
Effects of CO2 and H2S on Corrosion of
Martensitic Steels in Brines at Low
Temperature

Ruishu Feng,§,*,**,*** Justin R. Beck,§,*,** Derek M. Hall,*,** Aysel Buyuksagis,** Margaret Ziomek-Moroz,‡,****
and Serguei N. Lvov‡,*,**,*****

ABSTRACT

Corrosion studies were conducted for martensitic carbon
steels in 5 wt% NaCl brine solutions at 4°C and 10 MPa
(1,450 psi). These studies simulated different subsurface
environments relevant to Arctic drilling. Here, two high-strength
martensitic carbon steels, S-135 and UD-165, were studied in
three different environments: (1) a CO2-NaCl-H2O solutionwith a
CO2:H2Omolar ratio of 0.312 in the whole system, (2) an H2S-
NaCl-H2O solution with an H2S:H2O molar ratio of 3.12× 10−4,
and (3) a CO2-H2S-NaCl-H2O solution with the same acid gas
to water ratios as environments 1 and 2. Results from the
CO2+H2S mixed environment indicated that sour corrosion
mechanism was dominant when the CO2:H2S molar ratio was
1,000. This impact of a small amount of H2S on the corrosion
mechanism could be attributed to the specific adsorption of H2S
on the steel surface. Electrochemical and mass loss mea-
surements showed a distinct drop in the corrosion rate (CR) by
more than one order of magnitude when transitioning from
sweet to sour corrosion. This inhibiting effect on CR was
attributed to the formation of a protective sulfide thin film.

Tafel analyses of the anodic reaction showed that the
Bockris mechanism was unlikely in the conditions tested.
When comparisons were made between modeled and
experimental CRs, good agreement was found in the
CO2-only and H2S-only environments, but not in the
CO2+H2S environment.

KEY WORDS: cold-climate corrosion, corrosion mechanism,
corrosion rate, martensitic carbon steels, sweet and sour
corrosion

INTRODUCTION

The effects of CO2 and H2S on corrosion processes are
of considerable interest to the oil and gas industry
for a number of reasons.1-10 Though the individual
impacts of each gas are fairly well agreed on, more
understanding is still needed for mixed cases and
extreme conditions. In the case of sweet corrosion (CO2

corrosion), it is well known that dissolved CO2 lowers
the solution pH and increases the rate of corrosion.11-14

As for sour corrosion (H2S corrosion), the presence of
H2S in low concentrations typically decreases the cor-
rosion rate (CR).15-19 The proposed mechanism for
the CR drop associated with H2S is the formation of
a protective iron sulfide film. However, while this
reduced CRmay be preferred in some cases, the tradeoff
is that sulfide stress cracking becomes a possibility.
With different failure modes being possible between CO2

and H2S corrosion, it is particularly important to
understand when corrosion behaviors change for sys-
tems with these two acid gases. As the conditions for
transition between sweet and sour corrosion are still
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poorly defined, a better understanding is critical for
applications such as corrosion prevention and mitiga-
tion where both components are present.

Currently, no widespread law or model exists for
determining the transition between sweet and sour
corrosion. Though NACE SP0110 Appendix A pro-
vides a rough rule for determining the sweet-sour
transition,20 a number of studies have provided evi-
dence that this approach may be flawed in some cases.
This guideline states that a molar ratio of CO2:H2S
above 500 would be expected to produce sweet corro-
sion, whereas a ratio below 20 would lead to sour
corrosion. A ratio between 20 and 500 could display
mixed corrosion mechanisms. However, Smith in-
vestigated the assumption of 500 on the upper end
of the CO2:H2S ratio.21 Although thermodynamic
calculations for the stability of corrosion products could
justify the transition point of 500, the stability of
corrosion products was extremely sensitive to the
quality of the thermodynamic data used, and mod-
erately sensitive to temperature and solution ionic
strength. As an example, 1% change in the Gibbs free
energy value for FeCO3 could change the sweet-sour
corrosion transition point by more than a factor of 10.

In addition to the uncertainty identified by Smith,
laboratory experiments have been investigating the
kinetic effects of different CO2:H2S ratios over a wide
range of conditions. These results have shown that CO2:
H2S ratios from 500 to as high as 10,000 can still see a
decrease in CR associated with sour corrosion.15-19 As
such, more experimental evidence is needed to better
clarify the sweet-sour corrosion transition. These con-
cerns are especially relevant to cold-climate corrosion
in Arctic drilling projects. Although the temperatures
are lower, there is a possibility of higher corrosion risk
resulting from higher concentrations of dissolved acid
gases in deep wells.22-23

The purpose of this work was to provide data and
discussion on the effects of CO2 and H2S in simulated
Arctic environments. Corrosion properties of two
different martensitic carbon steels were investigated
using electrochemical techniques, mass loss mea-
surements, software modeling, and surface analyses.
The resulting data provided some insights into the
influence of CO2:H2S ratio on sweet-sour corrosion
transition when the temperature was low.

