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Electrochemical Study on the Macro-Cell Corrosion of Pipeline Steel
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ABSTRACT: This study presents the impact of mineral deposits (SiO,, Al,03, and CaCO;) on the corrosion behavior of X6S
pipeline steel in CO,-containing brine solution with low pH. The study investigates the initiation and propagation of under deposit
corrosion (UDC) using a wire beam electrode (WBE) partially covered by different mineral deposit layers, in conjunction with
electrochemical measurements and surface characterization. The results indicate that the corrosion behavior varies, depending on the
characteristics of the deposit. During the test period, the Al,O;-covered steel acted as the main anode with more negative potential,
while the bare steel acted as the cathode. The SiO,-covered steel acted as the cathode with more positive potential and a localized
FeCOj; layer formed beneath the silica mineral. The CaCOj-covered steel initially acted as an anode with a more negative potential
but transformed into the cathode at the end of the test. Additionally, shallow and small pits were observed beneath the deposits with
the depth in the sequence Al,O; > SiO, > CaCOs;.

1. INTRODUCTION electrode (WBE) technique to monitor the corrosion process of
The mineral deposits always entrain in the oil and gas UDC. In this test, the surface of WBE was partially covered by
production water,' * resulting in the partial coverage of the SiO, particles to monitor galvanic current and corrosion
pipe bottom. The accumulation of the mineral deposits might potential distribution. The results revealed that no localized

cause localized corrosion at six o’clock of the pipe circle,” which
is normally defined as under deposit corrosion (UDC).”* Due
to the inhibition of the ion diffusion beneath the deposition
barrier, the local chemical and electrochemical environment
beneath the deposit would be different from that of the steel in anodes with strong anodic current, owing to the difference in
the bulk solution,9‘10 Accordingly’ the inhomogeneous surface dissolved oxygen concentration. It evidently shows that the
status beneath the deposit'"'* and the potential difference'*"*
between the bare steel and deposit-covered steel are attributed
to the main influencing factors for the initiation and propagation
of UDC.

The macro-cell corrosion induced by deposits occurs as a
result of the potential difference between the deposit-covered
steel and bare steel."”'® Once the deposit-covered electrode
acted as the anode, the localized corrosion would be more
serious along with the increase of the ratio between the bare steel
area and the deposit-covered area.”'”'® In order to quantify the
localized corrosion, Tan et al.'” first used the wire beam

corrosion occurred under the deposit with a cathodic current in
CO,-saturated solution. However, when WBE was exposed to
the atmosphere, the deposit-covered area transferred into

application of WBE to monitor UDC is satisfactory.
Consequently, the WBE technique has been used as an effective
method for UDC studies.”®'%>%*!
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To restore the mineral deposits presented in oil and gas
pipelines, mixed deposits including several species were used in
previous studies.'®*”*” Zhang et al.”’ employed mixed deposits
(including sand, clay, corrosion products, and sulfur) to
investigate the galvanic corrosion between the deposit-covered
electrode and the bare electrode using WBE in CO,-containing
formation water. It was found that the deposit-covered electrode
acted as the cathode at 25 °C. However, it transformed into the
anode with pitting corrosion at 60 °C, owing to the formation of
FeCOj, on the bare electrode. On the other hand, Liu et al.**
used a partly covered WBE with mixed sand and clay to study
UDC in a CO,-saturated solution at 37 °C. It is observed that
the anode tended to occur in the deposit-covered area. It is
attributed to the more negative corrosion potential of the steel
beneath the deposits in comparison to the bare steel. As a result,
it is concluded that various deposits can induce UDC due to
different mechanisms. In order to control the UDC that
occurred in different cases, the characteristics of the UDC
beneath different mineral deposits should be comprehensively
studied.

Several researchers have applied some types of deposits on
carbon steel to study their behavior.'”**~* Jeannin et al.*®
compared silica and clay deposits on the passivity of carbon steel
by using cyclic voltammetry in an O, environment. The results
indicate notable disparities in the corrosion processes beneath
the two deposits. It is found that the accumulation of corrosion
products led to the cracking of the clay layer, resulting in the loss
of its barrier effect. The silica layer could be maintained because
the corrosion products tended to grow inside the silica particles
and even create a new barrier layer by combining with them.
Additionally, Pandarinathan et al** applied three kinds of
deposits (Si0,, CaCOj;, and AL,O;) to cover a single specimen
to study their corrosion behavior using weight loss and
electrochemical measurements in a CO,-containing brine
solution. It was found that alumina made the specimen the
roughest with the highest corrosion rate, followed by calcite and
silica particles. He hypothesizes that this phenomenon is
possibly caused by a decrease in pH due to the hydrolysis of
alumina. However, Suarez et al.>® found that the corrosion rate
under calcite deposits was the lowest, while those under silica
and alumina deposits were close. She believes this was due to the
reaction of calcite with carbonate, leading to an increase in the
pH on the steel surface. In summary, these findings visualize that
the nature of the deposits would influence the interactions
between the deposits, steel, and corrosion products. It leads to
an inhomogeneous and variable surface status beneath deposits
as well as variable corrosion processes. However, the mechanism
behind the variation in corrosion caused by different deposits in
CO,-containing solution is still unclear. Moreover, due to the
limitations of the electrochemical techniques, the information
on localized corrosion and the macro-cell current between the
deposit-covered electrode and the bare electrode is also unclear.

