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ABSTRACT

INTRODUCTION

The objective of the present study is to evaluate the corrosion
properties of pipeline steels in CO5/H2S/H>0 mixtures with
different amounts of water (undersaturated and saturated)
related to a natural gas transportation pipeline. Corrosion be-
havior of carbon steel, 1Cr steel, and 3Cr steel was evaluated
using an autoclave with different combinations of CO, partial
pressure and temperature (8 MPa/25°C and 12 MPa/80°C)
with 200 ppm H,S. The corrosion rate of samples was deter-
mined by weight-loss measurements. The surface morphol-
ogy and the composition of the corrosion product layers were
analyzed using surface analytical techniques (scanning
electron microscopy and energy dispersive x-ray spectroscopy).
Results showed that the corrosion rate of materials in su-
percritical and liquid phase CO, saturated with water was very
low (<0.01 mm/y). However, adding 200 ppm of HJS to the
supercritical and liquid CO, system caused mild corrosion
(<0.5 mm/y). Reducing water content to 100 ppm in the
supercritical and liquid CO, systems with 200 ppm of H2S
reduced the corrosion rate to less than 0.01 mm/y.
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Development of natural gas fields containing large
quantities of CO; must consider the separation of COy
from the natural gas so that it complies with the
technical standards necessary to provide the natural
gas to market.' Usually, conventional CO, separation
technologies remove CO, from natural gas at low
pressure and release it to the atmosphere.? However,
as a result of the large quantities of CO5 present in the
high-pressure CO,, gas fields, the CO, must be cap-
tured and transported to sequestration sites separately,
which presents similar challenges as seen in COq
transmission related to carbon capture and storage.

It has been acknowledged that dry supercritical
and liquid CO, are not corrosive. However, corrosion
rates are much higher if free water is present because
of its reaction with CO, to form a high concentration of
corrosive species. As a result of the direct impact of
the presence of formation water and high-pressure CO,
on the corrosion of pipeline steel, studies related to
aqueous CO,, corrosion at high CO, pressure have
recently been conducted. It has been reported that
the corrosion rate of carbon steel under high CO,
pressure (liquid and supercritical CO5) without for-
mation of protective FeCOj5 corrosion product layers is
very high (=20 mm/y).>” At certain conditions, the
corrosion rate can decrease to low values (<1 mm/y)
after long-term exposures as a result of the formation
of a protective layer of FeCO3.%' In addition, recent
studies have reported that the presence of trace im-
purities, such as SOx and NOy, can cause significant
corrosion for carbon steel in supercritical and liquid
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FIGURE 1. Schematic of different parts of the pipeline with inlet and
outlet conditions.

COs in the presence of small amounts of H,O (below the
solubility limit).'''® Related to gas field development,

it has recently been reported that there can be small
amounts of HyS present in the high-pressure CO,
streams, whereas the effect on corrosion has thus far
not been studied.

Figure 1 shows a schematic of a CO5 transpor-
tation pipeline experiencing a temperature drop. At the
inlet condition, the pressure is 12 MPa and temper-
ature is 80°C. At this condition, COs is in the super-
critical phase. Along the pipeline the temperature
drops and, consequently, pressure drops and the CO,
transitions from supercritical to liquid phase. Su-
percritical COs at a pressure of 12 MPa and temperature
of 80°C can dissolve 10,000 ppm of water.'® However,
liquid CO5 at 8 MPa and 25°C can dissolve only
3,000 ppm water.'? Therefore, temperature drop and,
consequently, CO, phase transformation cause the
formation of free water in the system.

Thus, the objective of the present study was to
evaluate the corrosion performance of pipeline steels
in supercritical and liquid CO5 phases with and without
temperature fluctuations and water condensation
and also with and without H,S. Corrosion behavior of
carbon steel, 1Cr steel, and 3Cr steel was evaluated
using an autoclave with different combinations of CO,
partial pressure and temperature (8 MPa/25°C and
12 MPa/80°C) at a 200 ppm H,S concentration.

EXPERIMENTAL PROCEDURES

The materials used in this work are as follows:

e UNS K03014" carbon steel, named CS;

e UNS G41300 1Cr steel, named 1Cr; and

® UNS G41300 3Cr steel, named 3Cr.

All materials were analyzed for chemical com-
position using atomic emission spectroscopy. Table 1
shows chemical compositions of the three materials
used in the present study.

) UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.
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TABLE 1
Chemical Compositions of Materials Used in the Present
Study (wt%, balance Fe)

C Cr Mn P S Si Cu Ni Mo Al

CS 0.065 0.05 1.54 0.013 0.001 0.25 0.04 0.04 0.007 0.041
1Cr 0.3  0.85 0.91 0.015 0.008 029 — — — —
3Cr 0.08 3.43 0.54 0.006 0.003 0.3 0.16 0.06 0.32 —

phase saturated with water

T~ 1

Specimen ’_______—>.

Supercritical or liquid CO, ‘

Water phase saturated
with CO,

P4

FIGURE 2. Schematic of specimen location in the autoclave.

The specimens for the corrosion tests were ma-
chined to be rectangular shape with a size of
1.27 cmx 1.27 cm x 0.254 cm. A 5 mm diameter hole at
one end served to hang the samples from a sample
stand with a nonmetallic washer. The specimens were
ground with 600 grit silicon carbide (SiC) paper,
cleaned with isopropyl alcohol (i-C3H;OH) in an ultra-
sonic bath, dried, and weighed using a balance with a
precision of 0.1 mg.

The corrosion experiments were performed in a
7.5 L autoclave (UNS N10276). The electrolyte was a
1 wt% NacCl solution. In the present study, the cor-
rosion behavior of materials was evaluated in CO5-rich
phase (Figure 2), where samples were located in the
CO, phase. Water content at the bottom of the autoclave
was varied in correspondence with the water con-
centration in the CO, phase. Once sealed, the autoclave
temperature was adjusted. Then, a mixture of COy
and H,S was directly injected into the autoclave to the
desired HyS concentration (200 ppm). Finally, high-
pressure CO, was added to the autoclave with a gas
booster pump to the desired working pressure.

The corrosion rates were determined from the
weight-loss method at the end of the test. In each test,
two specimens were simultaneously exposed to the
corrosive environment in order to obtain an average
corrosion rate. The specimens were removed and
cleaned for 5 min in Clarke’s solution (20 g antimony
trioxide + 50 g stannous chloride and hydrochloric acid
to make 1,000 mL). The specimens were then rinsed
in distilled water, dried, and weighed to 0.1 mg. The
average corrosion rate during the test period can be
calculated by the following equation:*°
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Test Conditions for Corrosion Study in the CO»-Rich Phase Without Condensation

TABLE 2

Material pCO, (MPa) H.S (ppm) Temperature (°C) Duration (h) Water Content®
H,0 saturated CS 12 0 25 24 saturated
CSs 12 0 80 24 saturated
1Cr 12 0 25 24 saturated
1Cr 12 0 80 24 saturated
H.S & H,0 saturated CS 12 200 80 48 saturated
1Cr 12 200 80 48 saturated
3Cr 12 200 80 48 saturated
CS 8 200 25 48 saturated
1Cr 8 200 25 48 saturated
3Cr 8 200 25 48 saturated
H.S & H,0 CS 12 200 25 24 100 ppm
undersaturated CS 12 200 80 24 100 ppm
1Cr 12 200 25 24 100 ppm
1Cr 12 200 80 24 100 ppm
® ppm=ppm,.
Place steel
Prepare solution / samplﬁs in CO,
purge with CO, phase Turn off heater
# ‘ Increase T & P ‘ 80°C, 120 bar ‘ ‘ 25°C, 70 bar ‘

| | | en

‘ » Time

12h ‘ 24 h

FIGURE 3. Experimental procedures for evaluating the dewing corrosion behavior of materials in high pCO, environments

with H,S.

Corrosion rate (mm/y)

_8.76x10* (mm - h/cm - y) x weight loss (g) "
~  area (cm?) xdensity (g/cm?) x time (h)

The morphology and compositions of corrosion
products were analyzed using scanning electron mi-
croscopy (SEM) and energy dispersive x-ray spec-
troscopy (EDS).

Corrosion in CO, Phase Without Water
Condensation

Table 2 shows the test matrix for corrosion of
materials in supercritical/liquid CO2 phases with dif-
ferent amounts of water and HyS. For the water-
saturated CO, condition, 10 g of 1 wt% NaCl solution
was added to the autoclave in order to ensure satu-
ration. Tests with 100 ppm of water represent under-
saturated conditions.

