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Abstract

Pipeline transportation is widely used due to its ability to improve the efficiency of CO, transportation in Carbon Capture,
Utilization, and Storage (CCUS). Within the transport pipelines, CO, fluid exists in a supercritical state and often contains
various impurity gases such as O, and H,O, which can easily cause steel corrosion, affecting the safety of pipeline operations. In
this investigation, we examine the corrosion behavior of X80 carbon steel within a water-saturated supercritical CO,
environment utilizing weight loss experiments, electrochemical tests, and surface analysis techniques. Furthermore, we explore
the impact of pressure and oxygen on the corrosion process of X80 steel. The results indicated that X80 steel underwent severe
corrosion under the experimental conditions, with FeCOj5 as the primary corrosion product. Both the introduction of oxygen and
an increase in pressure accelerated the steel's corrosion, and the addition of oxygen led to the formation of a new corrosion
product, Fe,Os. Electrochemical test results showed that changes in pressure did not significantly alter the electrochemical
corrosion characteristics of the steel, but the introduction of oxygen decreased the electrochemical reaction resistance of X80
steel. Combined with surface analysis, the following conclusions were drawn: In a 50 <C supercritical CO, environment, the
anode reaction of X80 steel corrosion is the active dissolution of iron, while the cathode reaction involves the dissolution and
ionization of CO,. Changes in pressure do not alter the corrosion mechanism, but the introduction of oxygen leads to oxygen
corrosion reactions in the system, accelerating the anode reaction rate and thus increasing the degree of corrosion.
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1. Introduction

With the continuous progress of social science and tech-
nology, the demand for energy from humans continues to
grow, especially with the increasing consumption of fossil
fuels, leading to large amounts of CO, emissions into the
atmosphere [1]. This has caused serious consequences such as
global warming, severely impacting the Earth's ecological

environment. If the CO, content in the atmosphere is not
strictly controlled, the greenhouse effect will become in-
creasingly prominent, causing a series of environmental and
ecological problems and limiting the sustainable development
of human society [2]. CCUS technology is considered a
promising technology for achieving large-scale carbon emis-
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sions reduction and utilization from fossil fuels [3]. It is an
important means for reducing CO, emissions and achieving
sustainable development worldwide in the future. CCUS
technology is currently able to significantly reduce CO,
emissions from industrial production by transforming old
processes. These factors indicate that carbon capture can be
the first choice for reducing CO, levels in the atmosphere in
the future, with tremendous development potential.

CCUS mainly includes capture, transport, utilization, and
storage. With the introduction of the "dual-carbon™ goal and
the continuous implementation of various carbon reduction
policies, CCUS is rapidly developing in China. However,
issues such as technical implementation and safe operation
still need to be addressed. Pipeline transport can achieve
long-distance, large-scale CO, delivery, making it the most
economical and environmentally friendly choice in CCUS
transportation [4]. In pipeline transport, CO, is generally
compressed into a supercritical state (sc_CO,) [5]. However,
due to the complex fluid phase inside the pipeline and the
presence of a large amount of impurity gases, corrosion is
likely to occur in the pipeline, restricting its safe operation.
Due to the long-distance pipeline transport, changes in the
phase of the transported fluid are likely to occur, and impuri-
ties such as O, may exist in the fluid, causing serious corro-
sion to pipeline materials. These issues urgently require
in-depth research into the corrosion behavior of pipeline ma-
terials in sc_CO,-O, environments to make better an-
ti-corrosion decisions.

In recent years, a large number of researchers have con-
ducted extensive studies on the corrosion behavior and
mechanisms of pipeline materials in sc_CO, environments,
achieving certain progress. Some researchers believe that
pressure does not change the corrosion mechanism of pipeline
steel subjected to CO, corrosion but only affects the corrosion
process of the steel [6]. However, there is considerable con-
troversy among researchers regarding the impact of O, on
steel corrosion. Some researchers argue that O, can exacer-
bate the corrosion of steel in sc_CO, because of its strong
oxidizing nature, which can oxidize Fe*" to Fe®', thereby
disrupting the formation of protective corrosion product film
FeCO; and promoting cathodic reactions within the system.
However, other scholars believe that O, can inhibit steel
corrosion because cathodic oxygen reduction can generate a
large amount of OH’, leading to the formation of a protective
corrosion product film on the steel substrate, thus entering the
passivation zone and inhibiting further corrosion of the steel.
Currently, due to the difficulty of conducting electrochemical
tests in sc_CO, environments, research on CO, corrosion of
pipeline steel mainly focuses on mass loss and surface char-
acterization. To fundamentally reveal the corrosion behavior
and mechanism of pipeline steel in sc_CO,, in-situ electro-
chemical tests are needed to track the evolution of steel sur-
face corrosion processes and determine the impact of factors
such as pressure and O,.

