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The corrosion behavior of carbon steel in an aqueous solution containing dissolved CO2, H,S, and HCOOH at high
temperature was investigated by conducting a series of systematic experiments. The influence of each (possible)
corrosive species (COz, H»S, and HCOOH) on corrosion mechanisms were explored through detailed analysis of
corrosion rates and corrosion product layers. The results showed that the formation and integrity of the Fe3O4
layer was compromised in the presence of HCOOH, probably due to the formation of Fe(COOH)* which im-
pedes the formation of Fe;0,4 at the initial stage of the corrosion process.

1. Introduction

Gasification process involves a multicomponent gaseous environ-
ment which typically includes a mixture of CO, CO2, Hz, H>0, CHy, H>S,
Ar, N3, COS, and HCN3 [1-4]. The presence of CO,, and H,S makes this
environment corrosive for many candidate materials such as carbon
steel and stainless steel [5-8]. Beside the mentioned chemicals, the
presence of organic acids such as acetic acid (CH3COOH) and formic acid
(HCOOH) has been reported in some gasification plants for feedstock of
residue from conventional sources. However, little attention has been
given to their role in the corrosion behavior of carbon steels and low
alloy steels exposed to such environments. Alongside the critical cor-
rosive environment, the temperature of piping and equipment in
different locations of a gasification plant varies from 150 °C to 400 °C
(this range can be different in various types of gasification plants and
higher for biomass plants. The range given is specific for the targeted
plant in the current study) [9,10]. Such high temperatures make the
corrosion of service materials even more crucial.

One of the most important factors determining the corrosion kinetics
and mechanism under such complicated and critical conditions is the
type of corrosion product (e.g. carbonates, sulfides, oxides) that forms
during the process [11]. However, corrosion studies focusing on layer
formation under such a complicated environment are rare and, to the
best of our knowledge, none of them cover the effect of organic acids [1,
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2,4,9,10,12]. Nevertheless, related information can be also derived from
the available literature on high temperature CO, and H,S corrosion.
According to the study by Yin et al [13], the thickness of the
corrosion product layer formed under high CO, pressure (4 MPa) in
chloride salts containing electrolyte decreased with temperature from
50 °C to 180 °C and a two-layered structure of corrosion products,
including a “thick, porous, and loose layer” on top and a “thin, dense,
and adherent layer” formed on the steel surface. The compactness of the
corrosion product layers increased at higher temperatures. However, the
corrosion rates did not match the SEM observation as the lowest
corrosion rate was recorded at 100 °C and not at higher temperatures (i.
e. 150 °C or 180 °C). Unfortunately, the phase characterization was only
provided for the corrosion product layer formed at 70 °C, which showed
that this layer contained iron carbonate (FeCOs). Nevertheless, it is
obvious that temperature has a determining effect on the corrosion rate
and the formation of corrosion products. Tanupabrungsun et al. [14]
observed a decrease in corrosion rate with increasing the temperature
from 80 °C to 250 °C during their CO, corrosion experiments. This
decrease was attributed to the nature of the corrosion product formed at
different temperatures. According to X-ray diffraction (XRD) analysis at
80-150 °C, FeCOs and Fe;(OH),CO3; were formed on the steel surface.
While at 200-250 °C, the corrosion product was exclusively Fe3O4. This
implies that Fe;O4 provides superior corrosion protection compared to
FeCOjs. Similar results were observed by other researchers showing the
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significant protection provided by Fe3O4 [11,15,16]. Hua et al. [16]
reported a decrease in general and localized CO; corrosion rates with the
temperature increase from 90 °C to 250 °C. In this case this decrease was
also attributed to the conversion of the corrosion product layer from
F6C03 to F€304.

Formation of Fe304 has been noticed in sour (H2S) [17,18] and CO2/
H,S environments as well. Ramanarayanan et al. [19] reported the
formation of double-layered corrosion product in an
Ar — 10%H>S — (5 —80)%CO- environment at 220 °C, in which an inner
fine-grained layer with small amounts of magnetite in a pyrrhotite
matrix and a thicker outer layer of pyrrhotite (Fe;_,S) was observed.
Kvarekval et al. [20] also observed the formation of an inner iron oxide
layer (with a thickness of 3-7 um) underneath a top FeS layer (a mixture
of mackinawite and pyrrhotite). However, neither of these two studies
considered the effect of inner Fe304 layer on corrosion rate reduction to
be significant when compared to that of FeS. The study by Gao etal. [21,
22] in a H,S environment at high temperature (120 °C) was more
focused on the formation mechanism of the inner oxide layer. They
showed that under their experimental conditions, Fe304 was supersat-
urated almost immediately after Fe?* ions were generated in the solution
due to corrosion of the specimen. Therefore, FesO, was expected to
dominate the layer growth during the initial stage resulting in its for-
mation as an inner layer [21]. However, their results also showed that
Fe304 constantly converts to FeS (mackinawite) because it is more
thermodynamically stable [22]. In terms of the influence on the corro-
sion, Fe304 was shown to be more effective than FeS in reducing the
corrosion rate [21].