Corrosion in CO, Phase with Water Condensation
Figure 3 shows experimental procedures for
evaluating dewing corrosion behavior of materials at
high pCO, conditions. Initially, 10 g of 1 wt% NacCl
solution were added to the autoclave in order to ensure
saturation. The decrease in temperature during
experiments will cause water condensation on the

CORROSION—Vol. 72, No. 8

TABLE 3
Test Conditions for Dewing Corrosion Study
pCO, H,S Temperature Water

Material (MPa) (ppm)® (°C) Content

Dewing CS 12 0 80 —25 saturated
1Cr 12 0 80—25 saturated

3Cr 12 0 8025 saturated

CS 12 200 8025 saturated

1Cr 12 200 8025 saturated

3Cr 12 200 8025 saturated

@ ppm =ppm,.

specimen surface and provide a condition for dis-
solving CO5 and HsS therein. It is important to note that
only one cycle of dewing was simulated experimen-
tally. Table 3 shows the test matrix for the dewing
corrosion study.

RESULTS AND DISCUSSION

Corrosion in CO, Phase Without Water
Condensation

Table 4 shows the summary of corrosion rate
data of three different steels in the supercritical CO,
phase (inlet condition) and liquid CO5 phase (outlet
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TABLE 4
Summary of Corrosion Rate Data of Three Different Steels in CO, Phase

Material  pCO, (MPa) H,S (ppm) Temperature (°C)  Water Content  Corrosion Rate (mm/y)®
H,0 saturated CS 12 — 25 saturated <0.01
CS 12 — 80 saturated <0.01
1Cr 12 — 25 saturated <0.01
1Cr 12 — 80 saturated <0.01
H,S & H,0 saturated CS 12 200 80 saturated 0.41
1Cr 12 200 80 saturated 0.44
3Cr 12 200 80 saturated 0.05
CS 8 200 25 saturated 0.07
1Cr 8 200 25 saturated 0.13
3Cr 8 200 25 saturated 0.14
H>S & HO CS 12 200 25 100 ppm <0.01
undersaturated CS 12 200 80 100 ppm <0.01
1Cr 12 200 25 100 ppm <0.01
1Cr 12 200 80 100 ppm <0.01
A Standard deviation of corrosion rate was within 5%.
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FIGURE 4. SEM image and EDS spectra of the surface of CS after

exposure to water-saturated supercritical CO, (12 MPa, 80°C) with
200 ppm of H,S.

Fe

condition) with and without H,S. Experimental

data show that corrosion rate in supercritical and
liquid CO, phases saturated with water is very

low (<0.01 mm/y), consistent with previous
results.''"'>?!22 However, adding H,S to the super-
critical and liquid CO, systems leads to corrosion.
Furthermore, reducing water content to 100 ppm in
supercritical and liquid CO5 systems with 200 ppm
H,S reduced the corrosion rate to less than 0.01 mm/y.
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FIGURE 5. Result of XRD analysis for CS after exposure to water-
saturated supercritical CO, (12 MPa, 80°C) with 200 ppm of H,S.

Figure 4 shows SEM image and EDS spectra of the
corroded CS sample surface, exposed to water-
saturated supercritical CO5 (12 MPa, 80°C) with
200 ppm of H,S. It can be seen that the surface was
covered by corrosion products that consisted of Fe and
S. This indicates the formation of FeS on the steel
surface under this condition, confirmed by x-ray dif-
fraction (XRD) analysis shown in Figure 5. However,
XRD analysis also detected iron carbonate (FeCOj3) on
the CS sample surface, which was not observed from
the surface EDS analysis.

Figure 6 represents a cross-sectional SEM image
and EDS spectra of the CS sample exposed to water-
saturated supercritical CO, (12 MPa, 80°C) with
200 ppm of H,S. As expected, it shows a bilayer
structure: a thin outer layer consisting of Fe and S,

CORROSION—AUGUST 2016
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FIGURE 6. SEM image and EDS spectra of the cross section of CS after exposure to water-saturated supercritical CO,
(12 MPa, 80°C) with 200 ppm of H»S.

s |Element  wit%  at%
CK 10.50 28.26
OK 4.15 8.39

SK 3245 32.72
FeK 52,90 30.63

140  2.10 2.80 3.50 4.20 4.90 5.60 6.30 7.00  keV

Element wt%  at% Fe
CK 9.11 28.39
OK 2.74 6.41
SK 12.02 14.02
CrK 3.07

X 2.21
73.06 48.96

15 kV x500 50 um

140 210 2.80 3.50 4.20 4.90 5.60 6.30 7.00 keV

FIGURE 7. SEM image and EDS spectra of the surface of 3Cr steel after exposure to water-saturated supercritical CO,
(12 MPa, 80°C) with 200 ppm of H,S.

