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ABSTRACT

Both H2S and COg2, ubiquitous in hydrocarbon production and processing, have
the potential to severely compromise asset integrity. While both are corrosive, H2S
containing environments can be particularly aggressive, causing more rapid and severe
corrosion compared to CO2; especially in high temperature oil and gas production
systems. There has been limited investigation of H2S corrosion at elevated temperatures,
resulting in a deficient understanding of the underlying mechanisms responsible for
observed phenomena. Consequently, corrosion research related to the presence of H2S
gas is of particular interest to the oil and gas industry. The key goal of the experimental
work herein was to compare observed phenomena for high temperature H2S corrosion
against results from previous investigations, with a deepened data analysis. Data for
autoclave experiments conducted at pHinitai 4.0, 0.00385M [H2S]aq (1.6-2.0% H2S)
contrasting corrosion product layers at 80 and 160 °C are reported. Experimental results
using two API 5L X65 mild steels demonstrate that corrosion rates at 80 and 160 °C were
essentially the same, within measurement error, with mackinawite found at 80 °C and a
combination of iron sulfides (pyrrhotite, mackinawite) with magnetite found at 160 °C.
However, localized corrosion appeared on the X65 specimens at 160 °C.

Keywords: Hz2S, COg, iron sulfide, high temperature

INTRODUCTION

The oil and gas industry is strongly dependent on the integrity of steel tubulars
used for extraction and transmission of hydrocarbons. As a result, research associated
with the potential deterioration of steel assets in contact with produced fluids, which often
contain highly corrosive gases such as CO2 and H2S, is of essential importance. Sour
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(associated with the presence of H2S) and sweet (associated with CO2 only) corrosion of
carbon steel involves interrelated processes; each has been the topic of intense research
over the last 70 years. While sweet corrosion is relatively well understood, this is not the
case for sour corrosion.! This is due to the complexity of the corrosion mechanisms in the
presence of H2S.2 Although the history of H2S corrosion research goes back to the 1940s,
there are many contradictions related to proposed mechanisms of corrosion and
corrosion product formation.® One of the first literature on corrosion products in Hz2S
environments is the study of Shoesmith, et al., at pH of 4.0.# They postulated that
mackinawite, which initially forms on the surface of steel, gradually converts to cubic FeS
and some troilite, which becomes the dominant corrosion products after 96 hours.

Bai, et al., also discussed the effect of time on the change in the corrosion product
layer at 50 °C with 10 bar pH2S.®> The main corrosion products observed after 6 and 12
hours of exposure were mackinawite and cubic FeS. Then, these layers transformed into
troilite, making it the main corrosion product after 96 hours of exposure to this
environment; note that all three of these phases are crystallographically distinct FeS
polymorphs. The conclusions were similar to Shoesmith, et al. 4, however, key information
such as pH was missing in this work.

Ning, et al., conducted experiments on steel specimens exposed to 0.097 bar
pH2S, pH 6.0, and 25 °C for 4 days, observing that a poorly protective and porous
mackinawite (FeS) corrosion product layer formed on the surface.® At the same conditions
but higher temperature of 80 °C, a more dense, adherent and consequently more
protective layer comprised of a mixture of mackinawite (FeS) and pyrrhotite (Fe1-xS) was
identified.

Studies on the mechanisms related to H2S corrosion at high temperatures have
rarely been published, mainly due to the complexity and safety considerations associated
with high temperature experimentation using such a toxic gas. Nevertheless, different
theories have been proposed to explain corrosion product formation mechanisms in a
sour system at elevated temperatures. In upstream oil and gas industry applications, high
temperatures typically mean a range between 80 and 200 °C - this is the focus of the
present research.

Gao conducted a series of experiments in H2S environments at elevated
temperatures of 80-200 °C, pH 4.0, and 0.10-0.18 bar pH2S, using N2 as the balance
gas.! Different iron sulfide polymorphs and related phases were formed based on the
temperature the steel was exposed to: mackinawite at 80 °C, troilite at 120 °C, pyrrhotite
(Fe1-xS) at 160 °C, and a mixture of pyrrhotite and pyrite (FeSz) at 200 °C. The presence
of pyrite was associated with occurrence of localized corrosion on the API X65 mild steel
specimens used. Through analysis of cross-sections of the mild steel specimens, he also
observed that there was an inner layer of iron oxide underneath the iron sulfide and
proposed a mechanism to explain his experimental observations. As Fe starts dissolving
under the influence of this corrosive environment, Gao concluded that the released Fe?*
ions first react to form an oxide:

3Fe?*(ag) + 4H20() & Fe304 ) + 8H*@q) + 2~ (1)
As the reaction proceeds, the layer of Fe3Oa4 forms, followed by the diffusion of H2S

to the Fez04/FeS interface. Then, H2S reacts with FezOa4, which, as a result, contributes
to the growth of the FeS layer:



Fes30a4 (s) + 3H2S (aq) + 2H"(aq) + 26~ & 3FeS(s) + 4H20() (2)

The rate of this reaction increases until the FesOa reaction achieves a steady state.
The iron sulfide layer continues to grow at the FeS/solution interface when the saturation
value of FeS in the bulk is above the solubility limit of iron sulfide.”

In this study, the observed phenomena related to high-temperature H2S corrosion
of mild steel are compared with results from Gao’s previous investigations conducted in
our laboratory, along with a more detailed data analysis. Conducting this study using a
mechanistic approach is essential for verifying alignment with previous findings, thereby
establishing reliability in the literature and the current research. It is crucial for building
confidence in the experimental methodology before progressing to more complex
systems involving both H2S and CO: gases.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental setup for high temperature corrosion measurements is shown
schematically in Figure 1. The 7.5 liter autoclave contains a three electrode system using
a platinum coated niobium counter electrode (CE), an API 5L X65 carbon steel working
electrode (WE), and a Ag/AgCI refillable reference electrode (RE) for high temperatures
and high pressures systems purchased from Corr Instrumentst.

_Gas outlet
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Figure 1. Experimental 7.5-liter autoclave setup with parts labeled

Due to the unavailability of a reliable pH electrode for high temperature
measurements in an H2S environment, a procedure was implemented to calculate the pH
during the high temperature phase of each experiment using a water chemistry model; a
similar procedure was used by Gao. The pH of the N2 sparged solution was measured
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with an Omegat PHE-5431-10 pH probe and was adjusted based on water chemistry
calculations at 50 °C, to achieve pH 4.0 at either 80 or 160 °C after the addition and
equilibration of H2S.

Two different types of APl 5L X65 (referred to as “X65”) steel were used in
experiments conducted at 160 °C; the compositions of these materials are shown in Table
1, with the primary difference being their carbon content. Previous tests conducted by
Gao? used X65-0.13%C, while later testing was performed using a X65-0.05%C material.
These tests aimed to assess whether the differences in composition influenced the
experimental results. The experimental conditions are outlined in Table 2.

Table 1
Percent composition of API 5L X65 low alloy steels

Material C Cr | Mo | Cu \Y Si Al Ni | Mn | Fe
WE, X65-
Two flat 0.05]0.23|0.07/0.11 | 0.03 | 0.22|0.02|0.24 | 1.40 | Bal
0.05%C
samples
Two flat X65-
samples | 0.13%C 0.13|/0.14|0.16| - |0.047|0.26| - |0.36|1.16 | Bal
(information not given in analysis is noted by “-“)
Table 2
Test Matrix
Parameter Conditions
System 7.5-Liter autoclave
Solution 1 wt.% NaCl
Temperature, °C 80 160

Material

X65-0.05%C: WE
(As=5.36 cm?), and
2 flat specimens

(As=6.4 cm? each)

flat specimens

As=13 cm? each,
2@X65-0.13%C:
As=9 cm? each)

X65-0.05%C: WE
(As=5.59 cm?), and 4

(2@X65-0.05%C:

Solution volume to sample

surface ratio, ml/cm? 360 113
[H2S], M 0.00385
pH2S, bar 0.08 \ 0.18
pH @ operating conditions 4.0
Duration 4 days
Stirring speed 1000 rpm

