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ABSTRACT 

Experiments were conducted to determine the effect of an incremental change in the solution pH, 
from 4 to 6.6, on CO2 corrosion rates of AISI 1018 steel in the presence of H2S in both single phase flow 
(Vsl = 1 m/s) and multiphase flow (Vsg=3 m/s, Vsl= 1 m/s) in a large scale multiphase flow loop.  Linear 
polarization probes, electrical resistance probes, and weight loss coupons were used to monitor 
corrosion rates during 4 to 10 day exposures to a CO2 saturated solution with trace amounts of H2S. The 
media for experimentation was a 1% NaCl solution at 60ºC, at 7.9 bar (100 psig) total pressure, with gas 
phase additions of H2S up to 100 ppm.  Protective adherent films, seen under these conditions, limited 
corrosion rates in both single phase and multiphase flow conditions. 
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INTRODUCTION

In order to develop a better understanding and prediction tools for CO2/H2S corrosion in the 
future, it is imperative that the basic corrosion mechanisms are well understood. A dedicated study is 
considered necessary where the basic electrochemical mechanisms of CO2/H2S corrosion of bare mild 
steel will be revisited. This will produce a healthy platform for studying the effect of other complicating 
parameters, such as formation of protective surface scales, effect of inhibitors, hydrocarbons, glycols, 
methanol, and condensation in wet gas transport and multiphase flow.  

Some early research1 in this field has suggested that a low concentration of H2S (<30 ppm) in a 
CO2 saturated water solution can accelerate the corrosion rate significantly in comparison to corrosion in 
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a similar CO2 environment without H2S.  This “H2S effect” seemed to vanish at higher H2S
concentrations and higher temperatures1,2 (>80oC) when a protective film forms.  In a Norwegian study3

it was suggested that this effect of H2S could be significant only in the low pH range (<pH 5). 

In general, the reasons behind the “H2S effect” on CO2 corrosion are not entirely understood. It
has been speculated that adsorbed sulfide species and/or sulfide films affect the corrosion rate of mild
steel through a catalytic or a galvanic effect3.  All of the previously conducted studies have largely 
ignored the effect of flow (with the exception of Kvarekval3 who conducted experiments at room
temperature and low pressure).

From our own research,4  there seems to be enough evidence about the effect of very small H2S
concentrations on CO2 corrosion at low pH, where precipitation of iron sulfides does not occur.  For 
concentrations of H2S below 500 ppm in the gas phase and for pH<5, a large number of carefully 
controlled corrosion experiments have been conducted over the past few years, at various temperatures
(20-80oC), partial pressures of CO2 (1-7 bar) and velocities (stagnant to 3 m/s) in both single and 
multiphase flow. All the data strongly suggest that the presence of even very small amounts of H2S (10 
ppm in the gas phase) will lead to rapid and significant reduction in the CO2 corrosion rate.  At higher 
H2S concentrations this trend is somewhat reversed (see Figure 1). The effect seems to be universal and
depends solely on the H2S concentration, as all the data obtained at very different conditions follow the 
same trend.  The corrosion rate in Figure 1 was normalized with the “blank” corrosion rate, i.e. a CO2
corrosion rate obtained without any H2S present.

In the present study, experimental parameters were chosen to cover a range of parameters
leading to iron carbonate (FeCO3) and iron sulfide (FeS1-x, mackinawite) precipitation. The
concentration of H2S and the solution pH, at a constant temperature and constant partial pressure of CO2,
were altered to adjust the bulk solution saturation of both mackinawite and iron carbonate from “under-
saturated” at pH 4 to “super-saturated” at pH 6.  The solubility product for mackinawite (Ksp(FeS)) was 
calculated using

347.6779.2848
)( TpK FeSsp     (1)

with temperature(T) in Kelvin, by Benning, et al.5.  The bulk saturation value for mackinawite, denoted 
as S(FeS(1-X)), was calculated from the equation: 
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The solubility product for iron carbonate, (Ksp(FeCO3)), was calculated using the equation:
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TpK FeCOsp 0182.013.10)( 3
    (3)

with temperature(T) in ºC.  The equation for solubility constant of iron carbonate was taken from
IUPAC6 because the effect of ionic strength on the solubility constant could be neglected for 1% NaCl 
solution.  The bulk saturation value for iron carbonate, S(FeCO3), was calculated from the equation: 
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The equations were used to calculate the saturation values for varying concentrations of iron in 
solution.  These theoretical curves for iron carbonate saturation and iron sulfide saturation at pH 4, 5,
and 6 are shown in Figure 2.  Notice that mackinawite (FeS1-X) would be supersaturated at pH 5 for iron 
concentrations greater than 20 ppm.