and a thick/continuous inner layer consisting Figure 7 shows the SEM image and EDS spectra of
of Fe, C, and O. Combined with the result of XRD the corroded surface of 3Cr steel after exposure to
analysis (Figure 5), the outer layer can be identified water-saturated supercritical CO5 (12 MPa, 80°C) with
as mackinawite (FeS) and the inner layer as 200 ppm of H,S. It can be seen that the surface was
FeCOj3. A similar morphology was observed for covered by a thin layer of sulfur-containing corrosion
1Cr steel. products. Note that the polishing marks are still

CORROSION—Vol. 72, No. 8 1003
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FIGURE 8. SEM and EDS analyses of three different steels after corrosion experiments in liquid CO, phase saturated with

H,0 at 8 MPa, 25°C, containing 200 ppm of H,S.

visible, indicating that the corrosion of this material was
minimal, compare to CS and 1Cr steel.

Figure 8 shows SEM images and EDS line scanning

results of the corroded samples (CS, 1Cr, and 3Cr
steels) for their surfaces and in cross section after
exposure to water-saturated supercritical CO,

(8 MPa, 25°C) with 200 ppm of H,S. SEM surface
analysis shows a similar morphology for corrosion
products for all three steels. EDS elemental analysis
shows that the corrosion product layer is mostly FeS.
EDS line scanning also shows that for 3Cr steel there is
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a chromium-rich layer close to the metal surface and
underneath the FeS layer. This chromium-rich layer
reduces the adherence of corrosion products to the
metal surface and, consequently, reduces the protec-
tiveness of the corrosion product layer and increases
the corrosion rate. It is interesting to note that under
this low-temperature condition (25°C), FeCO3 was not
observed on the surface of the CS and 1Cr steel.
Figure 9 shows the surface appearance of the CS
and 1Cr steel samples exposed to the supercritical
CO5 phase (12 MPa, 80°C) with 100 ppm of water and

CORROSION—AUGUST 2016



CORROSION SCIENCE SECTION

[ ——

15 kV x200 100 um 10 46 SEI

(b)

100 pm

15 kV %200 10 42 SEI

FIGURE 9. SEM images of the sample surface exposed to the
supercritical CO, phase (12 MPa, 80°C) with 100 ppm of water and
200 ppm of H,S for 24 h: (a) CS and (b) 1Cr steel.

200 ppm of H,S for 24 h. No visible signs of corrosion
were observed on samples, i.e., the surfaces appeared
shiny and devoid of any type of corrosion products.

As shown in these results, adding 200 ppm of HyS
increased the corrosion rate of materials in the water-
saturated CO, phase. This indicates that HyS can
change the adsorbability of water on the steel surface,
resulting in formation of a thin water layer on the steel
surface.?® A lower surface energy condition on the
steel can result in development of nucleation sites for

the formation of water droplets saturated with HoS
and CO,, which in turn leads to formation of both FeCO3
and FeS on the steel surface at high temperature
(80°C). Increasing the temperature from 25°C to 80°C
increased the corrosion rate almost five times be-
cause of the increased water content in the CO, phase
(i.e., from 3,000 ppm to 10,000 ppm of water in the
CO, phase]19 and also accelerated the rate of chemical
and electrochemical reactions.

Corrosion in CO, Phase with Water Condensation
(Dewing Corrosion)

Temperature fluctuations in CO, transportation
pipelines cause phase transitions of CO, and conse-
quent water condensation (Figure 1). A summary of
corrosion experimental data under these conditions is
shown in Table 5. Without any condensation and
dewing in the system, no corrosion occurs without H,S
(Table 4). However, under dewing conditions, corro-
sion occurs both in pure CO, and CO5/H5S systems,
indicating the water condenses on the steel surface.

Figure 10 shows the surface appearance of the CS,
1Cr steel, and 3Cr steel samples exposed to dewing
condition without H,S. For all three materials, the
polishing marks were still visible on most of the
surface, with some scattered corrosion products. It can
be speculated that the corrosion products were
formed where a condensed water droplet attached to the
steel surface. EDS elemental analysis confirmed that
the scattered corrosion products were identified as
FeCOj in this condition (Figure 11).

