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Abstract 
This review overviews recent advancements in studying corrosion scales formed on CS 
and low alloy steel surfaces in CO2/H2S environments. It discusses the chemical reactions, 
kinetics, mechanisms, classifications, influential factors, formation rates, types, and 
inhibitive properties of corrosion product scales that develop on steel surfaces. It 
thoroughly investigates phase transitions, the nature and composition of corrosion 
product scales, and their impact on the corrosion process by influencing the kinetics of 
anodic reaction (metal dissolution) and/or cathodic reaction (oxygen reduction/HER), 
which protect the corroding steel surfaces. Lastly, it emphasizes crucial research areas, 
knowledge gaps, future perspectives, and approaches for scale mitigation. 
 
Keywords: CO2/H2S corrosion; steel corrosion, corrosion mechanisms; corrosion scales; 
FeCO3; FeS. 
 

 
 
Introduction 
CS and low steel alloys are widely used materials in oil and gas industries, for 
constructing pipelines, drilling rigs, and storage tanks.  
Their popularity is due to their cost effectiveness, good mechanical and inherent 
properties, and satisfactory corrosion resistance [1-4]. However, these materials 
                                                           
The abbreviations and symbols definition lists are in pages 237-238. 
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are susceptible to corrosion, especially when exposed to aqueous media containing 
CO2/H2S (Fig. 1), which can compromise them. While dry CO2/H2S gas is not 
considered corrosive, in an aqueous media, it can cause water to act as a catalyst 
for steel corrosion [5]. Studies in existing literature have suggested that the 
presence of CO2 in an oil field can lead to “sweet corrosion”, as its dissolution in 
water produces H₂CO₃, which can accelerate CS corrosion [6-10]. 
 

 
Figure 1: Steel corrosion in H2S/CO2 gas environments. 

 

A study conducted in 2002, by the US Federal Highway Administration, found that 
the annual cost of metal corrosion is approximately $276 billion. This represents 
3.1% of the US Gross Domestic Product, 16 times greater than the total cost of 
weather-related corrosion [11-13]. A related study also found that 33% of equipment 
failures in the oil and gas industry were due to corrosion, particularly caused by 
CO2/H2S [14-24]. More than half of this percentage is due to fluids causing CO2, 
H2S, or mixed CO2/H2S metals dissolution, making it the most widely studied type 
of corrosion. Several academic studies have been conducted to explore the effects 
of H2S [25-31], CO2 [32-41], and CO2/H2S mixed corrosion [42-51] on different 
grades of low-alloy steels in varying environmental conditions.  
The influence of CO₃²⁻ deposit's physical properties on CS local corrosion was 
investigated by [52]. The study found that the presence of corrosion deposits 
(FeCO3) regulates the CR of steel through anodic mass transport to and from its 
surface rather than through cathodic HER. It also found that corrosion product 
deposits formed by CO2 corrosion were often porous and exhibited uneven 
development, facilitating the penetration of corrosive agents into the steel surface 
where localized corrosion would occur [52]. Similar studies have investigated 
localized CO2 corrosion of CS, closely examining CO₃²⁻ deposit's physical 
properties, suggesting that, in a mixed reaction system containing CO2/H2S, 
corrosion is primarily controlled by CO2, leading to the development of FeCO3 
corrosion product deposits results when partial pressure ratio of H2S/CO2 exceeds 
500. Conversely, when H2S/CO2 partial pressure is less than 20, H2S controls CR 
and leads to the formation of FeS corrosion product deposits [53-55]. A summary 
of corrosion studies conducted in this area over the last decade is shown in Fig. 2. 
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Figure 2: Graphical representation of the corrosion studies in CO2/H2S environments 
over the past decade. 
 

The combination of CO2 and H2O in production water used in oil wells to improve 
production can lead to the formation of H₂CO₃ and trigger electrochemical 
reactions that cause steel dissolution and the development of corrosion product 
deposits [56-58], which was found to play an essential role in the kinetics and 
mechanism of this phenomenon. Thus, extensive research has been conducted to 
study shape, kinetics, formation mechanisms, predictive models, phase transitions, 
and influence of corrosion deposits formed in CO2/H2S environments on steel CR 
and their interactions with corrosion inhibitors [59-70].  
Although corrosion scales play a crucial role in corrosion science, particularly in 
protecting CS and low alloy steels during CO2/H2S corrosion, there is no review 
of the literature covering this area. Thus, it becomes imperative that this knowledge 
gap be filled, for providing a deeper understanding of the corrosion behavior of 
pre-corroding alloy steels. A schematic representation of the entire review process 
is shown in Fig. 3.  
 

 
Figure 3: Schematic representation of the entire review process. 
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Chemistry of corrosion 
The phenomenon of corrosion arises from the electrochemical reaction between 
metals and environmental elements. Essentially, the metal dissolves at the anode, 
while oxidants are reduced, or hydrogen is produced at the cathode, all in the 
presence of an aqueous solution. The electrochemical reactions that bring about 
corrosion are summarized in Eqs. (1-3). 
 
