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316L stainless steel has good corrosion resistance and is widely used in oilfield produced water. The
environment of oilfield produced water is complicated by corrosion factors such as acetic acid, CO»,
high temperature and high pressure, which easily lead to pitting corrosion. Corrosion behavior of 316L
stainless steel in oilfield produced water was studied by weight loss, anode polarization curve,
electrochemical impedance spectroscopy and scanning electron microscope methods. The pitting
corrosion was the main behavior to 316L stainless steel in the simulated oilfield produced water. The
corrosion rate increased first and then decreased with the increase of temperature and the corrosion rate
was the highest at 60 °C. The passivation current density of 316L stainless steel was the largest at 60 °C,
indicating that the pitting sensitivity was the strongest at 60 °C. When the acetic acid concentration was
1000 ppm, the corrosion rate was the largest. The pore resistance and charge transfer resistance of 316L
stainless steel was the smallest when 1000 ppm acetic acid was added. The low concentration of acetic
acid was more likely to destroy the passivation film. When the CO; partial pressure was 0.1 MPa, the
passivation film appeared “glitches” phenomenon, and the corrosion rate reached the maximum. The
maximum pitting depth of the oilfield produced water after adding 1000 ppm acetic acid and 0.1 MPa
CO2for 72 h at 60 °C was 0.145 mm.

Keywords: 316L stainless steel; temperature; acetic acid concentration; CO> partial pressure; pitting
corrosion

1. INTRODUCTION

A lot of oilfield produced water could be produced in the oil and gas field process. In recent
years, many high salinity, CO., acetic acid, H>S and so on corrosive have been found. Therefore, the
corrosion rate in the oil produced would accelerate [1-3]. 316L stainless steel was widely used in oil
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industries, in virtue of its good corrosion resistance. However, pitting corrosion often occurred, because
of the oilfield produced water containing lots of CI™ [4-6]. One of the main causes of material failure in
industrial systems was pitting of metals and alloys [7-8]. Due to its complexity, it was difficult to control
pitting. Therefore, the corrosion of stainless steel in oilfield produced water has become an important
issue.

Pitting corrosion consisted of two main processes: pit initiation and pit growth. Many authors
had suggested that the initiation of pit was cracking of the passivation layer due to random fluctuations
in local locations [9-10]. After pit nucleation occurred, the pit could be re-passivated immediately or
grow and then re-passivated. In general, this process was regarded as metastable pitting. If a metastable
pit could grow indefinitely, it became a stable pit.

The mechanisms of pitting corrosion had been studied in the past several decades [11-15]. Many
authors [16-17] supported the idea that some anions could penetrate the passive film, while others [18]
considered that the first step in pit initiation was mechanical breakdown of the film. Passive layer break-
down, followed by localized metal dissolution, was the most common mechanism of pitting corrosion.

To date, limited corrosion studies on 316L stainless steel pipes in oilfield produced water,
including acetic acid and CO2 under high pressure and high temperature. In this work, the corrosion
behavior of 316L stainless steel tubing in simulated oilfield produced water was investigated by weight
loss test, pitting corrosion parameter determination, the anode polarization curve, electrochemical
impedance spectroscopy (EIS), scanning electron microscopy (SEM) and X-ray diffraction (XRD)
methods. The effects of temperature, acetic acid concentration and CO> partial pressure on the corrosion
process of 316L stainless steel were discussed from the perspective of corrosion rate. Then the corrosion
mechanism was discussed in depth and provided the basis for proper corrosion protection in the future.

2. EXPERIMENTAL

2.1 Material and solution

The research object was 316L stainless steel, with a chemical composition (wt.%): 0.023 C, 0.06
Si, 1.37 Mn, 0.013 P, 10.3 Ni, 16.4 Cr, 2.05 Mo, Fe balance.

The simulated oilfield produced water was prepared by analytical grade reagents came from
Sinopharm Group Industrial Co., Ltd. and deionized water, which pH value was 7.98. Table 1 showed
its chemical composition.

