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In most oil and gas fields, CO, corrosion has become a significant problem plaguing the development
of the oil industry. The usage of Acetic acid (HAc) as a common material in oil extraction increases
the complexity of CO, corrosion process. Among the many factors affecting the oil casing corrosion,
the flow rate plays a decisive role. Therefore, in this work Wuhan Koster CS310 Electrochemical
Station was used to measure the dynamic potential polarization curves and perform electrochemical
impedance spectroscopy (EIS) at different concentrations of HAc and flow rates. Subsequently, the
polarization curves were fitted to obtain the polarization characteristics, and corresponding equivalent
circuits were chosen to fit the experimental EIS data. In the end, the corrosion behavior and corrosion
mechanism of N80 steel were discussed based on corrosion electrochemical theory. It is concluded that
the presence of HAc increases the self-corrosion potential E.or and self-corrosion current density lcorr
of N8O steel in saturated CO, solution, promotes the anodic and cathodic reaction speed, and reduces
the thickness and the protective effect of the corrosion product film. Furthermore, it is observed that
the flow rate increases the corrosion current density of N80 steel, increases the electric double layer
capacitance CPE, reduces the charge transfer resistance R;, and eventually accelerates the corrosion
rate of steel.
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1. INTRODUCTION

Because of the harsh environment in which oil and gas exploration is conducted, the
underground corrosive environment where the pipelines are located is getting worse. In most oil and
gas fields, corrosive media and CO, content are high, due to which CO, corrosion has become
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significant issue plaguing the development of the oil industry [1-3]. It was acknowledged that CO,
corrosion is one of the major issues causing the failure of oil well tubes. Acetic acid (HAC) is the most
abundant organic acid in the oil production and transportation which increases the complexity of CO,
corrosion process. As a result, studying CO, corrosion in HAc environments has drawn increasing
attention [4-12]. It is generally believed that the local corrosion of carbon steel was promoted due to
the decrease of pH in the presence of HAc in the corrosive environment. Zhu et al. [6] studied N80
carbon steel in formation water containing CO, and found that HAc enhanced the localized corrosion
process. Amri et al. [13-14] studied the effect of HAc on the localized corrosion of carbon steel by an
artificial pit and concluded that HAc has a substantial effect on the stage of propagation of localized
corrosion. Li et al. [15] studied the crevice corrosion of carbon steel in CO,-saturated environment and
found that corrosion rate increased with the concentration of HAc. However, contrary to the above
reports, Nafday and Nesic [16] reported that HAc cannot cause any localized corrosion. Hence, the
influence of HAc on CO, corrosion is still a controversial subject. Zhang et al. [9] studied the
electrochemical corrosion behavior of X65 steel in CO,-containing environment and found that the
presence of HAc could significantly accelerate the reaction rate at the anode and the cathode. Garsany
et al. [11] studied the corrosion behavior of X65 steel in 3% NaCl saturated CO, environment using
voltammetry, and found that HAc promoted the reaction rate at the anode and affected the composition
and thickness of the corrosion product film. Crolet et al. [12] considered that HAc could suppress the
anodic reaction process. Nesic et al. [17] used the potential polarization curve, EIS, and other methods
and had found that the anodic reaction was controlled by charge transfer processes. However, HAc had
no effect on the anodic reaction process of carbon steel. Among the many factors affecting the oil
casing corrosion such as temperature, pressure, flow rate, corrosion medium and so on, the flow rate
played a decisive role. Zhang et al. [18-19] studied the hydrodynamic effects of fluid flow on the flow
accelerated corrosion by combining the array electrode technique with computational fluid dynamics
(CFD) simulation and demonstrated that the distributions of flow velocity and shear stress affected the
corrosion rates.

In this paper, the study of corrosion behavior of oil casing N80 steel under different
concentrations of HAc and flow rate has been reported, and its corrosion behavior and corrosion
mechanism were also discussed. The results will provide guidance for the comprehensive treatment of
CO,, corrosion in oil field.