 MM(ୟ୯)

ଶା + 2e
ି  (Metal dissolution/oxidation)  (1) 

 
 2Ox(ୟ୯) +  2e →  2Red(e୰ୣୢ୭୶

ି )(ୟ୯) (Reduction of oxidants)  (2) 
 
 M +   2Ox(ୟ୯)  →  M(ୟ୯)

ଶା +  2Red(e୰ୣୢ୭୶
ି )(ୟ୯) (redox reaction)  (3) 

 
Mechanism of steel corrosion in CO2 environment 
The oil and gas industry often experiences CO2 corrosion, a frequent phenomenon 
that can occur in various phases of oilfield operations, including production, 
refining, transportation, and storage of petroleum and its byproducts. The term 
“corrosion” was originally introduced by American Petroleum Institute, in 1925, 
but it was not until the early 1940s that CO2 corrosion was first observed and 
reported in industry, in Texas, USA [71-73]. CO2 is commonly found in oil and 
gas wells conveyed liquids. Research has shown that dry CO2 is non-corrosive and 
does not pose the same risk as aqueous H2S [74]. However, when CO2 combines 
with water to form H₂CO₃, it can become corrosive. Nevertheless, it has also been 
reported that the absence of water in the system can prevent metal dissolution [75]. 
Studies have been conducted on the corrosion tendency of steel under both 
supercritical and low partial pressure conditions [76-79].  
The presence of wet CO2 at specific T and pressures can result in severe corrosion 
problems, particularly in metallic materials built with steel such as storage tanks, 
pipelines, and flow lines. Metallic corrosion can also lead to equipment failures, 
fractures in oil tubing, and leakage of products, due to the rupture of pipelines and 
storage tanks leading to serious safety issues. Consequently, it can affect the 
productivity and lifespan of the equipment involved in oil and gas production, 
leading to environmental contamination and financial losses [77]. 
Existing literature studies have shown that CO2 is the main cause of oilfield 
corrosion [78-105]. Unlike mineral acids, CO2 does not completely dissociate in 
water, leading to considerable debate as to which dissolved species are involved 
in the reaction that leads to CO2 corrosion. T and CO2 gas partial pressure are 
important factors that can affect how quickly steel corrodes in a CO2 atmosphere. 
 
 COଶ() + HଶO(୪)  ⇌  HଶCOଷ(ୟ୯)  (4) 
 
There have been numerous discussions in the research literature regarding RDS 
determination in the reaction between dissolved CO2 at the cathode and steel 
surface at the anode, following the equilibrium reaction outlined in Eq. (4). 
Schwenik has proposed the provision of [H+] ions from H2CO3, resulting in HER 
(Eq. 5). This hypothesis was followed up by [106], which have postulated the 
direct reduction of H2CO3 at the steel surface, as outlined in Eqs. (6 and 7). They 
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also have reported on the direct reduction of HCO3
- ion (Eqs. (8 and 9)) at the 

cathodic region of the electrochemical reaction. Possible RDS in the cathodic 
region of the electrochemical reactions leading to corrosion are as follows. 
 
 ൫HCOଷ(ୟ୯)

ି ൯: H()
ା + eି →  Hଶ() →   Hଶ()  (5) 

 
 HଶCOଷ(ୟ୯) +  eି   →  H()

ା + HCOଷ(ୟ୯)
ି  (RDS)  (6) 

 
 H()

ା +  HCOଷ(ୟ୯)
ି →  HଶCOଷ(ୟ୯)       and  2H → Hଶ()   (7) 

 
 HCOଷ(ୟ୯)

ି +  eି →   H()
ା +  COଷ(ୟ୯)

ି  (RDS)  (8) 
 
 HCOଷ(ୟ୯)

ି +  H()
ା + eି →  Hଶ() +  COଷ(ୟ୯)

ଶି    (9) 
 
Based on reports from the literature, there is still ongoing debate about specific 
corrosion processes and the mechanism of reaction involved in them. Numerous 
elements can influence the speed of steel corrosion, such as partial pressure [107], 
CO2/H2S composition [108-109], corrosion scales morphology, steel microstructure 
[110], fluid dynamics [111], fluid content influenced by H2O chemistry (pH, phase 
ratio, hydrophobicity, and hydrocarbon characteristics) [112-115]. 
However, numerous reaction mechanisms have been put forth to account for the 
anodic dissolution of Fe and cathodic reactions (Eqs. (10-13)) in an aqueous CO2 
corrosive system. At pH 6, there are four principal reactions, including an anodic 
reaction that entails metal dissolution, as well as three cathodic reactions that 
involve H2CO3 and HCO3

- reduction processes, as demonstrated in Eqs. (11-13), 
converting H2CO3 into HCO3

-, HCO3
- into CO₃²⁻ and reducing hydrogen ions to 

hydrogen gas. 
 
 Metal dissolution: Fe(ୱ)  → Fe(ୟ୯)

ଶା +  2eି  (10) 
 
 2HଶCOଷ(ୟ୯) + 2eି   →  Hଶ() +   2HCOଷ(ୟ୯)

ି   (11) 
 
 2HCOଷ(ୟ୯)

ି  +  2eି  →  Hଶ() +  COଷ(ୟ୯)
ଶି   (12) 

 
 2H(ୟ୯)

ା + 2eି   →  Hଶ()  (13) 
 
As T increases, corrosion scales like FeCO3, Fe3C, and/or Fe3O4 can develop, 
providing different degrees of protection to the substrate they cover. 
Environmental factors also influence the degree of protection provided by 
corrosion scales. The overall electrochemical reaction is presented in Eq. (14), and 
this process has been extensively studied and documented [116, 117]. 