Table 1. Chemical composition of produced water extracted from oilfield

Composition NaCl KCI MgCl,  CaClo  NaSOs NaHCOs  NaCO3

&);tiﬂt) 166172 03553 16603 05053 11096  3.0638  0.0322
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2.2. Weight loss test and pitting corrosion parameter determination

Weight loss tests were conducted in ZCF-2L autoclave to investigate corrosion rate of 316L
stainless steel. The test specimens were a rectangular form (3 mmx10 mmx100 mm). Tests were carried
out in an autoclave at total pressure 0.5MPa for 72 h. The detailed test conditions of weight loss tests
were as follows: five temperatures of 20, 40, 60, 80 and 90 °C (controlled acetic acid (analytical grade
reagents) concentration of 1000 ppm and CO; partial pressure of 0.1 MPa) and five acetic acid
concentrations of 0, 500, 1000, 1500, and 2000 ppm (controlled temperature of 60 °C and CO; partial
pressure of 0.1 MPa) and CO; partial pressure of 0, 0.05, 0.1, 0.15 and 0.2 MPa (controlled temperature
of 60°C and acetic acid concentration of 1000 ppm). To ensure repeatability, three equivalent samples
were used for each test condition. Prior to testing, high purity nitrogen was introduced into the autoclave
for oxygen removal. The specimens were first cleaned with distilled water and acetone, dried, and then
weighed using a FA2004N digital electronic balance for weight loss experiments.

After tests, the corroded specimens were rinsed with distilled water and the corrosion products
were removed using the chemical products clean up method of GB/T16545-1996, then rinsed and dried
again, The corrosion rate V, (mm-at) was reported according to the obtained weight loss by the
following formula(1). Then each pitting depth of the surface on 316L stainless steel was measured by
DCC-II inductive point corrosion depth sounder, pitting factor fyirand pitting density d,i» was calculated
by the formula (2, 3):

V= mo—mq x 24x356 = 8.76 X mo—mq (1)
p So t'p 1000 ) So tp
hmax
fpit = Nave 2
d . _n (3)

S0
where mo and m1 were the original weight and the final weight of specimens, respectively, g; So
was the exposed surface area of specimens, m?; t represented the immersion time, h; p was the steel
density,7.86 g-cm3; hmax Was the max pitting depth, mm; have was the average pitting depth, mm; and N
was the total number of pitting.

2.3. Electrochemical measurement

Electrochemical measurements were carried out in a three-electrode cell through a Germany
Zahner IM6e electrochemical measurement system in autoclave. 316L stainless steel was a working
electrode that was embedded in an epoxy resin PVC holder in a square form (10 mm x 10 mm X 3 mm)
with a working area of 1 cm? A platinum electrode and an Ag/AgCI/CI- electrode were used,
respectively, as auxiliary and reference electrodes.

Prior to tests, high purity nitrogen was introduced into the autoclave to remove oxygen. The
anode polarization curves were performed at a potential range from 0 to 600 mV with respect to open
circuit potential (OCP) at a scan rate of 1 mV-S™. Tests were carried out in an autoclave at total pressure
0.5 MPa. The detailed test conditions of electrochemical tests were as follows: temperatures of 20, 60,
80 °C; acetic acid concentrations of 0, 1000 and 2000 ppm; CO: partial pressure of 0, 0.1 and 0.2 MPa,
the solution was oilfield produced water, respectively.
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2.4. Morphology observation

The surface morphology was characterized by a Japan JSM-6700F scanning electron microscopy
(SEM).

3. RESULTS AND DISCUSSION

3.1 Effect of temperature on corrosion of 316L stainless steel

Fig. 1 showed the corrosion rate of 316L stainless steel at different temperatures in simulated
oilfield produced water. The average corrosion rate was used in the work.
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Figure 1. The corrosion rate of 316L stainless steel after 72 h at different temperatures

Table 2. Pitting corrosion parameters of 316L stainless steel at different temperatures

T/°C Nmax/mm foit dpi/N-cm™2
20 0.049 1.75 0.27
40 0.075 1.78 0.31
60 0.145 2.54 0.68
80 0.051 1.57 0.28
90 0.038 1.53 0.25

It could be seen that the corrosion rate of 316L stainless steel increased first, and then decreased
with the increasing of temperature from Fig.1. There was the maximum corrosion rate at 60 °C. Table 1
showed that the maximum pitting depth (hmax), pitting factor (f,i¢) and pitting density (dpit) were increased
first, and then decreased with the increasing of temperature, which was consistent with the corrosion
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rate.
The temperatures of 20, 60 and 80 °C were chosen as experimental conditions, according to the

results of the weight loss and the measurement of pitting parameters. Anode polarization curves at
different temperatures were shown in Fig. 2. Electrochemical corrosion kinetics parameters such as
corrosion potential (Ecorr), broken potential (Ep), and passive current density (Ip) were listed in Table 3.
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Figure 2. The anodic polarization curves of 316L stainless steel at different temperatures in oilfield
produced water