Back to the complex chemistry conditions in the environment of a
gasification plant, other potentially corrosive chemicals that might in-
fluence the corrosion behavior and the formation of corrosion product
are organic acids. Even though there are some studies on corrosion of
stainless steel and mild steel in organic acid, such as CH3COOH and
HCOOH [23-30], to the best of our knowledge, so far no experimenta-
tion has been conducted under corrosion product layer forming condi-
tions in COy/H,S environment to investigate the effect of HCOOH
(especially) at elevated temperatures. Nonetheless, two important
pieces of information can be extracted from the available studies: 1-
HCOOH has been shown to be the most corrosive among other organic
acids [26], 2- the corrosion rate in the presence of organic acids in-
creases with temperature. While there are some indications about the
influence of formate (HCOO™) on the formation of protective corrosion
product layers [29], none of available studies have come close to un-
derstanding the mechanism. In a recent study, the influence of
CH3;COOH on the integrity and corrosion protectiveness by FeCO3 layer
was investigated [31]. It was revealed that under the experimental
conditions of that research (3 wt% NaCl solution at initial pH 6.3, 80 °C,
and 0.053 MPa pCO,, supersaturated with respect to FeCO3), addition of
undissociated CH3COOH can result in the partial dissolution of FeCO3
layer. This partial dissolution was explained by pH drop, an increase in
the ionic strength of the solution and the formation of ferrous acetate
complexes (such as FeAc"™ and FeAc,) which all lead to a decrease in the
FeCOs3 supersaturation.

In the present research, corrosion of carbon steel exposed to a
complex gaseous system, that includes the potentially corrosive com-
ponents of a gasification plant environment (CO2, H>S, and HCOOH) and
at the temperature representing the field condition was studied by
means of electrochemical measurements and various surface analytical
techniques.
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2. Material and methods

ASTM A106 grade B carbon steel, with the chemical composition
provided in Table 1, was machined into two different geometries: a
cylindrical type with 5 cm? exposed area for the electrochemical mea-
surements, and a rectangular type with a size of 2.5cm x 1.3 cm
x 0.3 cm for surface analysis.

Specimens were wet ground using 600-grit silicon carbide abrasive
paper followed by rinsing in deionized (DI) water and isopropanol
alcohol and drying with nitrogen (N3) gas.

The high temperature experiments were carried out in a 7.5 L Has-
telloy (C276) autoclave. A detailed schematic representation of this
autoclave is shown in Fig. 1. A typical three electrode setup including a
high pressure/temperature (HP/HT) Ag/AgCl(0.1M KCl) reference
electrode, the cylindrical steel specimen as the working electrode, and a
platinum-coated niobium cylinder counter electrode were employed for
the electrochemical measurements. A calibrated HP/HT ZrO, pH probe
was used to monitor pH. A central impeller was used for stirring the
electrolyte at the desired rotation speed during each experiment
(1000 rpm ~ 1 m/s [32]). For the surface characterization, two rect-
angular specimens were immersed in the solution using the additional
holders (with Teflon sample spacers) provided in the lid.

The testing conditions in the current research were selected from a
process study based on the operational data. In the targeted plant, the
highest temperature in the (simulated) loop results from a quenching
step right after the gasification (where the formation of organic acids
will occur) and this temperature was determined to be 237 °C. The
equipment and piping will be subjected to vapors (with liquid films/
droplets formed on the surface) or bulk liquids, depending on their

Reference electrode-
rWeight loss samples

Working electrode- -pH probe

~Counter electrode

Fig. 1. Schematic representation of the autoclave setup.