 
 COଶ() +  HଶO(୪) +   Fe(ୱ)  →  FeCOଷ(ୱ) +   Hଶ()  (14) 

 
When CO₃²⁻ and iron ions (Fe) undergo a precipitation reaction, a thin film forms 
on the metal surface, creating a protective layer of FeCO3 (Eq. 15). The formation 
of FeCO3 on alloy surfaces is of great importance, due to the protective effect of 
the corrosion deposit. These deposits play a crucial role in reducing the CR of low 
alloy steels, by hindering both anodic and cathodic reactions. In addition, corrosion 
deposits can deter the migration of corrosive agents to the alloy surface, further 
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reducing the corrosion process. Understanding the properties and behavior of these 
corrosion scale deposits is important to determine their influence on the CR of 
metals and alloys. This is especially important when studying the CR of steel in 
aqueous solutions during CO2 corrosion. In addition, FeCO3 can easily precipitate 
in a solution, due to its low solubility at room T (pKsp = 10.54, 25 °C). FeCO3 

formation is further illustrated in Eqs. (15-17): 
 

 Fe(ୟ୯)
ଶା +  COଷ(ୟ୯)

ଶି ⇌  FeCOଷ(ୱ)   (15) 
 
 Fe(ୟ୯)

ଶା +  2HCOଷ(ୟ୯)
ି →  Fe(HCOଷ)ଶ(ୟ୯)   (16) 

 
 Fe(HCOଷ)ଶ(ୟ୯)  →    FeCOଷ(ୱ) + COଶ() +  HଶO(୪)   (17) 

 
Corrosion scale deposits that form on steel surfaces with weak acids can vary in 
their ability to protect them from further dissolution, depending on specific 
experimental conditions. Several factors, including pH, contaminants, gases, 
pressure, T, flow rate, solution chemistry, inhibitor type, and steel metallurgy, can 
influence the formation and properties of these deposits [118, 119]. During CO2 
dissolution, a FeCO3 layer can form in low-alloy steel (< 9% Cr) and CS.  
 
Mechanism and kinetics of alloy steel corrosion in an H2S environment 
In the oil and gas industry, industrial operations always involve the presence of 
three significant weak acids (H2CO3, CH3COOH, and H2SO4). Numerous literature 
works have reported that the presence of acids significantly increases the CR of 
CS and low alloy steels, as evidenced by reports [120-123]. An electrochemical 
model was proposed by [124] for cathodic reactions in H2S corrosion, considering 
a buffering behavior similar to that of CO2. During this reaction, H2S contributes 
with protons to the corroding steel surface via dissociation reactions (Eqs. 18-19). 
 
 HଶS ⇌  Hା +  HSି  (18) 
 
 HSି ⇌  Hା +  Sଶି  (19) 
 
Some researchers have also reported that, like with CO2, it remains uncertain 
whether the processes outlined in Eqs. (18 and 19) are in a state of thermodynamic 
equilibrium. However, it is crucial to consider the chemical kinetics of the reaction, 
as expressed in Eqs. (20 and 21) [124-126]. 
 
 𝑅ଵ =  𝑘ଵ𝑐ுమ௦ −  𝑘ିଵ𝑐ுௌష𝑐ுశ  (20) 
 
 𝑅ଶ =  𝑘ଶ𝑐ுௌష −  𝑘ିଶ𝑐ௌమష𝑐ுశ  (21) 
 
where R2, k2 and k-2 are the respective rates of reactions for forward and backward 
kinetic constants for HS- -dissociation reaction. 
Although there is limited documentation in the literature on the kinetic rate 
constants of these reactions, it is generally believed that the dissociation processes 
of H2S are faster than those of CO2. Research studies have extensively investigated 
the mechanisms of corrosion, particularly focusing on anodic and cathodic 
reactions that lead to the formation of FeS corrosion deposits on steel surfaces in 
environments dominated by H2S. After a thorough review of these reports, a 
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proposed general mechanism for steel in a wet H2S environment was presented in 
Eqs. (22-24), for cathodic and anodic reactions, and in Eq. (25), for the 
development of corrosion scales [127-131]. 
 
 HଶS +  eି  →  HSି + Hା  (22) 
 
 HSି  +  2eି  →  2Sଶି +  Hଶ  (23) 
 
 Fe →  Feଶା  +  2eି  (24) 
 
 Feଶା  + HSି  →  FeS +  Hା   (25) 
 
Existing research studies have shown that the process of H2S corrosion begins with 
the gas dissolution in water, resulting in the formation of aqueous H2S. From there, 
reactive species (H+ and HS-) ions are released through aqueous H2S dissociation, 
as dictated by corresponding equilibrium constants in Eqs. (26-28) [131-132]. 
Dissolution of H2S in aqueous phase is: 

 

 HଶS()  
ಹ
⇔  HଶS(ୟ୯)    (26) 

 
Hydration of aqueous H2S is:  

 

 HଶS(ୟ୯) +  HଶO(୪)  
భ
⇔   HS()

ି +  Hଷ𝑂()
ା   (27) 

 
Dissociation of HS- is: 

 

 HS()
ି   

మ
⇔ S()

ଶି  + Hଷ𝑂()
ା   (28) 

 
Generally, steel dissolution produces Fe2+, H2S depolarization releases reactive 
species, and then the reaction between the metal ion and these reactive species results 
in FeS corrosion scales (Fig. 4) [133, 134].  
 

 
Figure 4: Schematic representation of steel corrosion reaction mechanism in an H2S 
environment.   

 

Previous literature has shown that H2S corrosion produces various types of FeS 
crystal grains, including pyrite, mackinawite (a FeS compound), troilite, and 
pyrrhotite, which form corrosion scales [135-144].  
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In general, there is uncertainty regarding the composition and properties of FeS 
corrosion deposits that initially form on steel surfaces. Nevertheless, some experts 
have theorized that mackinawite could be the primary corrosion scale, due to its 
exceptionally rapid formation kinetics at the electrode surface. Using various 
published sources [145-148], a possible chemical pathway involving Fe in acidic 
solutions containing H2S gas is outlined. 
 
