1l!) and thus can be used as a fingerprint for
identifying corrosion products of y-F~. 3HzOwith other peaks
at 214, 271, 476, 892, and 3446 em-I (17). This allowed ready
identification of the corrosion products shown in Figure 7 (a) as
y-F~.3HzO.

The formation of FeS03. 3HzO has been observed as a
corrosion product of Fe at low relative humidity and high
concentration of SOz in atmospheric corrosion conditions
(20). Thus, the role of SOz on the corrosion under water-
saturated supercritical COz phase would be similar to that
in atmospheric corrosion since it happens under thin water
layer on the steel surface. The formation ofFeS03 by adding
SOz in the gas phase can be described as follows (22):

Figure 8 (b) presents Raman spectra of the corrosion products
on the steel surface after 24 h in the COz-rich phase with Ozand
SOz. It showed a different spectrum from Figure 8 (a) and the
strongest Raman peak was observed at 390 cm-I with other
peaks at 300, 553, 683, and 1009 em-I. In addition, no peak was
observed around the water band (~35oo em-I). The peaks at
390 cm-I and 1009 cm-I correspond to a.-FeDOH and FeSO.,
respectively (23, 24). When Oz is present in the environment
with SOz, SOl- ions are further oxidized to SOl-, and SOl-
ions react with Fe2+ ions to form FeSO. as follows (22):

13CrsteelCarbon steel
o

observed on the surface when no Ozwas added in the system.
Similar uniform attack was also seen for cases with 1.6 and
3.3 bar Oz partial pressures. However, localized attack
(shallow pits) was observed on the cleaned surface in the
case with 5.1 bar Oz partial pressure (SI Figure S4 (b». This
implies that the addition of Oz can change the corrosion
mechanism from uniform to localized corrosion as well as
inhibiting the formation of FeC03.

To investigate the effect of SOz on the corrosion of carbon
steel in supercritical COz environments, corrosion tests were
conducted under 80 bar COz/0.8 bar SOz and 80 bar COz/3.3
bar Oz/0.8 bar SOzat 50 °C. Figure 6 represents the effect ofOz
and SOzadditions on the corrosion rates of carbon steel under
supercritical COz environments. The addition of 0.8 bar of SOz
(1%) in the gas phase dramatically increases the corrosion rates
of carbon steel from 0.38 to 5.6 mm/y and it increases further
to 7 mm/y upon addition of both Oz and SOz. However, no
corrosion was observed on carbon steel in dry condition (80
bar COz/3.3 bar Oz/0.8 bar SOz at 50 0c) for 24 h. Figure 7
displays the SEM images and EDS spectra of the sample surface

(a) (b)
FIGURE 10. SEM image and EDS spectra of the inner (a) and outer (b) layer of 13Cr steel exposed in water-saturated CO2 for 24 h
with 4% oxygen and 1% sulfur dioxide (80 bar COb 3.3 bar Ob 0.8 bar SOb 50°C).
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4FeS04 + 6H20 + O2 - 4FeOOH + 4H2S04 (5)

We hypothesize that the sulfuric acid produced by the acid
regeneration cycle continues to react with the. fresh steel,
resulting in the high corrosion rates observed during tests.

SI Figure S5 shows the cross section of samples after 24 h
for 80 bar C02/0.8 bar S02 and 80 bar C02/3.3 bar 0210.8 bar
S02 conditions. The thickness of the corrosion product is
approximately 50-60 #m for C02/S02 case and 80-125 #m
for C02/02/S02 condition. SI Figure S6 demonstrates the
surface morphologies of samples after cleaning with the
Clarke solution for 80 bar C02/0.8 bar S02 and 80 bar C021
3.3 bar 0210.8 bar S02 conditions. For both cases, a severe
uniform corrosion attack was observed.

Figure 9 shows the corrosion rates of carbon steel and 13Cr
steel in water-saturated CO2phase with O2and S02.When only
O2was present as an impurity with CO2and water, the corrosion
rate of 13Cr steel was very low as shown in Figure 3. However,
the corrosion rate of 13Cr steel was almost the same as carbon
steel with O2and S02 in the CO2-rich phase. This indicates that
the corrosion resistance of 13Cr steel is similar to carbon steel
in the presence of S02, and applications are limited to milder
environments (C02/02 environments).

SEM observation for the surface of 13Cr steel revealed that it
consisted of two layers (inner/outer) with different morphologies
and compositions. Figure 10 demonstrates the SEM images and
EDS spectra of the inner and outer layers formed on the sample
surface after 24 h of exposure to the ~-rich phase with ~ and
~. The inner layer consisted of iron, chromium, oxygen and
sulfur whereas in the outer layer it contained iron, carbon, oxygen
and sulfur. This is consistent with severe corrosion attack in 13Cr
steel due to the formation of the sulfuric acid This indicates that
applications of 13Crsteel are limited to milder environments (~I
~ environments). More work will be done in order to address
~ pipeline requirements considering effects of H20 and S02
concentrations in the ~ phase as well as materials selection
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