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Abstract 

Oxygen pollution in hydrogen sulfide (H2S) saturated test solutions can compromise 

the results of standardized tests, which guide materials selection in safety-critical 

components. To examine the temporal evolution of such contamination, we have 

used the electrochemical methods of impedance spectroscopy and hydrogen 

permeation to study the corrosion of iron exposed to oxygen-polluted H2S-saturated 

solutions. EIS analyses were performed with a previously developed model, which 
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explicitly accounts for the contribution of a conductive and porous iron sulfide 

overlayer. A good correlation is found between corrosion estimates from EIS and 

weight loss, measured to be higher than the O2-free case. Hydrogen permeation 

studies across the iron membrane were conducted to qualitatively evaluate the 

impact of dissolved O2 on hydrogen entry. We observe that O2 contamination was 

found to significantly reduce hydrogen charging into the metal. 

 

keywords : Corrosion; iron; oxygen; H2S; EIS 

 

1. Introduction 

In oil and gas environments, dissolved CO2 and H2S are the main corrosive agents, 

present in varying proportions, co-produced with hydrocarbon fluids. Low alloy steel 

assets are prone to degradation through corrosion and stress-cracking issues [1], 

including those caused by the diffusion of hydrogen into the metal. Over the years, 

the oil and gas sector has gained considerable experience in the management of 

corrosion of low alloy steels in acid media containing H2S. Since O2 is often absent 

from these production environments, laboratory studies almost exclusively concern 

O2-free environments. During standardized tests that are used in the quality control 

and selection of steels for use in H2S environments, continuous oxygen 

contamination at a low concentration is always possible if control practices are not 

well regulated. Previous work indicates that O2 ingress modifies the solution 

chemistry, the mechanisms and nature of the corrosion deposits, as well as the 

hydrogen uptake [2–6], which may affect final materials testing results in 
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standardized and fitness for purpose tests. Indeed, in the field, O2 contamination may 

still arise, for instance from storage tanks of injected chemicals, during gas-lift, or 

from process equipment such as pumps.  

In the study of the evolution of H2S corrosion reactions as a function of time, 

electrochemical impedance spectroscopy (EIS) is shown to be a suitable and 

effective measurement technique [2,7]. We have previously characterized the EIS 

response of pure iron in 35 g L-1 NaCl solutions saturated with 1 bar H2S at ambient 

temperature with dissolved oxygen concentrations ([O2]aq) lower than 10 parts per 

billion by weight (ppb) [2]. The proposed equivalent circuit model accounts for the 

porous, and conductive, nature of the changing iron sulfide overlayer. The broad 

trends of the impact of oxygen contamination on the corrosion performance of iron 

were presented in reference [6]. That article, however, lacked a detailed discussion 

regarding the specific observations on the effect of oxygen contamination on the 

evolution of the resulting electrochemical impedance data. Evaluating these O2-

polluted corrosion kinetics data of Fe in H2S-saturated solution, with respect to the 

O2-free condition, is valuable work that may help to understand the particularities of 

measuring high surface corrosion rates with low uptake of hydrogen [6]. Principally, 

we believe that interesting aspects about the nature of the corrosion product film and 

its evolution could be revealed through the analysis of EIS results. Therefore, we 

extend that investigation here by probing the iron interface using EIS in the same 

H2S-saturated solution, although contaminated with a fixed concentration of dissolved 

oxygen. To be precise, the O2 concentration limit given in the standard NACE 

TM0177 is 50 ppb [8], but to exacerbate the consequences of O2 contamination we 

conduct our experiments under an O2 partial pressure corresponding to [O2]aq = 500 
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ppb. The AC impedance data are collected as a function of time over few weeks to 

represent the typical time-scale of sulfide stress cracking (SSC) qualification tests.  

