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The anodic reaction of CO2 corrosion of steel is closely related to the formation and characteristics of 

the corrosion product film. However, the relationship between the anodic reaction and the corrosion 

product film has not been studied. As a useful tool to study the dynamic process of the electrode and the 

electrode surface state, the measurement technique of AC impedance has been gradually used to study 

the characteristics of the CO2 corrosion product film along with evaluating corrosion inhibitors and ion 

adsorption on the electrode surface of casing steel. In this work, the AC impedance characteristics of 

N80 steel in different media environments were studied using. The influence of the electrode reaction 

and corrosion product film on the AC impedance spectrum is analyzed, and a theoretical model of CO2 

corrosion is proposed. This model is used to study the influence of temperature and Cl- concentration on 

the impedance spectrum of the cathode and anode of N80 casing steel, to explore the film formation on 

the surface of the sample and the electrode reaction process and to understand the impact of 

environmental factors on CO2 corrosion. 
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1. INTRODUCTION 

The service behavior of oil pipelines includes mechanical behavior, environmental behavior and 

composite behavior. Failure occurs when components lose their original functions due to deformation, 

fracture and surface damage under specific service conditions [1–8]. Corrosion plays an important role 

in petroleum pipeline engineering. The statistical analysis shows that 70% of failure is related to 

corrosion. Corrosion accidents in oil and gas fields often cause great economic losses, including 

catastrophic accidents and environmental pollution [9–19]. For example, in 1988, the UK Alpha offshore 

platform exploded due to corrosion damage, killing 166 people and reducing the annual output of north 
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sea oil fields by 12%. On October 26, 1984, the underground pipeline of Uissnk in northern Russia was 

corroded and broken, causing a large amount of oil leakage and serious environmental pollution. If the 

anti-corrosion technology is used properly 30~40% of the corrosion loss can be recovered. It can be seen 

that strengthening corrosion and protection research can bring great economic benefits to the petroleum 

industry [20–25].  

Most petroleum pipes work in a CO2 environment [26–36]. CO2 has two main sources. The first 

one is in nature with the abundant natural CO2 gas deposits in geological structures. When oil and gas 

are mined, CO2 is used as the associated gas output. Second, using multistage miscible CO2 flooding 

technology, CO2 and miscibility of crude oil can cause oil swelling, significantly reducing the viscosity 

of crude oil and enhancing the oil liquid. The ultimate recovery of a reservoir injected with CO2 is 15 ~ 

20% higher than that of a reservoir injected with fresh water. 

Thus far, there is no unified understanding of anodic reactions in CO2 processes. Waard et al [37] 

believed that in CO2 solution, the anodic reactions were: 
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Davies et al [38] proposed different anodic reactions: 

2( )

3 3( )

2 3 3 2

2 ( ) 2 2

( ) 2

( )

S

S

Fe H O Fe OH H e

Fe HCO Fe CO H e

Fe OH HCO FeCO H O OH

+

− +

− −

+ → + +

+ → + +

+ → + +

 

The reasons for the above differences are mainly due to the small understanding of CO2 corrosion 

intermediates and the lack of experimental proof. 

In the process of CO2 corrosion, the cathodic reaction process controls the corrosion rate of steel. 

The cathodic reaction process mainly involves the reduction of H+, H2O, H2CO3 and HCO3
-. Initially, 

Waard et al [37] believed that only H2CO3 was reduced to generate H2 and HCO3
- in the CO2 corrosion 

cathode reaction: 

2 3 32 2 2H CO e HCO H−+ → +  

Schmitt [39] suggested that both H+ and H2CO3 could be reduced at the electrode and the H+ 

reduction is expressed as: 

3 2 22 2H O e H H O+ + → +  

Ogundele [40] proposed that the cathodic process included the reduction of H2O and HCO3
-： 
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The cathodic reduction is controlled by the diffusion of HCO3
-. Nesic et al [41] further believed 

that when the solution pH<4, H+ reduction dominated the cathodic process and the reaction rate was 

controlled by diffusion; when the solution had a pH between 4-6, H2CO3 and HCO3
- were mainly reduced 

and the reaction rate was controlled by activation. The H2O reduction became the main part of the 

cathodic reaction only when the cathode overpotential was high. It can be seen from the above data 
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reports that the reduction of H2CO3 or HCO3
- serves as an additional cathodic reaction, and there is still 

some debate on whether it will play a dominant role in the cathodic process. 