Hence, the following experiments were conducted to better understand the corrosion mechanisms
at high temperatures and high pressures in H2S environments under bulk supersaturation conditions for 
both FeS(1-X) and FeCO3. In addition, this kind of basic data is indispensable for development of more
reliable mechanistic CO2/H2S corrosion models.

EXPERIMENTAL PROCEDURE

The procedure for operating the large scale multiphase flow loop or Hydrogen Sulfide System 
was described in a previous study7.  All experimental parameters, such as pH, temperature, partial
pressures, and iron concentration, were adjusted and/or measured for stable conditions prior to the 
insertion of all flush mounted probes.  The experimental parameters chosen for the study of corrosion in 
the presence of trace amounts of H2S are shown in Table 1.  Parameter variations during the operation of 
this flow loop were expected and adjustments were made as required.  Concentration of H2S varied up to 
20% of the desired concentration during testing due to consumption and re-introduction.  Solution pH 
was maintained within ± 0.2 pH units of the required value by addition of an acid (HCl) or a base
(NaHCO3) during operation.  As shown in Figure 3, the iron concentration was observed to increase 
with time in the case of pH 4 due to corrosion, and to decrease with time for experiments at pH 5, 6, and 
6.6 due to precipitation.

The current series of tests were conducted in a 1% NaCl solution at 60ºC.   A three-electrode
probe in a concentric ring arrangement was used for linear polarization resistance (LPR), a retrievable 
large flush mounted element for high pressure access systems was used for electrical resistance (ER), 
and an arrangement of four 0.457” diameter mild steel coupons for weight loss (WL) were used to 
monitor corrosion rates during the 96-hour (4 day) exposures to this CO2 saturated solution with trace
amounts of H2S.  LPR and AC impedance measurements were taken using an electrochemical
measurement system and the concentric ring probe.  The H2S system was used to provide a very stable 
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environment for reproducible flow rates in single phase and multiphase flows.  The single-phase flow is 
at a liquid velocity of 1.0 m/s while the multiphase flow is at 3.0 m/s superficial gas velocity and 1.0 m/s 
superficial liquid velocity to produce slug flow. Corrosion rates from each method will be compared, 
along with surface analysis of the WL coupons, to provide a better understanding of the H2S effect over 
the area of interest.  The WL material’s chemical composition is given in Table 2.   

The experimental parameters and saturation values calculated for each experiment are in Table 3.
At 60ºC, the CO2 partial pressure of 7.7 bar and H2S partial pressure of 0.79 mbar were calculated from 
a total system pressure of 7.9 bar (100 psig).  Gas phase additions of H2S were measured using a 
colorimetric measurement tube, which has a range of 1 to 240 ppm H2S with no effect from moisture or 
temperature.  The gas samples were taken just before the gas/liquid mixing point in the system.  The iron 
concentrations were measured by liquid sampling from the pump suction of the system and analyzed 
with a colorimetric high range iron test analyzer, with a range of 0-10 ppm. 

Error analysis of measured data is considered based upon equipment variance and sampling 
technique. LPR results shown are based upon the final, stable corrosion rate at the end of the test period 
with error bars in the graphics related to the maximum variation over the last 10 hours of the 
experiment.  WL data presented are averages of multiple coupons with error bars encompassing the 
maximum and minimum values. 

Scanning electron microscopy (SEM) was done with a digital scan generator and an x-ray 
spectrometer for energy dispersive x-ray spectroscopy (EDS).  An electron dispersion spectrograph of a 
clean AISI 1018 sample showing distinct peaks for iron at 704, 6404, and 7058 eV is shown in Figure 4 
for comparison with EDS of coupons with surface films. 