 2H(ୟୢୱ)

ା +  2eି  →  Hଶ()   (29) 
 
 Fe +  HଶO →   FeOH(ୟୢୱ) +  Hା  + eି   (30) 
 
 FeOH(ୟୢୱ) →  FeOH(ୟୢୱ)

ା  + eି    𝑅𝐷𝑆   (31) 
 
 FeOH(ୟୢୱ)

ା +  Hା  ⇔  Feଶା +  HଶO  (32) 
 
Corrosion scales formed on steel in CO2/H2S environments 
Due to the corrosive and toxic nature of H2S gas, the oil and gas industry faces 
numerous issues including that of corrosion. Over the last seven decades, research 
into the effects of H2S corrosion on metals used in this sector has increased 
significantly.  
In 1958, [149] discovered mackinawite as the first corrosion deposit to form on a steel 
surface in an H2S environment. Over time, corrosion scales can metamorphose into 
either pyrite and/or pyrrhotite. A separate review of CO2/H2S corrosion under oilfield 
conditions has highlighted the mechanisms of H2S formation [150]. Despite extensive 
research, the studies in this area remain more complicated than initially expected. It 
has also been reported that corrosion scales formed on steel in H2S media involve not 
only sulfide (FeS) but also one of the various types of FeS complex species [150].  
In addition, it has been reported that Fe dissolution in bulk solutions could exist as 
any of the complex species of FeHS+(aq) rather than Fe2+. The morphology and type 
of FeS corrosion scales formed depends on specific environmental conditions and 
reaction kinetics, regardless of H2S, if iron Ct in the environment increases, steel 
surfaces exposed to it form thin films of mackinawite, provided FeS formation is 
thermodynamically possible [151-154].  
The kinetics of mackinawite formation are rapid and spontaneous compared to other 
FeS types. A proposed mechanism for steel corrosion in an environment where H2S 
predominates is shown in Eqs. (33-36). 
 
 HଶS +  eି  →  HSି + Hା  (33) 
 
 HSି  +  2eି  →  2Sଶି +  Hଶ  (34) 
 
 Fe →  Feଶା  +  2eି  (35) 
 
 Feଶା  +  HSି  →  FeS +  Hା   (36) 
 
Similarly, [44] has reported that the rate of formation of corrosion scales depends 
on the gas Ct in the system. The surface analysis carried out at a molar ratio of the 
gases (0.5:1 and 1:1) has also shown that the corrosion deposit formed consists of 
iron and sulfide (Fig. 5c and 5f).  
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Figure 5: Images of SEM-EDS of pre-corroded X80 steel in an H2S/CO2 environment 
with partial pressure (a) 0.5:1 and (b) 1:1.  

 

Other types of corrosion deposits formed have also been identified in the study, 
including troilite and pyrrhotite (Fig. 4). Fig. 6 illustrates H2S corrosion mechanism. 

 

 
Figure 6: Schematic illustration of H2S corrosion mechanism. 
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Corrosion scales formed on steel in CO2 corrosion.  
In an environment containing CO2/H2S, corrosion can occur on various types of steel, 
resulting in the formation of various corrosion scales that deposit on the steel surfaces. 
The specific nature and characteristics of these corrosion deposits depend on several 
factors, including the prevailing gas in the system, the partial pressure ratio of the gas, 
solubility products, IT, T, solution pH, and other relevant conditions. In the 1920s, [155] 
identified FeCO3, also known as chalybite or siderite, as a type of corrosion scale that 
forms on steel when exposed to a CO2

-dominant environment. According to [155], 
precipitated FeCO3 adheres to the steel surface and forms a protective layer of corrosion 
deposits, which helps mitigate corrosion by reducing the CR through diffusion [156]. 
Subsequently, precipitation and formation of FeCO3 corrosion deposits on steel have 
been confirmed by [156], using X-RD analysis. The importance of FeCO3 as a corrosion 
scale deposit was further highlighted in the early 1970s, when [156] recognized its 
potential in their widely acclaimed paper on semi-empirical corrosion models, although 
have not fully considered them. As they have noted, in a CO2 environment, Fe3C is 
another type of corrosion product scale deposit that can form on steel. The type and 
structure of corrosion deposits that form depend, among other conditions, on the system 
T. At T below 40 °C, a surface film with an open-porous structure forms on the steel 
surface, which consists mainly of Fe3C with a little FeCO3. At T above 60 °C, corrosion 
deposits consist mainly of external FeCO3 and a few internal porous Fe3C. However, at 
T below 60 °C, a dense, protective FeCO3 corrosion layer is formed on the steel surface 
[156]. Due to the porous nature of inner Fe3C, its corrosion layer grows on the steel 
surface as it corrodes and transforms into part of the original steel in a non-oxidized state. 
Unfortunately, this does not protect the underlying steel from corrosion. [156] have also 
suggested that FeCO3 may precipitate as Fe(HCO3)2 or as a FeCO3 hydrate (Eqs. (37-
39)), and this topic has been widely discussed in the literature over the years. While most 
researchers have exclusively used X-RD analysis to assess FeCO3 purity, some have also 
determined the precipitated solid phase following a solubility experiment [156]. After 
the discovery of FeCO3 precipitation in CO2 corrosion by [155], various Fe-related 
corrosion scales have been identified in several literature studies. These include 
corrosion scales of FeCO3 [157], Fe3C [158], Fe2O3, and Fe3O4 in IOB, as well as FeS 
and Fe3O4 in sulphur-reducing bacteria [159, 160]. 

 
 Fe(ୟ୯)

ଶା +  COଷ(ୟ୯)
ଶି →  FeCOଷ(ୟ୯)  (37) 

 
 Fe(ୟ୯)

ଶା +  2HCOଷ(ୟ୯)
ି →  Fe(HCOଷ)ଶ(ୱ)  (38) 

 
 Fe(HCOଷ)ଶ(ୱ) →  FeCOଷ(ୟ୯) +  COଶ() + HଶO(୪)  (39) 

 
In their separate studies, [161, 162] have reported FeCO3 decomposition at a high 
T of 300 ºC, which formed FeO, Fe2O3, or Fe3O4, stating that the reaction occurred 
via the path detailed in Eq. (40), in the presence of a small amount of oxygen at 
high partial pressures of CO2 and T (t ~ 360 ºC). 