Table 3. The electrochemical parameters of anodic polarization curve of 316L stainless steel at different

temperatures
T/ Econl Ev/ I/
°C mV(vs-Ag/AgCl/CI) mV(vs.Ag/AgCI/CI") uA-cm™
20 -158 358 8
60 -179 184 15
80 -157 107 4

The 316L stainless steel had the good passivation in oilfield produced water, directly transition
into the passivation range. The passive current density increased first, and then decreased with the
increasing of temperature from 20 to 80 °C, which maybe generate a protective corrosion product player.
First, the chemical dissolution of the passivation film was accelerated, as the temperature gradually
increased resulting in a gradual increase in the corrosion rate of the 316L stainless steel. When the
temperature raised, the size and number of stainless steel pitting pits became larger, the current density
also became larger, the pitting potential was negatively shifted, and the passivation region was narrowed
[19]. Meanwhile improving temperature accelerated the hydrolysis reaction of Fe?', resulted in
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sensitivity of stainless steel enhanced; but the higher temperature favored the formation of corrosion
products FeCOs, the corrosion rate decreased. This was in good agreement with results of the weight

loss from Table 3.
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Figure 3. EIS spectra of 316L stainless
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Rs: solution resistance; CPEpore: capacitance of the film in pore areas: Rpore: poOre resistance to the
ionic current through the pores: CPEq: constant-phase element including n dispersion index and Cqi
capacitive of double player; Rct charge-transfer resistance;

The impedance of a CPE is a function of the frequency and it is defined as:

Zcpg = YC_PlE(j(‘))_n (4)

where Y cpe was the magnitude of CPE, Q1-s"-cm?; j was the square root of -1; ® was the angular

frequency, rad-s™*; and the exponent n (-1 < n < 1) denoted the distribution of time constant.

Table 4. The electrochemical parameters fitted from the EIS data of 316L stainless steel at different
temperatures in oilfield produced water

T Rs CPEpore Rpore CPEd RCt
/°C /Q-cm? / uF-cm (n,) /Q-cm? / uF-cm (n2) /Q-cm?
20 10.9 27(0.78) 3287 10 (0.81) 33076
60 5.1 48 (0.82) 2162 14(0.65) 19412
80 5.6 5(0.91) 9289 6(0.82) 38839

It could be seen from the Nyquist plots of Fig. 3(a) that the radius of the capacitive loop decreased
first and then increased as the temperature increased. From the Bode plots, it could be seen that in the
low frequency region, the impedance modulus(|Z|) decreased first and then increased with increasing
temperature. In the intermediate frequency region, the impedance modulus values showed a linear
relationship with the frequency. The slope was less than -1. When the slope is closer to -1, the film
becomes denser and closer, and the closer to the complete capacitor. The slope of the impedance modulus
was closer to -1 at 80 °C and the phase angle peak was also the largest, indicating that 316L stainless
steel produced denser product film at 80 °C. In the high frequency region, a typical response of the
solution resistance was observed, that was, a plateau appeared in the impedance modulus, and the phase
angle was close to 0 degree [20]. The phase angle did not appear to have two peaks, but a wider peak
appeared. Under the experimental conditions, the two capacitive loops were combined into one
capacitive loop, so two-time constants equivalent circuit showed in Fig.4 was employed to fit the
impedance parameters.

The electrochemical parameters were fitted in Table 4. It showed that the charge transfer
resistance Rt decreased first and then increased with increasing temperature, and the pore resistance
Rpore had the same tendency. The electrical double layer capacitive Cq had an opposite tendency to the
charge transfer resistance R, and electrical double layer capacitive Cqi decreased when the temperature
reached 80 °C. All of that indicated that a more dense and stable corrosion product layer was formed. It
could be seen that the corrosion rate of 316L stainless steel was first accelerated and then slowed down,
and the pitting resistance was first weakened and then enhanced, which was consistent with the test result
of the anodic polarization curve.

To sum up, the corrosion rate of 316L stainless steel increased first and then decreased with the
increase of temperature in simulated oilfield produced water. When the temperature was 60 °C, the
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pitting factor(fyit), pitting density(dpit), and maximum pitting depth reach a maximum. The maximum
pitting depth of 316L after immersing for 72 h in simulated oil production water was 0.0145 mm. The
the passive current density increased first and then decreased and the most pitting sensitive was on 60
°C. From EIS spectra, protective corrosion product film was formed on the surface at a higher
temperature (80 °C).

