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ABSTRACT

Electrochemical and surface analysis techniques were used to study the mechanisms of CO, corrosion
of mild steel over the temperature range of 80-200°C. Experiments were carried out in a 4-liter
autoclave equipped to perform in situ electrochemical measurements using linear polarization
resistance (LPR) and electrochemical impedance spectroscopy (EIS). The electrolyte was 1 wt.% NaCl
saturated with CO, at 0.030 M of [CO,],q. Corrosion tests were conducted at temperatures of 80, 120,
150 and 200°C; pH values of 4.0 and 6.0 were used. After the experiments, sample surfaces were
characterized via scanning electron microscopy (SEM) and X-ray diffraction (XRD). The results showed
that the corrosion rates decreased with time due to formation of corrosion products. Corrosion rates at
pH 4.0 are higher than those at pH 6.0 for each temperature. For the test series at both pH 4.0 and pH
6.0, the final corrosion rates decreased with temperature because increasingly protective layers formed
on the steel surface. Analysis of the corrosion products confirmed that FeCO; layers were observed for
all the tests and that there was a mixture of Fe;O4 and FeCO; at temperatures above 150°C.
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INTRODUCTION

CO;, corrosion of mild steel in the oil and gas industry has been widely investigated. Nevertheless,
research in high temperature CO, corrosion (>100°C) has been rarely conducted, due to the complexity
involved, and the corrosion mechanism and influential factors remain unclear. At temperatures below
100°C the mechanisms of CO, corrosion in aqueous environments are known with more certainity."®
The main anodic and cathodic reactions are listed in Table 1. For CO, corrosion of mild steel, the main
anodic reaction is iron oxidation and the main cathodic reactions are the hydrogen evolution from H",
H2CO3 and Hzo
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Table 1
Electrochemical Reactions for CO, Corrosion

Name Reaction
Cathodic reactions H* reduction 2H+(aq) +26" - Hyg
H,CO3 reduction 2H2CO3(aq) +2e — 2HCOé(aq) + Hz(g)
H,O reduction 2H,0Oy+ 26 — 20H 5 Ho(g)
Anodic reaction Fe oxidation Fe — Fe’'(,q* 2¢

When mild steel corrodes, it releases Fe?' ions which accumulate in the solution. When their
concentration reaches and exceeds the saturation level, FeCOs, will precipitate according to:

F32+(aq) + COZE — Fe CO3(S)

and cover the steel surface what may lower the corrosion rate. The driving force for precipitation is the
supersaturation level, defined as:
C.2:C
Fe
S=— 9% (1)

Ksp

where ¢ corresponds to concentration and K, is the solubility limit of FeCOs.

The effect of pH on CO, corrosion at temperatures up to 100°C has been described by Nesic, et al.® pH
has a significant direct effect on the corrosion rate and indirect influence on FeCO; formation: the
higher the pH, the less corrosive the system is as there are fewer H" ions in solution and the solubility
of FeCO; decreases, leading to supersaturation and a high precipitation rate. The mechanisms of
corrosion and the effect of key parameters are less understood above 100°C. To get a better insight
into the effect of pH on CO, corrosion of mild steel over a range of above 100°C, electrochemical
measurements have been used here.

METHODOLOGY

Experiments were carried out in a 4-liter autoclave equipped to perform in situ electrochemical
measurements. The electrolyte was 1 wt.% NaCl saturated with CO,. To study the effect of temperature
on CO, corrosion, the dissolved CO, concentration needs to be controlled to eliminate the temperature
effect on the CO, solubility. In addition, the dissolved CO, represents the total amount of weak acid in
the system, so it is the best controlling parameter. Thus, the concentration of dissolved CO, was fixed
at 0.030M for each experiment. For this condition, the partial pressure of CO, is as listed in Table 2. An
autoclave system is used to control the system at different temperatures. The speciation was calculated
using the equilibrium constants for a CO,-H,O system in the open literature.” Corrosion tests were
conducted at temperatures of 80, 120, 150 and 200°C, pH values of 4.0 and 6.0 were used. A high
temperature/pressure ZrO,-based pH probe was used for monitoring pH. Two types of APl 5L X65
(UNS K03014) samples were employed: 1) cylindrical specimens (1.0 cm. in diameter and 2.0 cm in
height) for the electrochemical measurement and weight loss and 2) flat square specimens (1.25 cm x
1.25 cm x 0.2 cm) for surface analysis. A Gamry' Reference 600™ potentiostat, with DC105 and
EIS300 V5.30 software packages, was used for linear polarization resistance (LPR) and
electrochemical impedance spectroscopy (EIS) measurements. Corrosion rates from LPR were
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calculated using B = 26 mV/decade.? After 20 hour tests, the specimens were analyzed by scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD).