 
 FeCOଷ(ୟ୯)  →  FeଷOସ(ୱ) +  2COଶ() + CO()  (40) 
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Corrosion scales formed on steel in H2S corrosion. 
Research has shown that hydrogen gas environments can lead to greater CO2 
corrosion than that from H2S in aqueous brines, such as those found in oil fields. 
In H2S corrosive environments, steel surfaces tend to form non-stoichiometric 
polymorphic FeS compounds as the main corrosion product scale [163]. In a 
research study, pyrrhotite has been also discovered as a major corrosion product 
scale formed on the surface of 4130 alloys in an environment containing 10% H2S 
and argon gas at 204 °C [164].  
 
Types, characteristics and phase changes of corrosion products produced by H2S  
In an aggressive environment containing the corrosive agent, iron(II) 
monosulphide, also called mackinawite, a metastable species, immediately forms 
on steel. This process occurs regardless of the corrosive agent (H2S) Ct in the 
system, as long as thermodynamics allow FeS formation. In contrast to the slower 
kinetics of other FeS forms, mackinawite corrosion layer develops quickly on the 
metal surface. In H2S environments, various corrosion products scales develop on 
steel surfaces, including marcasite, cubic FeS, troilite, pyrrhotite, smythite, 
greigite, pyrite and other compounds [160, 163]. 
In their study, [164] have suggested that, in an H2S environment, steel can undergo 
a series of corrosion product scale reactions with products resulting from H2S(aq) 
and HS-(aq) dissolution and subsequent hydration through chemisorption. 
Subsequently, this can lead to FeHS+

(aq) formation on the steel surface, which can 
then be integrated into the rising mackinawite layer through a solid-state reaction. 
This means that the reaction also takes place in an unsaturated solution, since the 
formation of the corrosion deposit does not depend on Fe2+ Ct or on the corrosive 
agent (H2S) solubility. This is due to the faster kinetics of mackinawite formation 
compared to its dissolution and the diffusion rate of FeHS+

(aq) away from the steel 
surface during mackinawite dissolution. In addition to the proposed solid-state 
reaction mechanism between corrosive H2S and steel. [139] have also provided 
data to support the reaction mechanism between H2S and the steel surface, as 
previously suggested by [151, 152]. The authors have also suggested that FeHS+

(aq) 

species is always released first, contributing to the growth of other corrosion 
deposits or nucleates to form mackinawite. 
 
Corrosion scales formed in a mixed CO2/H2S corrosion environment 
Based on literature studies, mackinawite appears to be the most common corrosion 
scale occurring in CO2/H2S corrosion on steel surfaces. However, there have been 
cases where FeCO3 scales have been observed alongside mackinawite [64], as 
shown in Fig. 7. Further studies have also indicated that FeCO3 does not usually 
integrate the surface morphology of corroded CS. Therefore, it is reasonable to 
assume in such cases that mackinawite corrosion scale is the main product that 
forms on steel surfaces, protecting them from further anodic dissolution and 
exposure to corrosive solutions. Mackinawite corrosion product scale deposits 
begin to form on the CS surface, hindering the growth of FeCO3 crystals on steel. 



C. I. Ekeocha et al. / Portugaliae Electrochimica Acta 44 (2026) 219-250 

230 

 

Figure 7: Morphology of corrosion scales formed on X65 CS, with 0.1% H2S 
(H2S/CO2 gas), pH of 6.6, 80 ℃, 0 and 50 ppm Fe2+, IT of (A) 1 and (B) 24 h.  

 

X-RD testing on X65 CS has been further conducted by [62], with 0.1, 1, and 10%, 
H2S/CO2 gas, pH of 6.6, 80 ºC and 50 ppm Fe2+, for 24 h. Their findings (Figs. 8 
and 9) have revealed that the primary corrosion scale formed on the steel surface 
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was mackinawite. Interestingly, at a low volume of 0.1% H2S, mackinawite, and 
FeCO3 corrosion scales were formed together, while at 1 and 10% H2S, only the 
former was created. 
 

 
Figure 8: X-RD data for corrosion scales development on the X65 CS surface with 
0.1% H2S (H2S/CO2 gas), pH 6.6, 80 ºC, and 50 ppm Fe2+, for 24 h. 
 

 
Figure 9: X-RD results of corrosion scales developed on the X65 CS surface at 0.1% H2S 
(H2S/CO2), pH 6.6, 80 ºC, and 50 ppm Fe2+, for 24 h. 
 

Inhibitive performances of corrosion scales for steel in H2S corrosion  
MS and low alloy steels tend to develop various corrosion scale deposits on their 
surfaces when exposed to an aqueous environment containing H2S. At an early stage, 
Fe9S8 is initially formed as a thin layer on the steel surface. Some notable authors have 
reported that corrosion scales can reduce CR by forming a protective barrier layer on 
the steel surface, which impedes the penetration of corrosive species. However, as the 
Fe9S8 layer becomes thicker over time and starts fracturing, CR increases. Also, more 
corrosion scales such as pyrite and pyrrhotite gradually form on steel, which further 
increases CR [162, 163]. 
In a related study, [61] investigated the effect of H2S on Fe corrosion, at pH from 3 to 
5, IT of 2 h, and Ct of 0.04 mmol/dm-3. They have observed that Ecorr of Fe decreased 
from an initial value of -613 mV to a relatively stable value of -653 mV, within 5 min 
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IT, at a pH of 3, in an H2S-free acidic solution (0.5 mmol/dm-3 H2SO4 over Na2SO4), 
which was the blank. With a higher H2S Ct of 0.02 and 0.05 mmol/dm-3 in a similar 
solution, Ecorr decreased from the original value of -632 to -690 mV, within 5 min, after 
which it remained constant, until after 2 h IT. After 3 h IT, with the initial value of -
653 mV, Ecorr increased to -620 mV. The authors have attributed the increase in Ecorr to 
the positive direction of the protective corrosion film developed by FeS on the steel 
surface, which hindered Fe dissolution in the anodic region and/or reduced HER in the 
cathodic region. They have concluded that the formation of a FeS protective film was 
only possible with a longer IT (>/= 2 h), a pH range from 3 to 5, and a lower Ct of H2S 
(/=0.04 mmol/dm-3). 
 