In conclusion, the current research on steel corrosion in

sc_CO, environments is not comprehensive enough, espe-
cially regarding the disputed influence of O, on corrosion.
Therefore, it is necessary to study the corrosion characteristics
and mechanisms of supercritical CO, transportation pipelines
under different pressures and oxygen concentrations. By em-
ploying methods such as high-temperature and high-pressure
reaction vessels, surface characterization techniques, and
electrochemical tests, a thorough investigation into the effects
of pressure and oxygen content on steel corrosion behavior
and mechanisms in sc_CO, environments can be conducted.
The research results can provide theoretical support for the
safe operation of CO, transportation processes.

2. Experimental

2.1. Material and Solution

This study utilized X80 carbon steel, which was fabricated
into rectangular specimens measuring 40x10x3mm3for cor-
rosion weight loss experiments and surface characterization.
The effective area was 7.23cm= For electrochemical tests,
working electrode dimensions were circular samples of
d12x3mm=2with an effective area of 0.25cm=2The chemical
composition is shown in Table 1.

Table 1. Composition of X80 carbon steel (Mass score%).

C Si Mn S Cr Cu Fe

0.046  0.30 1.76 0.0014 0.023 0.22 Balance

2.2. Corrosion Electrochemistry Experiment
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Figure 1. Schematic of the sc_CO, autoclave testing setup.

All experiments were conducted in a high-temperature and
high-pressure reaction vessel as shown in Figure 1, where
X80 carbon steel served as the working electrode, Pt foil as
the counter electrode, and Pt wire as the reference electrode,
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forming the three-electrode system for electrochemical testing.

Additionally, within the reaction vessel, there was a polytet-
rafluoroethylene sample holder used for corrosion weight loss
experiments and surface characterization. Specific test pa-
rameters for sc_CO, saturated water with/without O, (in-
cluding temperature, pressure, oxygen content, time, etc.) are
detailed in Table 2.

Table 2. Test conditions.

T(C) P (MPa) 0, Time (h)
8 0
8 2%
50 132
10 0
10 2%

The solution was pre-saturated with high-purity CO,. fter
loading the samples and electrodes into the reaction vessel,
the pre-treated solution was added, and the reaction vessel
was quickly sealed. Subsequently, CO, was purged again,
deoxygenating for over 2 hours. The reaction vessel was then
heated to the experimental temperature, followed by injecting
gases to reach the experimental pressure. Electrochemical
tests were conducted, including open circuit potential (OCP),
linear polarization resistance (LPR), electrochemical imped-
ance spectroscopy (EIS), and potentiodynamic polarization
(PC) scans [7]. LPR testing included a potential range of
+0mV vs OCP and a scan rate of 0.125mV/s. EIS testing
involved a frequency range of 0.01Hz to 1MHz with an AC
amplitude of 10mV vs OCP. PC testing had a scan rate of
1mV/s and a scan range of #2250mV vs OCP [8].

2.3. Mass Loss Tests and Surface
Characterization

After the designated corrosion time, the corroded samples
were removed from the reaction vessel, with three used for
calculating the corrosion rate and one used for surface char-
acterization of corrosion products. Carlk solution was used to
remove the corrosion products for measuring the mass loss
before and after corrosion. Carlk solution was used to remove
the corrosion products for measuring the mass loss before and
after corrosion. Therefore, the corrosion rate (mm/y) of the
steel samples can be calculated as follows [9]:

CR = (87600 x Am)/pAt 1)

where CR icorresponds to the corrosion rate (mm/y), Am
(9) is the mass loss of the sample before corrosion test and
after descaling corrosion priducts; p irepresents the density
of the sample (g/cm®), A the surface area of the sample

(mm?), and t the corrosion time (h).

The surface morphology of the corrosion products was
observed using scanning electron microscopy (SEM), and the
elemental composition of the corrosion products was analyzed
using energy-dispersive spectroscopy (EDS). Additionally,
X-ray diffraction (XRD) was employed to identify the phase
composition of the corrosion products.