Table 1
Chemical composition of carbon steel used in the present study (wt%, balance Fe).
C Mn P S Si Cr Ni Mo Cu Al v Sn Ti As
0.24 0.74 0.01 0.006 0.25 0.09 0.06 0.03 0.16 0.03 0.0018 0.011 0.0016 0.007




M. Eslami et al.

position/pressure/temperature in the loop. Therefore, full immersion
experiments as selected in this study represent the extreme case
scenario.

The solutions for the experiments contained HCOOH in addition to
CO, and H,S. To understand the effect of each of the (potentially) cor-
rosive reagents, including H,S and HCOOH, on the corrosion behavior
and the formation of the corrosion product layers, different experiments
were designed. In each experiment, one of the mentioned reagents was
eliminated from the solution. The detailed conditions are presented in
Table 2.

In order to achieve the same pH of 5.3 at the testing condition in each
experiment, the required amount of NaOH or HCl was calculated by
using a water chemistry model [5], then the pH of the system was
adjusted at the room temperature. For each test, the solution pH at
237 °C was measured to ensure achieving the target pH of 5.3.

For each experiment, 5 L of the solution was prepared with desired
concentrations of HCOOH (for experiments 1 and 2) or NaCl (experiment
4) dissolved in deionized (DI) water. Experiment 3 was simply con-
ducted in DI water without any of these reagents (HCOOH or NaCl). The
solution was de-aerated by continuous N, purging for a minimum of 4 h.
Dissolved oxygen content in the solution was measured by an Orbi-
sphere oxygen sensor after 4 h of N, purging and it showed concentra-
tion less than 5 ppb. The specimens were then placed into the lid, and the
autoclave was sealed and heated to 80 °C while purging with N,. Due to
safety considerations, the procedure was followed by pressurizing the
system to a specific CO, and/or H,S partial pressure at 80 °C instead of
pressurizing it at the working temperature (237 °C). The required partial
pressures of CO, and/or H,S at 80 °C were calculated based on the
premise that the total number of moles of CO,/H,S in the gas and the
liquid phases are constant, hence the amount injected at 80 °C only into
the gas phase was what would distribute between the gas and aqueous
phases at higher temperature. After pressurizing at 80 °C, the system
was heated up to the working temperature.

During each experiment, linear polarization resistance (LPR) mea-
surements were conducted at regular time intervals (3 h) by polarizing
the working electrode to the potentials of + 10 mV with respect to open
circuit potential (OCP) at a scan rate of 0.125 mV/s. The corrosion rate
was then calculated as follows:

pusb.
23R, e (p, +5.)

B
R,

(€8]

Leorr =

EW iy,
P

CR=3.27x 107" @)
In Eq. (1), , and g, are the anodic and cathodic Tafel slopes, and R,
is the measured polarization resistance (chm.cm?). The f, and f, were
set at 40 mV/dec and 120 mV/dec, respectively, giving the B value of
13 mV. R, was determined by the slope of the current voltage curve (£
at E,.. In Eq. (2), i.or is the corrosion current density (pA/CmZ), EW is the
equivalent weight (g) and p is density (g/cm?) of carbon steel.

Every experiment continued until a stable corrosion rate was
reached. After each experiment, the specimens were removed from the
autoclave, rinsed with DI water and isopropyl alcohol, dried with N, and
stored in a desiccator in an inert atmosphere until surface analysis could
be conducted. The surface and cross-sectional morphologies and com-
positions of corrosion products were analyzed by scanning electron
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microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), and
Raman spectroscopy. In addition, high resolution transmission electron
microscopy (TEM) and EDS elemental mapping were performed on the
cross-section of specimen with corrosion product layers formed on the
surface.

3. Results
3.1. Comprehensive condition (Experiment 1)

The first experiment was conducted in so-called comprehensive
condition which was derived from a process simulation close to the
condition of a real gasification plant and contained all the corrosive
species; COy, H,S, and HCOOH. The results of corrosion rate and OCP
measurements for this condition are shown in Fig. 2.

According to Fig. 2, the initial corrosion rates are significantly high
with a maximum rate of ~ 15 mm/y due to the high temperature. The
corrosion rate then decreases and after 20 h and it stabilizes at a rate of
~ 1 mm/y until the end of the experiment. The OCP shows a similar
trend to the corrosion rate as it decreases from —0.40 V to —0.55 V.
Considering the solution chemistry and temperature, it is expected for
iron sulfide (FeS) and/or magnetite (Fe304) to form which could provide
a good protection to carbon steel. However, the final corrosion rate (~
1 mm/y) does not reflect the expected protectiveness from these
corrosion products.