3.2 Effect of concentration of acetic acid on corrosion of 316L stainless steel

Acetic acid was commonly found in oil, and the presence of acetic acid had an important impact
on the corrosion reaction [21-22], especially under the conditions of high temperature and pressure [23].
316L stainless steel had good corrosion resistance to acetic acid at normal temperature, but corrosion
often occurred in high temperature acetic acid medium [24]. Fig. 5 showed the values of corrosion rate
obtained from weight loss test as the function of acetic acid concentration in simulated oilfield produced
water, respectively. The maximum pitting depth (hmax), pitting factor (fyit) and pitting density (dpit) were
listed in Table 5.
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Figure 5. The corrosion rate of 316L stainless steel at different acetic acid concentrations after 72 h

Table 5. Pitting corrosion parameters of 316L stainless steel at different acetic acid concentrations at 60

°C
Chad/ppm Nmax/mm foit dpi/N-cm™
0 0.053 1.75 0.31
500 0.084 2.18 0.44
1000 0.145 2.54 0.68
1500 0.061 1.73 0.42

2000 0.049 1.65 0.37
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Fig.5 showed the corrosion rate of 316L stainless steel increased first, and then decreased with
the increase of acetic acid concentration at 60 °C. There was the maximum corrosion rate in 1000 ppm.
The maximum pitting depth, pitting factor and pitting density had the same tendency with the corrosion
rate in Fig.5. Sekine [25] proposed increasing acetic acid concentration could lower solution pH value,
and hydrogen depolarization process would become easier, thereby accelerating the corrosion rate. When
the concentration was increased to a certain value, acetic acid decomposition became difficult, and the
corrosion rate reduced.

Fig.6 showed anode polarization curves of 316L stainless steel measured at different acetic acid
concentrations in simulated oilfield produced water at 60 °C. The electrochemical parameters with
different acetic acid concentrations were listed in Table 6.
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Figure 6. The anodic polarization curves of 316L stainless steel in oilfield produced water with different
acetic acid concentrations

Table 6. The electrochemical parameters of 316L stainless steel in oilfield produced water with different
acetic acid concentrations

C/ Ecor/ Ev/ o/
ppm mV (vs.Ag/AgCI/CI") mV (vs.Ag/AgCI/CI") pA-cm

0 -174 184 15
1000 -304 30 16
2000 -259 95 10

It was seen that the corrosion potential Ecorr shifted towards the negative direction in addition of
1000 ppm acetic acid compare to without acetic acid, thermodynamically, the more negative the



Int. J. Electrochem. Sci., Vol. 15, 2020 4296

corrosion potential, the more likely the corrosion occurred; but the corrosion potential shifted toward the
positive direction when the acetic acid concentration increased from 1000 ppm to 2000 ppm. The broken
potential (Ey) shifted toward the negative direction first, and then shifted toward positive direction with
the increasing of acetic acid concentration from Table 6. The passive current density I, was also in good

agreement with results of the weight loss.
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Figure 7. EIS spectra of 316L stainless steel in oilfield produced water with different acetic acid
concentrations at 60°C(a): Nyquist spectra; (b): Bode spectra
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Table 7. The electrochemical parameters fitted from EIS data of 316L stainless steel in oilfield produced
water with different acetic acid concentrations at 60 °C

CHac Rs CPEpore Rpore CPE4 Ret
/ppm /Q-cm? / uF-cm™ (ny) /Q-cm? / uF-cm (ny) /Q-cm?
0 5.1 48 (0.82) 2162 14 (0.65) 19412
1000 5.5 112 (0.73) 1206 99(0.64) 13442
2000 4.9 19 (0.84) 5289 2 (0.79) 36064