At present, the important role of the CO2 corrosion products film has been widely accepted. The 

corrosion product film is dense, stable and has a good adhesion force that provides an effective protection 

effect on the base metal and determines the corrosion rate. At low temperature, the corrosion product 

film does not easily form on the metal surface, so the corrosion type is uniform corrosion. In the middle 

temperature region, a porous and loose corrosion product film is formed on the metal surface. On the 

one hand, the corrosion rate is high; on the other hand, a serious pitting phenomenon will occur. In the 

high-temperature region, a dense corrosion product film with a strong adhesion force will be formed, 

and the corrosion rate will be greatly reduced. The corrosion type is uniform corrosion. When the 

corrosion product film is formed on the material surface, the corrosion rate of CO2 is determined by the 

properties of the corrosion product film. Therefore, studying the formation conditions, structural 

characteristics, mechanical properties, chemical stability and other aspects of corrosion product films 

will be helpful for understanding the diversity and complexity of the CO2 corrosion rate and corrosion 

morphology. 

To further understand the influence of the corrosion product film on the corrosion rate and 

corrosion morphology, there are still many problems that need to be studied deeply. In this paper, we 

studied the film structure and microstructure evolution of corrosion products for ordinary casing steel. 

The relationship between the characteristics of the corrosion product film and the electrode reaction, 

especially the anodic dissolution reaction, was further discussed. This will help to understand the 

mechanism of film formation of corrosion products. The electrochemical characteristics of CO2 

corrosion were studied to reveal the relationship between the corrosion mechanism and film formation 

of corrosion products. The mechanism of CO2 corrosion under the conditions of activation and a 

corrosion product film covering is mainly studied using ac impedance technology to understand the 

relationship between the electrode surface state and electrode reaction process. 

 

 

2. EXPERIMENTAL 

N80 tubing steel was used for the study, and its chemical composition is shown in Table 1. The 

electrochemical samples used were round pieces with a thickness of 4 mm and a diameter of 15 mm. 

The samples were embedded in the wood powder and connected to the outside world by wires. 

A dynamic autoclave was used to simulate the conditions. A saturated calomel electrode (SCE) 

was used as the reference electrode. Graphite electrodes were used as auxiliary electrodes. All 

electrochemical tests were completed by an EG-G M237A potentiostat with a M5210 phase-locked 

amplifier. 

The tubing samples were first polished step by step with 220#, 400#, 600#, and 1000# water 

sandpaper and then washed with distilled water and acetone. NaCl solution was prepared with a pure 

analytical chemical reagent and distilled water. The concentration of the experimental medium for the 

anodic and cathodic reactions was 0.5 M NaCl, 0.5 M NaCl+0.001 M HCl, and 0.5 M NaCl+0.1 M 

Na2CO3. Before the experiment, high-pure N2 (2 h) was used to deoxygenate, and then high-pure CO2 
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was used to saturate the medium. Electrochemical measurements were performed after the electrode was 

stabilized. The electrochemical impedance test was completed using M398 software. The test frequency 

range was 5 mHz-100 kHz. The polarization curve test of dynamic potential scanning was 0.1 mV/s. 

 

Table 1. Chemical composition of N80 steel (wt%). 

 

C Si Mn P S Cr Mo Ni Nb V Ti Cu 

0.242 0.221 1.196 0.012 0.004 0.036 0.022 0.020 0.028 0.016 0.010 0.017 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1A shows the polarization curves of N80 steel measured under different media conditions. 