The results of surface and cross-sectional characterizations using
SEM, and EDS elemental mapping are shown in Fig. 3 and Fig. 4,
respectively. According to Fig. 3(a), the surface of the specimen is fully
covered by corrosion product that appears to have a morphology
commonly observed for FeS [18,22]. The cross-section of this specimen
shows a homogenous and seemingly single layered of corrosion product
with a thickness of ~ 20 um (Fig. 3(b)). However, according to the O
mapping in Fig. 4(c), a thin layer of oxide is present at the interface of
the specimen and the thick layer of FeS (see S mapping in Fig. 4 [b]). As
it also appears from the O map, the oxide layer is not continuous, and its
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Fig. 2. Variations of corrosion rate and OCP with time for A106 steel specimen
exposed to CO/H>S/HCOOH environment at 237 °C (Experiment 1).

Table 2
Experimental conditions for different tests.
Experiment ID Temperature pCO4 PH.S HCOOH NaCl rotation pH Duration
(9] (MPa) (MPa) ) (Wt%) (rpm) (day)
1 237 0.115 0.024 0.082 510 5.3 5
2 237 0.115 - 0.082 510 5.3 3
3 237 0.115 - - - 510 5.3 3
4 237 0.115 - 1 510 5.3 2
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Fig. 4. Elemental mapping of (a) Fe, (b) S, (¢) O, and (d) C across the cross-section shown in Fig. 3(b).

thickness might vary along the interface.

In order to confirm the composition of this duplex corrosion product
layer, further phase characterizations on the surface and the cross-
section of the specimen were carried out. The result of Raman spec-
troscopy of the corroded surface is presented in Fig. 5. The spectrum in
this figure gives information about the top layer of the corrosion product
and shows that it consists of pyrrhotite [33].

High resolution TEM image and the elemental mapping of the thin
oxide layer are presented in Fig. 6. According to this figure, the thickness
of the layer is around 1 um. Since the TEM image shows a very small
portion of the cross-section, it is not possible to determine the level of
coverage of the entire surface by this inner layer. The high-resolution
map in Fig. 6, clearly shows the distribution of oxygen across the thin
inner layer, while S and C are absent from this layer. As expected, the
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Fig. 5. Raman spectrum of A106 steel specimen exposed to CO,/H2S/HCOOH
environment at 237 °C (Experiment 1).

outer layer is rich in S.

The diffraction pattern was collected from the inner oxide layer and
is shown in Fig. 7. The lattice spacing was determined by measuring the
distance from the center of the pattern (its estimated location) to each
ring or reflection that would indicate the location where a ring would be
formed. This distance represents a lattice spacing in 1/d. These
measured spacings were compared to those of the various candidate
crystals (FeO(OH), Fe;0s, Fe304, etc.). Without an internal standard to
calibrate the measurements we would expect ~5% error, therefore, the
values may not match the tabulated values perfectly. This was corrected
by applying a correction factor (scaling) to the measurements. From
Table 3, the measured d-spacings mainly show correspondents with the
tabulated values of Fe3O4 meaning that this layer is primarily made of
magnetite. Some FeO(OH) and Fe, O3 are also detected in this thin layer.

3.2. Effect of HyS (Experiment 2)

As shown in the results of the experiment 1, the corrosion rate was ~
1 mm/y with local formation of Fe3O4. This corrosion rate is higher
compared to the results of high temperature corrosion experiments in
the existing literature when Fe30y, is formed [14,16,21]. Thus, in order
to investigate which specie(s) affect the formation of Fe3O., HoS was
eliminated from the system and the experiment was conducted under
the same condition of Experiment 1. The results of corrosion rate and
OCP measurements for this experiment are shown in Fig. 8. According to
this figure, the corrosion rate starts with a lower value of ~2 mm/y,
however, it follows a similar trend to that under the comprehensive
condition (Fig. 2). A decrease in the corrosion rate is observed after
~10 h, followed by some fluctuations and a relatively stable rate at the
end of experiment. The final corrosion rate at the end of this experiment
is ~ 1 mm/y. The OCP changes in the range of —0.46 V to~ —0.58 V
during the experiment which is similar to the OCP changes in Experi-
ment 1. The similar final corrosion rates between this condition and the
comprehensive condition imply that H,S is not the main corrosive specie
that results in the high corrosion rate in this system.
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Fig. 6. (a) TEM high resolution image and elemental mapping of (b) Fe, (c) C, (d) O, and (e) S of A106 steel specimen exposed to CO,/H>S/HCOOH environment at

237 °C (Experiment 1).