Fig. 7 showed the EIS spectra of 316L stainless steel in simulated oilfield produced water with
different acetic acid concentrations. The characteristics of the capacitive loop in the Nyquist plots did
not change with the addition of acetic acid increased, but the radius of the capacitive loop decreased first
and then increased as the increase of the acetic acid concentration. It could be seen from the Bode plots
that in the low frequency region, the impedance modulus decreased first when the acetic acid
concentration increased from 0 ppm to 1000 ppm and then increased when the concentration was 2000
ppm. In the intermediate frequency region, the slope of the modulus increased and the peak value of the
corresponding phase angle increased when 2000 ppm acetic acid was added, indicating that denser
corrosion product film was formed on the surface of 316L stainless steel in the presence of high
concentration of acetic acid. Two phase angle peaks appeared, and there were two-time constants, still
fitting with the circuit diagram of Fig. 4. The fitting results for the impedance spectra were summarized
in table 7. It could be seen that, the Rt and the Rpore decreased first and then increased as the
concentration of acetic acid increase, indicating that the corrosion performance first increased and then
decreased. When the acetic acid concentration was 1000 ppm, both the R and the Rpore reached a
minimum value, and the corrosion resistance was the weakest at this time, which was consistent with the
weight loss result.

In summary, the corrosion rate of 316L stainless steel increased and then decreased with the
increase of acetic acid concentration in simulated oilfield produced water. When the concentration of
acetic acid was 1000 ppm, the maximum depth of pitting corrosion, pitting factor (fyit) and pitting density
(dpit) was the highest, and the corrosion was the most severe. Acetic acid could destroy the stability of
the passivation film to some extent.

3.3 Effect of CO; partial pressure on corrosion of 316L stainless steel

Fig. 8 showed the corrosion rate of 316L stainless steel at different CO> partial pressure in
simulated oilfield produced water at 60 °C. The pitting corrosion parameters of 316L stainless steel at
different partial pressure of CO> were listed in Table 8.
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Figure 8. The corrosion rate of 316L stainless steel at different partial pressure of CO; after 72 h

Table 8. Pitting corrosion parameters of 316L stainless steel at different partial pressure of CO>

Pco,/MPa Amax/mm foit dpi/N-cm
0 0.078 1.84 0.35
0.05 0.083 1.90 0.40
0.1 0.145 2.54 0.68
0.15 0.072 2.07 0.38
0.20 0.046 1.62 0.34

It could be seen that the corrosion rate of 316L stainless steel increased first, and then decreased
with the increase of CO; partial pressure at 60 °C from Fig.8. There was the maximum corrosion rate at
0.1 MPa. The maximum pitting depth (hmax), pitting factor (fyit) and pitting density (dpit) had the same
tendency with the corrosion rate. Park [26] proposed that when the partial pressure of CO» was increased,
the pH value of the solution was lowered, the stability of the passivation film was lowered, and the
induction period and development period of pitting corrosion on the electrode surface were advanced,
which mean the pitting sensitivity was increased. Banas believed that the formation of carbonic acid
increased the ionic conductivity of the purified membrane to destroy the stability of the purified
membrane [27]. However, with the increase of CO> partial pressure, it was conducive to the formation
of dense and adhesion of FeCOs, the protection of metals was strengthened [28].

The Fig. 9 showed the anode polarization curves at different CO, partial pressure.
Electrochemical corrosion kinetics parameters were listed in Table 9.
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Figure 9. The anodic polarization curve of 316L stainless steel at different CO, partial pressure in
oilfield produced water

Table 9. The electrochemical parameters of 316L stainless steel in oilfield produced water at the
different CO> partial pressure

Pco,/ Econ/ En/ o/
MPa mV (vs.Ag/AgCI/CI) mV (vs.Ag/AgCI/CI") HA-cm™
0 -176 184 15
0.1 -347 123 24
0.2 -206 109 14

It was seen that the corrosion potential moved in the negative direction first, and then moved in
the positive direction with the increase of CO> partial pressure in Fig.9. That indicated the CO> could
damage the passive film. The passive current density I, was 24.19 uA-cm™ when the CO; partial pressure
was 0.1 MPa, and the passive current density I, reduced to 14.08 pA-cm yet the CO2 partial pressure
increased to 0. 2 MPa in the table 7. This proposed the higher CO> partial pressure favored the formation
of corrosion product FeCOs, so the corrosion rate could be reduced of 316L stainless steel.
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Figure 10. EIS spectra of 316L stainless steel at different CO partial pressure in oilfield produced water
at 60 °C(a): Nyquist spectra; (b): Bode spectra

Table 10. The electrochemical parameters fitted from the EIS data of 316L stainless steel at different
COgz partial pressure in oilfield produced water at 60 °C

PC02 Rs CPEpore Rpore CPEd Rct
/MPa /Q-cm? / uF-cm (n1) /Q-cm? / uF-cm (n2) /Q-cm?
0 5.1 48 (0.82) 2162 14(0.65) 19412
0.1 5.1 125 (0.81) 952 107(0.74) 8807
0.2 4.9 34 (0.66) 5851 5(0.86) 41124