3. Results and Discussion

3.1. Mass Loss Measurement

17.832

16.049

8.668

Corrosion Rate(mm/y)

7

10MPaC0,+0,

8MPaCO, 8MPaCO,+0, 10MPacCo,

Test condition

Figure 2. The general corrosion rate of X80 steel in different envi-
ronments.

Figure 2 shows the weight loss corrosion rates of samples
under different experimental conditions. It can be seen from
Figure 2 that X80 steel experienced severe corrosion, with a
high corrosion rate. At a temperature of 50<C, the corrosion
rate was 8.668 mm/y when the injection pressure of CO, was
8 MPa. With the introduction of 2% O, into 8 MPa CO,, the
corrosion rate increased to 16.049 mm/y. When injecting 10
MPa CO,, the corrosion rate was 9.264 mm/y, and with 2%
0, in 10 MPa CO,, the corrosion rate reached 17.832 mm/y.
It can be observed that in 50<C sc_CO,, increasing the pres-
sure from 8 MPa to 10 MPa typically leads to an increase in
the corrosion rate of the steel. Additionally, in all oxy-
gen-free systems, the corrosion rate is half that of oxy-
gen-containing systems. The presence of O, in the system
significantly increases the corrosion rate, consistent with
previous research results [10]. Increasing pressure directly
alters the solubility of gases in the system, leading to more
corrosive gases such as CO, dissolving into the water, in-
creasing the concentration of substances involved in the cor-
rosion reaction, thereby accelerating the reaction process. O,
acts as a strong oxidant, accelerating the oxidation reaction
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on the surface of steel and speeding up the corrosion process.
Therefore, with the increase in pressure or O, content in
sc_CO,, the average corrosion rate of X80 steel gradually
increases, and the promoting effect of O, on the corrosion
rate is more pronounced than increasing pressure.

Figure 3. SEM morphology of X80 steel in different environments.

3.2. SEM, EDS and XRD Analysis

Figure 3 depicts the morphology of corrosion products
formed on the surface of X80 steel after a 132-hour sc_CO,
corrosion test, showing a significant amount of corrosion

products uniformly adhered to the steel surface. In an 8 MPa
environment, the corrosion product film consists of a large
amount of grain corrosion products, and the formed corrosion
product film is dense with a uniform distribution, effectively
protecting the substrate from further corrosion. When the
pressure increases to 10 MPa, the corrosion product film
undergoes noticeable changes, with slightly larger grain sizes
on the film surface and an uneven distribution of accumula-
tion. However, the corrosion products still tightly adhere and
provide protection to the substrate. In the 8 MPa sc_CO,-0,
environment, the corrosion product film changes, with corro-
sion products evenly distributed on the steel surface but the
film layer showing obvious defects, possibly due to localized
corrosion. At the same time, there is a significant change in
the grain size of the corrosion products, a loose structure, and
a larger porosity, resulting in a weakened protective effect of
the corrosion product film on the substrate. When the pressure
in the O,-containing system increases to 10 MPa, defects from
localized corrosion still exist on the steel surface, with larger
corrosion product grains densely and evenly distributed on the
substrate surface.

Table 3 presents the EDS test results of X80 steel in different
corrosion environments, with the test areas marked in Figure 2.
It can be seen that all the corrosion products on the sample
surfaces are composed of C, O, Fe, and Mn elements, with a
relatively low Mn content, possibly from the X80 carbon steel
substrate, and can be ignored. In the sc_CO, system without
oxygen, the EDS results show a higher atomic percentage of O
elements compared to the O,-containing system, suggesting
that the main corrosion product is FeCOs. In the O,-containing
system, based on the atomic composition of Fe, C, and O ele-
ments, it is inferred that besides FeCOs, other iron oxides are
also present in the corrosion products, which requires further
analysis in conjunction with XRD test results.

Table 3. The results of scales EDS analyzing (atom fraction, %).