As reported in the literature, the oil and gas industries
commonly encounter deposits composed of silica sand, calcium
carbonate, alumina, corrosion products, organic compounds,
etc.””** As the major deposits in pipelines, silica sand, calcium
carbonate, and alumina might greatly influence the corrosion
process of UDC in pipelines. In this work, these three major
types of mineral deposits found in pipelines were employed to
investigate the macro-cell current between deposit-covered area
and bare steel area using the WBE technique in a CO,-
containing solution. To achieve an in-depth insight into the
processes associated with UDC, the WBE method was further

used in conjunction with electrochemical impedance spectros-
copy (EIS) measurement and potentiodynamic polarization
(PDP) measurement. Additionally, surface morphology was also
characterized and changes in local pH were monitored to get
more information on surface status. In the end, the corrosion
mechanism caused by these three mineral deposits was
discussed.

2. METHODS

2.1. Preparation of the Materials and Test Solution.
The material used in this work was API X65 pipeline steel, which
was directly cut from subsea pipelines. The main compositions
of the steel are (% by weight) C 0.16, Si 0.45, Mn 1.60, P 0.02, S
0.01, V 0.06, Cu 0.20, Ti 0.01, Nb 0.05, and Fe balance. Before
tests, the working surfaces of the steel were polished down to
1000 grits of silicon carbide paper. Then, the surfaces of the steel
were degreased in alcohol and encapsulated for later use. The
test solution employed in this study was a 3.5% NaCl solution
(by weight), prepared by combining analytical-reagent-grade
sodium chloride with distilled water.

2.2. Mineral Deposits. Three kinds of mineral deposits
(Si0,, CaCO;, and ALO;) of analytical reagent grade were
employed in this work. The scanning electron microscopy
(SEM) images of these deposits are shown in Figure 1. It is seen

s
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Figure 1. Three different kinds of mineral deposits (SiO,, CaCO;, and
Al,0;) used in this work.

that the silica sand particles present irregular shapes with
diameters ranging from 5 to 143 um. The calcite granules
present as fine powders with diameters ranging from 1 to 6 pm.
The alumina particles present a general round shape ranging
from 63 to 94 um. The general diameters and porosities of the
three kinds of mineral deposits are listed in Table 1. It is seen
that the porosity of the mineral deposits shows obvious decrease
along with the size increase.

Table 1. Properties of the Mineral Deposits

deposits particle size (um) porosity (%)
Sio, 5—143 40
CaCO;, 1-6 80
AL O, 65—94 66

2.3. Test Setup and Procedures. The test setup used for
the UDC tests is schematically plotted in Figure 2. The WBE was
installed at the bottom of the test cell and sealed by an O ring.
The working electrodes (WEs) could be fixed in the test cell
through the top cover. A saturated Ag/AgCl electrode and a
gauze platinum electrode were employed as the reference
electrode (RE) and counter electrode (CE), respectively. The
RE and CE were fixed on the top cover, as well. Two pH
electrodes (F-71G, Horiba) were inserted into the test cell to
measure the local pH changes at both bare steel and deposited
areas on WBE. The distance between the tip of the pH electrode
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Figure 2. Schematic diagram of the UDC test setup (a), working electrode for the PDP test (b), WBE (c), and pH probe fixed in the test cell (d).

and the WBE surface was 2 mm. The test solution was
predeaerated by purging pure CO, into the solution for 4 h.
Then, the solution was transferred to the test cell using a
centrifugal pump. The solution temperature was maintained at
30 + 1 °C through a water bath, aiming to simulate the oil
transfer pipelines operating at the normal temperature in the
South China Sea. The CO, gas purging was maintained to
ensure the CO,-saturated condition during the test. The pH of
the bulk solution in the test cell was maintained at 4 during the
test.

A 10 X 10 WBE (Figure 2) made of X6S steel was adopted to
probe the macro-cell corrosion induced by the local covering of
the mineral deposits. The surface area of the wire electrodes was
2 X 2 mm” and the interval of the wire electrodes was 0.5 mm. A
square plastic groove was placed in the top left corner of the
WBE, covering S rows and S columns, allowing for the addition
of mineral deposits up to a depth of 10 mm. The ratio of the bare
steel area and deposit covered area was 3:1, which simulates the
normal UDC conditions in real pipelines.”'” The measurement
principle of the WBE has been introduced in previous studies.”
Both the open circuit potential (OCP) and macro-cell current
distributions on the WBE were mapped by the electrochemical
instrument (YC-2200A, YunChi), which consists of a high
voltage meter, multichannel zero resistance ammeters (ZRA)
and a multiplexer. Generally, the 100-wire electrodes were
electrically connected to simulate a one-piece electrode. During
the potential mapping, the wire electrodes were disconnected
from the other wire electrodes in sequence. The macro-cell
current flowing in or out of a single wire electrode could be
measured by connecting the ZRA between the selected
electrode and the rest electrodes.