RESULTS

100 ppm H2S

The final corrosion rates measured by LPR and WL in both single phase (SP) and multiphase 
(MP) for this series of experiments are shown in Figure 5.   From the figure, it is observed that the 
corrosion rate diminishes somewhat from pH 4 to pH 6, and then rises slightly at pH 6.6.

pH 4. A comparison of the corrosion rates measured by all three methods at pH 4 is shown in 
Figure 6.  Comparison of the corrosion rates for weight loss coupons between single phase and 
multiphase shows a higher corrosion rate for the more turbulent multiphase flow, as expected.  
Corrosion rate values measured by the three different methods show very good agreement in single 
phase flow.  The respective plot of single-phase LPR with time for this experiment is shown with the 
WL corrosion rate values in Figure 7.  This data shows a rapid decrease in the corrosion rate measured 
by LPR over the first 24 hours after the probe is exposed to system conditions.

WL coupons retrieved after 96 hrs of exposure to a pH 4 solution with 100 ppm H2S are shown 
in Figure 8.   These weight loss coupons have a thin black surface film that could be characterized as a 
protective film because of the low corrosion rates and the fact that initial polish marks can be seen in the 
contour of the film.  The flow direction of all coupons is from the bottom of the page to the top, so the 
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film of the multiphase coupon was removed due to the turbulence of the flow, this is also the only 
coupon that has localized corrosion.  A pit was found with a calculated penetration rate of 3.65 mm/yr; 
this can be seen visually in the top center of the photograph.  This was the only such location found and 
could not be considered a reproducible event.  The corrosion rate calculated from WL coupons was 0.1 
mm/yr in single phase and 0.22 mm/yr in multiphase.  

The photos in the middle of Figure 8 show the surface features of the film deposited during the 
experiment while the photos at the bottom of the figure show a cross sectional view to determine the 
film thickness.  The films developed at pH 4 were from 10 to 20 m thick.  The EDS for the film in 
single phase, Figure 9, shows a peak at 2308 eV, which is an indication of the presence of the element 
sulfur in the film formed.  No change in electronic impedance spectroscopy (EIS) was recorded after 22 
hours of exposure to system conditions as seen in Figure 10, which means no change in the surface 
conditions occurred after the initial film developed. 

pH 5.  A comparison of the corrosion rates measured by all three methods at pH 5 is shown in 
Figure 11.   The overall corrosion rate has diminished in comparison to pH 4 (Figure 6) with very good 
agreement between the methods of corrosion rate measurement for both single phase and multiphase.  
The corrosion rate calculated from WL coupons was 0.04 mm/yr in single-phase flow and 0.08 mm/yr in 
multiphase flow. The respective plot of LPR with time for single-phase flow in this experiment is shown 
with the WL corrosion rate values for in Figure 12.  This data shows a rapid decrease in the corrosion 
rate measured by LPR within the first 10 to 15 hours after the probe was exposed to system conditions.  
This was reflected in the surface films produced on coupons in both single phase and multiphase flow.  
Figure 13 shows that the coupon surface films at pH 5 provided a uniform surface coverage of 25 to 35 

m in thickness with sulfides detected by EDS as shown in Figure 14.  Also under these conditions, EIS 
measured at different times during the experiment, Figure 15, shows no change in the surface conditions 
occurred after the initial film developed. 

LPR conducted in multiphase flow during pH 4 and pH 5 experiments measured corrosion rates 
almost 10 times greater than those measured in single phase flow.  This was considered to be an artifact 
of experimentation, as it was determined that the working electrode had become disbonded from the 
epoxy coating thereby giving the false readings.