Inhibitive performances of corrosion scales on steel in a CO2 environment  
A study using EIS and surface characterization techniques has been conducted by 
[38], to investigate the influence of CO2 corrosion scales on steel CR. Their results 
have shown that brine affected the rate and formation of protective corrosion scales 
on the steel surface, with a slower CR seen at 640 than at 64 mL. The study has 
found that corrosion scales formed under high or low pressure at different T were 
less protective than the ones under high pressure and T, resulting in more protective 
crystalline FeCO3. In addition, at a certain pressure and T, low impedance was seen, 
for a CR of 1.51 mm/year, indicating either the absence of a protective layer or weak 
adhesion of the formed layer to the alloy surface (Figs. 10 and 11) [38]. 
 

 
Figure 10: (a) Nyquist and (b) Bode phase graphs from an electrode exposed to 640 mL CO2 
saturated 3% NaCl for varying IT, at 1 ATM CO2 and 30 °C. 

 

A study on the influence of corrosion scales (Fe3C) on the CR of MS, in aqueous 
CO2 under turbulent flow conditions, has been conducted by [59]. The authors 
have found that, at pH 3.8, the FeCO3 corrosion scale, caused by a thermodynamic 
reaction of Fe dissolution in H₂CO₃, was poorly formed, due to a short IT. With 
longer IT, CR increased, due to the larger area of Fe3C residues and the partial 
protection offered by FeCO3. At pH 5.5, CR increased with IT, due to unoxidized 
Fe3C, which provided stronger electrochemical behavior than the poorly formed 
FeCO3 corrosion scale. Furthermore, they have investigated the impact of HCO3

- 
on Fe corrosion and passivation. Their findings have shown that the presence of 
HCO3

- has significantly increased Fe dissolution in both pre-passive and active 
regions, leading to the formation of an iron complex. Pitting occurred during the 
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dissolution process, but CR was rapidly reduced by the formation of a protective 
and soluble Fe (III) complex: Fe(CO3)2

2- [59].  
In a study comparing ferrite-pearlite steel and dual-phase steel, it was found that 
A-R steel mainly contained Fe and Fe3C, due to residual Fe3C accumulation after 
anodic Fe dissolution. This led to increased anodic and cathodic Tafel slopes, 
indicating a shift in the electrochemical process (Figs. 11 (a-c)). Fe3C accumulated 
on the steel surface triggered galvanic corrosion. Similar results were found for 
DP75 and DP80 steels, with higher icorr, as IT increased from 0 to 72 h [104]. 
 

 
Figure 11: PDP curve diagrams for (a) A-R, (b) DP75, and (c) DP80 steels immersed in 
10 wt.% NaCl with pH 0.85, at T of 30 ± 2 ºC. 
 

Table 1 summarizes studies on the effect of corrosion scales on steel corrosion 
behavior in CO2/H2S environments. 
 

Table 1: Summary of some literature studies on the influence of corrosion scales on steel 
corrosion behavior in CO2/H2S environments.  

Material Environment Test 
conditions  Methods Corrosion 

scales  
Influence of corrosion 
scales on steel CR  Ref 

X65 steel Low supercritical 
CO2 partial pressure 80 ºC  X-RD 

/SEM/EDS  FeCO3 

With longer IT, FeCO3 
corrosion scales reduced 
CR from 17 to 1.64 and 
28 to 7.26 mm/yr, under 
low and supercritical CO2 

conditions. 

[2] 
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X52 steel  

3 wt.% NaCl 
saturated with high-
pressure CO2/ 
formation water  

60 ºC/24 
h/pH 6 

LPR/WL/S
EM/EDX/
X-RD 

FeCO3/ Fe3C 

FeCO3 corrosion scales 
decreased CR from 29 to 
21, 23 to 16.5, and 13 to 
9.5 mm/yr, at CO2 partial 
pressure of 60, 40, and 10 
bars. 

[7] 

API 5L 
X65  
/13Cr 
steel  

Supercritical CO2-
water environment  

0-120 h/50-
80 ºC/03-80 
barr 

EDS/SEM/  
X-RD/WL 

y- FeSO3. 

3H2O/FeCO3/ 

Fe3C/ FeOOH/ 
FeSO4 

FeCO3 corrosion scales, 
after 24 h, reduced CR 
from 1.0 to ~0.3 mm/yr.  

[33] 

CS 
High pressure 
H2S/CO2 
environment 

40-60 ºC/ 
0-1500 rpm/ 
10000- 
50000 mg/L 
Cl- 

CFD/EDS/ 
SEM/WL 
 

Fe3C/ 
FeCO3/FeS 

FeS and FeCO3 corrosion 
scales prevented the 
diffusion of corrosive 
species or solutions to 
the CS surface, 
decreasing CR. 

[50] 
 

CS 3wt.% NaCl saturated 
CO2 

pH 3.8 and 
5.5/ 
25 ºC/10-17 
days/1000 
rpm  

EIS/PDP/ 
OCP  FeCO3/ Fe3C 

The galvanic impact of 
Fe3C residue increased 
CR from 3 to 4 mm/yr. 
FeCO3 decreased CR. 