Measurement methods

Weight loss, LPR, EIS

Surface characterization

XRD, SEM/EDS, Profilometry
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After the solution in the autoclave was sparged with N2 sparged for at least 2 hours
and the temperature was increased to 50 °C, specimens were inserted in the autoclave,
which was then closed and sealed by tightening bolts in a specific pattern; the autoclave
was then pressurized above 8 bar with N2 to check for leaks. During the leak check, the
impeller was started (1000 rpm). After checking for leaks, the N2 gas was released to a
total pressure of about 1 bar. The system was then pressurized with an H2S/N2 mix to the
calculated pressure, and a gas sample taken. Pressure was added to the autoclave in
consideration of the desired total molar amount of H2S needed. After that, the system was
left for 30 minutes to 1 hour to stabilize, and then another gas sample is taken to check if
the stabilized H2S concentration in the gas phase matches the calculated value. If there
is no need for further H2S concentration adjustments, temperature was increased to 80 °C
or 160 °C. The stable operating temperature was achieved within 2 hours. After this, the
open circuit potential (OCP) was measured after reaching a stable value (+/- 0.1 mV/min).
Linear polarization resistance (LPR) measurements were performed every 2 hours and
electrochemical impedance spectroscopy (EIS) measurements every 24 hours during the
next 4-day period. After the data collection was completed, the autoclave was cooled
down for about 3 hours after the 80 °C experiments and 11 hours after the 160 °C
experiments. When a temperature of 50 °C was achieved, the H2S gas sample was taken,
and the final pH of the bulk solution was measured. At the end of the test, pH is measured
using the same pH probe in a specially made external probe holder which allows fluid
from the autoclave to flow past the probe and into a controlled waste container with no
loss of containment. The autoclave was then depressurized completely, purged with N2
for one hour, and opened. Specimens were removed, rinsed with isopropanol, dried, and
a 10 mL liquid sample was taken from the autoclave to measure the Fe?* concentration
using a calibrated UV-Vis spectrophotometric method. Based on the Fe?* concentration
and the assumption that any corrosion occurring during the temperature transition times
had a negligible effect on the Fe?* concentration, the expected pH values at tested
temperatures were calculated using the concentration-based water chemistry model,
incorporating the hydrogen sulfide dissociation constants described by Ma.2

RESULTS AND DISCUSSION

Corrosion rates at 80 and 160 °C

Figure 2 demonstrates the change in LPR corrosion rate with time, and
repeatability of the experiments at the two temperatures tested. It is seen that the trend
is similar for both temperatures, but the corrosion rate stabilized more quickly at 160 °C.
The corrosion rates in both cases decreased with time due to the formation of a corrosion
product layer. Each experiment was repeated twice. Error bars represent the maximum
and minimum of corrosion rates at each period. Corrosion rates were calculated using B
values of 15 mV/decade at 80 °C and 19 mV/decade at 160 °C. These B values were
calculated using Equation (3):

BaBe
= 3
2.3(BatBc) 3)

where Ba and Bc are the anodic and cathodic Tafel slopes respectively. Their values can
be found using Equations (4-5) described by Nesic, et al., for Fe dissolution and H*
reduction reactions accordingly:



2.3RT

Ba =" (4)
2.3RT

Bc = 0SF (5)

where R is gas constant, T is temperature, and F is Faraday constant.®
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Figure 2. LPR corrosion rate with time at 80 °C and 160 °C
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Figure 3 shows the comparison between integrated average LPR corrosion rate
values and weight loss (WL) measurements. There was uncertainty in determining the
appropriate B values for LPR corrosion rate calculations, particularly whether the cathodic
reaction was governed by charge transfer or mass transfer processes. To resolve this,
two sets of LPR corrosion rates were computed: one assuming charge transfer control,
corresponding to the values presented in Figure 2, and another assuming mass transfer
control. For the mass transfer-controlled scenario, Equation (4) was utilized again, but the
cathodic Tafel slope was assumed to approach infinity, causing Equation (3) to transform
into:

_ ba
B = 2.3 (6)

The B values calculated for this case were 20 mV/decade at 80 °C, and 25
mV/decade at 160 °C.
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Figure 3. Comparison of corrosion rates over time at 80 °C and 160 °C, using
integrated average LPR values calculated with B values assuming either charge
transfer or mass transfer control, alongside WL measurements

For 80 °C, the values across all measurement types are quite similar, falling within
the error bars of the WL measurements. However, the error bars for the WL results at
80 °C are much larger compared to those at 160 °C, representing the max/min of WL
samples taken from different experiments. For 160 °C, the LPR values based on charge
transfer closely match the WL results. Still, it is difficult to determine whether the corrosion
process is controlled purely by charge or mass transfer; the actual results likely fall
somewhere in between. The difference between WL corrosion rates at the two
temperatures is statistically insignificant, as shown by the overlapping error bars.