2. EXPERIMENTAL

The material under study was oil casing N80 steel, whose chemical composition (wt.%) was
0.42% C, 0.25% Si, 1.50% Mn, 0.012% P, 0.015% S, 0.051% Cr, 0.18% Mo, 0.005% Ni, and Fe as the
balance. The epoxy resin was used to encapsulate the working electrode with a size of 10 mmx10 mm.
The sample surface was gradually polished to 1200 # using water abrasive paper, and then washed by
distilled water, acetone and anhydrous ethanol.

The experimental solution was based on the composition of the oilfield simulated extraction
liquid, of which the ion content was shown in Table 1. HAc was added and its concentration in the
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solution was 0, 1000 ppm and 5000 ppm, respectively. At the same time, CO, was injected into the
solution till its level got saturated. All the reagents used in the experiments were of analytical grade.

Table 1. Ion composition of produced liquid in an oil field

lon composition  K* Na* ca” CI SO, Mg”*  HCOs
Contents (mg/L) 3.13 5912.47 134.67 886250 69.16 140.03 1463.82

Wuhan Koster CS310 Electrochemical Station was used to measure the dynamic potential
polarization curve and perform the electrochemical impedance spectroscopy (EIS). A three-electrode
system was built for conducting the electrochemical tests. A saturated calomel electrode (SCE) was
used as the reference, the auxiliary electrode was graphite electrode, and the working electrode is the
N8O steel. The scanning rate of the potential polarization curve was 0.5 mV/s, and the scanning range
was maintained between + 300 mV (relative to the open circuit potential). Electrochemical impedance
spectroscopy (EIS) was conducted between frequencies 100 kHz and 10 mHz, and the AC excitation
signal was a sine wave with an amplitude of £ 5 mV. A temperature of 80 °C was maintained during
the experimental process. In order to study the effects of different flow rates on the CO, corrosion of
N8O steel, DF-101S collector magnetic stirrer was used to adjust the different speed simulations.

3. RESULTS

3.1 Polarization curves

Fig. 1 shows the polarization curves of N80 steel in the simulated environment of oilfield in the
presence of saturated CO, and different concentrations of HAc. It can be found that the cathode current
density is minimized when the effluent is not added with HAc.
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Figure 1. Polarization curves of N8O steel in the simulated environment of oilfield in the presence of
saturated CO, and different concentrations of HAc.
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Figure 2. Polarization curves of N80 steels in the simulated environment of oilfield with saturated CO,
and different flow rates. (a) 0 ppmHAc; (b) 1000 ppmHAc; (c) 5000 ppmHAc
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With the increase in the concentration of HAc, the self-corrosion current density I and the
cathodic current density increase gradually. However, the presence of HAc has little effect on the
anodic current density.

Fig. 2 shows the polarization curves of N80 steels in the simulated environment of oilfield in
the presence of saturated CO,, at different flow rates. It can be found that the self-corrosion potential
Ecorr and cathodic polarization current of N80 steel, both increase with the increase of flow rate.

Table 2 present the fitting parameters of polarization curves of N80 steel as obtained for the
simulated oilfield environment in the presence of saturated CO,. Observing the fitting parameters one
can see that for N80 steel, the Tafel slope b, of the cathodic polarization curve is larger than the Tafel
slope b, of the anodic polarization curve, indicating that the cathodic reaction is the main control step
for the whole reaction. It also can be concluded that the addition of HAc causes the self-corrosion
current density of N80 steel to increase, thereby increasing the corrosion rate. Furthermore, with the
increase of flow rate, the corrosion rate also shows an increasing trend.