Fig. 7. Diffraction pattern of the inner corrosion product layer (indicated in
Fig. 6 as oxide layer) on A106 steel specimen exposed to CO,/H>S/HCOOH
environment at 237 °C (Experiment 1).

Table 3
Analysis of the diffraction pattern shown in
Fig. 7.

1/d (am™) Phase
3.37 Fe304
3.44 Fe304
2.08 Fe304
1.99 FeO(OH)
2.67 Fe;03
3.95 Fe304
3.40 Fe304
4.81 Fe304
6.20 Fe304
4.00 Fey03
4.07 Fe304

The results of SEM analysis of the surface and cross-section of the
specimen after Experiment 2 are shown in Fig. 9. It can be seen that a
relatively thin corrosion product layer is formed under this condition
with a smooth surface morphology. Some cracks are observed on the
surface and the cross-sectional view, which reveal that the layer is
discontinuous and apparently non-adherent. The results of elemental
mapping in Fig. 10 shows the presence of Fe and O in this layer.

The absence of FeS layer, as a result of eliminating H,S from the
system, even as a compact layer such as the one shown in Fig. 3(b), made
no difference in the corrosion rate, meaning that it is not the main
protective element in the corrosion product layer.
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Fig. 8. Variations of corrosion rate and OCP with time for A106 steel specimen
exposed to CO,/HCOOH environment at 237 °C (Experiment 2).

3.3. Effect of HCOOH (Experiment 3)

In the next step of the investigation, HCOOH was also excluded from
the solution, in addition to H,S. At the beginning of this experiment, the
same pH value (5.3) was adjusted by adding HCI to the solution. As
explained earlier in detail, the pH value was calculated based on the
water chemistry model presented in another publication [5]. The results
of corrosion rate and OCP measurements during this experiment are
depicted in Fig. 11.

As shown in Fig. 11, in the absence of HCOOH and H,S, the corrosion
starts at a rate of ~ 1.6 mm/y followed by a sharp decline in less than
10 h. The decrease in the corrosion rate continues until ~ 50 h after
which some resemblance of a plateau is reached. The final corrosion rate
(0.06 mm/y) achieved here is significantly lower compared to the two
previous conditions that contained HCOOH. Another significant differ-
ence between the results of this condition and those of the previous ones,
is the range of OCP (—0.25 V to —0.35 V) which is more noble compared
to those measured during Experiments 1 and 2 (with a range of —0.50 V
to —0.58 V). The measured low corrosion rate with a nobler OCP in the
condition without HCOOH indicates that the anodic reaction is sup-
pressed by the formation of a protective corrosion product layer.

The SEM images of the surface and cross-section of the specimen
after this experiment are shown in Fig. 12. The surface and cross-
sectional morphologies of the corrosion product is similar to that
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15kV  X1,500

10pum 16 49 SEI

MAG: 1500x HV: 15 kV WD: 15.9 mm

Fig. 10. Elemental mapping of (a) Fe and (b) O across the cross-section shown in Fig. 9(b).
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Fig. 11. Variations of corrosion rate and OCP with time for A106 steel spec-
imen exposed to CO, environment at 237 °C (Experiment 3).

formed in the condition without H,S (Fig. 9 and Fig. 10, Experiment 2).
However, as shown in the cross-sectional image, the layer seems to be
compact and adherent to the steel substrate which could be the reason
for the low corrosion rate under this condition. The results of the
elemental mapping for the cross-sectional view show that the corrosion
product layer contains Fe and O (Fig. 13).

Raman spectroscopy analysis on the surface of the specimen (Fig. 14)

identifies the corrosion product layer as Fe3O4. The surface of the
specimen contains some hematite Fe;O3 as well, which might have
formed due to oxidation of the specimen during storage period.

In order to confirm the effect of HCOOH, a reference experiment was
performed in a CO; containing 1 wt% NaCl solution at the same pH of
5.3. The choice of 1 wt% NaCl solution is to have a solution with enough
conductivity to perform electrochemical measurements without having
any major effect on the corrosion or the formation of corrosion product
layers. The results of corrosion rate and OCP measurements during this
experiment are shown in Fig. 15. According to this figure, a sharp
decrease in the corrosion rate from ~1.8 mm/y to 0.06 mm/y occurs in
less than 10 h. This low corrosion rate remains almost constant until the
end of the experiment after 40 h. In this case the protective corrosion
product layer readily starts to form in a short period of time, similar to
what was observed in the experiment without HCOOH (Fig. 11, Exper-
iment 3). The corresponding increase in OCP toward more noble values
confirms this.