pH 6.  A comparison of the corrosion rates for all three methods measured at pH 6 is shown in 
Figure 16.  A greater variance is seen between experimental methods and at the same time a smaller 
variance is seen within each individual method.  Even though the weight loss values were less for this 
experiment, LPR corrosion rate measurements, Figure 17, shows a slightly different trend than previous 
experiments, in that the corrosion rate measured by the LPR does not drop to a minimum within the first 
24 hours.  Looking at the surface of the coupons in Figure 18, a uniform dense film with better surface 
coverage than for pH 4 and 5 has formed.  On closer inspection, polish marks are still visible on the 
surface at 500X magnification and the film thickness is approximately 35 to 40 m.   With the large 
amount of precipitation that occurred in the bulk, shown by the decrease of dissolved iron concentration 
in Figure 3 and a diminished sulfide peak for the surface measurement by EDS, Figure 19, a different 
film was produced in this experiment which was verified by EIS measurements, Figure 20, showing a 
change in surface characteristics with time. 
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pH 6.6.  A comparison of the corrosion rates measured at pH 6.6 is shown in Figure 21.  The 
corrosion rate for each method is in good agreement and the variance for each method has become 
minimal.  Note also the corrosion rate between single phase and multiphase flows are comparable for 
this experiment because the sensitivity to the type of flow is reduced as pH increases.  LPR data was 
similar for single-phase flow for this experiment as seen in Figure 22, but due to the variance in the 
multiphase flow measurement, the LPR data collection continued past the 96 hours.  The WL coupons 
were removed at that time for comparison to the other experiments and it can be seen that the LPR 
measurements agreed well with the other methods of measurement after the extended time.  A surface 
coverage similar to pH 6 is shown for pH 6.6 in Figure 23, but a different texture is noted in the surface 
magnification at 500X and the cross sectional thickness of the multiphase film is less than the single 
phase for this experiment.  EDS shows a sulfide peak for the film in Figure 24, confirming iron sulfide 
was present.  EIS measurements, in Figure 25, again verify a different film was produced under higher 
pH conditions because of the change in surface characteristics with time. 

Comparison of Figure 16 to Figure 21 shows a slight change in the corrosion rate for both single phase 
and multiphase flow conditions by changing the pH of the system from 6 to 6.6. It can be argued that, 
with the combined supersaturation of both iron sulfide and iron carbonate, a different filming 
mechanism was observed, which still produced a protective film, but required more time to stabilize.  At 
pH 6.6, precipitation from the bulk was minimal due to lower bulk iron concentration, so film deposition 
was more dependent upon the corrosion mechanism at the surface of the coupon, which could explain 
the slight increase in corrosion rate from pH 6 to pH 6.6.  

The changes in supersaturation with time for pH 6 and pH 6.6 are shown in Figure 26 and Figure 
27, respectively.  In both cases, the largest change in the saturation value occurs during the first 30 hours 
of exposure of the carbon steel corrosion coupons to the system conditions, which agrees with the 
filming process recorded by LPR and EIS in both cases. 

25 ppm H2S

In a recent report on corrosion in horizontal wet gas flow8, localized corrosion was observed 
when partially protective iron carbonate films formed. The set of environmental conditions resulting in 
this behavior was termed “the grey zone”.  In the present study, tests at lower H2S concentrations for pH 
6 were conducted to check if similar behavior could be detected in the presence of H2S.  Figure 28 
shows the saturation values for tests at pH 6 with all tests decreasing in iron concentration due to 
precipitation.  The change in supersaturation with time for pH 6 at 25 ppm H2S is shown in Figure 29.  
WL coupons retrieved after 240 hrs of exposure to these conditions are shown in Figure 30.  The LPR 
trends for both single phase and multiphase flow conditions, Figure 31, show the decrease in corrosion 
rate with time over the first 24 to 48 hours of exposure to system conditions.  This was similar to 
previous testing, but the corrosion rate measured by LPR for single phase increased with time after 50 
hrs.  No apparent reason for this increase in corrosion rate was observed on the probe surface after 
removal from the system, but the EDS for the WL under the same conditions, Figure 32, did not detect a 
significant amount of sulfides in the film formed, which could be indicative of the domination of an iron 
carbonate film under these conditions.  Yet, EIS conducted during the experiment for single phase, 
Figure 33, shows the formation of a surface film that was very protective, after 65 hours, which is 
similar to the behavior of a thin dense mackinawite film.  The corrosion rate for multiphase flow 
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conditions remained stable after 96 hours of experimentation, indicative of an adherent film, confirmed 
in the Nyquist plot of Figure 34.

WL corrosion rates for these coupons were approximately 0.1 mm/yr.  A comparison of 
corrosion rates obtained at pH 6 shows no effect of the concentration of H2S in the range 25 to 100 ppm 
on final corrosion rates under these conditions.  Even though both experiments ended with similar iron 
carbonate saturation values in the “grey zone,” no localized corrosion was observed even with the 
extended test time of 240 hours. 

CONCLUSIONS 

1.  For concentrations of H2S < 500 ppm in the gas phase and for pH<5, when there is no precipitation of 
carbonate or sulfide films, the data strongly suggest that the presence of even very small amounts of 
H2S (10 ppm in the gas phase) will lead to rapid and significant reduction in the CO2 corrosion rate.  
At higher H2S concentrations this trend is arrested and somewhat reversed. 