A summary of experimental conditions and results is shown in Table 3. The
targeted initial and final conditions were calculated from the measured conditions at 50 °C
in the beginning and the end of the experiments. As can be seen, the calculated values
of pH increased during the 4-day experiments from pH 4.0 to pH 4.89+0.34 and pH
5.09+0.16 for 80 °C and 160 °C respectively.

Table 3
Summary of experimentally measured and calculated results

Targeted | calculated conditions at

Initial initial the end of the test time
mea;gred conditions, | 4t target temperature Measured conditions at 50 °C,
condltl(o)ns calculated at based on Fe2* after cool-down procedures
at50°C | T(°C)and | measurements at 50 °C
pH 4.0
(O-I(_:) pH2S (bar) | pH2S (bar) [pH2S (bar) pH pH2S (bar) pH Fe2* (ppm)
80 0.07 0.08 0.08+0.01 | 4.89+0.34 |0.06+0.01 |5.18+0.05| 4.86+2.29

160 0.10 0.18 0.12+0.01 | 5.09+0.16 0.06 |4.95+0.11| 3.75+2.38




EIS analysis at 80 and 160 °C

EIS was run during experiments to better characterize processes occurring in the
system. It is a very useful technique because, compared to DC methods limited by the
slowest step, EIS can give information about several processes happening
simultaneously in the system. However, interpretation of EIS data can be rather
challenging, and there are still a lot of contradictions in the literature.

Figure 4 demonstrates the comparison between the EIS data obtained at 80 and
160 °C. At 80 °C, the EIS was conducted at the beginning and at the end of each 4-day
experiment, while at 160 °C the measurements were taken daily at the same time. There
is a big difference between the time constants at initial and final stages at 80 °C shown
in Figure 4a. There are two time constants in both timeframes, however, a Warburg
impedance can be observed at the end of the experiment meaning that the corrosion
mechanism changed during the experiment.

For 160 °C, shown in Figure 4b, the overall trend for each day is the same; every
measurement shows three time constants overlapping each other. The shape does not
change during the 4-day period, meaning that the corrosion mechanism in the beginning
of the measurements is the same as during and at the end of the test.
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Figure 4. EIS analysis of samples exposed to H2S environment for 4 days at:
(a) 80 °C; (b) 160 °C



Surface Analysis at 80 and 160 °C

SEM images of corrosion product layers formed at 80 and 160 °C after 4 days of
exposure are shown in Figure 5. For the sample at 80 °C, the crystals are locally
concentrated and the polishing marks can be seen on the surface. This can be due to a
thin corrosion product layer. Energy dispersive X-ray spectroscopy (EDS) analysis
detects iron and sulfur both on the crystal and gap areas but indicates enhanced
concentrations of residual alloying elements.

Figure 5b and c show that the corrosion product layers formed on different types
of X65 with 0.05% C and 0.13% C are very similar. The rhombohedral type of crystals
with similar size can be seen on both types of X65 steel. However, the corrosion product
layer formed at 160 °C covers the surface of the metal much better, such that fewer
polishing marks or gaps can be seen as in the case of 80 °C. EDS analysis indicates iron,
sulfur, and other alloying elements (present on both types of steel as residues).
Specimens required further analysis by XRD to establish phase identity.
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Figure 5. SEM pictures of samples exposed to H2S environment for 4 days at:

(a) 80 °C; (b) and (c) 160 °C

XRD data in Figure 6a shows that the most intense peak is attributed to
mackinawite, and the second highest to iron (a-Fe). The iron peaks could appear due to



the mackinawite layer on the surface being thin, and X-rays penetrating through it.
References for XRD peaks are listed in Appendix A.

The highest peak for the X65-0.13%C steel specimen in Figure 6b is attributed to
iron, and the second highest to mackinawite. Also, there are several peaks matching with
pyrrhotite, meaning that the predominant part of the corrosion product layer consists of
pyrrhotite and mackinawite. Magnetite (FezOa4) was observed in previous research! as an
inner corrosion product layer between iron sulfides and the steel surface in an HzS “only”
environment. Magnetite may appear in the XRD results because the iron sulfide layer is
thin enough for X-rays to penetrate it, which could also explain the presence of iron peaks.
Lowest intensity peaks were attributed to pyrite and troilite.