Three groups of tests were conducted in this work by adding
different kinds of mineral deposits (SiO,, CaCOs3, and Al,O;) to
the test cell. Each set of tests lasted for a duration of 6 days.
During the test, the potential and current mapping were
conducted every 1 h to identify the local anodic and cathodic

44015

sites on the steel surface. Some typical areas that were located
beneath the deposits and at the bare steel area were selected for
local EIS measurements at different test periods. During the EIS
measurement, the selected wire electrodes were connected to
the electrochemical workstation (Figure 2) through the
multiplexer. In order to investigate the macro-cell effect on the
corrosion behavior of pipeline steel beneath deposits, the EIS
measurements were carried out at both the OCP and the
coupled potential. The coupled potential indicates the potential
of the whole WBE when the 100-wire electrodes are all
electrically connected. Prior to the EIS measurements, the
coupled potential of the steel surface was determined. The EIS
measurement frequency ranged from 10° Hz to 0.01 Hz with a
sinusoidal amplitude of 10 mV.

After the three groups of WBE tests, the deposits and porous
rust on the surface of WBE were first washed with deionized
water. Then, the surfaces of the wire electrodes were observed
with a laser scanning confocal microscope (LEXT OLSS000,
Olympus). The compositions of the corrosion products on the
WBE were analyzed by Raman Spectroscopy (DXR microscope,
Thermo Fisher). Thereafter, the corrosion products on the WBE
were cleaned by the acid pickling suggested in ASTM G1-03.
The 3D profile of the WBE was further examined by a laser
scanning confocal microscope.

The potentiodynamic polarization (PDP) measurements
were performed on the steel electrodes to understand the
influences of mineral deposits on the cathodic and anodic
reactions.””?® The WEs were machined in the size of 7 X 7 mm?,
as shown in Figure 2. Four groups of PDP measurements were
conducted to obtain the polarization curves of the steel covered
by different kinds of mineral deposits (bare steel and steel
covered by SiO,, CaCO;, and Al,O,, respectively). In each
group of tests, two parallel steel electrodes were used to obtain
the polarization curves at the beginning of the test and at the end
of the test. The WE1 was used after 2 h of immersion and WE2
was used after 144 h of immersion. The thickness of the deposit
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Figure 3. Distributions of the potential and macro-cell current on the SiO,-covered WBE at different test periods: (a) 2h, (b) 24 h, (c) 31 h, (d) 78 h,
(e) 95 h, and (f) 144 h.

layer was also 10 mm. The PDP measurements were conducted Both the WBE and PDP tests were repeated twice to ensure
repeatability. Furthermore, an additional immersion test
by anodically polarizing the steel from —0.3 to + 0.3 V (vs OCP) P ) 7 ’ )
(similar to the WBE test) was conducted to obtain more surface

with a scan rate of 0.5 mV/s. information about the corrosion products. After the immersion
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Figure 4. EIS and fitted curves of the bare steel electrode and the electrodes covered by SiO, at different periods: (a) 2 h, (b) 31 h, and (c) 144 h.

test, the morphology of the steel coupon beneath deposits was
observed using scanning electron microscopy (SEM, EM-20AX
Plus, Coxem), and the corrosion products were identified by X-
ray diffraction (XRD) using an EMPYREAN (PANalytical,
Holland) instrument in the 26 ranging from 20° to 80° with a Cu
Ka source.

3. RESULTS
3.1. UDC Performance under SiO, Deposit Using WBE.

Figure 3 shows the distribution maps of potential and macro-cell
current at different test periods when the top-left quarter of the
WBE was covered by the SiO, deposit. It is seen from Figure 3a,b
that the main cathodic sites were located at the deposit-covered
area on the first day of immersion. The bare steel areas all acted
as anodic sites. After 31 h of immersion, as shown in Figure 3¢,d,
although most of the deposit-covered area acted as the cathodes,
the highest cathodic current was found on the wire electrodes
outside the deposit-covered area. Both the anodic currents and
cathodic currents show an obvious decrease along with the
corrosion propagation (Figure 3e,f). Some small anodic sites
where tiny anodic currents were registered appeared in the
center of the deposit-covered area. When the steel was partially
covered by SiO, deposit, the highest potential difference was
only 4 mV and the highest anodic current was —17.1 pA/cm?,
indicating a relatively uniform corrosion on the WBE. The
covering of the SiO, would not induce obvious UDC under the
employed test condition.

Based on the WBE measurements, several typical areas that
exhibit significant anodic or cathodic currents were selected for
further investigation through EIS measurements. The selected
cathodic areas (Ds 1—3) beneath the deposit and the selected
major anodic areas (Bs 1—3) on the bare steel surface are
marked in Figure 3. The EIS performances of these typical areas
at different test periods (2, 31, and 144 h) are plotted in Figure 4.
The capacitive semicircles of both the deposit-covered area and
the bare steel area are observed, indicating that the corrosion is
under charge transfer control.”” It is seen that the impedance of
the deposit-covered area was much larger than that of the bare
steel at the OCP. The diameter of the semicircle showed an
obvious increase when the deposit-covered steel was working at
coupled potentials (—683, —675, and —668 mV), indicating that
the macro-cell current would inhibit the corrosion beneath the
deposit. No obvious changes in the EIS performance were
observed for the bare steels at coupled potentials.