Location C (@) Fe Mn
A 16.87 62.27 20.25 0.61
B 17.95 59.55 21.88 0.62
C 28.59 48.47 21.52 1.43
D 28.90 47.94 21.68 1.48

Figure 4 shows the XRD test results of X80 steel in dif-
ferent corrosion environments. From the analysis results, it is
evident that in the sc_CO, system, the corrosion product film
is mainly composed of FeCOs, which is consistent with the

Location C (@] Fe Mn
E 18.39 61.78 19.51 0.32
F 17.84 62.03 19.86 0.27
G 28.56 50.25 20.18 1.01
H 28.33 49.98 20.69 1.01

EDS analysis results [11]. In the sc_CO,-O, system, the
presence of O, leads to the appearance of new Fe,O3 corrosion
products.
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Figure 4. XRD results of corrosion of X80 steel in different supercritical environments.

Combining the SEM, EDS, and XRD results, it can be
concluded that in the sc_CO, environment, the corrosion
products are mainly composed of FeCO3, forming a dense and
uniform corrosion product film that effectively protects the
substrate from further corrosion. With the increase in system
pressure, there are no significant changes in the corrosion
products on the surface of X80 steel and the structure of the
formed film layer, indicating that increasing pressure does not
change its corrosion mechanism but only accelerates the
corrosion reaction rate, leading to more severe corrosion. In
the sc_CO,-O, environment, the corrosion products are
FeCO; and Fe,03, and due to the presence of O,, there is a
significant change in the corrosion product film structure,
with a loose distribution of corrosion products, an increase in
porosity of the film layer on the substrate surface, weakening
the protective effect on the substrate, thus causing a greater
corrosion rate. This indicates that an increase in O, content in
the system directly changes the corrosion behavior of X80
steel, leading to the formation of new corrosion products and
also affecting the morphology and type of corrosion products
[12]. This weakens the protective role of the corrosion product
layer on the substrate, thereby accelerating the corrosion
process.

3.3. OCP and LPR Analysis

Figure 5 shows the relationship between the open circuit
potential (OCP) of X80 steel in different sc_CO, environ-
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ments over time. It can be observed that there is a significant
difference in OCP among different systems, and all OCP
values continuously shift positively over time, indicating that
as corrosion reactions occur, the reaction rate within the sys-
tem gradually slows down. In the initial stage of corrosion
reaction, OCP changes most rapidly, indicating the most ac-
tive corrosion reactions within the system. In the mid-reaction
stage, OCP begins to stabilize and increase, indicating stable
corrosion reactions within the system.
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Figure 5. The relationship between the OCP and time for X80 steel
under various sc_CO, environmental conditions.
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In the final stage of corrosion, OCP approaches 0 V, indi-
cating the formation of a stable corrosion product layer on the
metal surface, hindering further corrosion reactions. In the 8
MPa environment, OCP is most positive, corresponding to the
weakest corrosion tendency. As pressure increasing, OCP
shows a slight negative shift, indicating a slightly stronger
corrosion tendency within the system. When O, is introduced,
OCP shows a significant negative shift, enhancing the corro-
sion tendency within the system and thus accelerating the
corrosion rate.

Table 4 shows the relationship between the linear polariza-
tion resistance (R,) of X80 steel obtained from fitting LPR

results under different experimental conditions and time.
From Table 4, it can be observed that in all experimental
conditions, R, is minimal in the initial stage of the reaction,
corresponding to the minimum electrochemical reaction re-
sistance and the fastest corrosion reaction rate. In the
mid-reaction stage, R, stabilizes and increases within a small
range, indicating stable corrosion reactions. In the late reac-
tion stage, R, rapidly increases, indicating an increase in
corrosion reaction resistance and the minimum corrosion rate.
The Rp value is highest in the 8 MPa environment and lowest
in the 10 MPa sc_CO,-O, environment, which is consistent
with the OCP change pattern.

Table 4. The relationship between the R, and time for X80 steel under various supercritical CO, environmental conditions.

Time (h) 8 MPaCO,R, (Q.cm?) 8 MPaCO,-O;R, (Q.cm?) 10 MPaCO3R, (Q.cm?) 10 MPaCO,-O;R, (Q.cm?)
1 12.823 12.673 12.52 13.037
24 25.075 20.897 18.165 16.759
48 28.923 24.186 19.113 15.242
72 30.727 27.588 22.975 18.012
96 93.414 64.706 65.077 21.241
132 186.201 124.611 1415 30.948

An increase in pressure and the addition of O, will change
the electrochemical behavior of the system, manifested as
more negative OCP and smaller R,, promoting the occurrence
of corrosion reactions within the system. Moreover, the im-
pact of O, on electrochemical behavior is greater than that of
pressure; when O, is introduced while increasing system
pressure, the degree of change in the system's electrochemical
behavior is maximal.