SEM images of the surface and cross-section of the specimen after
this experiment are presented in Fig. 16. These images show a homog-
enous corrosion product layer, with a thickness of ~ 10 um on the
specimen. Some powder-like corrosion products are also observed on
top of the main corrosion product layer, which do not play any role in
corrosion protection. The results of EDS elemental mapping in Fig. 17
show the presence of O and Fe across the main corrosion product layer.
Using Raman spectroscopy, the composition of this layer was confirmed
to be Fe304 (the results are not shown here).



M. Eslami et al.

&

Corrosion Science 229 (2024) 111868

20KV X1,500 10pm 13 34 SEI

Fig. 12. SEM image of (a) the surface and (b) the cross-section of A106 steel specimen exposed to CO, environment at 237 °C (Experiment 3).

MAG: 1000x HV:20 kV WD: 12.7 mm

MAG: 1000x HV:20 KV WD:12.7 mm

Fig. 13. Elemental mapping of (a) Fe and (b) O across the cross-section shown in Fig. 12 (b).
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Fig. 14. Raman spectrum of the surface of A106 steel specimen exposed to CO,
environment at 237 °C (Experiment 3).

4. Discussion

The corrosion rate of carbon steel in the comprehensive condition
which contained all possible corrosive species (CO,, H>S, and HCOOH)
was measured to be about 1 mm/y (Fig. 2). Formation of Fe304 layer
[14,16,21] is expected to decrease this rate. However, as shown in Fig. 3
to Fig. 6, at this condition a thin and discontinuous Fe304 layer was
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Fig. 15. Variations of corrosion rate and OCP with time for A106 steel spec-
imen exposed to CO,/NaCl environment at 237 °C (Experiment 4).

formed, which does not provide sufficient protection. A parametric
study was conducted to discover which corrosive specie(s) interfere with
the formation of Fe3O,4. Fig. 18 presents a comparison of the corrosion
rates at different conditions evaluated in the present study. It can be seen
that the corrosion rates of the conditions in which HCOOH is present, are
about one order of magnitude higher than those of the other cases. Ac-
cording to the results of cross-sectional analysis shown above, Fe3O, is
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Fig. 17. Elemental mapping of (a) Fe and (b) O across the cross-section shown in Fig. 16 (b).
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Fig. 18. Comparison of corrosion rate measurements during different
experiments.

not sufficiently formed in the presence of HCOOH.

To confirm this effect of HCOOH on the formation of Fe304, another
experiment was conducted in the absence of HCOOH but in the presence
of H,S in the system. The cross-sectional SEM image and the elemental
mapping of the specimen after this experiment are shown in Fig. 19. This
image and the distribution of Fe, O and S clearly indicate a corrosion

product layer with a duplex structure consisting of the inner layer
(containing Fe and O) and the outer layer (containing Fe and S). Raman
spectroscopy measurement was carried out on this inner layer (shown in
Fig. 20) which was proved to be Fe3O4. The corrosion rate measured in
this condition was similar to those monitored in the cases without
HCOOH. This confirms that Fe30,4 can form at high temperature in the
absence of HCOOH, and provides sufficient protection to carbon steel.

The overall results show that in the studied system, the presence of
the Fe3O4 layer can result in a low corrosion rate (< 0.1 mm/y) if its
formation and/or integrity are not compromised by some of the chem-
icals in the environment. The results also indicate that HCOOH is the
main corrosive specie increasing the corrosion rate due to its interfer-
ence with the formation of the protective FesO4 layer. In order to explain
this behavior, we need to look at the thermodynamics of corrosion
product layer formation in this system.