It can be seen from the figure that N80 steel has the highest anodic dissolution rate in 0.5 M 

NaCl+0.001M HCI medium. It can be seen that the N80 steel in 0.5 M NaCl (-720 mV) and 0.5 M 

NaCl+0.1 M Na2CO3 (-750 mV) showed similar corrosion potential, while the N80 steel in 0.5 M 

NaCl+0.001 M HCl had a lower corrosion potential (-612 mV). In general, the passive current density 

(Ipass) and pitting potential are usually employed to evaluate the corrosion resistance quantitatively for a 

spontaneous passive system. In this work, no pitting corrosion is detected for all conditions. Therefore, 

only the Ipass is used, which was obtained at 0.5 V. For an active system, Icorr is usually used to assess the 

corrosion resistance, which can be obtained directly by extrapolating the anodic and cathodic Tafel lines 

to the open-circuit corrosion potential (Ecorr) [42]. It can be seen that cathodic Tafel slope values of the 

N80 steel in 0.5 M NaCl, 0.5 M NaCl+0.1 M Na2CO3 and 0.5 M NaCl+0.001 M HCl are close to −112 

mV/decade, −114 mV/decade and −133 mV/decade, respectively.  

 

 
 

Figure 1. (A) Polarization curves of N80 steel in various electrolytes at 60 oC. The Nyquist plots for the 

corrosion of N80 steel in CO2 saturated solution at 60 oC. (B) 0.5 M NaCl+0.001 M HCl, (C) 0.5 

M NaCl, (D) 0.5 M NaCl+0.1 M HCl and (E) prepolarized in 0.5 M NaCl+0.1 M Na2CO3 at 60 
oC. 
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At the end of the experiment, no corrosion products are attached to the sample. A layer of loose 

black corrosion products is formed on the surface of the sample, in which some bright active points are 

distributed. In the 0.1 M NaCl+0.1 M Na2CO3 solution, the corrosion rate was the lowest, and the 

coverage of corrosion products was relatively dense and thick, leading to passivation in the polarization 

curve. As the previous study reported that as for corrosion resistance steel or alloys, the radius of the 

semi-circular arc is related to the polarization resistance of the passive film [43–45]. 

So far, many equivalent circuit models have been chosen to explain the impedance data on 

passive film in the solution [46,47]. Figure 1B shows the Nyqiust curve measured under the anode 

overpotential of 50 mV with different media conditions. At this time, the main reaction of the ac 

impedance map is the Faraday impedance of the anode. 

Figure 1C shows the Nyquist plots measured in 0.5 M NaCl + 0.001 M HCl solution with 

saturated CO2. It can be seen from the figure that the EIS curve has two regions, namely, the capacitive 

reactance arc in the high-frequency region and the inductive reactance arc in the low-frequency region. 

Under this medium condition, the surface of the sample is not easy to obtain from the film. After the end 

of the experiment, the surface of the sample was observed, and it could be seen that most areas of the 

sample surface were not covered by the corrosion product film and were in the activated state. It is 

believed that the passive film has a capacitive character or the structure of the passive film has both 

compact outer layer and inner layer [48]. 

Figure 1D shows the Nyquist plots measured in 0.5 M NaCl solution saturated with CO2. The 

EIS curve has three time regions, including the capacitive and reactance arc in the high-frequency region, 

the reactance arc in the low-frequency region and the reactance arc. At the end of the experiment, most 

areas of the surface of the sample were covered by black corrosion products, and the active areas existed 

as dots. 

Figure 1D shows the Nyquist curve measured in a CO2 saturated solution of 0.5 M NaCl + 0.1 

M Na2CO3. The EIS curve still has three regions, but the inductive arc shrinks and the capacitive arc 

expands in the low-frequency region. Anodic dissolution might leave behind clusters of atomic vacancies 

that diffuse into the steel, and have been considered as a driver for softening behavior [49].  At the end 

of the experiment, the surface of the sample was covered by black corrosion products, and the active 

point was difficult to observe. 

In Figure 1E, the Nyquist plots were measured in 0.5 M NaCl+ 0.1 M Na2CO3 solution with CO2 

saturation, and the polarization potential was 100 mV (relative to the self-corrosion potential). There are 

only two regions in the EIS curve, where the inductive arc disappears in the low-frequency region and 

the capacitive arc expands further. At the end of the experiment, the surface of the sample was 

completely covered by black corrosion products. 