Figure 6¢c combines XRD patterns for two different types of steel exposed to the
same environment. As can be seen, the peaks are overlapping, meaning that the same
corrosion product layers were formed on both types of X65 steel. In the case of X65-
0.05%C, the most intense peak corresponds to mackinawite, followed by iron. The
relative intensities of the two labelled a-Fe XRD peaks appear to be consistent. This could
be likely due to the variability in the layer thickness which was observed in the SEM
images in Figure 5b, which revealed gaps between the rhombohedral crystals. Similar to
X65-0.13%C, pyrrhotite and magnetite are present on the surface of the steel, and
possibly pyrite and troilite.
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Figure 6. XRD analysis of the specimen exposed to H2S environment for 4 days
at: (a) 80 °C; (b) and (c) 160 °C

Profilometry analysis was conducted on the surface of each WL sample after
removal of the corrosion product layer using a Clarke solution procedure® (Figure 7). To
exclude edge effects, only the middle part of each sample was analyzed. The X65-
0.05%C, tested at 80 °C, was found to have a surface roughness around =2 um and no



localized corrosion was found. Similarly, the surface roughness of the X65-0.13%C
specimen after 160 °C experiment was found to be approximately +4 um (Figure 7c) with
no localized corrosion observed. One of the X65-0.05%C samples had localized corrosion
with a maximum pit depth of 51 um (Figure 7b). The calculated pitting ratio was 3.8, and
penetration rate was found to be 4.4 mm/y. This demonstrates that pitting could occur in
the tested conditions at 160 °C.

X65-0.05%C

X65-0.05%C

(C)

Figure 7. Profilometry analysis of the specimen exposed to H2S environment for 4
days at: (a) 80 °C; (b) and (c) 160 °C

Cross-sectional analysis of samples was done for each of the experiments. The
results for one of the repeats at 80 °C are shown in Figure 8a. As can be seen, the layer
thickness varied between 5 to 12 um and predominantly contained sulfides. The EDS line
scan further supports previous findings, indicating sulfur and iron levels consistent with
the formation of an iron sulfide layer. When the steel surface is reached, there is no sulfur
present and iron content increases to a maximum.

Figure 8b and c demonstrate the corrosion product layers formed on X65-0.05%C
and X65-0.13%C samples during 160 °C experiments; the thicknesses of the layers are



similar (12 and 17 um, respectively). Similar to 80 °C, the EDS mapping analysis
demonstrated that the corrosion product layer on both types of steel consists mostly of
iron and sulfur at the top of the layer. However, different from the experiments at 80 °C,
iron and oxygen are present under the iron sulfide layer. These elements are an indication
that magnetite was present under the iron sulfide layer, which was also confirmed using
XRD.

There were some differences in thicknesses of corrosion product layers for X65-
0.05%C and X65-0.13%C, where the magnetite layer thicknesses are 4 and 8 um and
iron sulfide layers are 12 and 11 um in thickness, respectively.
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Figure 8. EDS mapping and line scan analysis of cross-section of the specimen
exposed to H2S environment for 4 days at: (a) 80 °C; (b) and (c) 160 °C

Comparison to literature results

The same conditions for H2S experiments were used by Gao?, so the comparison
can be made between current and literature results. XRD analysis at 80 °C done by Gao*
demonstrated that mackinawite was also the predominant corrosion product. At 160 °C
as reported in the literature, the formed corrosion product layer consisted predominantly
of pyrrhotite, whereas the current results observed the presence of a mackinawite and
pyrrhotite combination with an inner magnetite layer. Gao’s cross-sectional results? also
show the presence of magnetite under iron sulfide at 160 °C, but this was not observed
by XRD which is assumed to be due to a thick iron sulfide layer. Additionally, magnetite
was observed at 80 °C in Gao's cross-sections, but it was not detected in the current



experiments. This may be attributed to the formation of an extremely thin magnetite layer
on the nanoscale level, which is difficult to detect by these analysis methods.

CONCLUSIONS

A repeatable procedure for working with H2S at higher temperatures was
developed and tested. Iron sulfide layers were formed both at 80 °C and 160 °C . Similar
to previous research by Gao!, mackinawite was formed at 80 °C, and pyrrhotite at 160 °C.
However, the magnetite that Gao! observed both at 80 °C and 160 °C appeared only at
160 °C in the current experiments. Also, localized corrosion was found on the surface of
one sample at 160 °C. The corrosion rate decreased with time for both temperatures as
expected but remained relatively high due to corrosion product layers being unprotective.
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