3.4. PC and EIS Analysis

Figure 6 shows the polarization curves of X80 steel ob-
tained under all experimental conditions, and the relevant pa-
rameters fitted by Tafel are shown in Table 5. It can be ob-
served that the polarization curves experience different de-
grees of shift due to the influence of pressure and oxygen, but
the overall shape remains unchanged, and there is no pas-
sivation phenomenon. Regardless of the presence of O,, both
cathodic and anodic processes are mainly controlled by activa-
tion, with the corrosion reaction being more influenced by the
cathodic reaction [13]. When the pressure inside the system is
increased, the anodic current density decreases while the ca-
thodic current density increases, resulting in a negative shift in

corrosion potential and an increase in corrosion current density.

In the sc_CO, environment, increasing pressure can enhance
the solubility of CO, in the system, leading to an increase in

acidity within the system and accelerating the corrosion pro-
cess. When a small amount of O, is introduced, the cathodic
current density further increases, while the anodic current den-
sity decreases further, resulting in a more negative corrosion
potential and a higher corrosion current density. Fe** can be
oxidized to Fe** by O,, leading to a significant increase in ca-
thodic current density in the presence of O,. O, can combine
with H® to generate additional oxygen corrosion reactions,
thereby accelerating the corrosion reaction rate in the system.

02
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—&— 8MPaCO,+0,
01 F —a— 10MPacO,
—&— 10MPaCO,+0,

0.0 |

Potential(V)
|

|
<
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T
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—04 F
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logl(A)

Figure 6. The polarization curves of X80 steel after 132 hours of
corrosion in different environments.
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Table 5. Parameters of the polarization curves for X80 steel after 132 hours of corrosion in different environments.

Conditions

8 MPaCO,

8 MPaCO,-0,
10 MPaCO,

10 MPaCO,-0,

Ecorr (V) Icorr (A/lcm?) ba (mV/dec) bc (mV/dec)
-0.12151 0.01499 0.18554 -0.13665
-0.18093 0.04445 0.14991 -0.17689
-0.16546 0.03499 0.16935 -0.1629
-0.19121 0.05377 0.10962 -0.22591
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Figure 7. EIS plots of X80 steel at different moments in different environments.
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Figure 7 shows the EIS results obtained for X80 steel under
different environments. It can be seen that the impedance
spectrum exhibits a capacitive semicircle in the
high-frequency region and a diffusion impedance in the
low-frequency region. The impedance gradually increases as
the reaction progresses, manifested by the increasing radius of
the capacitive arc and the growing diffusion impedance. In an
sc_CO, environment without O,, increasing pressure causes
the capacitive arc in the high-frequency region to shrink and
the diffusion impedance to decrease, indicating a certain de-
gree of enhancement in corrosion. Particularly in the 8 MPa
sc_CO0,-0, environment, due to the influence of O,, the dif-
fusion impedance in the low-frequency region disappears, and
the impedance graph shows only a high-frequency capacitive
arc, which initially contracts and then expands. When the
pressure in the O,-containing system is increased to 10 MPa,
in the early stages of corrosion, there is only a high-frequency
capacitive arc in the impedance, which gradually transitions
to diffusion impedance and becomes larger as the corrosion
reaction progresses.

To better visually represent the corrosion resistance of X80
steel in different environments, the EIS data were fitted using
an equivalent circuit in Figure 8, and Figure 9 provides spe-
cific fitting parameter results. It can be observed that when the
pressure in the system increases, the impedance decreases,
indicating that increasing the pressure promotes the corrosion
process of the steel. When O, is introduced into the system,
the impedance further decreases, indicating that the presence
of O, significantly promotes the corrosion process of the steel,
which is consistent with the results of mass loss experiments.