EXPERIMENTAL

Test Conditions
A temperature of 4°C was selected with a total

system pressure of 10 MPa. The test solution contained
5 wt% NaCl (0.9 mol/kg). The sweet, sour, and mixed
conditions were prepared by holding the test solution in
equilibrium with different non-aqueous phases. The
three cases used were: (1) CO2, (2) an H2S/Ar mixture,

and (3) a CO2/H2S/Ar mixture. It should be noted
that CO2 is a liquid phase at 10 MPa and 4°C.24 The
formation of CO2 hydrate was also possible at the
interface between liquid CO2 and the aqueous phase.25-26

However, its impact on corrosion was not considered in
this work because corrosion was mostly determined by
the bulk aqueous solution. Care should be taken to
describe the system at high pressures when referring
to such substances as “gas” or “vapor” phases. There-
fore, inputs were described using molar fractions as
opposed to partial pressures.

Test procedures were designed to allow consis-
tent dosing of substances to reach the desired molar
fractions. Deep wells are predicted to encounter total
pressures up to 100 MPa, and the “gas” phase may
contain over 10% CO2 and 0.01% H2S.

9 Here, ex-
perimental conditions were calculated to represent
exposures with a similar ratio. The total amount of
each component in all of the phases was calculated, and
the system was defined using the X:H2O molar ratios,
where X represents the non-water species such as NaCl,
CO2, H2S, and Ar. The molar ratios used for labora-
tory testing were CO2:H2O = 0.312 and H2S:H2O =
3.12 × 10−4. These two fractions maintained a ratio of
CO2:H2S = 1,000:1 for the mixed case when mixed. The
Ar:H2O ratio was not controlled, but rather Ar was
used to balance the total pressure between tests. Phase
equilibria calculations were performed using com-
mercial thermodynamic modeling software (OLI
Analyzer†) to determine the amounts of each species
needed to achieve the internal autoclave volume
(476 mL after assembly) at 4°C and a total pressure of
10 MPa. System compositions (in mol) for the three test
environments are given in Table 1. To achieve the total
pressure, the amounts of H2O and H2S were higher
in the H2S-only condition than in the CO2-containing
conditions, while the molar ratios were the same.

Electrode Materials
Two different martensitic drilling steels were

tested: a high-strength low-alloy carbon steel com-
monly used for drill pipe, grade S-135, and a newly
designed ultra-high-strength low-alloy carbon steel,
grade UD-165. Their chemical compositions are given
in Table 2.27 UD-165 has lower chromium, but higher
nickel, copper, and sulfur than S-135.

CRs were quantified from working electrodes and
mass loss samples. To electrochemically quantify the
CR, working electrodes with dimensions of 10 mm ×

10 mm × 5 mmwere prepared out of each material. Only

TABLE 1
Test Conditions for Corrosion Tests (mol) at 4°C

H2S CO2 H2O NaCl Ar

CO2 0 4.52 14.49 0.235 0
CO2+H2S 4.49 × 10−3 4.49 14.40 0.233 0.0404
H2S 6.30 × 10−3 0 20.20 0.327 0.5597† Trade name.
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one 10 mm × 10 mm face of each working electrode
was exposed to the test solution, and all other sides were
coated with an epoxy. A Type 304 stainless steel (UNS
S30400(1)) wire was attached to the opposite 10 mm ×

10 mm face as the electrical lead. The wire was coated
with shrinkable polytetrafluoroethylene (PTFE) tubing
to avoid any unwanted galvanic couples. Three
working electrodes of the same steel were sealed into a
PTFE holder using the epoxy. Mass loss samples were
prepared using 25 mm × 20 mm × 2 mm plates. A hole
with 3 mm internal diameter was drilled near the top
of each plate so that the samples could be suspended
from a PTFE-coated wire. The working electrode
surfaces and the mass loss samples were both sanded
with 600 grit SiC paper and then cleaned in acetone
inside an ultrasonic bath for 30 min to 60 min.

System Setup
All measurements were performed in a 600 mL

autoclave (Parr 4560†). A PTFE liner was used to isolate
the test solution from the autoclave vessel. The cus-
tom three-electrode assemblies and the mass loss
samples were submerged in the test solutions within
the autoclave. Temperature was controlled using a
circulating chiller and a copper coil cooling loop
wrapped around the autoclave vessel. Pressure was
monitored with amounted pressure transducer in the
lid. All of the test systems were stirred using an impeller
rotating at 150 revolution per minute (rpm). A
computer-controlled Gamry Reference 600† potentio-
stat was used to perform the electrochemical
measurements.

Within the autoclave, electrochemical measure-
ments were performed using the three-electrode
approach. The working electrodes were the steel
samples to be studied. The counter electrodes were
20 mm × 10 mm × 1 mm platinum plates or meshes.
Electrode leads were all coated with shrinkable PTFE.
To place each counter electrode parallel to a corre-
sponding working electrode in the system, counter
electrode leads were inserted through the electrode
assembly edge. A schematic of the autoclave system
is shown in Figure 1.

