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General corrosion was observed on high strength low alloy carbon 
steel after electrochemical impedance spectroscopy experiments 
(EIS) performed in H2O saturated with CO2 at 50 °C and 15.2 MPa. 
However, general and localized forms of corrosion were observed 
on the same material surfaces after the EIS experiments performed 
in supercritical CO2 containing approximately 6100 ppmv H2O at 
50 °C and 15.2 MPa. 
The general corrosion areas were uniformly covered by the FeCO3-
like phase identified by X-ray diffraction (XRD). In the area of 
localized corrosion, XRD also revealed FeCO3-rich islands 
embedded in α-iron. The energy dispersive X-ray (EDX) analysis 
revealed high concentrations of iron, carbon, and oxygen in the 
area affected by general corrosion and in the islands formed in the 
area of localized corrosion. The real and imaginary impedances 
were lower in H2O saturated with CO2 than those in the 
supercritical CO2 containing the aqueous phase indicating faster 
corrosion kinetics in the former. 
 

Introduction 
 

Transport of supercritical CO2 is a critical element for carbon capture from fossil fuel 
power plants and underground sequestration. Although acceptable levels of water in 
supercritical CO2 (up to ~5x10-4g/dm3) have been established, their effects on the 
corrosion resistance of pipeline steels are still not fully known (1, 2). Moreover, the 
presence of SO2 and O2 impurities in addition to the water can make the fluid more 
corrosive and, therefore, more detrimental to service materials. Also in this case, limited 
data are available on corrosion performance of carbon steels making it impossible to 
provide sound guidance on safe use of these relatively inexpensive commercial carbon 
steels (2). 
 

To advance this knowledge by taking advantage of the electrochemical nature of 
alloys in CO2-H2O systems, we investigate corrosion mechanisms of pipeline steels in 
simulated supercritical CO2 sequestration conditions containing water, O2, and SO2 
impurities using reliable non-destructive in-situ electrochemical methods and a number of 
surface analyses (3). 

 



This paper reports the results on corrosion behavior of a commercial high strength 
low alloy (HSLA) pipeline steel in the aqueous phase saturated with CO2 and the 
supercritical CO2 phase containing water vapor. Electrochemical impedance spectroscopy 
(EIS) was used for electrochemical measurements. The surfaces of the samples after the 
EIS experiments were investigated by X-ray diffraction analysis and scanning electron 
microscopy equipped with energy dispersive X-ray (EDX) spectroscopy and wavelength 
dispersive X-ray (WDX) spectroscopy. 
 

Experimental Procedures 
 

An experimental system was designed and constructed that was capable of 
performing electrochemical tests under sc-CO2 conditions. A schematic of this system 
can be seen in Figure 1. A 600 cm3 commercial autoclave was used as the reaction vessel. 
This vessel was rated at pressures up to 20.68 MPa (3000 psig) and was lined with 
polytetrafluoroethylene (PTFE) to prevent contamination of the test solution with 
corrosion products from the vessel walls. The system was pressurized using a commercial 
supercritical fluid pump. This pump was based on a high pressure liquid chromatography 
(HPLC) diaphragm design, but used interstage coolers to allow for high pressurization of 
the CO2 stream. Pressure was controlled using this pump to the nearest 0.069 MPa (10 
psig). Temperature was controlled to 1 °C using an attached controller and a 
thermocouple inserted into the autoclave. The thermocouple was positioned at the center 
of the vessel near the electrode assembly to provide the most accurate measurement and 
control of the fluid temperature. The controller also regulated the speed of the impeller 
used to ensure constant stirring throughout the test. 

 
A custom-built electrode assembly consisted of a PTFE holder and two 

electrodes: the working electrode and the counter electrode (Figure 2). This assembly 
maintained a constant spacing between the working and counter electrodes (near 1 mm) 
and was designed to ensure reproducible geometry between the repeated tests. The 
electrode leads were attached to the center edge of the electrode plate and passed through 
the back of the assembly, where they were run up through a stainless steel tube and out of 
the cell. This tube also supported and suspended the assembly from the underside of the 
autoclave lid. The leads themselves were coated with PTFE to prevent exposure to the 
test fluid and were sealed off at the top of the autoclave lid using a commercial 
compression gland. 

 
The electrochemical tests were performed using a computer controlled 

potentiostat. The potentiostat-computer system was capable of performing linear sweep 
voltammetry (LSV), cyclic voltammetry (CV), and electrochemical impedance 
spectroscopy (EIS) tests. The computer was also used to record and analyze the data 
using the Gamry Analyst software program. 

 
The experimental conditions were chosen from the system phase diagrams. The 

critical point of CO2 is 31.1 °C and 7.38 MPa. An operating point was set at 50 °C and 
15.2 MPa (2200 psig), putting the system well above the critical point and in the expected 
range for CO2 transport pipelines. This allowed the avoidance of any major phase 
changes due to small fluctuations in temperature or pressure. The initial focus of this test 
was on the effects of water concentration. Two conditions were tested: supercritical CO2 
containing approximately 6100 ppmv water and water saturated with CO2. The amount of 



water in the CO2 was estimated from the water – CO2 phase diagram shown in Figure 3 
(4). 