2. A change in the pH of the system from 4 to 6 has little effect on the corrosion rate as measured by 
LPR and WL in either single phase or multiphase flow conditions. 

3.  At 60ºC, 7.9 bar, 25ppm H2S, and pH 6, protective adherent films were formed in single phase and 
multiphase flow conditions and no localized corrosion was observed. 

4. No effect of H2S concentration (in the range 25 to 100 ppm) on the protectiveness of the surface films 
was observed. 
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TABLES

Table 1.  TEST MATRIX 

Parameter Conditions
CO2 partial pressure 0.77 MPa (7.7 bar) 
Solution 1% NaCl, pH 4, 5, 6, & 6.6 
Corrosion Rate 
Measurement

AISI 1018 weight loss 
Electrical Resistance 
Linear Polarization Resistance 

single-phase flow Vsl  = 1.0 m/s 
two-phase flow Vsg = 3 m/s  

Vsl  = 1.0 m/s 
Temperature 60ºC
Test Time 96 hrs (4 days) 
H2S gas phase 
concentration

25 and 100  ppm

Table 2.  MATERIAL CHEMICAL COMPOSITION 

Material C Si Mn P S Ni Cr Mo
AISI 1018 0.20% 0.044% 0.90% 0.017% 0.012% 0.044% 0.061% 0.018%
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Table 3.  SATURATION VALUES 

Mackinawite (SS(FeS1-x)) and iron carbonate (SS(FeCO3)) saturation values calculated from
experimental conditions at the beginning and end of each test. (0.79 MPa CO2, 60ºC, Vsg = 3.0m/s, Vsl = 
1.0m/s, 1% NaCl) 

pH H2S
ppm:

Fe2+

ppm:
SS(FeS1-x)

begin
SS(FeS1-x)

end
SS(FeCO3)

begin
SS(FeCO3)

end

4 100 56 - 68 < 0.1 0.3 < 0.1 < 0.1 

5 100 68 - 62 6.6 2.0 0.4 0.2

6 25 16 - 11 6.5 5.0 2.2 1.8

6 100 55 - 10 501.4 11.3 36.8 1.0

6.6 100 8 - 2 496.8 132.8 37.2 11.8
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Figure 1.  Effect of low concentrations of H2S on the CO2 corrosion rate in the absence of iron sulphide 
precipitation. (20°C, RCE, 1 bar CO2;  60°C and 80°C, flowloop, 7 bar CO2; ppm refers to 
H2S concentration in the gas phase).
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Figure 7.  Corrosion rates measured by LPR and WL exposed to 100 ppm H2S in pH 4 solution. (0.79
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pH 4:  SSFeS = 0.3  SSFeCO3 > 0.1 
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Vsg = 3.0m/s, Vsl = 1.0m/s, 100 ppm H2S, SP: single phase, MP: multiphase) NA: not 
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Figure 12.  Corrosion rates measured by LPR and WL exposed to 100 ppm H2S in pH 5 solution. (0.79
MPa CO2, 60 C, 1% NaCl, Vsl = 1.0m/s)
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pH 5:  SSFeS = 2.0  SSFeCO3 = 0.2 

Single phase coupon and SEM     Multiphase coupon and SEM 
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Figure 14.  EDS of coupon surface after exposure to 100 ppm H2S in pH 5 solution Single phase.  (0.79 
MPa CO2, 60 C, 1% NaCl, Vsl = 1.0m/s, 96 hrs.) 
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Figure 15.  Nyquist plot for single phase flow with time in 100 ppm H2S in pH 5 single phase solution. 
(0.79 MPa CO2, 60 C, 1% NaCl, and Vsl = 1.0m/s)
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Figure 16. Corrosion rate after 96 hours of exposure to system conditions, pH 6.     (0.79 MPa CO2,
60ºC, Vsg = 3.0m/s, Vsl = 1.0m/s, 100 ppm H2S, SP: single phase, MP: multiphase)
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Figure 17.  Corrosion rates measured by LPR and WL exposed to 100 ppm H2S in pH 6 solution. (0.79
MPa CO2, 60 C, 1% NaCl, Vsg = 3.0m/s, Vsl = 1.0m/s) . 
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pH 6:  SSFeS = 11.3  SSFeCO3 = 1.0 