By comprehensively analyzing the time-varying charac-
teristics of the alternating current impedance spectra of X80
steel in different environmental systems, the corrosion reac-
tion of X80 steel in sc_CO, can be divided into three different
stages. In the initial stage, the corrosion rate of exposed X80
carbon steel electrodes increase, which is due to the selective
dissolution of ferrite, leaving a more corrosion-resistant intact
iron carbide structure. Subsequently, this material induces
galvanic coupling effects, increasing the area where cathodic
reactions occur and forming a loose, porous layer. Finally, as
the corrosion products accumulate continuously on the metal
surface, they gradually fill the pores of the iron carbide layer
and form a corrosion film that can significantly hinder the
corrosion reaction, thus reducing the corrosion rate. An in-
crease in pressure leads to the shrinkage of the high-frequency
capacitive arc in the EIS, thereby reducing the electrochemi-
cal reaction resistance and promoting the corrosion process of
X80 steel. However, changes in pressure do not result in new
corrosion mechanisms in the system. After O, is introduced
into the system, significant changes occur in the EIS, with the
most significant change being the disappearance of the diffu-
sion impedance in the low-frequency region during the initial
stage of corrosion, indicating that O, affects the formation
process of corrosion products on the metal surface.

66

In the initial stage of corrosion, when O, is absent from the
system, the corrosion reaction mainly involves the dissolution
of ferrite and hydrogen evolution reactions. When O, is pre-
sent in the system, more ferrite dissolves from the metal sur-
face, leading to a rapid increase in Fe?* concentration.

The corrosion reaction continues, and in the absence of O,
in the system, the anode continues to dissolve, leaving resid-
ual carburized areas on the steel surface, thereby creating
pores. This provides favorable locations for the corrosion
reaction, accelerating the corrosion process and increasing the
corrosion rate. When the system contains oxygen, the origi-
nally unstable corrosion products undergo oxidation by oxy-
gen, forming a stable iron oxide layer that hinders the diffu-
sion of ions from the metal surface into the solution. In the
later stages of the corrosion process, when there is no oxygen
in the system, the corrosion reaction in the system still in-
volves anodic metal dissolution. Corrosion product FeCO4
begins to accumulate on the surface of the substrate, forming a
protective film. In the sc_C0O,-O, system, due to continuous
oxidation by O,, the deposition rate of the oxidized corrosion
product film on the surface increases rapidly, and the structure
of the film gradually stabilizes, resulting in a more significant
hindrance to the diffusion of ions and a stronger protective
effect on pipeline materials.

In summary, the differences in corrosion electrochemical
behavior of X80 steel under the influence of O, primarily stem
from the following factors: O, affects the cathodic reaction
process in the initial stage, introducing an oxygen corrosion
process, thereby oxidizing the unstable sub-iron oxide gener-
ated in the corrosion intermediate reaction into a less easily
decomposable iron oxide, which can effectively deposit on the
metal surface, hinder the diffusion of substances, promote the
formation of more protective FeCO; corrosion product film.
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Figure 8. EIS fitting equivalent circuits (a) 8 MPa CO,+0, (at all
time), 10 MPa CO,+0, (at 12h and 36h); (b) remaining EIS. (R is
the resistance of solution; Qg is constant phase element (CPE)
representing the double-charge layer capacitance; R is charge
transfer resistance; Z,, is diffusion impedance).


http://www.sciencepg.com/journal/jenr

Journal of Energy and Natural Resources

http://www.sciencepg.com/journal/jenr

2} —m—8MPaCO,
—o— 8MPaCO,+0,
—A— 10MPaCO,

18 | —#— 10MPaCO,+0,

Ry (Q-cm?)
=

4 I I 1 1 1 1 L
0 20 40 60 80 100 120 140

Time(h)

Figure 9. R, of X80 steel at different times in different environments.

4. Conclusions

Corrosion weight loss results indicate that increasing
pressure and adding O, increase the corrosion rate of X80
steel, with O, having a more pronounced effect on accelerat-
ing corrosion rates.

Surface analysis results show that the corrosion product of
X80 steel in the sc_CO, system is mainly FeCOs, and the
addition of O, results in the formation of a new corrosion
product, Fe,0s.

Electrochemical measurements reveal that increasing
pressure does not change the corrosion mechanism of X80
steel, while the addition of O, leads to oxygen corrosion re-
actions and affects the cathodic reaction process, oxidizing the
easily decomposable intermediate corrosion products into a
stable corrosion product layer, promoting the formation of
protective FeCOj3 corrosion products.

This study only focuses on certain environmental factors,
as there are numerous factors influencing CO, corrosion,
such as material composition [14], exposure duration [15],
moisture content [16], as well as the presence of impurity
gases like SO, and NO, [17]. Therefore, future research is
recommended to comprehensively consider all these factors
to derive more comprehensive conclusions.
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