44017

In addition, a small inductive semicircle is observed in the low-
frequency range at the SiO,-covered area. It might be induced by
the adsorption of FeOH, 4, beneath the deposit.”® As a result, the
equivalent circuits shown in Figure Sa,b are used to fit the EIS

(a) (b)

CPE

Figure S. Equivalent circuit used for fitting the EIS results: bare steel
area (a) and deposit-covered area (b).

results of the bare steel area and deposit-covered area,
respectively.”® The fitted results are listed in Table 2, where
R is the charge transfer resistance, Ry is the inductive resistance,
L is the inductance, and CPE is the constant phase element
representing the capacitance of the double layer. The CPE
impedance (Zcpg) can be described as:*’

Zeps = 1/(Q)" (1)

where Q is a proportional factor (CPE), and n is the CPE
exponent. The element CPE behaves as a pure capacitance when
nis 1 and a pure resistance when 7 is 0. It is seen that the R of
the deposit-covered area decreased as the immersion time
increased. The R, of the bare steel area increased slightly along
the corrosion propagation. The n value of the steel beneath the
deposit is lower than that of the bare steel, indicating a more
inhomogeneous surface status at the deposit-covered area.

3.2. UDC Performance under CaCO; Deposit Using
WBE. Figure 6 shows the potential and macro-cell current maps
of the WBE covered by the CaCOj; deposit. It can be visualized
from Figure 6a,b that, contrary to the SiO, particles, the
electrodes beneath the CaCO; powder served as the primary
anodes during the initial 24 h of the experiment. After that, it is
seen from Figure 6¢,d that the anodic current and anodic sites
beneath the deposit show an obvious decrease along with the
test. Correspondingly, the cathodic current and cathodic sites
beneath the deposit increased gradually until the electrodes
completely transformed into the cathode after 72 h immersion,
and this state remained until the end of the experiment (Figure
6e,f). Figure 6 shows that when the steel is partially covered by
CaCOj; powder, the highest potential difference was 17 mV and
the highest anodic current was 22.2 4A/cm? initially. However,
the potential difference decreased to 2 mV and the anodic
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Table 2. Fitted Results of the Electrode with and without SiO,

R, (Q cm?) QX107 (Q ' em™2s™) n R (Q cm?) L (Hcm™) R (Q cm?)
2h Si0,-OCP 32.81 4.59 0.73 786 4409 2187
Si0,-CP 32.19 4.61 0.74 1101 6280 2356
X65-OCP 10.49 543 0.84 311.8
X65-CP 10.45 S.4 0.84 297
31h Si0,-OCP 27.0S 8.79 0.79 609.7 7075 1933
SiO,-CP 27.09 8.82 0.78 716.7 10130 2328
X65-OCP 10.28 7.7 0.84 351.9
X65-CP 10.27 7.71 0.84 338.5
144 h Si0,-OCP 25.81 10.06 0.8 592.6 7952 2116
Si0,-CP 25.96 10.12 0.79 713.3 11670 2562
X65-OCP 10.21 10.81 0.84 338.4
X65-CP 10.17 10.92 0.85 316.6

current decreased to around —6.5 gA/cm?® after 65 h of
immersion. It might be due to the adsorption of CaCOj; on the
carbon steel surface, preventing aggressive ions from reaching
the steel surface. The results indicate that the covering of the
CaCOj; would not induce obvious UDC under the employed
test condition.

Similar to the case for SiO, particles, the typical areas selected
for EIS measurements are marked in Figure 6. The areas beneath
the deposit were labeled as Dc 1-3, while the areas on the bare
steel surface were labeled as Bc 1-3. Based on the results of WBE,
the EIS performances of these typical areas were selected at 2,
48, and 144 h and are plotted in Figure 7. The presence of
capacitive and inductive semicircles in both the deposit-covered
and bare steel areas is similar to that of SiO, particles, which
indicates that charge transfer controls the corrosion process.
The deposit-covered area exhibited significantly higher
impedance than the bare steel area at OCP. The diameter of
the semicircle noticeably decreased, when the deposit-covered
steel was operated at coupled potentials (—686 mV) after the
initial 2 h of immersion, indicating that the macro-cell current
aggravated corrosion beneath the deposit. During the test, the
impedance of the electrodes beneath the CaCO; powder at the
coupled potential (—683 and —678 mV) constantly approached
and eventually surpassed that of the OCP, suggesting that the
macro-cell current significantly inhibited iron dissolution of the
CaCOj-covered electrode. The EIS performance of the bare
steels at coupled potentials was consistent with that of the
deposit-covered area. However, the observed changes do not
appear to be particularly significant overall.

Same as the SiO, particles, the equivalent circuits presented in
Figure Sa,b were used to model the EIS results of the bare steel
area and the CaCOj-covered area, respectively. The fitted
parameters are given in Table 3. As the immersion time
increased, the R of the deposit-covered electrode decreased,
while that of the bare electrode showed a slight increase.
Additionally, the n value was lower for the steel beneath deposits
compared to the bare steel, implying a less homogeneous surface
status in the deposit-covered area.

3.3. UDC Performance under Al,O; Deposit Using
WBE. Figure 8 illustrates that the main anodic sites were located
in the deposit-covered area during this test. It is seen from Figure
8a,b that the main anodic sites were concentrated in the bottom-
right region of the deposit. Then, the anode area shifted and was
concentrated in the top-left region of the deposit, as shown in
Figure 8c—f. When the steel was partially covered by the Al,O,
deposit, the highest potential difference between the deposit-
covered area and the bare steel area was 13 mV, gradually

stabilizing at about 5 mV. The highest anodic current density
was 44.40 pA/cm?, gradually reducing to around 20 yA/cm?
(0.23 mm/y). It indicates that corrosion under a deposit on the
WBE was exacerbated, and the Al,O; deposit contributed to
sharpening the UDC under this test condition.