 
Before each test all electrodes were wet polished with 800 grit SiC paper. 

Afterwards, they were cleaned in acetone in a sonic bath for 30 minutes, then rinsed with 
isopropanol and distilled water. The electrodes were finally dried and inserted into the 
electrode assembly, which was then attached to the autoclave lid. Once sealed the 
autoclave was purged three times with CO2 to remove air from the system. After this the 
system was brought to the operating temperature and then pressurized using dry (99.99%) 
CO2. 

 
The EIS tests were conducted using an X-65 carbon steel plate as the working 

electrode and a Type 304 stainless steel plate was the counter electrode. The carbon steel 
meets American Petroleum Institute (API) 5L specification for pipeline steels. The 
chemical composition of the steel is shown in Table I.  
 

 TABLE I. Chemical Composition [wt%] of X-65 

Fe Mn Cr Si Ni Cu Mo S P C Nb+V+TiB 

Bal 1.17 0.018 0.2 0.013 0.011 0.001 0.003 0.009 0.08 0.05 

 
After the EIS experiments, microstructure and topography of the corroded 

surfaces were investigated using scanning electron microscopy (SEM). Crystalline phases 
present on the corroded surfaces were determined by X-ray diffraction (XRD).  Chemical 
compositions in selected locations were determined by Energy Dispersive X-ray 
Spectroscopy (EDXS). 
 

Results and Discussion 
 

Figure 4 shows an optical micrograph for etched X-65 carbon steel taken in the 
longitudinal direction. It shows ferrite grains with dispersion of pearlite particles typical 
for this steel (5). 

 
The EIS data for the corrosion experiments in CO2 saturated with H2O are shown in 

Figure 5. The impedance data details the corrosion behavior at 72 and 95 hours of 
exposure. In each data set it can be seen that three arcs make up the Nyquist plot. The 
first arc occurs between 0 and 5000 Ω real impedance and corresponds to a cell 
capacitance that is a result of the electrode geometry and is not expected to impact the 
corrosion behavior. The second arc occurs from 1000 to 10000 Ω real impedance at 72 
hours and from 2500 to 25000 Ω real impedance at 95 hours. This arc corresponds to the 
kinetic contribution to the corrosion process. The final arc corresponds to mass transfer 
limitations can be seen to start at 5000 Ω real impedance at 72 hours and 20000 Ω real 
impedance at 95 hours. It can be seen that over time both the kinetic and mass transfer 
impedances increased over time. This occurs due to passivation of the metal surface as 
corrosion products form. The resulting corrosion products form a film over the active 
metal surface, affecting the electrochemical potential of the metal surface with respect to 
the solution, which in this case reduces the electrochemical reaction rate. This product 
film can also provide a barrier between the metal surface and solution which inhibits 
mass transfer of products from, and reactants to, the metal surface, further slowing the 
metal dissolution process. 



 
Figure 6 shows a backscattered SEM macrograph of the sample after the 95-hour EIS 

experiment. There are two regions present: one region uniformly covered with dark 
corrosion products (lower sample area) and the other with dispersed dark spots in a bright 
matrix (upper sample area). The XRD analysis of the lower sample area in a few sites 
revealed the presence of siderite (FeCO3). Uniform distribution of FeCO3 indicates 
precipitation of FeCO3 that occurred during general corrosion. On the other hand, the 
XRD analysis in several dark spots revealed traces of siderite and α-Fe. The XRD 
analysis in bright matrix sites only revealed α-Fe. It appears that in the upper sample area, 
the corrosion process was local, which is characteristic for pitting corrosion. 

 
To determine susceptibility of the carbon steel to pitting corrosion at higher H2O 

concentration in CO2-H2O system, the EIS experiment was performed in water saturated 
with CO2. Figure 7 shows EIS results for corrosion experiment in H2O saturated with 
CO2 at 50°C and 15.2 MPa. The results for the aqueous phase show similar behavior to 
the results shown in Figure 5 for the supercritical CO2 phase. The same three arcs can be 
seen corresponding to the cell capacitance, kinetic impedance, and mass transfer 
impedance. There are two major differences between the two results. The first is that all 
impedances for the aqueous phase were an order of magnitude lower than what was 
observed in the supercritical CO2 phase, meaning that the corrosion process is occurring 
at a much higher rate. The second is that in the supercritical CO2 phase the mass transfer 
impedance appears to be much larger than the kinetic component, whereas in the aqueous 
phase the electrochemical kinetics appears to be the limiting factor. This could be due to 
the corrosion interface in the CO2 phase consisting of a thin aqueous layer with a limited 
amount of dissolved CO2 in the form of H2CO3 acid. In the aqueous phase the supply of 
H2CO3 could be readily replaced from the bulk solution, while resupply in the thin film 
present in the CO2 phase would be limited by the dissolution of additional CO2 into this 
film. 