2. Experimental procedure  

The preparation and experimental procedures for corrosion and hydrogen 

permeation testing are detailed in Ref. [2]. We have used a Devanathan-Stachurski 

type double chamber cell, with the high purity iron membrane clamped in-between as 

the two-sided working electrode, that permits the acquisition of EIS measurements on 

the hydrogen charging side and hydrogen permeation measurements at the Pd-

coated exit side (in deaerated 0.1 M NaOH) – as long as the correct electronics 

precautions are taken (i.e. avoiding ground loops). Platinum counter electrodes were 

used in both cells. An Ag/AgCl electrode in a liquid salt bridge was used as the 

reference electrode in the O2-polluted H2S-saturated medium (during EIS 

measurements), whereas an Hg/HgO electrode was employed in the H-detection cell 

(during H-permeation measurements). Since the aim in the present study was to 

examine the effect of O2 contamination on the EIS response of the iron surface 

exposed to the H2S medium, we continuously impose an oxygen partial pressure of 

13 mbar in the gas stream, which corresponds to an [O2]aq = 500 ppb in the test 

solution (35 g L-1 NaCl, T = 24°C) at equilibrium. After initial deaeration of the solution 

in a preparation flask by argon (18 h), it was purged with a gas mixture of H2S 

(87.5%), N2 (11.25%) and O2 (1.25%) for a period of 6 h. After transferring the 

solution to the ‘H-charging’ cell, the same gas mixture was bubbled through the test 

solution to sustain the oxygen contamination over the 3-4 week experiment duration. 

Experimental outputs include 1) continuous in-situ pH measurement and periodic 

sampling of the test solution for ionic chromatography analysis; 2) pure iron coupon 
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weight-loss and SEM analyses; 3) anodic extraction of hydrogen permeation at the 

H-exit face of the membrane, and 4) EIS at the H-entry face of the membrane – i.e. 

the key results of discussion in the current article. The potentiostatic EIS 

measurements were conducted with a polarisation of ± 10 mV amplitude vs. open 

circuit potential, ranging from 10 kHz to 1 mHz, where each iteration was followed by 

2 hours rest at the electrode’s open circuit potential.  

 

3. Results and discussion 

3.1. Impact of O2 on test solution chemistry 

In a previous article, we have discussed how changes to the test solution chemistry 

take place (changes to pH) in both O2-free and O2-polluted systems [6]. In the very 

early stages of iron corrosion, the bulk solution pH is measured to increase as a 

result of the release of alkalinity (HS-
(aq)) during cathodic reduction at iron surfaces. 

The subsequent saturation of the test solution with iron sulfide stabilizes the bulk 

solution pH until the end of the test as shown in Fig. 1. On the contrary, with O2 

contamination, a continuous decrease of pH is observed, from pH = 4.3 (FeS 

saturation pH) after few days and down to pH = 3.1 after 3 weeks exposure. 

Ionic chromatography (IC) analyses of solution samples taken from different time 

exposures confirm that sulfates (SO4
2-) were the main, stable species formed, as a 

result of dissolved O2 – H2S reactions over time. Their concentration increased 

linearly with exposure time in the presence of continuous O2 ingress, whereas they 

stayed at minute levels in the reference O2-free conditions. According to the 
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literature, reaction paths leading to sulfate involve an intermediate step with 

thiosulfate (S2O3
2-) formation accompanied by the release of H+ [3,4] :  

 

 2 H2S + 2 O2  S2O3
2- + H2O + 2 H+ (Equation 1) 

 

The more stable sulfate species may then be formed by various paths, e.g. by direct 

oxidation: 

 S2O3
2-+ 1/2 O2  SO4

2- + S (Equation 2) 

 

Apart from direct oxidation, thiosulfate is also known to enhance iron and steel 

corrosion, with additional intermediate reactions involving H2S and elemental sulfur 

formation [7,9]. The temporal evolution of the measured concentrations (mg/L) of the 

important species in solution is presented in Fig 1. Dissolved H2S remains the 

species in excess, on the order of 2 – 3 g/L.  

 

Fig. 1: The evolution of the bulk solution concentrations of H+ (from pH 

measurements) and primary identified aqueous H2S-O2 reaction anion products of 

sulfites, thiosulfates and sulfates in 35 g L-1 NaCl solution saturated with 1 bar H2S at 

24 °C in (a) O2-free and (b) O2-polluted solution as a function of time. These data are 

reproduced from ref. [6].  
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3.2. Impact of O2 on EIS data  

As a direct consequence of the changes of test solution chemistry imparted by 

oxygen, the electrochemical behavior of the iron membranes is observed to differ. 