Pourbaix diagrams for the comprehensive condition with and
without H,S in the system (corresponding to Experiments 1 and 2) are
shown in Fig. 21. Details of construction of such diagrams for
Fe —H,S —H,0 and Fe —CO; —H, 0 systems were investigated by Ning
[34] and Tanupabrungsun et al. [14], respectively. According to Fig. 21
(a), at pH 5.3 and potential of —0.5 Vgyg, with H,S present in the system,
FeS (pyrrhotite) is the most thermodynamically stable corrosion prod-
uct. In the absence of H,S, Fe30, is the most stable phase (Fig. 21 (b)).
While our results that showed the precipitation of Fe30,4 as the main
phase under the experimental conditions without H»S (Experiments 2 ~
4) agree with the thermodynamic data shown in Fig. 21 (b), the
experimental results obtained from the conditions with H,S (when the
formation of Fe304 is not thermodynamically expected but we observed
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Fig. 19. SEM image of (a) the cross-section of A106 steel specimen exposed to CO2/H,S environment at 237 °C. Elemental mapping of (b) Fe, (c) O and (d) S across

the cross-section shown in Fig. 18 (a).
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Fig. 20. Raman spectrum of the inner corrosion product layer on A106 steel
specimen exposed to COz/H,S environment at 237 °C.

it from the experiment) apparently do not match with the thermody-
namic data (Fig. 21 (a)). This indicates that Fe3O4 is kinetically favored
at high temperatures as a part of the corrosion product layer near the
metal surface in the presence of H,S.

Even though it is proven that both FeS and Fe3s04 can be formed in
the current experimental conditions in the presence of H,S, the question
remains as why the presence of HCOOH interferes with the formation of
the protective Fe304 layer?

The precipitation of Fe3sO4 and FeS is thermodynamically possible
when their saturation value is above unity (also called supersaturation,
Sre;0, and Sres). However, research has shown that in the presence of
organic acids (such as CH3COOH) in the system, the formation of ferrous

(@)

Evs SHE/V

pH

complexes could possibly decrease these supersaturation values. As an
example, Fajardo et al. [31] suggested that the formation of ferrous
complexes such as ferrous acetate could cause the partial dissolution of
FeCOj3 layer, therefore, one plausible mechanism is to assume that
similar ferrous complexes can form in the presence of formate (COOH™):

Fe** + HCOO™ S Fe(COOH)™ 3

Formation of ferrous formate ( Fe(COOH)+ ) in the presence of
HCOOH has been indeed observed and reported by other researchers
[35]. In this case, if Fe**ions are bonded to COOH ", the concentration of
Fe?*available to form Fe; O, or FeS decreases, i.e. Sre;0, and Sg.s decrease.
However, according to the results of Experiment 1 (Fig. 3), formation of
such complexes apparently has no influence on the formation of FeS,
however, it possibly interferes with the formation of Fe;0,. The reason
for this difference could be due to differences in the rate of formation of
FeS, Fe(COOH)", and Fes0,. If we assume that FeS possibly has the
fastest formation kinetics and Fe; O, has the slowest formation rate, it is
reasonable to postulate that the formation of Fe(COOH)" impedes the
formation of Fe;0, and not FeS. While FeS forms faster and at the initial
stage of the corrosion process, Fe;04 requires more time to form and
even then, its formation could be slower than Fe(COOH)". Therefore, in
the presence of HCOOH, at the FeS/metal interface, Fe?"ions are bonded
to COOH™~ which hinders (at least partially) the formation of a protective
Fe30,4 layer. This conclusion is, however, not definitive. Further inves-
tigation is needed to understand the exact mechanism of unfavorable
effect of HCOOH on Fe;0, formation.

5. Conclusions
o The following conclusions can be drawn from this study:

e The corrosion rate of carbon steel under the gasification plant
environment containing CO,, H,S, and HCOOH was relatively high

0.9+

034 Fe,0;

Evs SHE/V

0.3 Fe2+

pH

Fig. 21. Generated Pourbaix diagrams for (a) Fe —COy —H2S —H>0 and (b) Fe —COy —H»0O systems corresponding to the comprehensive condition (237 °C,
0.115 MPa pCO, and 0.024 MPa pH,S, with arbitrary cg.-: 10 ppm, cps+: 1 ppm).
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(~ 1 mm/y) because Fe304, which is generally known to be protec-
tive in high temperature corrosion, was not sufficiently formed.

As a result of the parametric study, it was found that HCOOH present
in the solution interfered with the formation of Fe304, and FeS alone
cannot provide sufficient protection.

The exact mechanism of how the presence of HCOOH hinders the
formation of Fe3O4 was not revealed in this study, but it is probably
because the complex formation with Fe and HCOOH is promoted at
high temperature and the Fe?" ions necessary for the formation of
Fe30, are insufficient due to the complexes.
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