Fig. 10(a) showed that the Nyquist plots in the simulated oilfield produced water with different
CO; partial pressures had a capacitive loop. With the increase of CO> partial pressure the radius of the
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capacitive loop was first decreased and then increased. From the Bode plots, the impedance modulus
decreased first and then increased with the increase of the CO: partial pressure in the low frequency
region. In the intermediate frequency region, the phase peak moved to the low frequency region then
moved to the high frequency region as the CO> partial pressure increase, indicating that the passivation
film on the surface of the 316L stainless steel was destroyed first, and followed by a denser product film
[29,30]. The phase angle did not show two peaks, but a wide peak appeared. The values of the
electrochemical parameters of the equivalent circuit Fig. 4 fitting were shown in Table 10. It could be
seen from Table 10 that the R¢tand the Rpore decreased first and then increased with the increase of CO-
partial pressure, while the corrosion rate first increased and then decreased. Therefore, when the solution
contained a small amount of COg, the passivation film on the surface of the stainless steel was more
susceptible to damage. When the CO. was continuously increased in the simulated oilfield produced
water, the surface of the stainless steel could form protective corrosion product film, and the corrosion
rate was reduced. It could be seen from Table 10 that the results were consistent with the results of the
polarization curve test.

In summary, the corrosion rate of 316L stainless steel in the simulated oilfield produced water
increased first and then decreased with the increase of CO; partial pressure. When the CO> partial
pressure was 0.1 MPa, the pitting depth(dpit) and pitting factor (fnit) were the largest and the corrosion
was the most severe. A certain amount of CO; introduced in the simulated oilfield produced water could
destroy the stability of the surface of the passivation film.

3.3 Effect of CO» and acetic acid on corrosion of 316L stainless steel
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Figure 11. The anodic polarization curves of 316L stainless steel at 1000 ppm acetic acid, 0.1 MPa Pco,,
mixture of acetic acid and COz in oilfield produced water at 60 °C

Fig.11 showed the anode polarization curves measured on 316L stainless steel in mix conditions
at 60 °C, in order to study the effect of CO and acetic acid on the corrosion behavior of 316L stainless
steel in oilfield produced water further. The electrochemical parameters were listed in table 11. The
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anodic polarization curves of 316L stainless steel at mix solution immersed for 72 h in oilfield produced
water at 60 °C was Fig.11.

Table 11. The electrochemical parameters of 316L stainless steel at the different conditions in oilfield
produced water

C/ PCOZ/ Ecorr/ Eb/ Ip/
ppm MPa mV(vs.Ag/AgCIl/CI) mV(vs.Ag/AgCl/CI") HA-cm
1000 0 -304 30 16.

0 0.1 -347 123 24
1000 0.1 -441 18 35
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Figure 12. The anodic polarization curves of 316L stainless steel at the 1000 ppm acetic acid and 0.1
MPa CO; partial pressure in oilfield produced water at 60 °C

Fig.11 showed the 316L stainless steel still exist an obvious passivation region in a mixed
environment, but the corrosion potential was more negative than the single factor. The broken potential
(Ev) was more negatively shifted than the other two conditions. The mix solution of CO> and acetic acid
increased the acidity of oilfield produced water, and ionic activity was enhanced, so the corrosion of
electrode materials were aggravated.

It could be seen the passivation range almost disappeared, and the anode showed an active
dissolved state after immersing for 72 h. Fig.12 also showed the corrosion potential shifted toward the

position direction after 72 h.
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Figure 13. EIS spectra of 316L stainless steel at 1000 ppm acetic acid, 0.1 MPa Pco,, mixture of acetic
acid and CO, in oilfield produced water at 60°C(a): Nyquist spectra; (b): Bode spectra

Table 12. The electrochemical parameters fitted from the EIS data of 316L stainless steel at different

conditions in oilfield produced water

PC02 CHAc Rs CPEpore Rpore CPEd Rct
/MPa /ppm /Q-cm? / uF-cm (n1) /Q-cm? / uF-cm(ny) /Q-cm?
0 1000 55 112 (0.73) 1206 99(0.64) 13442
0.1 0 51 125 (0.81) 952 107(0.74) 8807
0.1 1000 9.9 153(0.80) 391 184(0.79) 1047