Custom double-junction Ag/AgCl reference
electrodes were used as reference electrodes. The filling
solution was 5 wt% NaCl to minimize any liquid
junction potential between the reference electrode and
test solutions. The inner junction of the reference
electrode consisted of the Ag/AgCl electrode submerged
in solution-saturated zirconia sand inside an alumina
ceramic tube. The top of the tube was sealed with an
epoxy, and the bottom was supported using a porous
zirconia-magnesia cement. The second junction
was prepared by sealing a shrinkable PTFE tube
around the outside of the ceramic tube. Inside this
extended PTFE tube was filled again with solution-
saturated zirconia sand, and either another cement frit
or a perforated PTFE plug was used to support the
second junction. Two reference electrodes were used
in each test. New electrodes were prepared for each
experiment. The reference electrode potential at 4°C

TABLE 2
Chemical Compositions (mass%) of S-135 and UD-165

Steel Fe Cr Mn Mo Al Ni Cu Nb S

S-135 Bal. 1.39 0.78 0.68 0.03 0.02 0.02 <0.01 0.002
UD-165 Bal. 0.79 0.88 0.67 0.03 0.81 0.19 0.02 0.007

Steel P B C N V Si Sn Ti

S-135 0.006 <0.005 0.26 0.005 <0.01 0.3 <0.01 <0.01
UD-165 <0.005 <0.005 0.27 0.007 0.07 0.26 <0.01 <0.01

2
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7

8

12

9

1

13

Aqueous

11

15

16

14

10

Non-aqueous

FIGURE 1. Schematic diagram of the autoclave system. 1: Connec-
tion to pressure transducer. 2: Copper coil cooling loop. 3: Autoclave
stainless steel vessel. 4: PTFE liner. 5: Polymer-coated thermocou-
ple. 6: Dip tubing. 7: Epoxy-coated stirrer. 8: PTFE-coated working
electrode leads. 9: Two Ag/AgCl reference electrodes. 10: Two mass
loss samples. 11: PTFE sample holder assembly. 12: Three steel
working electrodes. 13: Three Pt counter electrodes. 14: Supercriti-
cal CO2 pump. 15: H2S/Ar cylinder or Ar cylinder. 16: CO2 cylinder.

(1) 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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was calculated to be 0.248 V vs. the standard hy-
drogen electrode (SHE) using the data from the ther-
modynamic modeling software. The results were
confirmed through comparison with calculations
performed using thermodynamic properties and
activity coefficients from literature.28-30

Each test used a total of three working electrodes
and two mass loss samples that would be simulta-
neously exposed to the same test solution. Only one
steel (either S-135 or UD-165) was studied during each
test. Data collected from these samples were used to
calculate the average and standard deviation (SD)
values for each material.

Experimental Procedures
To achieve the desired system pressure and

chemical compositions shown in Table 1, an experi-
mental procedure was developed. First, the electrode
assemblies and mass loss samples were added to the
autoclave. The desired amount of dry NaCl was placed
at the PTFE liner bottom before the autoclave was
sealed. After sealing, oxygen was purged from the
system by repeatedly pressurizing with Ar (ultra high
purity) to 2 MPa (290 psi) then depressurizing to
ambient. During the pressure cycles, the system was
cooled to 4°C. The system was allowed to chill over-
night to ensure a stable temperature (±1°C) for gas
injection.

Next, H2S was added (when applicable) using a
10 vol%H2S in Ar blend through the dip tubing (number
6 in Figure 1). The H2S/Ar blend was used for safety
reasons. The desired pressure of H2S/Ar blend was
calculated using the available internal volume left in
the autoclave (476 mL). In the H2S-only condition, a
certain amount of Ar was added so that the final
addition of water could reach the desired system pres-
sure and H2S:H2O molar ratio.

After the addition of any H2S required, water was
injected into the system. Water was deionized (DI) using
a Milli-Q† system to a resistivity of 18 MΩ·cm. The DI
water was then deaerated with Ar through a sparger for
at least 1 h prior to injection. The deaerated DI water
was injected into the system using a high performance
liquid chromatography (HPLC) pump. The HPLC
pump was set at a flow rate of 10 mL/min and run until
the desired amount of water was transferred to the
system. For the H2S-only system, water injection was
the final step. It should be noted that while the target
pressure was 10 MPa, the actual pressure was in the
range of 7 MPa to 8 MPa in the H2S-only case. This
was likely the result of uncertainty in measuring the
autoclave internal volume and uncertainties in
thermodynamic values used to determine the amount
of mass needed to reach the desired pressure. Nev-
ertheless, the molar ratio of H2S:H2O was consistent
with the other conditions.

For the cases requiring CO2, 99.99% purity CO2

was added using a supercritical CO2 pump directly after

water injection to achieve and maintain the total
pressure of 10 MPa.

