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Among the known options in carbon
capture and storage, the injection
and storage of carbon dioxide (CO,)
in deep saline aquifers has the poten-
tial to cause casing corrosion due to
the direct contact between injected
CO, and the saline aquifer, which con-
tains highly concentrated aqueous
salts such as sodium chloride (NaCl)
and calcium chloride (CaCl,). Thus, in
the present study, the effect of Ca?*
on the CO, corrosion behavior of mild
steel was investigated in simulated
saline aquifer environments. The re-
sults show that with low concentra-
tions of Ca*, the corrosion rate de-
creased with time due to the formation
of protective iron carbonate (FeCO,)
and/or Fe Ca CO, (x +y = 1). The pres-
ence of high concentrations of Ca**
lead to an increasing corrosion rate
with time.

Since carbon dioxide (CO,) emission is
directly proportional to fossil fuel
consumption, the capturing and subse-
quent geologic storage of CO, is a candi-
date technology for controlling its
emission." The carbon capture and storage
(CCS) process contains three stages: CO,
capture, transportation to the geologic
storage site (usually by pipeline), followed
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by injection into geologic reservoirs.>

Corrosion rates of casing steel are highly
dependent on the formation of iron carbon-
ate (FeCO,) in CO,/saline aquifer environ-
ments. Brine species such as Ca?*, which
can form carbonate layers/scales, are very
important in corrosion studies as they can
compete with Fe* in the formation of car-
bonates. Therefore, there is a possibility of
changing the FeCO, morphology, composi-
tion, and protectiveness in such environ-
ments, which can in turn affect general and
localized corrosion of casing steel.

Little has been reported in the literature
on the effect of Ca®* on corrosion. Xian, et al.
claimed that corrosion rate decreased in
the short term in the presence of Ca®* and
Mg, but there was no special difference in
long-term exposure.** Ding, et al. reported
the corrosion rate increased with an
increase in the Ca* concentration.’ Jiang, et
al. reported pitting associated with calcium
chloride (CaCl,).® They claimed that CI-
caused pitting, but the presence of Ca*
postponed the initiation of the pitting. Ren,
etal.,” as well as Zhu, et al..* reported pitting
with reference to the presence of Cl™ in
CaCl,-containing electrolytes. Gao, et al.’
reported pitting in conjunction with the for-
mation of Fe Ca CO, and Fe (Mg, Ca)yCO3
(x + y = 1) on the steel surface. A broader
review of the literature indicates that Cl-
ions are often associated with pitting. The
role of overall water chemistry, and Ca*
ions in particular, is generally not clear.
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The objective of the present study is to
evaluate the effect of Ca*” on the CO, corro-
sion behavior of mild steel in simulated
saline aquifer environments related to the
injection and storage of CO, by conducting
well-controlled and thoroughly qualified
experiments.

Experimental Setup
and Procedure

Experiments were conducted in a 2-L
glass cell using a three-electrode setup. In
each experiment, three flat specimens
made from mild steel (UNS G10180) with
an exposed area of 540 mm?” were used for
electrochemical measurement and for sur-
face analysis. Prior to insertion, the speci-
mens were wet-polished with silicon car-
bide (SiC) paper down to 600 grit, rinsed
with isopropyl alcohol in an ultrasonic
bath, and dried.

Tables 1 and 2 show the test matrix and
test conditions, respectively. The glass cell
was filled with 2 L of 1 wt% sodium chloride
(NaCl) electrolyte (prepared with deionized
water). The solution was stirred with a
magnetic stirrer and the temperature was
set to 80 °C. CO, gas was continuously
purged through the solution. The solution
pH was adjusted to 6.6 by adding a deoxy-
genated 1.0 M sodium hydroxide (NaOH)
solution. After the pH stabilized, the mag-
netic stir bar was stopped and samples
were inserted into the glass cell.

The corrosion behavior was monitored
by electrochemical methods: open circuit
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potential (OCP) and linear polarization
resistance (LPR) measurements. Samples
from all experiments were characterized by
x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive x-ray
spectroscopy (EDS), and infinite focus
microscopy (IFM) to investigate the effect
of Ca** on the morphology and composition
of the corrosion product layer. The Ca*
concentration was measured using induc-
tively coupled plasma (ICP) spectroscopy.
Analyses for the Fe** concentration were
performed with an ultraviolet-visible
(UV-Vis) spectrophotometer.

At the end of each experiment and after
completion of the corrosion product sur-
face analysis, one sample from each experi-
ment was treated with Clarke solution to
remove the corrosion product layer and the
underlying metal surface, was scanned in
accordance with ASTM G1.*

Results

Figure 1 shows the variations of OCP
and corrosion rate with time for each
experiment condition. As shown in Figure
1(a), the corrosion rate decreased with time
for the low initial Ca** concentration condi-
tions. This indicates that a protective
FeCO, layer was formed on the steel
surface.