Fig. 2 presents the evolution of the open circuit potentials (OCP) as a function of 

time. In the absence of O2, the OCP of pure iron remains steady at a value of 

approximately -690 mVAg/AgCl over the course of the 3-4 week long experiment (much 

like the pH). For the O2-polluted test, the OCP is comparable to the O2-free test 

during the early stages, but then increases as the test solution pH decreases. At the 

end of the test, the rise in OCP is approximately +30 mV. It is noted how the rise of 

OCP correlates with the rising [H+]aq in Fig 1(b) and therefore the oxidizing power of 

the solution, as predicted by Evans Theory. Indeed, this theory shows that an 

observation of a simultaneous increase in OCP (and measured corrosion current 

density (Icorr) – see later) can be strongly associated with an increase in the cathodic 

reduction current density as a result of the higher oxidant concentration/activity in the 

test medium. In this case, we assume that the anodic iron dissolution kinetics 

reaction slope remains unchanged and suggest that increasing rates of metal loss 

(Icorr) in the O2-contaminated solution (see later) is driven by the rising kinetics of 

cathodic proton reduction.   

 

Fig. 2: The evolution of open circuit potentials of Fe in 35 g L-1 NaCl solution 

saturated with 1 bar H2S at 24 °C, with (red) and without (black) oxygen 

contamination. 
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Impedance diagrams measured at short immersion times (2 hours) in test solutions 

with and without oxygen contamination are presented in Fig. 3. These diagrams 

present similar shapes and frequency distributions, with two capacitive loops. 

According to Ma and co-workers, these impedance diagrams correspond to the 

anodic dissolution of iron with an intermediate step involving some type of adsorbed 

species [10,11]. As these authors do, we also hesitate to describe the exact nature of 

the adsorbed species here since the mechanism of corrosion including the formation 

of iron sulfides is complicated and remains contested. The equivalent circuit adopting 

this general principle is given in Fig. 4. In this circuit, Rt is the charge transfer 

resistance associated with the double layer capacitance CPEdl, and Ra and CPEa are 

associated with the adsorption – desorption steps of anodic iron dissolution. Constant 

phase elements (CPE) are used instead of pure capacitance due to the to time 

constant distribution associated with surface heterogeneities. Consequently, the 

charge transfer corresponding to the corrosion reaction is represented by the 

diameter of the high frequency semi-circle, and it is not significantly modified by 

oxygen contamination at short exposure times.  

 

Fig. 3: Nyquist diagrams of pure iron measured after 2 hours exposure in 35 g L-1 

NaCl saturated with 1 bar H2S at 24°C for a) O2-free and b) O2-contaminated 

solutions 

 

Fig. 4: Equivalent circuit for the corrosion of pure iron in H2S containing environment 

at short exposure times [10,11]. 
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At longer exposure times, however, the shape of the impedance diagrams changes 

quite dramatically, with significant differences observed depending on whether 

oxygen contamination is involved or not. The Nyquist diagrams at different time 

intervals are presented in Fig. 5(a) and (b) for tests without and with oxygen 

contamination respectively. Under O2 contamination (Fig 5(b)), we observe a 

completely different impedance evolution. After long immersion times, a decrease of 

the second capacitive loop is observed, to the extent that it is no longer apparent. 

Here, the Nyquist diagram may be described as an overlap of two capacitive arcs. 

This trend is quite different to data obtained after similar long exposures, without O2 

ingress, as shown in Fig. 5(a).   

 

Fig. 5 : Nyquist diagrams of pure iron exposed to 35 g L-1 NaCl saturated with 1 bar 

H2S at 24°C for a) O2-free and b) O2-contaminated solutions at various exposure 

times (orthonormal representation with translation of the y-axis as exposure time 

increases). 

 

Kramers-Kronig transformations were used to validate all the raw EIS experimental 

data. Moreover, high-frequency measurements validity had to be checked. Indeed, at 

high frequency, the impedance of the system is so small that the noise of the 

measurement device significantly impairs the quality of the result. Considering that 

the impedance of the system in the high frequency domain can be approximated by 

the electrolyte resistance (Re) in series with the high frequency capacitance (CHF), 
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and taking into account a measurement noise of 1%, one easily determines that all 

the impedance values for which 1/ω CHF is lower than 1% of Re cannot be trusted. As 

CHF is close to 50 mF cm-2 at the beginning of the tests, and Re is in the range of 6 Ω 

during our experiments, the maximum frequency above which the data become 

unreliable is in the range of 50 Hz, a value that further decreases with exposure time. 