Once the desired conditions were reached, elec-
trochemical measurements were performed. Linear
polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS) measurements over time
were used to determine when the system approached
a steady state. The CRs over time in Figure 2 indicate
that the system approached the steady state by the
60 h mark. After 60 h, cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) were used, in addi-
tion to LPR and EIS, to study electrochemical properties
of the working electrodes. LPR was measured at a
scan rate of 0.1mV/s over a range of ±15mV around the
corrosion potential, Ecorr. EIS was performed with an
amplitude of 10 mV over a frequency range from
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FIGURE 2. Corrosion rates from LPR for S-135 (top) and UD-165
(bottom) with SD over time in the CO2-only, CO2+H2S, and H2S-only
cases. Conditions: 4°C, 0.9 mol/kg NaCl solutions, 150 rpm.
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200 kHz down to 5 mHz. After the system reached the
steady state, CV was run at a sweep rate of 50 mV/s.
LSV was conducted at a scan rate of 1 mV/s,
sweeping up and down from Ecorr. One of the three
working electrodes in each test was used for surface
analysis, so it was not polarized with CV and LSV.
The CV and LSV were only run in the two 1 × 1 cm2

working electrodes, and the dissolved Fe resulting from
polarization was of the order of 10−6 mol, which was
negligible compared to the Fe dissolution over 60 h.
All of the direct current (DC) curves were corrected to
take into account the solution resistance (Rsol) mea-
sured from EIS. Total exposure time was recorded for
mass loss calculation (90 h to 120 h).

After each test was completed, the autoclave
system was depressurized and then disassembled. All
electrodes and mass loss samples were rinsed with
distilled water, dried with Ar, and then sealed in sample
bags under Ar. The working electrode used for surface
analysis was examined with scanning electron micros-
copy (SEM) and energy dispersive x-ray spectroscopy
(EDS). Mass loss samples were cleaned and analyzed
according to ASTM G1-03 using Solution C.3.5 (HCl
and hexamethylene tetramine) as described in
Appendix A1.31 Polished and unexposed samples
were also cleaned to serve as calibrations for material
loss resulting from the cleaning procedure.

RESULTS AND DISCUSSION

Solution Speciation
The thermodynamic calculation showed that

CO2(aq) and H2S(aq) were the dominant carbonate and
sulfide aqueous species in the conditions tested. The
speciation was calculated using a commercial thermo-
dynamic modeling software.32 The calculated pH,
carbonate species, and sulfide species are given in
Table 3. Note that concentrations in the aqueous
phase are expressed in mol/kg H2O. Before corrosion
took place, the solution pH was 3.0 for the CO2-
containing conditions, whereas it was 4.5 for the
H2S-H2O-NaCl condition. For the CO2-containing
conditions, CO2(aq) was the dominant carbonate spe-
cies dissolved in the aqueous phase. For the mixed
CO2+H2S condition, the H2S(aq) concentration was

calculated to be lower than CO2(aq) by three orders of
magnitude, which barely changed the pH and carbonate
speciation compared with the CO2-only case. For the
H2S-only condition, H2S(aq) was the dominant sulfide
species.

In the CO2+H2S condition, the H2S(aq) concen-
tration was smaller than in the H2S-only condition by a
factor of 4. This was a result of the dissolution of H2S
in the CO2 liquid phase, which was calculated to be
1.40 × 10−2 mol/kg H2O. This value was converted to
the mol/kg H2O scale for the sake of comparison.
Therefore, the molar ratio of CO2:H2S = 1,000:1 in the
whole system (aqueous and non-aqueous phases)
resulted in an aqueous CO2(aq):H2S(aq) ratio of
approximately 440.

The solution pH increased after 60 h of corrosion
process, as shown in Tables 3 and 8. The pH and
speciation were calculated taking account of Fe dis-
solution, and the dissolved Fe was calculated over 60 h
using Faraday’s law of electrolysis. The largest in-
crease in pH was 1.2 in the CO2-only condition for
UD-165. Although the pH increase corresponded to
some speciation change, the dominant carbonate and
sulfide species remained as CO2(aq) and H2S(aq). The
aqueous CO2(aq):H2S(aq) ratio was still close to 440 in
the CO2+H2S condition.

Polarization Resistance and Corrosion Rate
Both steels showed a correlation between Rpol

and the presence of H2S. Steady-state polarization
resistances, Rpol, of S-135 and UD-165 are listed in
Table 4. Rpol increased by more than one order of
magnitude in the presence of H2S, indicating that a

TABLE 3
The Calculated pH and Carbonate and Sulfide Species in the Aqueous Phase (mol/kg H2O)

Time (t) 0 60 h (UD-165)

Conditions CO2 CO2+H2S H2S CO2 CO2+H2S H2S

pH 3.0 3.0 4.5 4.2 3.4 5.5
CO2(aq) 1.43 1.44 0 1.40 1.41 0
HCO−

3ðaqÞ 9.29 × 10−4 9.28 × 10−4 0 1.99 × 10−2 2.63 × 10−3 0
CO2−

3 ðaqÞ 1.48 × 10−10 1.47 × 10−10 0 5.89 × 10−8 1.01 × 10−9 0
H2S(aq) 0 3.29 × 10−3 1.41 × 10−2 0 3.25 × 10−3 1.35 × 10−2

HS− (aq) 0 2.12 × 10−7 3.39 × 10−5 0 5.08 × 10−7 3.60 × 10−4

S2−(aq) 0 1.68 × 10−19 7.75 × 10−16 0 9.70 × 10−19 9.14 × 10−14

TABLE 4
Polarization Resistance Rpol (Ω·cm

2) Results for S-135 and
UD-165 After 60 Hours

Steel Gas LPR EIS

S-135 CO2 336±59 326±46
CO2+H2S 8,067±3,048 8,236±3,213

H2S 4,038±483 4,013±566
UD-165 CO2 76±7 95±18

CO2+H2S 4,180±526 4,286±711
H2S 2,722±184 2,702±206
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small amount of H2S decreased corrosion on these
steels at 4°C. This matched the behavior that has
been reported for low concentrations of H2S at other
temperatures.19,33 For each steel, Rpol in the H2S-only
case was about half of that in the CO2+H2S condition.
This indicates that although the H2S presence de-
creased corrosion compared to CO2, a higher H2S(aq)
concentration increased corrosion compared to the
lower concentration of H2S(aq).