When a FeCO, layer forms on the mild
steel surface, it can slow down corrosion by
presenting a diffusion barrier for the spe-
cies involved in the process, and by block-
ing (covering) a portion of the steel surface

TABLE 1. TEST MATRIX

Parameters Conditions
Total pressure 0.1 MPa
pCO, 0.05MPa
Temperature 80°C
Solution 1 wt% NaCl
pH 6.6

Flow condition Stagnant
Steel UNS G10180

TABLE 2. TEST CONDITIONS

Test

Condition Initial Concentrations

No. of Fe?* and Ca?*

1 10 ppm Fe?*

2 10 ppm Fe?* + 10 ppm
Ca2+

3 10 ppm Fe?* + 100 ppm
Ca2+

4 10 ppm Fe?* + 1,000 ppm
Ca2+

5 10 ppm Fe?* + 10,000 ppm
CaZ+

and preventing the underlying steel from
undergoing further oxidative dissolu-
tion.!*

For the low initial Ca** concentration
conditions (0, 10, and 100 ppm), the forma-
tion of a protective FeCO, layer apparently
occurred without significant interference
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FIGURE 1 Variations of (a) corrosion rate and (b) OCP for mild steel exposed to a simulated brine with different initial concentrations of Ca?* at 80 °C

and pCO, of 0.05 MPa with 10 ppm Fe?*.
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FIGURE 2 (a) Fe** and Ca?* concentrations and (b) CaCO, and FeCO, saturation degree for the initial 1,000 ppm Ca?* system vs. time at 80 °C and pCO,

of 0.05 MPa with 10 ppm Fe?.

(d)

(e)

FIGURE 3 SEM images of recovered samples (UNS G10180) from experiments conducted at 80 °C and pCO, of 0.05 MPa with 10 ppm Fe?* for
(a) 0 ppm Ca?, (b) 10 ppm Ca?, (c) 100 ppm Ca?%, (d) 1,000 ppm Ca?*, and (e) 10,000 ppm Ca?*.

by Ca** ions. However, the corrosion behav-
ior of mild steel with higher initial Ca** con-
centrations of 1,000 and 10,000 ppm was
different. The corrosion rate did not
decrease with time, which is likely due to
the lack of formation of a protective FeCO,
layer on the steel surface. At this stage, it
can be hypothesized that this was caused
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by a lower pH seen in experiments with
higher initial Ca** concentrations. Pre-
cipitation of calcium carbonate (CaCO,) in
aqueous CO, solutions will lead to acidifi-
cation as the equilibrium pH is approached.

The experiments with lower Ca?** con-
centrations remained highly supersatu-
rated with respect to FeCO, during the
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whole experiment, leading to steady pre-
cipitation of protective FeCO,. The experi-
ment with initial Ca** concentration of
1,000 ppm also was supersaturated with
respect to FeCO,. At the initial Ca** concen-
tration of 10,000 ppm, the rapid precipita-
tion of CaCO, made the solution under-
saturated with respect to FeCO,, making
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FIGURE 4 Cross section image and EDS spectra of samples (UNS G10180) recovered from experiments at 80 °C and pCO, 0.05 MPa with

(a) 1,000 ppm Ca?* and (b) 10,000 ppm Ca?.

it impossible for a protective FeCO, layer
to form.

Focusing on the experiment with initial
Ca?" concentration of 1,000 ppm will
explain this behavior in more detail. The
measured variations of Fe** concentration
and Ca** concentration with time are plot-
ted in Figure 2(a). The concentration of Ca*"
decreased steadily due to precipitation of
CaCO,. The Fe*" concentration initially
decreased due to precipitation of FeCO,
from a supersaturated solution. Then, as
the saturation level was approached, the
Fe?* concentration increased due to the
high general corrosion rate (Figure 1[a]).
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The corresponding saturation degrees
with respect to CaCO, and FeCO, vs. time
are given in Figure 2(b). There, based on the
measured pH and Ca*, the saturation degree
with respect to CaCO, was calculated.

As is shown in Figure 2, because of a
very high initial concentration of Ca*, the
aqueous solution was initially highly super-
saturated with respect to CaCO,. This led to
precipitation of CaCO, reducing the level of
saturation. As the CaCO, supersaturation
level approached 10, the driving force for
CaCO, precipitation decreased and the
concentration of calcium changed very
slowly. At the same time, the Fe** concen-

tration initially decreased much more rap-
idly than the Ca®* concentration even if the
initial level of supersaturation with respect
to FeCO, was much lower than that of
CaCO,, which points to much faster kinet-
ics. As the level of FeCO, supersaturation
fell below 10, the kinetics of FeCO, precipi-
tation decreased. At the same time, the cor-
rosion rate remained unchanged (Figure
1[a]), which led to an increase in Fe** con-
centration over time.