The typical regions of WBE chosen for EIS measurements in
this work are marked in Figure 8, the areas beneath the deposit
marked as Da 1-3, and the areas on the bare steel marked as Ba 1-
3. Based on the results of WBE, the EIS results of these areas at
different test periods (2, 66, and 144 h) are displayed in Figure 9.
It is seen that the corrosion is controlled by charge transfer,
supported by the capacitive semicircles in the deposit-covered
and bare steel areas, similar to the case for SiO, particles and
CaCOj; powder. It is also seen that the deposit-covered area
displayed a significantly higher impedance compared to the bare
steel area at OCP. The semicircle diameter significantly reduced
when the deposit-covered steel worked at coupled potentials
(=679, —678, and —678 mV), especially when the WBE was
soaked for 2 h. This suggests that corrosion beneath the deposit
was accelerated by the macro-cell current. Correspondingly, a
slight increase in the diameters of the semicircles is observed for
the bare steels at coupled potentials. Additionally, a similar small
inductive semicircle is observed in the Al,O5-covered area at a
low-frequency range.

The EIS data were fitted with the equivalent circuits in Figure
S, and the fitted results are presented in Table 4. It is seen that,
during the test, the R, of the deposit-covered electrode shows an
obvious reduction, while the R of the bare electrode shows a
negligible increase. The n value of the steel beneath the deposit
increased but remained lower than that of the bare steel. It
suggests that the surface of the area covered by deposits is less
homogeneous.

The current of every electrode beneath the deposit was added
as the macro-cell current between the deposit-covered area and
the bare steel area. Figure 10 shows the variation of current
density over time with a 6 h interval. It is seen that the area
covered by SiO, particles was monitored as a cathode, indicating
that the corrosion under SiO, particles was inhibited. It is also
seen that the CaCOj-covered area acted as an anode initially.
However, the anodic current decreased gradually and turned to
the cathodic current, since the WBE was immersed for about 60
h. Hereafter, the cathodic current stabilized at about —4.8 yA/
cm?, larger than the current (—1.7 4A/cm*) monitored in the
test covered by SiO, particles. Thus, the corrosion under CaCOj
powder was also inhibited in this test condition. On the other
hand, the Al,O;-covered area acted as an anode during the test.
The anodic current was largest at the beginning of the test and
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Figure 6. Distributions of the potential and macro-cell current on the CaCO5-covered WBE at different test periods: (a) 2h, (b) 24 h, (c) 48 h, (d) 65

h, (e) 72 h, and (f) 144 h.

gradually stabilized at around 6.7 wA/cm? which was
approximately one-third of the maximum current plotted in
Figure 8. It indicates that the macro-cell current between the

deposit-covered area and bare steel area exacerbated the

corrosion under Al,Oj; particles; however, it was not sufficiently
sensitive to detect localized corrosion.

3.4. Potentiodynamic Polarization Measurement.
Figure 11 shows the results of the potentiodynamic polarization
measurement conducted on the bare steel samples and the

44019 https://doi.org/10.1021/acsomega.3c06189
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Figure 7. EIS and fitted curves of bare steel electrode and the electrodes covered by CaCOj at different periods: (a) 2 h, (b) 48 h, and (c) 144 h.

Table 3. Fitted Results of the Electrode with and without CaCO;

R, (Q cm?) Qx107* (Q'em™2s™) n R, (Q cm?) L (Hcm™) R (Q cm?)
2h CaCO;-0OCP 13.12 10.56 0.79 712.8 7753 1808
CaCO;-CP 14.43 7.56 0.75 621.9 4083 1650
X65-OCP 9.79 11.71 0.87 268
X65-CP 9.75 11.72 0.87 2784
48 h CaCO;-OCP 14.98 10.52 0.79 586 6365 1672
CaCO;-CP 14.27 12.82 0.80 587.4 6566 1809
X65-OCP 10.37 6.81 0.85 310.8
X65-CP 10.40 6.83 0.85 308.4
144 h CaCO;-0CP 15.65 12.95 0.80 547.6 6173 1705
CaCO;-CP 15.69 12.89 0.80 656.3 8841 2033
X65-OCP 10.16 15.95 0.86 31S8.5
X65-CP 10.18 15.82 0.86 291.1

deposit-covered samples after exposure to the test solution for 2
and 144 h. It is seen that the presence of deposits causes
differential decreases in the anodic and cathodic current
densities at the same polarized potential. In the first 2 h of the
test, there was a positive shift in the corrosion potential for the
SiO,-covered sample compared with the bare steel sample. The
corrosion potential for the CaCO; and Al,O;-covered samples
experienced a negative shift. Therefore, when coupled to the
bare steel sample, the SiO,-covered electrode would act as the
cathode while the CaCOj; and Al,O;-covered electrodes would
behave as anodes. After immersion for 144 h, there was still a
positive shift and a negative shift for the SiO,-covered electrode
and the Al,Oj-covered electrode compared with bare steel
samples, respectively. However, the corrosion potential of the
CaCOj-covered electrode moved positively and surpassed that
of the bare steel electrode. Additionally, a transition similar to
the passivation process occurred in the anodic region of the
CaCOj;-covered electrode, which might be related to the anode
and cathode transition shown in Figure 6.