We have analyzed the EIS data of the O2-free system in detail elsewhere [2]. There, 

it was discussed that the evolution of impedance diagrams appears to be influenced 

by the formation of a highly porous and conductive iron sulfide layer. A new 

impedance model was developed, and is presented in Fig. 6. This model includes the 

contribution of the porous film (Zfilm) in parallel with the impedance of Fig. 4. In this 

model, the double layer capacitance (Cdl) is placed across the entire film because of 

the very low band gap/metallic conductivity of FeS mackinawite [12]. Huang et al 

applied the ion selectivity technique across mackinawite to conclude that it displays 

an n-type semiconductive nature [13]. It implies, possibly due to the slight sulfur ion 

deficiency in mackinawite, that electron charge is transferred through the FeS 

structure’s conduction band. Elsewhere, Tjelta et al conducted cathodic reaction 

electrochemical studies on mackinawite electrodes and reported that the Tafel slopes 

obtained were quite comparable to those from bare steel electrodes [14], which 

justifies our choice of how Cdl is presented in the model.   

The behavior of the film was modeled according to the work of de Levie, who showed 

that the impedance of porous electrode could be written as [15]: 

 

 23

, 2 rnZZ eqporousfilm   (Equation 3) 
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In this expression, Zeq defines the interfacial impedance at the surface of the 

conductive film inside the pores, and n, r and ρ are respectively the number of pores, 

their radii and the resistivity of the electrolyte. The square root term of the porous 

electrode contribution explains the 45° inclination of the impedance at long exposure 

times observed in pure H2S without O2 contamination, suggesting an increasing 

contribution of the porosity of the film. 

 

Fig. 6: Equivalent circuit for the corrosion of pure iron in H2S containing environment 

with the formation of a conductive and porous FeS layer [2]. 

 

According to the interpretations of the equivalent circuit model in Fig. 6, the changes 

to the EIS data measured under O2 contamination appear to mainly affect the 

contribution of the iron sulfide layer (Zfilm), i.e. the low frequency tail. Since very weak 

or negligible porous film responses were measured in the impedance diagrams 

obtained in O2-contaminated solutions at exposure times beyond 200 h (i.e. the lack 

of a linear tail in Nyquist data), the analysis of these test results was carried out with 

the nested equivalent circuit model of Fig. 4. Here, we have obtained a good 

correlation between fitted impedance and experimental data (Fig. 7). The values of 

model parameters corresponding to these fitted impedances are gathered in Table 1. 

Brug’s relationship has been used to derive the effective double layer capacitance 

from the CPE (constant phase elements) [16,17]:  
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1 
  tedl RRQC  (Equation 4) 

 

Fig. 7: Comparisons between experimental (open symbols) and fitted impedance 

(lines) measured after 2 h (a), 47 h (b) and 572 h (c) exposure in O2-contaminated 

solutions, using the equivalent circuit of Fig. 4. 

 

Table 1: Component values of equivalent circuit of Figure 4 giving the best fit of 

experimental impedance in O2 contaminated solution at various exposure times. 

These differences in impedance data suggest that the morphology of the corrosion 

product layer is likely quite different. This is confirmed by SEM observation of cross-

sections of pure iron specimens after 700 hours exposure with and without O2 

contamination (Fig. 8). Compared to the dense and porous layer of 20 to 30 µm 

thickness FeS formed under O2-free conditions, the overlayer formed in the O2-

polluted medium possesses no micro-porosity at this resolution, and is loosely 

adhered to the underlying Fe substrate. Such morphologies of FeS films on pure iron 

substrate are quite representative of the Fe surfaces from O2-free/O2-contaminated 

systems in this work. It was generally noted that a far less homogeneous overlayer 

comprising iron sulfide/s forms in the presence of O2 contamination [6].  
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Fig. 8: Cross-sectional SEM images of pure iron after exposure to 35 g L-1 NaCl 

saturated with 1 bar H2S at 24°C in a) O2-polluted and b) O2-free solution.  

 

 

 

Fig. 9: Evolution of charge transfer resistance (Rt from EIS modeling) with and 

without oxygen contamination. 