Figure 3 shows SEM images of speci-
mens from electrolytes with 0 ppm Ca*, 10
ppm Ca*', 100 ppm Ca?, 1,000 ppm Ca*,
and 10,000 ppm Ca*". The analyses for the
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FIGURE 5 IFM of sample (UNS G10180) after removal of corrosion product for the experiment
conducted at 80 °C and pCO, 0.05 MPa with 10 ppm Fe?* + 10,000 ppm Ca*.

experiments with 0, 10, and 100 ppm Ca*
(Figures 3[a], [b], and [c]) show scattered
crystals of FeCO, on the surface. Corrosion
product crystal morphologies did not
appreciably change at these relatively low
Ca® concentrations. However, at higher
Ca?* concentration, as shown in Figures
3(d) and (e) for 1,000 ppm Ca* and 10,000
ppm Ca*, respectively, the crystal morphol-
ogies at the surface significantly changed
due to the presence of Ca*. In the experi-
ment with 1,000 ppm Ca”, the crystals were
mostly elongated. For the electrolyte with
10,000 ppm Ca?, the surface was covered
with a dense, intergrown layer of scale
rather than being comprised of relatively
discrete crystals.

The XRD data of specimens tested with
0 ppm Ca* and 10 ppm Ca* confirmed the
presence of FeCO, on the surface. It can be
concluded from XRD data on the specimen
tested with 10 ppm Ca®* that a thick and
protective layer was formed on the surface,
as the main peak of o-Fe related to diffrac-
tion from the steel substrate cannot be
detected. The XRD data show less intense,
broadened, and shifted peaks as a result of
the substitution of the larger Ca* for Fe** in

the FeCO, structure. This causes the forma-
tion of a solid solution with the formula
Fe Ca CO,, (x+y=1).

Similar to the experiment condition no.
2 with the addition of 10 ppm Ca?, the XRD
data for the specimen tested with 100 ppm
Ca®* again show broadened and shifted
peaks relative to FeCO, with their more pro-
found differences, compared with 10 ppm
Ca* due to the higher concentration of Ca*
in the electrolyte. This is a consequence of
greater substitution of Fe** with Ca?* during
formation of the solid solution; composi-
tional complexity and concentration gradi-
ents within the FexCayCO3 scale are reflected
by significant asymmetry in the principle
diffraction peaks between 30-32 20.

The XRD data for the specimen tested
in 1,000 ppm Ca?* are indicative of a transi-
tion to a physical mixture of CaCO, with a
solid solution of Fe Ca CO, on the steel sur-
face. The high corrosion rate in this experi-
ment may be the result of the formation of
mostly CaCO, rather than FeCO, or
Fe Ca CO, on the surface. This would indi-
cate that CaCO, is not as protective as
FeCO, or Fe Ca CO,. According to the XRD
data for the specimen tested with 10,000
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ppm Ca?, there is a physical mixture of the
CaCO, and a solid solution of Fe Ca CO, on
the surface. The high corrosion rate in this
experiment is likely the result of the forma-
tion of mostly Fe Ca CO, with a high concen-
tration of Ca** on the steel surface.

Figures 4(a) and (b) show the cross section
analysis of the tested conditions with 1,000
and 10,000 ppm Ca*. There is not a significant
difference in the layer on the surface between
0 and 10 ppm Ca*. On the other hand, in the
presence of 1,000 ppm Ca** (Figure 4[a]), two
different layers on the steel surface were
detected. The concentration of Fe in the layer
immediately adjacent to the steel surface is
higher than Ca, whereas the layer on the outer
surface has the opposite relationship. Taken in
conjunction with the cross section analysis,
this would imply that a bilayer structure had
formed with CaCO, scale growing from the
surface of the Fe Ca CO, corrosion product.
Figure 4(b), the cross section analysis of the
experiment with 10,000 ppm Ca*, does not
show an obvious bilayer structure at the steel
surface. There is, however, a significant Ca/Fe
concentration gradient consistent with the
XRD data. There seems to be an increased
“roughening” of the steel surface as the Ca*
concentration increases.

SEM images of the surface were obtained
after specimens were treated with Clarke
solution, which completely removed the sur-
face layer. General roughening of the surface
is confirmed as the Ca® concentration is
increased. At the highest Ca®* concentration
0f 10,000 ppm, there appears to be some ini-
tiation of pitting, but this is difficult to judge
because of the relatively short duration of the
experiments. The calculated maximum pen-
etration rate, according to the deepest pit
found by IFM analysis, is 6.0 mm/y, as shown
in Figure 5. This is significantly higher than
the average uniform corrosion rate detected
by LPR (Figure 1[a]).

Conclusions

« The presence of Ca** affected the corro-
sion behavior by changing the water
chemistry, particularly as the formation
of nonprotective CaCO, interfered with
the formation of protective FeCO,.

« Thelow Ca* concentration (<100 ppm)
did not significantly affect the corro-
sion rate.
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+ At a high concentration of Ca*
(21,000 ppm), the corrosion behavior
was different and high corrosion
rates were observed.
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