It is seen from Figure 11 that both the cathodic and the anodic
current densities decreased significantly under the same
overpotential, suggesting that both the cathodic and anodic
reactions were suppressed. Additionally, multiple polarization
branches are observed in the polarization curve, particularly in
the cathodic region of deposit-covered electrodes. This may be
attributed to the blocking effect of deposits on the ion diffusion.
During the measurements, there was a constant depletion of H*
as the polarization potential moved toward the corrosion
potential. As a result, the cathodic reaction changed from mixed

44020

control to diffusion control.””*° Similarly, the obstruction of ion
diffusion by deposits also affected the anodic polarization
process.

Polarization curves provide valuable insights into the
mechanism of iron dissolution through analysis of the Tafel
slope changes.”' ~** It is well known that the anodic and cathodic
slopes are determined by the Tafel extrapolation method.”* In
the strong polarization region of the cathodic branch, there are
observable long linear sections that could be used to fit the
cathodic Tafel slope. However, the anodic branch does not show
wide Tafel linear behavior. The value of b, increased as the
anodic potential shifted positively. To obtain a more accurate
corrosion rate (CR), the anodic region between 80 and 120 mV
vs OCP (the strong anodic polarization region) was selected to
determine the anodic Tafel slope.””***> The fitted results
derived from the polarization curves are given in Table S. It is
observed that b, for the bare steel was close to 60 mV, while the
electrodes covered by the deposits show even higher b, values. It
could be attributed to the blocking effect of cations diffusion
caused by the presence of deposits on the electrode surface. It is
also seen that the anodic and cathodic slopes show a relatively
slight variation during the test, indicating that the corrosion
processes may be unchanged. The CR of the deposit-covered
electrode shows a slight increase, while the CR of the bare steel
electrode shows no obvious changes. The corrosion rates
derived from the polarization curves are consistent with those of
the EIS results. It is also seen that the corrosion potential of the
CaCOj-covered electrode shifted in a positive direction by 34
mV during the test.

https://doi.org/10.1021/acsomega.3c06189
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Figure 8. Distributions of the potential and macro-cell current on the Al,O;-covered WBE at different test periods: (a) 2 h, (b) 24 h, (c) 66 h, (d) 90 h,

(e) 102 h, and (f) 144 h.

3.5. Characterization of the Surface Morphology and
Deposits. Figure 12 shows the representative surface
morphologies of the deposit-covered area after the WBE was
immersed for 144 h. It is seen that a localized corrosion product
layer was found on the steel surface beneath the SiO, deposit,

44021

which was demonstrated as FeCO, by Raman,*® as shown in
Figure 13. Meanwhile, some scattered FeCOj; crystals were
observed on the steel surface beneath Al,O;, as shown in Figures
12¢ and 13. However, these crystals could be easily brushed off
by a soft brush. It is also seen from Figure 12b that a layer

https://doi.org/10.1021/acsomega.3c06189
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Figure 9. EIS and fitted curves of the bare steel electrode and the electrodes covered by Al O, at different periods: (a) 2 h, (b) 31 h, and (c) 144 h.

Table 4. Fitted Results of the Electrode with and without Al,O,

R(Q cm?) Qx107*(Qtem™2s™) n R, (Q cm?) L (Hcm™) Ry, (Q cm?)
2h AL,O;-OCP 25.66 2.72 0.73 1607 31790 7389
AlL,O;-CP 25.84 2.67 0.73 1069 15460 6284
X65-OCP 10.48 4.57 0.83 278.1
X65-CP 10.48 4.79 0.82 330.3
66 h AL, O;-OCP 17.97 9.62 0.74 580.5 5389 1649
AL, O;-CP 17.62 11.36 0.78 466.9 4585 1458
X65-OCP 10.44 4.47 0.84 268.2
X65-CP 10.2 7.32 0.84 313.1
144 h AL, O;-OCP 16.18 10.43 0.78 561.2 8986 2032
AL, O;-CP 16.77 991 0.81 516.2 10032 2000
X65-OCP 11.09 13.59 0.85 283
X65-CP 11.14 13.78 0.85 300
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Figure 10. Galvanic current density between the bare steel area and the
deposit-covered area of the WBE.

adheres to the steel surface, and it was detected by Raman with a
result of CaCO; and slight Fe,Ca,_,CO;,””*® as shown in Figure
13. In addition, the morphologies of coupon steel in the
appendix immersion test coincided with the WBE test, and the
composition of corrosion products identified by XRD in the
appendix immersion test was consistent with those of the Raman
test, as shown in Figures Al and A2 of the Appendix. Figure Al
clearly shows the presence of gaps on the localized FeCO; layer,
leading to direct exposure of the carbon steel to the solution.
The gaps between the FeCOj; crystals contribute to the
formation of pits.

After the removal of the corrosion product, slight pitting was
found beneath the deposits. The pitting depth was in sequence
AL, O; > SiO, > CaCOs, as shown in Figure 12. It is seen from

Figure 8 that the main anodic current occurred beneath the
AlL,O; deposit during the test, which led to increased iron
dissolution of the deposit-covered steel. It suggests that Al,O;
particles could lead to more serious localized corrosion in the
CO,-containing pipelines. Though the anodic current was
initially located in the CaCOj-covered area, its distribution was
uniform, as shown in Figure 6. Additionally, the anodic current
transformed to a uniform cathodic current after 65 h. Therefore,
the corrosion of the area covered by CaCO; powder tended to
show a more uniform behavior. However, the cathodic current
beneath the SiO, deposit was nonuniform and accompanied by
tiny anodic currents due to the lower porosity of the SiO,
particles, as shown in Figure 3. Moreover, a localized FeCO,
layer with gaps was observed on the SiO,-covered area, as shown
in Figure 12 and Figure Al of the Appendix. These contributed
to the localized corrosion, resulting in the formation of pits with
the minimum diameter.