Table 2
Effect of Temperature on CO, Solubility and Pressure

T (°C) CO;(aq) (molar) pCO;(bar) Total pressure (bar)

25 0.030 0.97 1.0
80 0.030 2.2 2.7
120 0.030 3.2 5.2
150 0.030 3.7 8.4
200 0.030 3.8 19.3

RESULTS AND DISCUSSION
Electrochemical Experiments and Surface Characterization

The effects of pH on CO, corrosion at temperatures of 80, 120, 150 and 200°C are summarized in
Figure 1 a) and b). Starting with 80°C, at pH 4.0, the corrosion rate remained constant with time. The
EIS results are shown in Figure 2a). The Nyquist plot represents corrosion behavior indicative of the
charge transfer process. The SEM image in Figure 3a) shows a uniformly corroded steel surface, and
only iron was detected by EDX. In contrast, the corrosion rate at pH 6.0 in Figure 1b) was initially high
and then decreased with time, due to the formation of a protective FeCO; layer. The Nyquist plots in
Figure 2b) at 0 — 8 hours show semi-circles, which is the characteristic of Faradaic impedance implying
charge transfer controlled corrosion phenomena.® '° However, at 20 hours it changed to a double semi-
circle, which indicated mass transfer dependence. In other words, the steel surface was covered by a
corrosion product layer as seen in the SEM image (Figure 3b).
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Figure 1: LPR Corrosion Rate over Time; T=80-200°C, [CO.]., =0.030M.

At 120°C, the measured corrosion rates at pH 4.0 and 6.0 were the highest at the beginning, and then
decreased with time as illustrated in Figure 1a) and b). For EIS analysis (Figure 4a and b), the Nyquist
plots indicated diffusion control for both cases at low frequency. However, the resistance in the test at
pH 6.0 was two orders of magnitude higher than that at pH 4.0. This is due to the formation of FeCO3
scales, as presented in Figure 5a) and b). The FeCO; scales at pH 6.0 more thoroughly covered the
steel surface than those at pH 4.0. Therefore, the corrosion rate at pH 6.0 was lower than that at pH
4.0.
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Figure 2: EIS at 80°C, 20 Hours
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Figure 4: EIS at 120°C, 20 Hours
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Figure 5: SEM Images at 120°C, 20 Hours
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Figure 7: SEM Images at 150°C, 20 Hours

At 150°C and 200°C, similar results were obtained for both pH 4.0 and 6.0 to those results at 120°C:
the corrosion rates (Figure 1a and b), the Nyquist plots (Figure 6 and Figure 8), the surface morphology
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(Figure 7 and Figure 9). The corrosion rates at pH 4.0 were higher than those at pH 6.0. The diffusion
control appears on the Nyquist plots for both cases. The steel surfaces were covered by corrosion
products. However, at pH 4.0 the Nyquist plots show an inductance behavior at low frequency at both
150°C and 200°C, which represents a multi-step process or any reaction that has intermediate steps,
such as iron dissolution and magnetite formation.”'* At pH 6.0, the inductance loops did not appear on
the Nyquist plot. This may be due to much larger value for the resistance (real part) than on the
reactance (imaginary part). The corrosion product layers developed at 200°C offered protection that
was superior to that observed at lower temperatures.