Table 2. Fitting parameters of polarization curves of N80 steel in simulated oilfield environment with
saturated CO,

HAC Flow

2
concentra rate/(m/  Ecor/V ICO”/(')A‘/CWI ba/(mV/decade) be/(mV/decade) Veor/(Mmm/a)
tions/ppm S)
0 -0.7608 8.771x10° 75.622 -91.303 4.235
0 025 -0.7516 9.0866x10° 51.5 -102.29 4,388
050 -0.7519 9.6846x10° 57.036 -83.34 4.676
0 0.7590 9.9489x10°° 57.77 -89.189 4.804
1000 025  -0.7480 0.0001056 48.298 -101.05 5.099
050  -0.7443 0.0001117 55.186 -80.056 5.656
0 -0.6526 1.1106x10™ 16.704 -25.641 5.363
5000 025  -0.6246 2.087x10™ 33.255 -89.918 14.077
050  -0.6005 4.6303x10™ 26.313 -68.506 22358

3.2 Electrochemical impedance spectroscopy (EIS)

Fig. 3 shows the EIS of N8O steel at different HAc concentrations in saturated CO, simulated
oilfields environment. It can be seen from the figure that when the concentration of HAc is 0 ppm,
there is a large capacity resistive arc in the high frequency stage and a small resistance arc at low
frequency. The former represents the charge transfer reaction between the corrosion solution and the
corrosion product layer, while the latter represents the charge transfer process between layer and metal
matrix interface. The corresponding equivalent circuit is shown in Fig. 5 (a). When the concentration
of HAc is 1000 ppm, there is still a large capacity of the arc corresponding to the high frequency stage
and a small capacity of the arc in the low frequency stage. However, its capacity arc radius is reduced,
indicating that the impedance value decreases. The equivalent circuit for this process is also as shown
in Fig. 5 (a). When the concentration of HAc is 5000 ppm, there is a large capacity arc in the high
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frequency stage, an inductance arc in the intermediate frequency stage, and a small capacity arc in the
low frequency stage. These three stages represent the interface charge transfer reaction between the
corrosion solution and corrosion product layer, the formation and adsorption process of intermediates,
and the dissolution of corrosion products, respectively. The corresponding equivalent circuit is shown
in Fig. 5 (b). With the increase of HAc concentration, the radius of the capacitive arc for the high

frequency and the low frequency stage decreases gradually.
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Figure 3. EIS of N80 steel at different HAc concentrations in saturated CO, simulated oilfields
environment

Fig. 4 shows the EIS of N8O steel at different flow rates in saturated CO, simulated oilfield
environment. Fig. 4 (a) and (b) depict the EIS corresponding to different flow rates when the HAc
concentrations are between 0 and 1000 ppm, respectively.
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Fig. 4. EIS plot of N80 steel at different flow rates in saturated CO, simulated oilfield’s environment
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Fig. 5. Equivalent circuits corresponding to EIS plots

At different flow rates, two capacitive arcs exist, and with the increase of the flow rate, the
resistive arc radius at high frequency stage and low frequency stage decreases gradually, indicating
that the impedance value decreases with the increase of the flow rate. When the concentration of HAc
is 5000 ppm, at the flow rate of 0, a large capacity arc exists in the high frequency stage, an inductance
arc in intermediate frequency stage, and a small capacity arc in low frequency stage. However, when
the flow rates are increased to 0.25 and 0.50 m/s, the resistive arc in the low frequency stage
disappears, and only the resistive arc in the high frequency stage and the inductance arc in the low
frequency stage continue to exist. Furthermore, with the increase of the flow rate, the capacity arc
radius in the high frequency stage decreases. The equivalent circuit depicting this process is shown in
Fig. 5 (c).

The EIS data represented in Fig. 3 and Fig. 4 are fitted using the equivalent circuits which are
shown in Figure 5. In Fig. 5, Rs depicts the solution resistance, R; is the charge transfer resistance,
CPE; (CPE) is the constant phase element of the electric double layer capacitor, Cs is the capacitance
of the corrosion product, Ry is the resistance of the corrosion product, CPE, is the constant phase
element of the surface chemical reaction, R is the resistance of the intermediate product formation or
dissolution process, and L is the inductance of the intermediate product formation or dissolution
process. Table 3 and Table 4 are the fitting parameters for the electrochemical impedance spectroscopy
equivalent circuit.