Figure 14 presents the local pH variation on both the deposit-
covered electrode and its coupled bare steel electrode (solution,
pH 4). It is seen from Figure 14a that the pH beneath the SiO,
particles is around 6.3 and higher than that of the bare steel.
Figure 14b,c shows that the pH values beneath the CaCOj;
powder and Al, O, particles could reach 6.8 and 7.9 in the initial
test, respectively. This can be attributed to the active nature of
Al,O; and CaCOj in the brine solution containing CO,. It is
reported the pH of CaCOj is approximately 9.9, which was
much higher than the bulk solution. Furthermore, the CaCO; on
the steel surface could undergo hydrolysis into Ca** and HCO,~
in the solution containing CO, by the following reaction™’:
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Figure 11. PDP of the bare steel electrode and the electrodes covered with different minerals at 2 h (a) and 144 h (b).
Table S. Parameters from the Polarization Curves
time deposit b, (mV/dec) —b, (mV/dec) B (Vagrage) e (4 ) CR (mm/y)
2h Si0, 101.8 220.1 —0.681 30.7 0.36
CaCO, 82.8 184.6 —-0.718 27.3 0.32
ALO; 106.5 178 —-0.721 17.4 0.20
bare §7.2 480.9 —0.685 63.7 0.75
144 h SiO, 103.6 224.2 —0.687 373 0.44
CaCO; 73.4 140.3 —0.684 29.4 0.34
AL O, 85.5 187.6 -0.717 31.8 0.37
bare 59.5 420.8 —0.689 61.9 0.72
+ + 2+
CaCO; + H,0 + CO, FeOH" + H" — Fe™" + H,0 (6)
— Ca(HCO,), The inductive semicircle presented in the low frequency of the
) _ EIS results was related to the coverage of adsorbed intermediate
— Ca’" + 2HCO ) 30
3 product FeOH, 4, on the surface.” However, there was only one

Bicarbonate ions in the solution could suppress the ionization
of carbonic acid, leading to an increase in the pH on the CaCO;-
covered steel surface. As for AL, O, its property in solution is
different from CaCOj. Al,O; could hydrolyze in the solution
into Al(OH)s, it also could react with H* in a low pH solution
(pH < 4).”* Following the immersion test described in the
Appendix, partial dissolution of Al,O; particles was observed, as
shown in Figure Al. Additionally, the measurement results
indicate a higher pH below that of the Al,O; particles.
Therefore, the following reaction might occur in the test brine
solution containing CO,:

ALO, + 6H' — 2AP* + 3H,0 3)

Along with the WBE immersion, the pH of the deposit-
covered steel tended to stabilize and was relatively close (Figure
14d), falling between 6.1 and 6.6, which was about 0.6 units
higher than that of bare steel.

4. DISCUSSION

During the corrosion test in a brine solution containing CO,,
anodic corrosion involves many steps. The multistep dissolution
of carbon steel could proceed in the following anodic

. 33,41,42
reactions :

Fe + H,0 —» FeOH,4 + H" + ¢~ (4)

FeOH,,, — FeOH" + ¢~ (5)

44023

capacitive semicircle on the bare steel surface. It might be
attributed to the large corrosion rate on the bare steel surface,
leading to the accumulation of the FeOH,4 on the electrode
surface.”"*

The cathodic reaction only considered is hydrogen evolution
reaction on the bare steel in this test (solution pH 4).**** In
addition, the water reduction process would appear below —0.9
V,* which could dominate the cathodic polarization curves as
shown in Figure 11. The cathodic reactions could be
summarized by the following equations®>****

2H' + 2¢” > H, (7)

(8)

Based on the pH measurements, it was observed that the pH
was higher beneath the deposits. Therefore, it is possible that
carbonic acid and bicarbonate ions also play a role in the

2H,0 + 2¢” — 20H™ + H,

cathodic reaction as follows*>**;
2H,CO, + 2¢~ — 2HCO,” + H, ©)
2HCO,™ + 2¢” — 2CO,*” + H, (10)

During the corrosion process, the concentrations of Fe*" and
CO,” will increase gradually until reaching the solubility
product of FeCO; on the carbon steel surface.”® Thus, the
FeCOj; corrosion scale may form through precipitation reactions
as the following:
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ACS Omega 2023, 8, 44013—-44029


https://pubs.acs.org/doi/10.1021/acsomega.3c06189?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06189?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06189?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06189?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Micro-morphology

3D morphology

120 umy 7

Depth analysis

Figure 12. Morphologies of the deposit-covered steel area, the 3D morphology after the removal of the corrosion product, and the depth analysis of the

corresponding area: (a) SiO,, (b) CaCO; and (c) ALO;.

Fe’* 4+ CO,"” — FeCO, (11)

Fe’* + HCO,” — FeCO, + H* (12)
2+ +

Fe”" + H,CO; — FeCO; + 2H (13)

The formation of FeCO; depends on the local concentration
of ions and pH.*” At low pH, Fe?" tends to form an amorphous
FeCO; layer with nonprotective properties when the temper-
ature is below 50 °C. At high pH, nucleation of FeCOj crystals
could happen, as shown in Figure 12.