[59] 

X65 CS  3% NaCl saturated 
with CO2  

80 ºC/6-96 h  

EIS/ OCP/ 
PDP/ 
X-
RD/SEM/ 
profilometr
y/ NMR  

Fe3C/ partial 
and full FeCO3  

Fe3C reduced CR from 
4.84 to 3.25 mm/yr. [65] 

UNSK03
014 CS/ 
UNSG41
3-1Cr 
and 3Cr 

1% NaCl saturated 
CO2 with H2S 

25-8ºC/20 h  
 

WL/EIS/ 
OCP/LPR/
pH   

FeCO3 /FeS  
FeCO3 and Fe3C reduced 
CR from 90 to 0.1 
mm/yr.  

[68] 

X65 CS  Cl-/Ca2+/(Mg2+/CO2 

saturated with NaCl  

60 ºC/100 
bar CO2/6-9 
h 

SEM/FIB/ 
X-
RD/EDX 

Fe3C/FeCO3/ 
FexCayCO3/ 
FexMgyCO3 

Corrosion scales lowered 
CR to 80% after 96 h IT.   [70] 

X65/1Cr/ 
3Cr steel  

1 wt.% NaCl 
saturated with CO2  

12 MPa 
CO2/15h/ 
120 bar/80 
ºC 

SEM/EDS/ 
EIS/OCP/ 
PDP 

FeCO3/FeS Corrosion scales reduced 
CR from 90 to 4 mm/yr.  [90] 

Q235 
steel 

CO2/H2S saturated 
with NaCl solution 

80 ml.min-1 
(CO2 and 
H2S)/0 -7 
days/3.5wt.
% NaCl/60 ± 
1 º C  

EIS/ 
X-RD/ 
EDS/SEM/ 
XPS/OCP/ 
PDP/EIS/ 

FeS/FeCO3 

FeS and FeCO3 corrosion 
scales reduced icorr value 
from 90.1 µA cm2 and 
Ecorr from 0 TO 715 V 
after 7 days.  

[95] 

API 5L/ 
X65 CS 

3.5wt.% NaCl 
saturated with 
CO2/H2S 

50 and 150 
ppm 
inhibitors for 
CO2 and H2S  

EIS/OCP/ 
PDP/OES- 

FeCO3 
(siderite)/ 
reduced FeS 

FeS and FeCO3 scales, 
with a 200 μm layer, 
reduced i and prevented 
corrosion from occurring. 

[96] 

N80 CS  
Supercritical CO2 
oilfield produced 
water  

1 M KCl/3L 
autoclave/ 
60 ºC/ 0-36 
h  

EIS/ PDP, 
OCP/SEM/ 
EDS/GIX-
RD/ GFN-
xTB 
method 

intermediate 
Fe(OHads)/ 
Fe3C/ FeCO3 

Fe3C corrosion scale 
increased CR after 24 h. 
FeCO3 scale, after 48 h, 
increased Rp and Ecorr. 

[98] 

N80 CS 1% NaCl solution 
saturated with CO2 

1700 mL 
CO2/35 ºC/ 
2000 
rpm1/2.1 Pa 

EDS/X-
RD/ 
SEM/EIS/
WL 

FeCO3  
FeCO3.reduced CR from 
15 to 1.5 mm/yr and 
increased Rp from 2.0 to 
9.5 Ohm/cm2 

[99] 

AISI 
1020 CS 

Supercritical CO2 
conditions with 
NaHCO3 and NaCl 

CO2 (8 
MPa)/0-
/72h/25-60 
ºC 

EIS/OCP/ 
PDP/SEM/ 
EDS/ 
X-
RD/ICP-
AES 

Fe3C/FeCO3 

FeCO3 scales mitigated 
localized corrosion by 
impeding the diffusion of 
reactant species. 

[115] 

 
CS 

3% NaCl + diesel 
solution saturated 
with CO2  

50 ºC/12 h  LPR/EIS FeCO3 
FeCO3 scales contributed 
to an increase in Rp from 
100 to 50000 ohm/cm2 

[165] 



C. I. Ekeocha et al. / Portugaliae Electrochimica Acta 44 (2026) 219-250 

235 

 

Research gaps and future perspectives  
Literature research showed that steel corrosion in CO2/H2S environments has been 
extensively studied under simulated oilfield conditions over a short period. 
However, these studies do not accurately represent real-world scenarios in which 
these steels are exposed to various corrosive environments for extended periods. 
Crucial factors such as pressure, T, Ct, fluid dynamics, and chemical composition, 
which significantly influence the corrosion process, are often inadequately taken 
into account. Consequently, the duration and level of protection these films 
provide in practical applications may differ from what is seen in controlled 
experiments. Therefore, conducting research under realistic conditions is essential 
to gain a deeper understanding of the effects of corrosion products on steel in 
CO2/H2S environments. 
The presence of deposits on CS and low alloy steels in a CO2/H2S environment 
can reduce the effectiveness of corrosion inhibitors used in the oil and gas industry. 
The interaction between these scales and inhibitors can either enhance or hinder 
their adsorption and performance capabilities. This interaction depends on the type 
and nature of the corrosion product and its affinity to the underlying substrate. 
Porous corrosion products can allow for the penetration of corrosive agents and 
trigger local corrosion. Therefore, it is crucial to thoroughly study the effects of 
corrosion product scales, their inhibitory behavior, and their interaction with 
corrosion inhibitors. It is important to conduct molecular studies on interactions 
between corrosion scales and alloy surfaces. Computational simulation techniques 
can deepen our understanding of the formation, absorption, and inhibition effects 
of corrosion deposits. In addition, the composition, type, and form of corrosion 
products can significantly influence their protective properties. Research into 
phase transitions could lead to optimized corrosion prevention measures in 
practical applications. 
To gain a deeper understanding of the process of corrosion formation and removal, 
a comprehensive assessment is required to evaluate the influence of flow rate on 
the formation of corrosion products. This evaluation should also take into account 
the type of protection that the corrosion products can provide to the underlying 
alloy. Given the rapid kinetics associated with the formation of mackinawite 
corrosion scale on CS and low alloy steel surfaces, particularly in H2S 

1018 CS 
CO2 saturated with 3 
wt.% NaCl + 10 % 
diesels 

50 ºC/24 h 
SEM/AES/ 
EIS/PDP/ 
OCP 

FeCO3/FeOOH 
FeCO3 caused a slight 
decrease in Rct value 
with increased time.  