The EIS results confirmed the active corrosion
behavior, which was one assumption used to calculate
the CR.30,34 The representative Nyquist plots and
Bode phase angle plots at steady sate are shown in
Figure 3. The Nyquist plots were depressed semicir-
cles with one time constant. The phase angles in the
CO2+H2S condition were determined by H2S instead
of CO2. The data were fitted using the Randles circuit
without diffusion, shown in Figure 4. Rsol represents
the solution resistance, and Rpol represents the polar-
ization resistance. A constant phase element (CPE)
was used to account for non-ideality of the double-layer
capacitance, Cdl.

The CRs of S-135 and UD-165 were calculated
according to the Stern-Geary equation using Rpol.

2,34

The Tafel slopes were calculated assuming the

symmetry coefficient (β) was 0.5 and two electrons were
transferred in the Fe dissolution reaction, following
Equations (2) and (8). In Figure 2, the CRs over time
fluctuated at the early stage and then approached a
steady state by 60 h. The CRs from LPR, EIS, and mass
loss samples after 60 h are given in Table 5. Inversely
with Rpol, the CR dropped by more than one order of
magnitude in the presence of H2S.

In Table 5, CRs from LPR and EIS were all within
a few percentages of one another. When comparing CRs
from electrochemical and mass loss measurements,
results were generally within 30% for the CO2-only
case, which was fairly close considering the SDs. But
for the H2S-containing cases, CRs from mass loss
samples were almost three times larger than those
from electrochemical tests. The difference was attrib-
uted to relatively larger errors in the mass loss
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measurements when the CR was lower. It was found
that the material lost from each exposure to the
cleaning solution was of a similar order to the mass lost
from corrosion in H2S-containing conditions, which
likely resulted in exaggerated CRs.

In all three conditions, UD-165 had higher CRs
than S-135. The CR was higher by a factor of two in the
presence of H2S and a factor of four without H2S. The
higher CR of UD-165 may originate from its chemical
composition and microstructure.

Overall, it can be seen that a molar ratio of CO2:
H2S as high as 1,000 was still enough to transition from
sweet to sour corrosion in the low-temperature and
high-pressure environment tested here. Furthermore,
the ratio of dissolved CO2(aq):H2S(aq) may present a
more convenient approach to estimating sweet to
sour corrosion transition points. The CRs obtained
indicate that sour corrosion was still dominant at
aqueous CO2(aq):H2S(aq) ratio around 440 in the low-
temperature regime.

Cyclic Voltammetry Results
From CV curves, two observations were made at

the low-temperature conditions. (1) No obvious limiting
currents were observed in the anodic region, indi-
cating that all anodic reactions showed no clear signs of
mass transport limitations. This result agreed with
the reported effects of CO2 and H2S in literature.17,35-38

(2) A peak was observed in the anodic sweep for
systems with H2S but was absent without H2S. As such,
sulfide-related electrochemical reactions did con-
tribute to corrosion polarization curves even in the
case with a high CO2:H2S ratio. Representative CV
curves for the two steels are shown in Figure 5.

Tafel Analysis
A Tafel analysis of LSV data showed an observ-

able impact of H2S on both anodic and cathodic Tafel
slopes compared to those obtained without H2S.
Representative LSV plots for each steel are shown in
Figure 6. The anodic (ba) and cathodic (bc) Tafel slopes
were taken at least 50 mV from Ecorr. The average Tafel
slopes were obtained from two working electrodes and
are given in Table 6 along with SDs.

The Tafel slopes (ba or bc) from S-135 were within
1 SD between the two cases containing H2S, but

significantly different from the CO2-only case. The
Tafel values obtained for UD-165 followed the same
trend as S-135 when comparing between different gas
cases. These observations fortify the theory that H2S
impacted the corrosion mechanism even when its
concentration was significantly lower than CO2. This
impact of a small amount of H2S on the corrosion
mechanism could be attributed to the specific adsorp-
tion of H2S on the steel surface.39 Additionally, in
Figure 6, the largely polarized anodic region (>150 mV
vs. Ecorr) of UD-165 in the CO2+H2S condition showed

TABLE 5
Corrosion Rate (mm/y) Results for S-135 and UD-165 After 60 Hours

Steel Gas LPR EIS Mass Loss Modeled, t = 60 h

S-135 CO2 0.42±0.07 0.43±0.06 0.59±0.02 2.42
CO2+H2S 0.019±0.007 0.019±0.008 0.060±0.015 2.50

H2S 0.035±0.004 0.035±0.005 0.080±0.014 0.049
UD-165 CO2 1.8±0.2 1.5±0.3 1.8±0.3 2.21

CO2+H2S 0.033±0.004 0.033±0.005 0.088±0.004 2.96
H2S 0.051±0.004 0.052±0.004 0.068±0.024 0.049
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FIGURE 5. Cyclic voltammetry curves for S-135 (top) and UD-165
(bottom) at 50 mV/s. Conditions: 4°C, 0.9 mol/kg NaCl solutions,
150 rpm. Black = CO2, gray = CO2+H2S, dashed = H2S.
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a slope getting close to the anodic Tafel slope in the
CO2-only condition. This slope transition could be
explained by the consumption of adsorbed H2S at the
surface and the transition to CO2 corrosion, if one
assumes a layer of H2S was adsorbed to the surface.