The pH measurement results show that the pH beneath all
three types of deposits has increased. There are three possible
explanations for this phenomenon. First, the deposits would be
reacted with H" in the solution, leading to a reduction in the
concentration of H*.”>*’ Second, the deposits may obstruct the
transfer of ions in the solution, resulting in the depleted
hydrogen ions not being replenished in time.'”*” Finally, a
conjecture suggests that the dissolved carbon dioxide in solution

may be more readily adsorbed onto the deposits compared to
the carbon steel surface.** % As a result, the solution beneath
the deposits would have lower levels of carbon dioxide, resulting
in a decrease in H' and an increased pH compared to those of
the bare steel surface.

It is reported that the increase in pH would result in decreased
corrosion rates.'”*® This could explain the increase in the
corrosion rate of the electrode covered with a deposit as the
immersion time increased. However, the pH of the SiO,-covered
electrode shows no obvious changes. Therefore, there is another
reason: at the beginning of the test, the hydrogen bubble that
results from the reaction sticks to the electrode surface due to
the deposits’ obstructive effect.’® This affects the electrode’s
actual area involved in the reaction, consequently influencing the
obtained results.

According to reports, the potential of hydrogen reduction
would decrease with the increase of solution pH in the iron-
water system,SI’52 as shown in Figure 15. Therefore, the
corrosion progress of electrodes covered by different deposits
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could be generally understood in accordance with the WBE test
and electrochemical measurements, and the schematic diagram
is plotted in Figure 16. As for the electrode covered by SiO,
particles (Figure 16a), it acted as the cathode throughout the
test. It might be because blocking plays a major role in the low
porosity SiO, particles,” compared to the effect of pH variation.
Moreover, alocalized FeCOj, layer would form beneath the silica
particles, caused by the accumulation of Fe** and CO5”". It might
keep the corrosion inhibited in this area. However, the presence
of gaps between the FeCOj; layer would present a potential risk,
leading to the formation of pits. The uneven distribution of
FeCOj; coverage might exacerbate the corrosion inhomogeneity
of carbon steel on the SiO,-covered area. At the beginning of the
test, the pH beneath the CaCO; powder and Al,O; particles was

—&— Si10; —v— X065
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Figure 14. pH on the steel surface with and without deposits: (a) SiO,, (b) CaCOs, (c) Al,O4, and (d) difference of three deposits.
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Figure Al. SEM images of the coupon steel on deposit-covered area (SiO,, CaCO;, and AL,O;) after the addition immersion test.

significantly higher than that of the bare steel, as shown in Figure
15. The corrosion potential of the deposit-covered (CaCO; and
AL O,) electrode would have a negative shift compared with that
of the bare steel electrode. Once coupled to the bare steel
electrode, the electrode covered by the deposit (CaCO; and
Al,0,) would act as the anode due to the potential difference, as
shown in Figure 16b,c. Along with the test, the reaction between
alumina and the solution reached an equilibrium. The pH
beneath the Al,O; particles decreased gradually and stabilized,
which was still higher than that of the bare steel. As a result,
although the potential difference between the Al,O;-covered
steel and the bare steel was smaller, the deposit-covered steel
would always behave as the anode with a more negative
corrosion potential. However, the CaCO; powder would
aggregate on the surface of carbon steel and become viscous
during the experiment.**™>° The a%gregation CaCO; would
adsorb on the carbon steel surface,”**” and its blocking eftect for
the ions would also be enhanced. Compared to the effect of pH
variation, the hindrance of CaCO; might play a major role in the
corrosion process, resulting in a slightly positive increase in the
corrosion potential. Thus, the area covered by CaCO; would
change into a cathode gradually, as shown in Figure 16b. In
summary, the corrosion initiation and propagation varied
depending on the characteristics of the deposit as the corrosion
proceeds.

Undoubtedly, small pits occurred under the deposits, due to
the nonuniformity distribution of ions. These pits can increase
the potential hazard of pipelines despite their shallow and small

44026

size. It indicates that there would be a tendency for the formation
of penetrating pits beneath deposits.

5. CONCLUSIONS

o The presence of deposits reduced the corrosion rates of
carbon steel, which is associated with the obstruction
caused by deposits and the reduction in the mass transfer
of chemical species.

In the CO,-containing brine solution with a low pH, the
extent of corrosion varied depending on the deposit
characteristics. The Al,O;-covered steel acted as the main
anode with more negative potential when coupled with
the bare steel. Similarly, the CaCOj;-covered steel acted as
the anode with more negative potential initially. However,
it gradually became the cathode as CaCOj; aggregated
during the experiment. The SiO,-covered steel acted as
the cathode with more positive potential, and the
localized FeCOyj layer formed beneath the SiO, mineral.

Pits were found beneath the deposits, which were shallow
and small. The pitting depth was in sequence AL,O; >
Si0, > CaCO;.

WBE could provide the spatial and temporal information
of under deposit corrosion by measuring the corrosion
potential and macro-cell current distribution, and then the
initiation and propagation of under deposit corrosion
were effectively reflected.
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Figure A2. XRD characterization results of corrosion products on the steel coupon beneath three deposits in the addition immersion test.

B APPENDIX

The morphologies of the coupon steel on the deposit-covered
area (Si0,, CaCOs;, and Al,O;) in the addition immersion test
are shown in Figure Al. The corrosion products identified by
XRD after the addition immersion test are shown in Figure A2.
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