The surface morphologies of samples exposed to
dewing condition with 200 ppm of H,S are repre-
sented in Figure 12. Comparing with the case without
H,S, it is clearly shown that most of the steel surface
was covered by corrosion product when HsS was
present, indicating that condensed water formed a
thin and uniform water layer on the steel surface. For all
three steels, the corrosion product was identified as
FeS by EDS analysis (Figure 13). However, the cross-
sectional SEM and EDS analysis showed a bilayer
structure of the corrosion product: an outer layer
consisting of Fe and S, and an inner layer consisting
of mainly Fe, C, and O (Figure 14). This indicates the
formation of both FeS and FeCOQOs on the steel surface

TABLE 5
Summary of Corrosion Rate Data of Three Different Steels in CO, Phase

Material Initial pCO, (MPa) H,S (ppm) Temperature (°C) Water Content Corrosion Rate (mm/y)®
Dewing CS 12 0 8025 saturated 0.15
1Cr 12 0 80—25 saturated 0.12
3Cr 12 0 80—25 saturated 0.07
CS 12 200 80—25 saturated 0.82
1Cr 12 200 80—25 saturated 0.76
3Cr 12 200 8025 saturated 0.42

(A standard deviation of corrosion rate was within 5%.

CORROSION—Vol. 72, No. 8
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FIGURE 10. Low magnification SEM images of the sample surface after corrosion experiment in CO, phase experiencing
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temperature fluctuation without H,S: (a) CS, (b) 1Cr steel, and (c) 3Cr steel.

Matrix correction:

Element wt% at%
CK 18.41 38.04
OK 23.25 36.05

FeK 58.34 25.92

M z <L s
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6.00  keV
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FIGURE 11. SEM and EDS surface analyses of the corrosion product on the sample surface after corrosion experiment in

CO, phase experiencing temperature fluctuation without H,S: (a) CS, (b) 1Cr steel, and (c) 3Cr steel.
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15 kV %100 100 pm 10 55SEl

FIGURE 12. Low magnification SEM images of the sample surface after corrosion experiment in CO, phase experiencing
temperature fluctuation with 200 ppm of H.S: (a) CS, (b) 1Cr steel, and (c) 3Cr steel.

15kV  x2,000 15kV  x2,000

Matrix correction: ZAF Matrix correction: ZAF Matrix correction:

Element  wt% at% Element  wi% at% Element  wi%
OK 258 6.83 OK 2.30 6.08 SK 36.47
S SK 34.37 45.38 SK SK 35.43 4675 FeK 63.53
FeK 63.04 47.79 FeK 62.27 47.18
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FIGURE 13. SEM and EDS surface analyses of the sample surface after corrosion experiment in CO, phase experiencing
temperature fluctuation with 200 ppm of H,S: (a) CS, (b) 1Cr steel, and (c) 3Cr steel.
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FIGURE 14. SEM images and EDS spectra of the cross section of samples exposed to CO, phase experiencing temperature

fluctuation with 200 ppm of H,S: (a) CS and (b) 3Cr steel.

under this condition. Furthermore, as shown in
Figure 14, in the case of 3Cr steel, a thinner layer was
observed with a Cr-enriched inner layer compared with
CS. This Cr-enriched inner layer could contribute to
the reduction of the corrosion rate of 3Cr steel.

It is clearly shown from these results that the
presence of H,S alters the water condensation be-
havior on the steel surface. It makes a drop of water
spread out and form a thin water layer, which is
consistent with the results in CO, phase without con-
densation. Furthermore, the observation of uniform
and continuous inner FeCOj3 layer confirms the pres-
ence of a thin water layer on the steel surface that
becomes rapidly supersaturated with FeCOg, leading to
FeCO3; formation.

CONCLUSIONS

The corrosion properties of pipeline steels in
CO,/H5S/H50 mixtures with different amounts of
water (both saturated and undersaturated) were

1008

investigated by weight-loss measurements and surface
analysis techniques. The following conclusions

are drawn:

+ There was no significant corrosion attack in the
supercritical and liquid CO, phases in the presence of
water (both saturated and undersaturated).

+ The addition of 200 ppm H,S in the CO, phase
dramatically increased the corrosion rate of all tested
materials (CS, 1Cr, and 3Cr steels) when CO, was
saturated with water.

« Under dewing conditions, corrosion occurs both in
pure CO, and CO5/H,S systems as a result of the for-
mation of water droplets/layer on the sample surface.

% 3Cr steel showed better corrosion resistance for
the tested conditions compared with CS and 1Cr steel.
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