The anodic reactions of the casing steel CO2 corrosion process are as follows: 
2
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3 3

2

2

2

e 2

Fe CO FeCO e

Fe HCO FeCO H e

Fe F e

−

− +

+

+ → +

+ → + +

→ +

 

The three reactions can be carried out from the thermodynamic point of view, and the first and 

second reactions easily lead to the formation of corrosion product films on the surface of the sample. At 
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the same time, the Fe2+ from the third reaction diffuses into the solution. It can be seen from the 

polarization curve in Figure 1A that when the concentration of CO3
2- in the solution increases, the speed 

of the first reaction accelerates, making the surface of the sample easy to form a film, leading to 

passivation. When the concentration of H+ in the solution increases, on the one hand, the surface of the 

sample is not easy to form a film; on the other hand, the concentration of CO3
2- and HCO3

- in the solution 

is greatly reduced. The mechanistic investigations on this subject have been generally focused on the 

cathodic reactions of this system, whereas the effect of CO2 on the anodic iron dissolution reaction in 

acidic solutions was not investigated in much depth [50]. According to the Nernst formula, this will 

increase the equilibrium potential of the first and second reactions and decrease the reaction driving 

force. In this case, the anodic dissolution is dominated by the third reaction. 

The occurrence of the inductive and capacitive arcs of the EIS curve in the low-frequency region 

of the anode area is closely related to the surface state of the sample, so it can be considered that the 

occurrence of the inductive arc in the low-frequency region is related to the activation and dissolution 

of the noncorrosive product film that covers an area of the sample surface. The reactance arc is dissolved 

in the film covering the area of corrosion products on the surface of the sample.The significant increase 

of the anodic reaction rate in the transition and pre-passivation ranges are found to be in agreement with 

the results reported previously by Linter and Burstein [51].  At the same time, the film coverage of the 

corrosion products on the surface of the sample is related to the reaction rates of the first and second 

anodes. When the reaction rate of the first and second anodes is high, the corrosion product film easily 

forms on the surface of the sample. Meanwhile, the inductive arc of the low-frequency region of the EIS 

curve will shrink, and the capacitive arc will expand. When the reaction rate of the third anode is higher, 

the film coverage of corrosion products on the surface of the sample will be smaller. Meanwhile, the 

inductive arc of the EIS curve in the low frequency region is obvious, while the capacitive arc is small. 

Figure 2A shows the cathode polarization curve of N80 steel under different medium conditions. 

As seen from the figure, adding HCl and NaHCO3 to a NaCl solution saturated with CO2 significantly 

increases the cathodic reduction current density, which reflects that both H+ and HCO3
- are involved in 

the cathodic reduction process, so increasing the concentration of H+ or HCO3
- will increase the cathodic 

current density. Keddam et al. suggest that the increased current after the first maximum is a result of a 

parallel reaction pathway involving Fe(II) intermediate species [52,53]. The second current maximum 

at more positive potentials leading to the surface passivation (not observed in the polarization curves 

presented above), was associated with a chemical transformation of Fe(II) intermediates to insoluble 

passivating species. In the aqueous solution of NaCl + HCl+ CO2, H+ reduction is given priority, and the 

cathodic polarization curve appeared to be the limiting current density caused by the H+ diffusion control. 

In the aqueous solution of NaCl + NaHCO3 + CO3. HCO3
- reduction is the main cathodic reaction. The 

reaction is controlled by activation. In a saturated CO2 NaCl solution, the cathodic polarization curve of 

the Tafel slope is 0.394 V/dec, showing that under the condition of the cathode reaction not only the 

reduction of HCO3
- and H+ occurs but also other cathode reactions also participated. 
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Figure 2. (A) Cathodic polarization curves of N80 steel in various electrolytes at 30 0C. The Nyquist 

plots of N80 steel in CO2 saturated solution at 30 0C. (B) 0.5 M NaCl+0.001 M HCl, (C) 0.5 M 

NaCl+0.001M HCl+CO2, (D) 0.5 M NaCl+CO2 and (E) 0.5 M NaCl+0.1 M NaHCO3+CO2. 