Table 3. Fitting parameters for the electrochemical impedance spectroscopy equivalent circuit of N8O
steel (HAc=0 and 1000 ppm)

HAC Flo

concentr w (QRS/m CPE/ (Y 0 Ry Ci/ Ry
ations/pp  rate z)c Lem?s™ (Q-ecm?)  (F-em?)  (Q-cm?)

m m/s
0 3.84 0.00079 0.748 119.7 0.042 31.82

0 0.25 361 0.00096 0.741 66.30 0.099 26.98
050 3.91 0.0010 0.762 63.35 0.297 39.36

0 3.94 0.00095 0.787 70.94 0.0893 24.05

1000 0.25 4.44 0.00114 0.734 60.84 0.099 19.30
0.50 3.96 0.0014 0.742 34.93 0.411 24.2
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Table 4. Fitting parameters for the equivalent circuit for the EIS of N80 steel (HAc=5000 ppm)

Flow CPEy/ R/ Ru/

R/ CPE /(Q_ Rf/ 1 2 - 2 2 L/ (H-cm'
rate/ ) s 2 1 12 n Ny ) 2 (Q -Cm ~-S Ny (Q‘cm (Q‘cm 2
(mis) (Q-cm”) :cm™-s™y) Q-cm " ) ) )

0 3.404 0.001 0.64 59.7 0.31 285 278 831 71
0.25 3.864 0.002 0.71 — — — 18.2 46.57 5.169
0.50 3.869 0.002 0.70 — — — 8.703 47.84 4.095
4. DISCUSSION

4.1 Influence of HAc on corrosion behavior of N8O steel

In the saturated CO, simulated oilfield effluent environment, the cathodic reactions are
described as follows.

2H*+2e=H,?1 (1)
2H,CO3+26=2HCO; +H,1 (2)
2HCO5+2e=2C03% +H,1 (3)
2H20+2€220H_+H2T (4)
HAc+e=Ac +H (5)
The anode reaction is as follows [9]:

Fe+H,0=FeOH,gs+H +e (6)
FeOH,4=FeOH"+e (7)
FeOH*+H"=Fe**+H,0 (8)
Fe?*+C0O3%=FeCOs| (9)
Fe+HCO;3 +e=FeCO3+H (10)
FeCO3+HCO3=Fe(CO3),> +H" (11)

Fig. 1 shows the polarization curves at different concentrations of HAc. In the absence of HAc
(pH=5.4), the cathodic current density is the lowest, and the cathodic reaction is primarily described by
formula (2) and (3). When the HAc is added to the solution, the cathodic reaction that takes place can
be represented by formula (1) and (5). According to the polarization, cathodic current density
increases, that is, the corrosion rate increases. This is because the addition of HAc reduces the pH of
the solution, and promotes the reactions at the cathode. It can be seen from Fig.1 that the addition of
HAc has tremendous influence on the cathodic polarization curve, while it has little effect on the
anodic polarization curve. These results are similar to those found in a previously reported paper [20]
and are because HAc promotes the cathodic reaction and inhibits the anodic reaction process [9].