 

The evolution of charge transfer resistance as a function of exposure time is shown in 

Fig. 9 for the experiments conducted with and without O2 contamination. During the 

early hours of exposure, Rt present similar evolution in both experiments and start at 

values near 250 Ω.cm² after a few hours, reaching a plateau at 350 – 400 Ω.cm² 

between 24 hours and 100 hours. Whereas Rt in O2-free condition remain consistent 

over the remaining 3 weeks, those in the O2-polluted system are observed to 

decrease after 150 hours exposure, and at an even faster rate beyond the 350th hour. 

This drop generally correlates well with the measured decrease in bulk solution pH. It 

suggests that the effect of O2 contamination is not immediate but rather presents 

itself over time in a cumulative manner. We believe that the poor interfacial coverage 

of the overlayer (that normally affords some protection) as well as the participation of 

additional chemical and cathodic electrochemical reactions from the rising 

concentrations of the products of the O2 and H2S reaction, i.e. sulfites, thiosulfates 

and elemental sulfur, result in the increasing Fe corrosion rate trend in O2-polluted 

H2S solutions [6].  



Deffo-Ayagou et al., Corrosion Science, DOI 10.1016/j.corsci.2019.108302 

 

14 

After 600 hours exposure, Rt is as low as 100 Ω.cm² under O2 contamination, 

although still greater than 400 Ω.cm² in the conditions devoid of O2 entry. Since the 

corrosion rate is inversely proportional to Rt, one could expect a 4-fold increase of 

instantaneous corrosion rate after 600 hours exposure in the O2-contaminated 

system. From EIS analysis, corrosion current densities (Jcorr) were calculated from Rt 

using the Stern and Geary relationship with an anodic Tafel coefficient (ba) of 

40 mV/decade, as expected in H2S environments [18]: 

 tacorr RbJ 3.2  (Equation 5) 

 

 We note that for both tests, an excellent agreement was found between the average 

corrosion rates calculated from EIS measurements (530 µm/year and 854 µm/year 

without and with O2) and weight-loss analysis of coupons (489 µm/year and 976 

µm/year without and with O2). We demonstrate, therefore, that the agreement 

between weight loss and electrochemical corrosion calculations justifies the validity 

and applicability of the nested equivalent circuit impedance model used (Fig. 4) in the 

present study. 

 

The evolution of the double layer capacitance with time is presented in Fig. 10. Under 

both conditions (with and without oxygen), an increase in the capacitance with time is 

initially observed that we attribute to the surface area increase of the iron sulfide 

layer. At this early stage, the FeS film does not behave as a porous electrode with a 

45° inclination, but only as a plane electrode with a large conductive area, which 

explain the unexpectedly high values of Cdl. As the crystalline mackinawite 
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agglomeration continues, the film grows in surface area and porosity. The rising 

interfacial area means an increasing amount of charge distribution at the interface 

and so the effective double layer capacitance continues to increase. Abrupt breaks in 

the evolution of the capacitance are also observed at certain times, which are 

interpreted to be strain-induced delamination events of the iron sulfide layer during its 

growth [19]. In addition, under O2 contamination, there is a minor stabilization, and a 

decrease in the capacitance towards the end of the test. The maximum capacitance 

in the presence of dissolved oxygen reaches approximately 22 mF/cm², which is a 

value that is approximately 3 times lower than the maximum capacitance obtained in 

O2-free tests. Such lower capacitance could be a result of the test medium 

acidification that would limit the continuous formation (rising surface area) of a porous 

iron sulfide overlayer and favor the dissolution of the already existing layer. Indeed, 

this is supported by the cross-sectional analysis of the Fe sample in O2-polluted H2S 

solution, which portrays a patchy, poorly adherent iron sulfide (Fig. 8).   

 

Fig. 10: Evolution of double layer capacitance (Cdl from EIS modeling) with and 

without oxygen contamination. 