 

Under the condition shown in Figure 2A, due to only H+ reduction in solution, the reaction is 

controlled by diffusion, and typical impedance characteristics of Warburg appear in the ac impedance 

spectrum. 

Under the condition shown in Figure 2B, the impedance spectrum in the low-frequency region is 

superposed by Warburg impedance and capacitive reactance, indicating that the cathodic reduction 

process has diffusion control and activation control characteristics at the same time. The reduction of H+ 

is controlled by diffusion, while the reduction of H2CO3 and HCO3
- is characterized by activation control. 

When there are two reduction reactions for activation control in the cathodic process, Faraday impedance 

shows the characteristics of capacitive reactance, indicating that the reduction of H2CO3 and HCO3
- is 

an additional cathodic reduction reaction, which makes the low-frequency region of the impedance 

spectrum have the characteristics of capacitive reactance. Therefore, under the condition shown in Figure 

2C, the cathodic reduction reaction is dominated by H+, while the reduction of H2CO3 and HCO3
- is 

relatively secondary. 

Under the condition shown in Figure 2D, the ac impedance has the characteristics of double 

capacitive reactance. This indicated that the reduction of H2CO3 and HCO3
- was mainly controlled by 

activation. From the perspective of the ac impedance spectrum, Warburg impedance characteristics no 

longer exist in the low frequency region. Therefore, H+ reduction is no longer a major part of the cathodic 

reaction. 

Under the condition shown in Figure 2E, the concentration of HCO3
- in the solution increases 

greatly, and the reduction speed of HCO3
- also increases, so that only a single capacitive arc reactance 

characteristic appears in the ac impedance range. 

Figure 3 shows the anode impedance spectra of N80 steel measured in 0.5 M CO2 saturated NaCl 

solution at 30 °C, 60 °C and 90 °C. The curve fitting results are shown in Table 2. Because the cathodic 
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reaction is the control step of the speed in the CO2 corrosion process, the anodic reaction speed is much 

higher than the cathodic reaction speed. In this way, even when measured at the self-corrosion potential, 

the results still reflect the characteristics of the anodic reaction. 

As shown in the figure, the inductive arc in the ac impedance spectrum shrinks gradually with 

increasing temperature. The shrinkage of the inductive arc is related to the surface state of the sample; 

that is, when the anodic reaction speed of Fe+CO3
2-=FeCO3+2e is large, the surface of the sample easily 

forms the corrosion product film. The inductive arc of the low-frequency region of the EIS curve will 

shrink, and the capacitive arc will expand. When the anodic reaction rate of Fe=Fe2++2e is high, the film 

coverage of corrosion products on the sample surface will be small. 

 

 
 

Figure 3. The Nyquist plots of N80 steel in 0.5 M NaCl solution saturated with CO2 at (A) 30 oC (B) 60 
oC and (C) 90 oC. 

 

 

Table 2. Fitting results of the anodic impedance spectra of N80 steel at different temperatures in 0.5 M 

NaCl solution saturated with CO2. 

 

T Rs (Ω/cm2) Cdl 

(F/cm2) 

Rt (Ω/cm2) RL (Ω/cm2) C (F/cm2) Rc 

(Ω/cm2) 

30 oC 3.47 7.21 x 10-4 160.43 670.32 0.22 77.68 

60 oC 9.87 5.88 x 10-4 116.24 586.32 0.71 63.79 

90 oC 5.20 1.08 x 10-3 100.56 435.62 0.31 64.51 

 

Figure 4 shows the anodic impedance spectra of N80 steel measured at 90 ℃ in NaCl solution 

with different concentrations of saturated CO2. At 90 ℃, due to the easy film formation on the surface 

of the sample, the corrosion product film has large surface coverage, so the capacitive and reactance arc 

in the low-frequency region is obvious, while the inductive reactance arc related to activation and 

dissolution basically disappears. 