For sweet and sour corrosion processes, a few
different mechanisms with Tafel slope values have been
proposed. For sour corrosion, Shoesmith, et al.,40

proposed a chemisorption-oxidation mechanism be-
tween Fe and H2S to form mackinawite in saturated
H2S solutions at 21°C. Ma, et al.,41 proposed a similar

mechanism with two consecutive electron transfers.
These two mechanisms are both analogous to the Fe
dissolution reactionmechanism proposed by Bockris,
et al.,42 involving an intermediate formation with
OH−(aq). Iofa, et al.,39 and Zhang, et al.,7 described a
mechanism involving a chemisorbed hydrogen sulfide
layer and two electrons transferred simultaneously.
For CO2 corrosion, the anodic mechanism has been
frequently assumed to follow the Bockris mechanism,
which could well explain some experimental Tafel slopes
from 0.03 V/decade to 0.04 V/decade.8,14,43-44

Anodic Tafel Analysis — By calculating possible
symmetry coefficients from different anodic Tafel
slope equations, some observations were made. The
anodic Tafel slope equation of the Bockris mechanism
is as follows:42

ba =
2.303RT
ð1 + βÞF (1)

where R is the gas constant, T is the absolute tem-
perature, and F is the Faraday constant.

In some sweet corrosion studies, Nešić, et al.,35

reported that ba values changed from 0.03 V/decade
to 0.12 V/decade when pH increased from 4 to 5 at
22°C, indicating a mechanism transition. Videm
and Koren stated that the anodic Tafel slope was
0.03 V/decade in the lower polarization region and
0.12 V/decade in the higher polarization region at
25°C.12 However, the lower polarization regions which
gave Tafel slopes of 0.03 V/decade to 0.04 V/decade
were found to be so close to the open-circuit potential
that they may have been interfered with by the
cathodic behavior. Therefore, the ba value of 0.12 V/
decade in the higher polarization region was likely to
be the real Tafel slope. ba of 0.12 V/decade could be
correlated with a mechanism involving one electron
transferred (n = 1) in the rate determining step (RDS)
when assuming the symmetry coefficient (β) to be 0.5
in Equation (2).

ba =
2.303RT
nð1 − βÞF (2)

where n is the number of electrons transferred in the
reaction. It has been proposed by the authors previously
that the HCO−

3ðaqÞ reaction followed the one-electron
mechanism at 85°C, and the OH−(aq) reaction followed
the Bockris mechanism at higher pH.2

Because of its physical meaning, β should be
between 0 and 1, and β is usually assumed as 0.5 for
kinetics calculations. To check the applicability of
different mechanisms at 4°C, the β values were calcu-
lated from the experimental Tafel slopes following
different mechanisms to check if βwas between 0 and 1.
Three anodic reaction mechanisms were considered
here: the Bockris mechanism, the one-electron mech-
anism (1e), and the two-electron mechanism (2e). The
calculated β values are given in Table 7.
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FIGURE 6. LSV plots for S-135 (top) and UD-165 (bottom) at a scan
rate of 1 mV/s. Conditions: 4°C, 0.9 mol/kg NaCl solutions, 150 rpm.
Black = CO2, gray = CO2+H2S, dashed = H2S.

TABLE 6
The Measured Tafel Slopes (V/decade) for S-135 and

UD-165 After 60 Hours

S-135 UD-165

Gas ba bc ba bc

CO2 0.178±0.024 −0.755±0.000 0.251±0.057 −0.608±0.077
CO2+H2S 0.073±0.001 −0.395±0.064 0.063 −0.481
H2S 0.076±0.021 −0.312±0.098 0.092±0.001 −0.251±0.041
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For the anodic reaction in the tested conditions at
4°C, the Bockris mechanism was not possible because
its corresponding β values were negative, as shown in
Table 7. The corresponding β values were between 0 and
1 for the 1e mechanism and the 2e mechanism.
Therefore, neither 1e nor 2e mechanisms could be ex-
cluded for any of the conditions tested at 4°C. If both
S-135 and UD-165 followed a 1e mechanism for sweet
corrosion, amechanism that produced β values closer
to 0.5 than the 2e mechanism, the anodic reaction
mechanism for CO2(aq) could be described by
Reactions (3) through (5).