Fig. 13(a) was the Nyquist plots under mixed conditions. The EIS spectra characteristics under
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mixed conditions were similar to those under the single condition of acetic acid or CO., but the radius
of the capacitive loop was obviously reduced. In the Bode plots, the phase angle peak values were
approximately the same at approximately 65° under the three conditions. However, under the mixed
condition, the modulus value was the smallest, and the phase angle peak tended to move to the low
frequency region. At this time, the generated corrosion product film was relatively loose, not protective,
and the corrosion rate was accelerated [2, 3]. The values of the electrochemical parameters of the
equivalent circuit fitting were shown in Table 12. As could be seen from Table 12, the 316L stainless
steel reached the minimum value of the Rt and the Rpore in the mixed medium, and the corrosion was

most severe at this time.
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Figure 14. EIS spectra of 316L stainless steel immersed in different time in oilfield water with 1000
ppm acetic acid and 0.1 MPa COgpartial pressure (a): Nyquist spectra; (b): Bode spectra
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Table 13. the electrochemical parameters fitted from the EIS data of 316L stainless steel with the 1000
ppm acetic acid and 0.1 MPa CO; partial pressure in oilfield produced water at 60 °C

T Rs CPEpore Rpore CPEq4 Ret
/h /Q.cm? / uF.cm? (nl) /Q.cm? / uF.cm? (n2) /Q.cm?
0 9.9 153(0.80) 391 184(0.79) 1047
72 5.9 52 (0.66) 2934 45(0.86) 6851

Fig. 14(a) was the Nyquist plots for different immersing time under mixed conditions. After
immersing for 72 h, the radius of the capacitive loop increased. And the Rct and the Rpore had the same
tendency in Table 13. From the Bode plots, the modulus value increased and the phase angle peak shifted
to a high frequency region to a certain extent after immersing 72 h, indicating that the generated corrosion
product film played a certain protective role. The values of the electrochemical parameters of the
equivalent circuit fitting were shown in Table 13. It could be seen from Table 13 that the R of the 316L
stainless steel was significantly increased after immersing for 72 h in the mixed medium, the electric
double layer capacitance Cq was significantly reduced. All of that indicting after immersing for 72 h,
protective corrosion product was produced, which reduced the corrosion rate.

Surface analysis was performed to further understand surface properties and morphology and
their effects on electrochemical corrosion behavior. The stereo microscope of the specimens in oilfield
produced water at 60 °C were given in Fig. 15, which showed that the pitting corrosion was the main
behavior to 316L stainless steel in the simulated oilfield produced water. The 316L stainless steel had
good corrosion resistance in oilfield produced water in Fig.16. The surfaces of 316L stainless steel were
still smooth after immersing for 72 h, but the bulk solids (Fig.16(a)) were produced in mix solution. The
sample (Fig. 16(a)) did not detect FeCOz by XRD, which may be caused by too little corrosion product.

Figure 15. Morphology of 316L stainless steel in oilfield water with 1000 ppm acetic acid and 0.1 MPa
CO, partial pressure at 60 °C
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Figure 16. The SEM micrographs of 316L stainless steel at 60°C in oilfield produced water after 72 h,
(a) Crac1000 ppm+Pco,0.1 MPa, (b) Crac 2000 ppm, (c) Pco, 0.2 MPa, (d) blank

4. CONCLUSIONS

(1)  The pitting corrosion was the main behavior to 316L stainless steel in the simulated
oilfield produced water.

(2) The corrosion rate increased first, and then decreased with the increasing of temperature
from 20 to 90 °C, the pitting sensitivity enhanced first and then weakened. The maximum depth of pitting
corrosion was 0.145 mm at 60 °C after 72 h. Higher temperature was good at the formation of compact
corrosion products.

(3) Corrosion rate of 316L stainless steel increased first, and then decreased with acetic acid
concentration among 0-2000 ppm, the max corrosion rate appeared when the acetic acid concentration
was 1000 ppm. The low acetic acid concentration could damage the passive film. The break potential
decreased first, and then increased with the increasing of acetic acid concentration.

(4)  The corrosion rate of 316L stainless steel increased first, and then decreased with
increasing the partial pressure of CO2. When the CO- partial pressure was 0.1 MPa, the passivation film
appeared “glitches” phenomenon, the corrosion rate had the maximum.

(5) The addition of acetic acid had a synergetic effect on in CO> solution. There was the
maximum corrosion rate at the mix conditions.
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