 
Figure 8 shows an SEM micrograph of the surface after the 93-hour EIS experiment. 

The film appears to have different crystallographic structures on the surface. However, 
the XRD analysis in different sites of the surface revealed the presence of only siderite. 
According to the EDXS analysis results of the crystalline film, it consists of mostly iron 
oxygen, and carbon while the bright-looking layer rich in iron, oxygen, and carbon is 
doped with sulfur. No pitting corrosion or pit initiation was found on the surface; only 
general corrosion was observed with precipitation of FeCO3 as the mechanical passive 
film. 

 
Literature data indicate that siderite does not dissolve easily in water, and, therefore, 

may reduce corrosion rate of the carbon steel (6). The FeCO3 precipitation process can be 
represented by the following reactions (equations [1]-[3]): 

 
 

Fe2+ + 2HCO3
- → Fe(HCO3)2

                                [1] 
 

Fe(HCO3)2 → FeCO3 + CO2 + H2O            [2] 
 

                        Fe2+ + CO3
2- → FeCO3

                                               [3] 
 



The HCO3
- and CO3

2- anions are the products of H2CO3 dissociation occurring in aqueous 
environment according to the following reactions (equations [4] - [5]: 

 
                                                 H2CO3 = H+ + HCO3

-                                             [4] 
 
                                                 HCO3

-= H+ + CO3
2-                                             [5] 

 
The H2CO3 formed during dissolution of CO2 in H2O according to the following reaction 
(equation [6]): 

 
                                                 CO2 + H2O = H2CO3

                                             [6] 
 

The results of this research indicate that for the formation of FeCO3, water is needed. 
If there is a change in chemical composition of the environment to which the sample is 
exposed, different forms of corrosion could occur. General corrosion and pit initiation 
were observed the sample surface after the EIS experiment in supercritical CO2 fluid 
containing 6100 ppmv water. However, only general corrosion was observed on the 
sample after the EIS experiment in H2O saturated with CO2 at 50°C and 15.2 MPa. In 
order to have the same corrosive environment in supercritical CO2 containing water, 
which will result in accelerating only one form of corrosion, an advanced sample design 
is being developed. 

  
Conclusions 

 
In H2O saturated with CO2 at 50 °C and 15.2 MPa, X-65 carbon steel samples underwent 
general corrosion with formation of FeCO3.  
 
In supercritical CO2 containing 6100 ppmv water, two major regions are present on the 
sample surface after the EIS experiment. One region covered with corrosion products 
identified as FeCO3 and the other containing Fe, oxygen, and carbon-rich islands 
embedded in metal matrix identified as α-Fe. 
 
Precipitation of FeCO3 from Fe2+ and CO3

2- is responsible for formation of passive layer 
in oxygen-deficient, CO2–rich aqueous environments. 
 
EIS results indicate that corrosion processes in the aqueous phase saturated with 
supercritical CO2 occur at higher rate than those in supercritical CO2 containing 6100 
ppmv water. 
 



 
Figure 1: Schematic of the test system: (a) autoclave (with water added), (b) supercritical 
pump, (c) pure liquid CO2 tank with a dip tube, (d) SO2contaminated CO2 tank (not used 

in current experiments), (e) assembly with working and counter electrode plates, (f) 
thermocouple, (g) potentiostat, (h) computer, (P) pressure gauge. 

 

 
 

Figure 2. Schematic of the custom electrode assembly.  
 



 
 

Figure 3. Phase diagram for water-CO2 system at 50oC (4). Data points indicate the 
solubility of water in CO2-rich phase, i.e. concentrations above will cause condensation. 

 

 
 

Figure 4. Microstructure of X-65 carbon steel taken in longitudinal direction. 
 
 

Experimental condition 



 
 

Figure 5. Electrochemical impedance spectroscopy data (Nyquist plots) for X-65 
carbon steel in supercritical CO2 containing 6100 ppmv H2O at 50°C and 15.2 MPa. Total 

exposure time: 96 hours. 
 

 
 

Figure 6. Backscattered SEM micrograph of X-65 carbon steel after an electrochemical 
experiment in supercritical CO2 phase saturated with water vapor at 50 °C and 15.2 MPa. 

 



 
 

Figure 7. Electrochemical impedance spectroscopy data (Nyquist plots) for carbon 
steel in water saturated with supercritical CO2 at 50 °C and 15.2 MPa. Total exposure 

time: 96 hours.  
 

 
Figure 8. Backscattered SEM micrograph of X-65 carbon steel after 93-hour EIS 

experiment in H2O saturated with CO2 at 50°C and 15.2 MPa. Indicated compositions of 
iron, oxygen carbon, and sulfur in atomic percent. 
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