Single phase coupon and SEM     Multiphase coupon and SEM 
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Figure 18.  Weight loss coupons exposed to 100 ppm H2S in pH 6 solution. Single phase on the left, 
multiphase on the right, 500X magnification.  (0.79 MPa CO2, 60 C, 1% NaCl, Vsg = 3.0m/s,
and/or Vsl = 1.0m/s)
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Figure 19.  EDS of coupon surface after exposure to 100 ppm H2S in pH 5 solution Single phase.  (0.79 
MPa CO2, 60 C, 1% NaCl, Vsl = 1.0m/s, 96 hrs.) 
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Figure 20.  Nyquist plot for single phase flow with time in 100 ppm H2S in pH 6 single phase solution. 
(0.79 MPa CO2, 60 C, 1% NaCl, and Vsl = 1.0m/s)
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Figure 21. Corrosion rate after 96 hours of exposure to system conditions, pH 6.6. (0.79 MPa CO2,
60ºC, Vsg = 3.0m/s, Vsl = 1.0m/s, 100 ppm H2S, SP: single phase, MP: multiphase)
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Figure 22.  Corrosion rates measured by LPR and WL exposed to 100 ppm H2S in pH 6.6 solution. (0.79 
MPa CO2, 60 C, 1% NaCl, Vsl = 1.0m/s)
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pH 6.6:  SSFeS = 132.8  SSFeCO3 = 11.8 

Single phase coupon and SEM     Multiphase coupon and SEM 

   10 m    10 m

10 mC1018

Epoxy

10 m10 mC1018

Epoxy

C1018

Epoxy

10 mC1018

Epoxy

10 m10 m

Figure 23.  Weight loss coupons exposed to 100 ppm H2S in pH 6.6 solution. Single phase on the left, 
multiphase on the right, 500X magnification.  (0.79 MPa CO2, 60 C, 1% NaCl, Vsg = 3.0m/s,
and/or Vsl = 1.0m/s)
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Figure 24.  EDS of coupon surface after exposure to 100 ppm H2S in pH 6.6 solution Single phase. 
(0.79 MPa CO2, 60 C, 1% NaCl, Vsl = 1.0m/s, 96 hrs.) 
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Figure 25.  Nyquist plot for single phase flow with time in 100 ppm H2S in pH 6.6 single phase solution. 
(0.79 MPa CO2, 60 C, 1% NaCl, and Vsl = 1.0m/s)
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Figure 26.  Variation of bulk saturation with time, pH 6.0, 100 ppm H2S,
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Figure 27.  Variation of bulk saturation with time, pH 6.6, 100 ppm H2S.
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Figure 28.  Tests in the “Grey Zone” for FeCO3, bulk saturation for the beginning and end of 
experiments: pH 6; 5, 25, and 100 ppm H2S.  (0.79 MPa CO2, 60 C, 1% NaCl, Vsg = 3.0m/s,
and/or Vsl = 1.0m/s)
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Figure 29.  Variation of bulk saturation with time, pH 6, 25 ppm H2S
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pH 6.0, 25ppm H2S:
SSFeS = 5.0  SSFeCO3 = 1.8 

Single phase coupon and SEM     Multiphase coupon and SEM 
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Figure 30.  Weight loss coupons exposed to 25 ppm H2S in pH 6 solution. Single phase on the left, 
multiphase on the right, 500X magnification.  (0.79 MPa CO2, 60 C, 1% NaCl, Vsg = 3.0m/s,
and/or Vsl = 1.0m/s)
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Figure 31. Corrosion rates measured by LPR and WL exposed to 25 ppm H2S in pH 6.0 solution. (0.77 
MPa CO2, 60 C, 1% NaCl, Vsl = 1.0m/s)
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Figure 32.  EDS, pH 6, 25 ppm H2S, single phase flow exposure
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Figure 33.  Nyquist plot for single phase flow with time in 25 ppm H2S in pH 6 single phase. (0.79 MPa 
CO2, 60 C, 1% NaCl, and Vsl = 1.0m/s)
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Figure 34.  Nyquist plot for for multiphase flow with time in 25 ppm H2S in pH 6. (0.79 MPa CO2,
60 C, 1% NaCl, and Vsl = 1.0m/s)
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