A 1e mechanism for sweet corrosion at low
temperatures can be described as:

FeðsÞþH2CO3ðaqÞ→FeHCO3ðadÞþHþðaqÞþe−ðRDSÞ (3)

FeHCO3ðadÞ ↔ FeHCOþ
3 ðadÞ þ e− (4)

FeHCOþ
3 ðadÞ þHþðaqÞ ↔ Fe2þðaqÞ þH2CO3ðaqÞ (5)

Unlike the case without H2S, cases with H2S
provided Tafel slopes that resulted in β values closer to
0.5 when using the equation for the 2e mechanism.
The 2e mechanism agreed with the anodic Tafel slopes
reported in literature for H2S-containing solutions,
0.04 V/decade to 0.05 V/decade at 20°C to 30°C, where
β would be around 0.6.38,45-46 However, the Inter-
national Union of Pure and Applied Chemistry (IUPAC)
recommended in 2014 that the simultaneous transfer
of more than one electron was highly improbable.47

Another possibility is that sour corrosion also fol-
lowed a 1e mechanism but β values were less than 0.5.
Given the lack of data available, further evidence is
needed to better identify the true elementary reaction
steps for the anodic electrochemical reaction during
sour corrosion.

Cathodic Tafel Analysis — A similar approach to
anodic Tafel analysis was used to study the cathodic
Tafel slopes collected for sweet and sour corrosion.
Again some possible mechanisms are presented for
the cathodic reaction in sweet and sour corrosion.

For each mechanism, a Tafel slope equation is pre-
sented and corresponding symmetry coefficients were
calculated.

For corrosion processes in deaerated solutions,
the hydrogen evolution reaction (HER) is commonly
assumed to be a primary cathodic reaction. In acidic
solutions, the reduction reaction of H+(aq) is assumed to
be the dominant pathway for producing H2. For the
acidic regime, the Volmer-Heyrovsky (V-H) and Volmer-
Tafel (V-T) mechanisms are two proposed HER
mechanisms. Their Tafel slopes can be calculated
using Equations (6) and (7), respectively.2,48

Cathodic Tafel slope in the V-H mechanism:48

bc = −
2.303RT

βF
(6)

Cathodic Tafel slope in the V-T mechanism:48

bc = −
2.303RT

2F
(7)

However, dissolved CO2 and H2S formweak acids
in water and have been proposed to provide alternative
mechanisms for hydrogen evolution. One way is to
provide H+(aq) through dissociation. The other way is
the direct reduction of H2CO3(aq) and H2S(aq).

40,49

The Tafel slopes for HER with H+(aq), H2CO3(aq),
and H2S(aq) were frequently reported to be around
−0.120 V/decade in literature at 20°C to 30°C, which
is often used in modeling calculation.14,38-39,45-46

Despite the differences in the species involved, these
proposed reactions all had Tafel slope equations
identical to the V-H mechanism, i.e., 1e mechanism.

To compare with the collected cathodic Tafel
slopes, β values for the V-H mechanism and the
expected Tafel slope for the V-T mechanism were
calculated. For the V-T mechanism, the bc value for
this experimental system was calculated to be
−0.0275 V/decade, which was smaller than the mea-
sured bc by a factor of 9 to 27 in Table 6. A two-
electron cathodic mechanism is also included in Table 7
for comparison, and its Tafel slope was calculated
using Equation (8):

bc = −
2.303RT

2βF
(8)

Although the corresponding β values for the V-H
mechanism and the two-electron cathodic mechanism
were within 0 to 1 as shown in Table 7, they were very
close to 0, especially for the two-electron cathodic
mechanism. The corresponding β values were so low
that further study on more suitable explanations is
needed.

Corrosion Modeling Results
The experimental results were compared with

those calculated for each condition using the

TABLE 7
Symmetry Coefficients (β) Calculated from the Measured

Tafel Slopes

S-135 UD-165

Anodic Reaction Bockris 1e 2e Bockris 1e 2e

CO2 −0.69 0.69 0.85 −0.78 0.78 0.89
CO2+H2S −0.25 0.25 0.63 −0.13 0.13 0.57
H2S −0.28 0.28 0.64 −0.40 0.40 0.70

Cathodic Reaction V-H V-T 2e V-H V-T 2e

CO2 0.07 — 0.04 0.09 — 0.05
CO2+H2S 0.14 — 0.07 0.11 — 0.06
H2S 0.18 — 0.09 0.22 — 0.11
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commercial modeling software,50-51 and the modeled
CR results are also given in Table 5. The CR calculations
were performed assuming a rotating disk of generic
carbon steel (UNS G10100) in the test environments
listed in Table 1 at 4°C and 10MPa (7 MPa in the H2S-
only system). The Fe dissolution over 60 h was taken
into account. Hydrodynamic effects were approxi-
mated as a rotating disk electrode (Ø10mm) at 150 rpm.

Modeled and experimental CRs were in reason-
able agreement in the unmixed cases for UD-165 and
S-135. In the CO2-only case, modeled CRs for UD-165
were within 2 SD of experimental values, and within a
factor of 5 for S-135. In the H2S-only case, for both
UD-165 and S-135, the modeled CRs were within 2 SD
of the electrochemically obtained values and within a
factor of 2 from the mass loss samples.