In a 0.1 M NaCl solution, the fitting results show that the anodic impedance spectrum is 

composed of two capacitive reactance arcs, and no inductive reactance property is superimposed in the 

impedance spectrum. This indicates that the corrosion product film is completely covered on the surface 

of the sample. In 0.5 M and 2.5 M NaCl solution, the fitting results show that the anodic impedance 

spectrum already exists in the inductance nature as an impedance spectrum superposition with the 

increase in the concentration of NaCl. The inductive reactance property in the impedance spectrum is 

gradually obvious, indicating that the surface active area of the samples increases gradually with 
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increasing Cl- concentration. The presence of Cl- will destroy the coating of corrosion product film on 

the sample surface. Moreover, in the area where the corrosion product film is not covered, the Cl- 

catalytic mechanism enables the anode to be activated and dissolved. 

 

 
 

Figure 4. The Nyquist plots of N80 steel in (A) 0.1 M, (B) 0.5 M and (C) 2.5 M NaCl solution saturated 

with CO2. 

 

Figure 5 shows the N80 steel cathodic impedance spectroscopy measurements under different 

temperature conditions in 0.5 M NaCl solution with saturated CO2. As shown in the figure, under the 

condition of different temperatures, the cathodic impedance spectrum is composed of two capacitive 

reactance arcs, suggesting that the H2CO3 and HCO3
- reduction reaction is the main characteristic of the 

cathodic electrode reaction. The temperature will not affect the cathodic reaction type and only affects 

the cathodic reaction speed. 

 

 
 

Figure 5. The Nyquist plots of N80 steel at -50 mV in 0.5 M NaCl solution saturated with CO2 at (A) 

30 oC (B) 60 oC and (C) 90 oC. 

 

Figure 6 shows the cathodic impedance spectra of N80 steel measured at 30 ℃ in different 

concentrations of NaCl solution with saturated CO2. With the increase of Cl- concentration, the cathodic 

ac impedance spectrum is always composed of double capacitive arc reactance, indicating that the 

cathodic reduction mechanism has not changed. Therefore, the reduction reaction of H2CO3 and HCO3
- 

is the main cathodic electrode reaction. The transfer resistance Rt and polarization resistance Rp increase 

gradually, which proves that the reaction rate of cathodic reduction decreases. This may be because after 

the concentration increases, Cl- gradually occupies the active position of the cathode, reducing the 

opportunities for H2CO3 and HCO3
- to participate in the reduction, making the cathodic reduction rate 

slower. 
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Figure 6. The Nyquist plots of N80 steel at -50 mV in (A) 0.1 M, (B) 0.5 M and (C) 2.5 M NaCl solution 

saturated with CO2. 

 

 

 

4. CONCLUSION 

In conclusion, the EIS spectra of N80 casing steel with CO2 corrosion have three regions in which 

a low-frequency inductive arc is related to the activation and dissolution of the sample surface, and a 

low-frequency capacitive arc is related to the formation of corrosion product film on the sample surface. 

As the film coverage of corrosion products on the sample surface increases, the inductive arc of the low-

frequency region of the EIS curve gradually shrinks. At the same time, the capacitive arc of the reactance 

gradually expands until only the capacitive arc remains in the low frequency region. At this point, the 

surface of the sample will be completely covered by a dense corrosion product film. The film formation 

of corrosion products on the surface of the sample is related to the reaction process of the electrode. The 

changes in arc resistance and capacitive arc resistance can be inferred from the reaction process of the 

electrode and film formation of the sample surface. The temperature will significantly increase the 

reaction rate of CO2 corrosion of the cathode and anode electrodes, but at the same time, it is easy to 

form corrosion product films on the surface of the sample to protect the base metal. With increasing Cl- 

concentration, the dissolution rate of the anode first increases and then decreases. The cathodic reduction 

rate decreases slowly. The Cl- can destroy the coating of corrosion product film on the surface of the 

sample and accelerate the dissolution of metal in the active zone. 
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