 

3.3. Impact of O2 on hydrogen uptake 

In the previous article related to impedance behavior without oxygen contamination, 

we have shown that the corrosion current density and hydrogen permeation current 

density were similar during the total exposure time, resulting in a permeation 

efficiency close to 100% [2]. Here, we make the same comparison for the oxygen-



Deffo-Ayagou et al., Corrosion Science, DOI 10.1016/j.corsci.2019.108302 

 

16 

contaminated case. The results are presented in Fig. 11. It is seen that the influence 

of oxygen increases with time: at short exposures, until approximately 120 hours, the 

trends are similar with and without O2, although permeation current densities are 

slightly lower in the former situation. Beyond this 120 hour- threshold, the increasing 

corrosion current density and the decreasing hydrogen permeation density 

continuously deviate. As a consequence, the permeation efficiency, defined as the 

ratio between Jperm and Jcorr, suffers a continuous drop and reaches a value as low as 

20% after 600 hours exposure. Despite obtaining a less protective film that will permit 

a greater fraction of the Fe surface exposed to the corrosive H2S solution, these 

electrochemical data suggest that certain phenomena drive intense iron corrosion 

from a non-hydrogenating source. The reactants for such processes are quite 

possibly supplied from the H2S – O2 reaction products, since their concentration 

keeps increasing in the limited volume reactor vessel over time. For instance, 

thiosulfate is recognized as a candidate for direct cathodic reduction, either directly 

as an oxidizing agent, or in combination with atomic hydrogen already present at the 

surface of the electrode [20]: 

 S2O3
2-+ 2 e-  S2- + SO3

2- (Equation 6) 

 

 S2O3
2-+ Hads + e-  S2- + SO3

2- + H+ (Equation 7) 

 

In this latter case, thiosulfate reduction may play a detrimental role in hydrogen 

uptake into the metal, as it reacts with the intermediate species Hads. Then, the EIS 

corrosion current density is increased without hydrogen charging.  
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Fig. 11: Comparison of Jperm with Jcorr determined from Rt values from EIS fittings for 

the tests without (a) and with (b) O2 contamination. 

 

3.4. Technological impact and relevance 

Electrochemical impedance spectroscopy is a sensitive and powerful technique that 

differentiates, with a lot of detail, the electrochemical reaction kinetics of Fe in the O2-

free and O2-polluted H2S-saturated solution. Quite elegantly, and in situ, it 

demonstrates how the oxygen contaminated system disrupts the development of a 

highly porous FeS electrode surface. Understanding how the O2-polluted corrosion 

kinetics data of Fe in H2S-saturated solution evolve over time, with respect to the O2-

free condition, is a valuable effort that reveals high surface corrosion rates with a 

decreasing uptake of atomic hydrogen. Such a phenomenon could present doubt in 

the results of fitness for purpose or standardized tests for ferritic materials in sour 

environments. For instance, the changes in solution chemistry resulting from O2 

ingress could modify the way a strained steel alloy fails, going from cathodic 

hydrogen-entry driven fracture (O2-free) to one dominated by an anodic 

dissolution/localised corrosion induced stress corrosion cracking (O2-polluted). 

Conversely, the less hydrogenating “O2-contaminated” solution may limit hydrogen 

uptake to the extent that a material “passes”, and be deemed suitable for a critical 

application that is far more severe than the imposed lab conditions. Here, the 

consequences for safe operation might be disastrous. Elsewhere, considering that 

the aeration treatments may be used in the geothermal and biogas production 

sectors as a means of decreasing the dissolved H2S concentration [24,25], the 
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results of the current article present the nature and kinetics of the corrosive 

degradation of an exposed low alloy steel component as a result of the products of 

the H2S-O2 reaction chemistry (e.g. increased acidity and thiosulfates).  

 

4. Conclusions 

The corrosion of pure iron in oxygen-contaminated H2S-saturated 35 g/L NaCl (T = 

24°C, pHstart = 3.9) was studied using electrochemical impedance spectroscopy over 