For surface analysis, the steel surfaces for the experiments at 120, 150 and 200°C at the pH value of
4.0 were analyzed by XRD, as shown in Figure 10a), b) and c), respectively. The results show that
FeCO; was the main corrosion product at 120°C. A mixture of FeCO; and Fe;O4 was found at 150°C
and 200°C.
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Figure 8: EIS at 200°C, 20 Hours
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Figure 9: SEM Images at 200°C, 20 Hours
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Figure 10: XRD Analysis at pH 4.0 after 20 Hours

In all cases, the initial corrosion rates were much higher, releasing more corrosion products into the
aqueous solution making the formation of FeCO; kinetically favorable.' '® The higher the temperature,
the higher the initial corrosion rate, as expected. However, the kinetics of FeCO; precipitation also
increases with temperature.”” Consequently, the corrosion rate is lowered because FeCO; forms on the
steel surface and acts as a diffusion barrier.”® ' At 80°C and pH 4.0, the condition was
thermodynamically unfavorable for FeCO; formation, so there was no FeCO; found on the steel
surface. However, the equilibrium of FeCO; formation is shifted to lower pH when temperature
increases.?® ?' In other words, at higher temperature it is easier to reach saturation with respect to
FeCO; even at lower pH. At temperatures above 150°C, Fe;O, is thermodynamically favored.? %'
Therefore, a mixture of FeCO3; and Fe;O, was observed.

Proposed Mechanisms for CO, Corrosion at 25-200°C

Based on the experimental results above, four types of processes need to be considered as important
for the CO, corrosion mechanism of mild steel at high temperature, as shown in Figure 11:

1. Chemical equilibria in a CO, system’
In a CO»-H,O-NaCl system, four homogeneous chemical reactions need to be considered.

e gaseous CO, dissolves in solution,
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e dissolved CO, is hydrated to form aqueous H,COs3,
e aqueous H,CO; dissociates to HCO5; and H',
e aqueous HCOj; dissociates to CO3% and H".

All of these reactions are comparatively fast and can be considered to be in equilibrium. Since they are
linked via common species, such as H*, changing any one concentration will shift the equilibrium
concentration for all the others.

2. Corrosion processes

When mild steel is in a corrosive environment, such as an acidic aqueous CO, systems, corrosion will
occur. For CO, corrosion of mild steel, the anodic reaction is iron oxidation and the cathodic reactions
are the hydrogen evolution from H*, H,CO5; and H,0, as listed in Table 1. The kinetic rates of these
reactions increase with temperature resulting in higher corrosion rate.

3. FeCO; formation

When steel corrodes, it releases Fe**. Once conditions for forming FeCO; are achieved (concentration
of species is above saturation level), FeCOj3; will form and cover the steel surface, thereby lowering the
corrosion rate. The solubility constant K, depends on temperature For example, at 25-80°C, FeCO;
precipitates only at elevated pH and/or high concentration of Fe?*. As temperature is increased, FeCOj
also precipitates at lower pH. For example, FeCO; was observed only at pH 6.0 at 80°C, whereas it
was present at also at pH 4.0 at 120°C. Temperature accelerated the precipitation kinetics of FeCOs,
making it more protective.

4. Fe;0,4 formation

At high temperatures (>100°C) and typical operating conditions, there are two types of corrosion
products which can appear, FeCO; and Fe304. Which one will dominate depends on the
thermodynamics and kinetics of their formation. For instance, at low pCO, (<1 bar) and 200°C, only
Fe;O, forms on the steel surface.[20] Due to the very fast kinetics. However, at higher partial pressures
of CO,, (e.g. at pCO, > 3 bars at 150°C), FeCO; and Fe;O, may coexist on the steel surface.

2 Electrochemlcal corrosmn process
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FeCC, FeC” FeCO,

4b: Combined FeCO; and Fe;0, formation at elevated pCO,
Figure 11: Schematic of various processes comprising the mechanism of CO, corrosion at high
temperatures (up to 200°C).

CONCLUSIONS

e Corrosion rates at pH 4.0 are higher than those at pH 6 over the whole temperature range
tested here: 80-200°C.

e At temperatures above 120°C, corrosion rate more readily decreases with time due to formation
of corrosion products.

o FeCO; was the main corrosion product for all test conditions. It was not found only at pH 4.0
and 80°C where the solution was not saturated with respect to FeCOs,

e At temperatures above 150°C, a small amount of Fe;O, was detected along with FeCO3, both at
pH 4.0 and pH 6.0.
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