[166] 

AISI 
1018 
grade CS 

CO2/H2S saturation 
Synthetic 
NaCl/ 60 °C/ 
100 ppm 

EIS/OCP/P
DP  FeS FeS reduced CR from 1.0 

to 0.1 mm/yr. [167] 

X 65 
pipeline 
steel  

Supercritical CO2 
condition 

50-130 º 
C/0.5-168 h  

SEM/ 
X-RD/ 
EDS/EIS 

FeCO3 
FeCO3 decreased CR 
from 30 to 8.0) mm/yr 
after 170 h  

[168] 

P110/ 
N80/J55 
steel 

Produced water 
saturated with 
supercritical CO2 
condition 

60-150 ºC 
pH 4-6 

EDX/XPS/ 
SEM/ 
X-RD/WL 

FeCO3/CaCO3/α
-FeOOH 
  

FeCO3 decreased CR 
from 3.5 to 1.0, 2.5 to 
1.0, and 2.2 to 0.8 
mm/yr, at increased T 
and also time. 

[169] 
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environments, further studies are required to investigate its growth, properties, 
response to corrosion inhibitors under various conditions, and understand 
subsequent removal with chemicals and/or mechanical methods. 
The presence of corrosion scales on alloy surfaces significantly affects CS and low 
alloy steel corrosion behavior. Formation of corrosion scales on steel surfaces can 
also lead to adverse effects such as reduced corrosion resistance, increased flow 
resistance, compromised mechanical properties, higher maintenance and operating 
costs, and reduced heat transfer efficiency. To ensure the longevity and 
performance of CS components in various industrial applications, it is important 
to control and minimize scale formation. To achieve this, effective tactics include 
modifying metals, implementing protective barriers, adhering to environmental 
guidelines, adjusting engineering designs, using corrosion inhibitors and sacrificial 
coatings, treating chemicals, managing water resources, and conducting more 
thorough facility and equipment monitoring and inspections [170]. 
 
Conclusion 
CS and low alloy steel corrosion pose serious problems to the oil and gas sector, 
potentially affecting the structures, properties, and operational efficiency of these 
materials. This can lead to equipment and system failures, safety issues, damage, and 
environmental pollution. CO2/H2S corrosion produces various types of scales on steel 
surfaces through anodic dissolution of ferrite, cathodic HER, or oxidant reduction. 
The formation and nature of scales formed on steel surfaces in a CO2/H2S 
environment depend on some factors such as pH, Ct, and dominant gas. This review 
took a holistic approach to examining the formation and inhibitory effect of corrosion 
product scales on steel surfaces in CO2/H2S environments. Particular emphasis was 
put on Fe3C, FeCO3, and FeS, as the most commonly reported scale deposits, since 
they can reduce CR and increase the Ecorr of steel. 
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Abbreviations 
ATM: atmospheres (meters of resistance) 
CFD: Computational Fluid Dynamics 
CH3COOH: acetic acid 
CO2: carbon dioxide 
CO₃²⁻: carbonate 
CR: corrosion rate 
CS: carbon steel 
Ct: concentration 
Ecorr: corrosion potential 
EDS: Electron dispersed spectroscopy 
EIS: electrochemical impedance spectroscopy 
Fe3C: iron carbide 
Fe3O4: magnetite 
Fe9S8: kansite 
FeCO3: iron (II) carbonate (siderite) 
Fe(HCO3)2: iron (II) hydrogen carbonate 
FeHS+(aq): iron (II) hydrosulfide ion 
FeS: iron sulfide (mackinawite) 
FeSO3·2H2O: iron(II) sulfate 
FexCayCO3: iron-calcium carbonate  
FexMgyCO3: iron-magnesium carbonate  
GFN-xTB: Geometry Frequency Non-covalent extended Tight Binding 
GIX-RD: Grazing Incidence X-ray Diffraction 
H2CO3: carbonic acid 
H2S: hydrogen sulfide 
H2SO4: sulfuric acid 
HCO3

-: bicarbonate 
HER: hydrogen evolution reaction 
HS-: bisulphide 
i: current density 
icorr: corrosion current density 
ICP-AES: Inductively Coupled Plasma-Atomic Emission Spectroscopy  
IOB: iron-oxidizing bacteria 
IT: immersion time 
KCl: potassium chloride 
LPR: Linear Polarization Resistance 
MPa: megapascals 
MS: mild steel 
NaCl: sodium chloride 
NaHCO3: sodium bicarbonate  
NMR: nuclear magnetic resonance 
OCP: open circuit potential 
OES: Optical Emission Spectrometry 
PDP: Potentiodynamic Polarization 
ppm: part per million 



C. I. Ekeocha et al. / Portugaliae Electrochimica Acta 44 (2026) 219-250 

238 

Rct: charge transfer resistance  
RDS: rate-determining step  
Rp: polarization resistance  
Rpm: rotation per minute 
SEM: scanning electron microscopy 
T: temperature 
WL: weight loss 
X-RD: x-ray diffraction 
 
Symbols definition 
μm: micrometer 
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