3 – 4 weeks. An impedance model developed in a previous article was found to 

satisfactorily fit the experimental data, and extract the relevant parameters 

associated with the dynamic interfacial processes. It was shown that O2 

contamination significantly affects the morphology of the corrosion product layer. In 

the O2-free condition, a thick and porous iron sulfide layer is formed. This film 

contributes to the overall impedance as a porous electrode, leading to significant 

flattening towards a 45° line in the Nyquist plane. The huge specific surface of this 

film and its conductive nature gives rise to abnormally high double-layer 

capacitances, on the order of several tens of mF/cm². No such porous film behavior 

is seen with O2 contamination (500 ppb). Iron sulfide is still formed at the metal 

surface, though it appears to be far less adherent, and lacks any comparable 

porosity. The analysis of impedance data still estimates high capacitance values, but 

these are much lower compared against the O2-free case, and indicative of a lower 

quantity of conductive and porous surface corrosion products. The corrosion rates of 

iron determined from the charge transfer resistance were found to agree well with 

traditional weight loss measurements, demonstrating the impedance model’s validity 

and applicability.   
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Comparisons between corrosion densities and hydrogen permeation current 

densities were also calculated. While both values are similar in the absence of O2 

contamination, their difference increases continuously as O2 – H2S reaction products 

build-up in the test solution. After 600 hours exposure, the corrosion current density 

is 6 times higher than the permeation current density, corresponding to permeation 

well below efficiency below 20%. This comparison suggests that the increase in 

corrosion rate is not only related to a less protective film, but also to the influence of 

additional reactions that result from the O2 – H2S reactions. Here, we suspect that the 

electrochemical participation of thiosulfates leads to increasing corrosion rates with 

low hydrogen uptake. 
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Table 1: Component values related to the charge transfer loop obtained from the 

analysis of impedance data at various exposure times 

 

 2 hours 47 hours 572 hours 

Re (Ω)  6.0 5.8 4.6 

Qdl (mF s(α-1) cm-2) 3.4 12.3 14.6 

αdl 0.85 0.86 0.78 

Cdl (mF cm-2) 2.8 12.6 14.9 

Rt (Ω cm²) 254 336 168 

Jcorr (µA cm-2) 68 52 103 
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Fig. 1: The evolution of the bulk solution concentrations of H+ (from pH 

measurements) and primary aqueous H2S-O2 reaction anion products of sulfites, 
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thiosulfates and sulfates as a function of time, in 35 g L-1 NaCl solution saturated with 

1 bar H2S at 24 °C, (a) without and (b) with oxygen pollution. 
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Fig. 2: The evolution of open circuit potentials of Fe in 35 g L-1 NaCl solution 

saturated with 1 bar H2S at 24 °C, with (red) and without (black) oxygen pollution. 
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Fig. 3:  Nyquist diagrams of pure iron measured after 2 hours exposure in 35 g L-1 

NaCl saturated with 1 bar H2S at 24°C for a) O2-free and b) O2-contaminated 

solutions. 
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Fig. 4:  Equivalent circuit for the corrosion of pure iron in H2S containing environment 

at short exposure times [10,11]. 
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Fig. 5: Nyquist diagrams of pure iron exposed to 35 g L-1 NaCl saturated with 1 bar 

H2S at 24°C for a) O2-free and b) O2-contaminated solutions at various exposure 

times (orthonormal representation with translation of Y-Axis as exposure time 

increases).  
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Fig. 6: Equivalent circuit for the corrosion of pure iron in H2S containing environment 

with the formation of a conductive and porous FeS layer [2]. 
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Fig. 7: Comparisons between experimental (open symbols) and fitted impedance 

(lines) measured after 2 h (a), 47 h (b) and 572 h (c) exposure in O2-contaminated 

solutions, using the equivalent circuit of Fig. 4. 

 

 

 

 

 

 

 

 

Fig. 8: Cross-sectional SEM images of pure iron after exposure to 35 g L-1 NaCl 

saturated with 1 bar H2S at 24°C in a) O2-polluted and b) O2-free solution. 
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Fig. 9: Evolution of charge transfer resistance (Rt from EIS modeling) with and 

without oxygen contamination. 

  



Deffo-Ayagou et al., Corrosion Science, DOI 10.1016/j.corsci.2019.108302 

 

33 

0 100 200 300 400 500 600 700

0

10

20

30

40

50

60

70

 

 

C
d
l /

 m
F

c
m

-2

Time / hour

 H
2
S

 H
2
S + O

2

 

 

 

Fig. 10: Evolution of double layer capacitance (Cdl from EIS modeling) with and 

without oxygen contamination. 
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Fig. 11: Comparison of Jperm with Jcorr determined from Rt values determined by EIS 

fitting for the tests without (a) and with (b) O2 contamination. 

 