Fig. 3 shows the EIS plot of N8O steel recorded at different concentrations of HAc in saturated
CO, simulated oilfield’s environment. When the concentration of HAc<1000 ppm, there are two
capacitive arcs in the EIS curves. The capacitive arc in the high frequency stage is representative of the
electric double layer capacitance at the interface between corrosion product film and the solution. At
low frequencies, there exists a defect in the corrosion product film, and a charge transfer process at the
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interface between the corrosion product layer and the metal substrate takes place, resulting in a small
capacitive arc, which is consistent with a previously reported work [9, 21-22]. Relative to HAc = 0
ppm, when HAc=1000 ppm, the arc resistance radius is significantly reduced at the low frequency
stage. When the HAc=5000 ppm, the high frequency and low frequency phase is still capacitive arc.
The high frequency stage represents the charge transfer process in the interface between the corrosion
product and the solution. The low frequency represents the formation and dissolution process of the
corrosion product i.e. FeCOj3 [22]. However, the existence of the inductance arc in the intermediate
frequency stage can be correlated with the formation and adsorption of intermediates, and the
corresponding reaction is depicted by formula (6). It can be seen from Table 3 and Table 4 that with
the increase in the concentration of HAc, the charge transfer resistance from the equivalent circuit
fitting parameters decreases and the electric double layer capacitance increases. According to Eq. (12)
[23], the double-layer capacitance CPE increases, resulting in a decrease in the thickness of the
corrosion product film Le. It could be illustrated that the addition of HAc reduces the thickness and
increases the defect of the corrosion product film. Thus, the degradation of the matrix is reduced, and
the corrosion of the substrate is accelerated, which is consistent with the results of the polarization
curve depicted in Fig. 1.
Lex=g0e/CPE (12)
Where, Ley is the oxide space charge layer thickness, ¢ is the vacuum permittivity (8.85 x 107
F/cm), & is the relative dielectric constant of the corrosion product film of Fe at room temperature.

4.2 Effect of flow rate on corrosion behavior of N80 steel

Fig. 2 shows the polarization curves of N80 steel recorded at different flow rates. It can be seen
from the figure that the anodic current density increases with the increase of potential, depicting the
anodic dissolution characteristics. It can be seen from Table 2 that the self-corrosion potential E.,,r and
the self-corrosion current density lcor increase with the increase of the flow rate. This is because with
the increase of the flow rate, the diffusion rate of the depolarization agents such as H,CO3z and H*
increase. Consequently the rate of cathodic depolarization increases, the consumption of electrons
increases, and the negative charge formed on the double layer reduces, as depicted in Eg. (1)~(3). On
the other hand, the acceleration of the cathodic reaction accelerates the anodic reaction, resulting in an
increase in the corrosion current density [7].

Fig. 4 shows the EIS of N80 steel at different flow rates. Fig. 4 (a) and (b) show the EIS plots
recorded at different flow rates at HAc concentrations of 0 and 1000 ppm, respectively. The
corresponding equivalent circuit is shown in Fig. 5 (a). There are two kinds of resistive arcs
corresponding to different flow rates. With the increase of the flow rate, the radius of the resistive arc
at high frequency and low frequency stage decreases gradually, indicating a decrease in the value of
the impedance with the increase of the flow rate. When the concentration of HAc is 5000 ppm and the
flow rate is O, there is a large capacity of the arc at the high frequency stage, an inductance arc at the
intermediate frequency stage and a small resistance arc at the low frequency stage. The equivalent
circuit is shown in Fig. 5 (b). However, when the flow rate is 0.25 and 0.50 m/s, the capacitive arc at
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the low frequency stage disappears, and only the resistive arc at the high frequency stage and the
inductance arc at the low frequency stage continue to exist. The equivalent circuit is shown in Fig. 5
(c). Due to the role of the flow rate, the as formed corrosion product FeCOjs is difficult to adhere to the
electrode surface, resulting in the disappearance of the resistance arc at the low frequency. It can be
seen from Table 3 and Table 4 that with the increase of the flow rate, the value of double-layer
capacitance CPE increases and the charge transfer resistance R; decreases. This is because under the
action of the flow rate, a tangential force is generated on the surface of the material, the adhesion of the
corrosion product FeCOgs is hindered, and thus, corrosion process is accelerated [22].

5. CONCLUSIONS

(1) The presence of HAc increases the self-corrosion potential Ecorr and self-corrosion current
density I Of N8O steel in saturated CO, solution, promotes the anodic and cathodic reaction speed,
and reduces the thickness and the protective effect of the corrosion product film.

(2) The increase of flow rate enhances the cathodic depolarization. Relative to the static
solution, the presence of flow rate increases the corrosion current density of N80 steel, increases the
electric double layer capacitance CPE, reduces the charge transfer resistance R;, and eventually
accelerates the rate of corrosion of steel.
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