Modeled CRs for the CO2+H2S case were signif-
icantly different from what was experimentally
obtained. As the modeled CRs for the mixed condition
were very close to themodeled CRs in the CO2-only case,
it is likely that themodel put this mix ratio of CO2:H2S
in the sweet corrosion regime. These results suggest
that the CR models should adjust their assumptions
on the transition point between sweet and sour
corrosion.

Table 8 shows a comparison between the ex-
perimentally measured Ecorr and those calculated using
the commercial modeling software after 60 h. Unlike
the CR, the measured Ecorr strongly correlated with the
presence of CO2 rather than H2S. This suggests that
Ecorr was more of a function of pH, which is also given in
Table 8. pH affects the equilibrium potential for the
cathodic reactions (HERs), which in turn shifts Ecorr to a
more positive value when the pH is lower. pH also
affects the equilibrium potential for the anodic reaction
by changing the solubility of corrosion products in the
aqueous phase. The modeled Ecorr values followed a
similar trend with the experimental values, and were
within −90 mV from the experimental Ecorr.

Pourbaix Diagrams and Surface Analysis
Pourbaix diagrams were generated using the

commercial modeling software to predict the thermo-
dynamically predominant corrosion products in the
three gas conditions, which are depicted in Figures 7
through 9, respectively. The dissolved Fe after 60 h
was used for the calculation, as shown in the figure
captions. For the CO2-only and CO2+H2S conditions,

soluble Fe2+(aq) and FeHCOþ
3 ðaqÞ were predicted to be

the thermodynamically favorable products, which
supports the assumption of active corrosion. For the
H2S-only condition, solid FeS(s) was predicted to be
thermodynamically stable after 60 h. The FeS phase is
pyrrhotite in the Pourbaix diagram because it is more
thermodynamically stable and more protective than
mackinawite, despite the formation of mackinawite at
the early stage.52 This suggests that the protective FeS(s)
on the steel surface decreased the corrosion in the
presence of H2S. It agrees with the protective sulfide thin
film reported in literature.19,33 At the surface, the pH

TABLE 8
Experimental (exp) and Modeled (mdl) Ecorr (VSHE) and pH After 60 Hours

S-135 UD-165

Gas Ecorr–exp Ecorr–mdl pH Ecorr–exp Ecorr–mdl pH

CO2 −0.353±0.001 −0.414 3.9 −0.332±0.001 −0.424 4.2
CO2+H2S −0.348±0.006 −0.394 3.0 −0.337±0.004 −0.411 3.4
H2S −0.444±0.002 −0.476 5.4 −0.460±0.002 −0.476 5.5
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and Fe2+(aq) concentration were higher than in the bulk
solution,17 so the formation of FeCO3(s) and FeS(s)
were also likely at the surface in the CO2-only and
CO2+H2S cases, respectively. The lower CR in the
CO2+H2S case indicates that the FeS(s) layer was more
protective than FeCO3(s).

Efforts were made to analyze the corroded sur-
faces using SEM and EDS. However, for all of the
samples, the corrosion products on the surfaces
noticeably changed color within 10 min of exposure to
the atmosphere. The EDS analysis showed that the
chemical composition over the surface was close to
1Fe:2O or 2Fe:3O.53 The discoloration and the sig-
nificant portion of oxygen on the sample surfaces sug-
gested oxidation of the existing corrosion products
after the samples were exposed to the atmosphere.

CONCLUSIONS

v Experimental results for two drill steels, S-135 and
UD-165, showed a distinct drop in corrosion rate by
more than one order of magnitude when transitioning
from sweet to sour corrosion in 5 wt% NaCl solutions at
4°C and 7 MPa to 10 MPa total pressure. A CO2:H2S
molar ratio as high as 1,000 was still enough for sour
corrosion to dominate in the conditions tested. The
corrosion rates in the CO2-only condition were of the
order of 0.5 mm/y to 2 mm/y, whereas the H2S-only
and CO2+H2S conditions gave corrosion rates of the
order of 0.05 mm/y.
v The molar ratio of CO2:H2S = 1,000:1 in the whole
system resulted in an aqueous CO2(aq):H2S(aq) ratio of
approximately 440. Although the pH increased with
the Fe dissolution, the dominant carbonate and sulfide
species remained to be CO2(aq) and H2S(aq). The
reaction mechanism was determined by the presence of
H2S, although its concentration wasmuch lower than
CO2. This impact of a small amount of H2S on the
corrosion mechanism could be attributed to the

specific adsorption of H2S on the steel surface. Tafel
analyses showed that the Bockris mechanism was
unlikely for anodic reactions in the tested conditions.
v Good agreement was seen between the experi-
mental and modeled corrosion rates in the CO2-only
and H2S-only conditions. However, different from the
experimental result, the modeling predicted the mixed
case to be in the sweet corrosion regime. While the
experimental corrosion behavior was strongly depen-
dent on the presence of H2S, both experimental and
modeled Ecorr values were related to the CO2 content
and pH.
v According to the Pourbaix diagrams, solid FeS(s)
was predicted to be thermodynamically stable after 60 h
in the H2S-only condition. The protective FeS(s) thin
film on the steel surface decreased the corrosion in the
presence of H2S.
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mol H2S, 0.5597 mol Ar, 1.30× 10−4 mol Fe. pH = 5.5 for UD-165
after 60 h.
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