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Abstract  

This review discusses the current state of research in the field of corrosion of metals in aqueous 

solutions of acids containing molecular oxygen, as well as various issues of inhibitory protection 

of metals in such acidic environments. Thermodynamic aspects of metal corrosion in aqueous 

media containing dissolved O2 are discussed. Reference data on the physicochemical properties 

of O2 present in acidic aqueous media is presented. Modern views on the mechanism of O2 

reduction on metals are discussed. Corrosion of a metal in such an acid solution containing O2 

generally occurs as a result of its parallel reactions of interaction with the acid itself and O2 

molecules. In the case of metals with E(Mez+/Me)>0 V, the only possible reaction is interaction 

with O2. A specific feature of corrosion occurring with oxygen depolarization is its diffusion 

control, which makes this process very sensitive to the nature of convection of the aggressive 

environment. An increase in the rate of corrosion of metals is caused by an increase in the O2 

content in the solution and the transition from a static environment to a dynamic one. The 

presence of molecular O2 in acid solutions reduces the effectiveness of metal protection with 

corrosion inhibitors, in comparison with similar oxygen-free environments. In inhibited 

environments containing O2, the sensitivity of metal corrosion to the parameters of solution 

convection remains. The bibliography includes 109 references. 
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I. Introduction 

Acid solutions used in real production processes often come into contact with air and as a 

result are saturated with dissolved molecular oxygen, which can lead to a change in their 

properties and aggressiveness towards metals in contact with them. The content of dissolved 

oxygen in these environments will be low, but at the same time it behaves as a strong 

oxidizing agent in the system. As a result, contact of the metal with such acidic environments 
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should potentially be accompanied by a corrosion process determined by two cathodic 

reactions – the reduction of protons and molecular oxygen. In addition, the low oxygen 

content in such corrosive environments will lead to the fact that the corrosion of metals 

occurring at the interface with the aqueous medium will occur with diffusion restrictions. In 

aqueous environments, processes occurring with diffusion restrictions are very sensitive to 

the hydrodynamic parameters of the liquid medium. It is logical to assume that the corrosion 

of metals in acid solutions containing O2 can significantly depend on the flow rate of the 

aggressive medium. 

Based on their ability to displace hydrogen gas from aqueous acid solutions, existing 

metals are divided into two groups. The first group consists of metals capable of displacing 

gaseous H2 from acid solutions, for which the value of the standard redox potential of the 

Mez+/Me pair (E(Mez+/Me))<0 V. The second group consists of metals with 

E(Mez+/Me)>0 V, which are incapable of displacing H2. Potentially, metals of the first 

group will react with an acid solution containing molecular oxygen as a result of their 

oxidation by protons and O2 molecules. In the case of metals of the second group, their 

corrosion in such environments (with the exception of metallic gold that is 

thermodynamically stable in them) – the result of oxidation with dissolved O2. These patterns 

can be clearly demonstrated by analyzing the Pourbaix diagrams of the Fe–H2O and  

Cu–H2O systems [1, 2], in which a metal from the first and second groups is represented as 

a component. 

In the Fe–H2O system (Figure 1), for acid media, the lower limit of stability of water 

(line a) is located in the region of higher potentials than the stability limit of metallic Fe 

(line 1). Between these lines there is a region in which metallic Fe is thermodynamically 

unstable, but gaseous H2 is stable. In this region the reaction is thermodynamically allowed: 

 Fe + 2H+ = Fe2+ + H2. (I.1) 

In parallel with this, between the stability limit of metallic Fe (line 1) and the upper 

limit of stability of water (line b) there is a region in which metallic Fe and gaseous O2 are 

unstable. Therefore, the reaction is allowed: 

 2Fe + O2 + 4H+ = 2H2O + 2Fe2+. (I.2) 

Thus, in acid solutions containing dissolved O2, reactions (I.1) and (I.2) are allowed 

during iron corrosion. 

In addition, data from the E–pH diagram of the Fe–H2O system make it possible to 

predict the possibility of an indirect effect of dissolved O2 on the corrosion of metallic Fe in 

an acidic environment. The product of Fe corrosion in an acidic environment is Fe(II) 

cations. The upper limit of their stable existence (line 2) lies below the upper limit of water 

stability (line b). Between them there is a region where Fe(II) cations and molecular O2 are 

unstable. The following process is allowed in this area: 

 4Fe2+ + O2 + 4H+ = 2H2O + 4Fe3+. (I.3) 
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Figure 1. Fragment of the E–pH diagram of the stability fields of metallic iron in water at 

25°C and 101.3 kPa total pressure. We consider only Fe, Fe3O4 and Fe2O3 to be solid phases 

[1]. Stability fields are given for cases where lg a(Fe(III) = lg a(Fe(II)) and corresponds to the 

values –6, –4, –2 and 0.  

a − 2H+ + 2e− = H2(g), E = −(0.059/2) lgp(H2) − 0.059 pH (low limits of stability of water); 

b − O2(g) + 4H+ + 4e− = 2H2O(l), E = 1.23 + (0.059/4) lgp(O2) − 0.059 pH (high limits of 

stability of water); 

1 − Fe2+ + 2e− = Fe, E = −0.440 + 0.0295 lga(Fe2+); 

2 − Fe3+ + e− = Fe2+, E = 0.771. 

As a result, an additional strong oxidizing agent, Fe3+ cations, appears in the corrosive 

environment. The oxidation of Fe3+ salts with atmospheric oxygen in acid solutions is 

discussed in [3–7]. 

According to the E–pH diagram of the Fe–H2O system, the fields of stable existence 

in acidic environments of Fe(III) cations and metallic iron are spaced apart. Between them 

there is a region of their unstable existence, which determines the possibility of the following 

reaction occurring for the system under consideration: 

 2Fe3+ + Fe = 3Fe2+. (I.4) 
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Figure 2. Fragment of the E–pH diagram of the stability fields of metallic copper in water at 

25°C and 101.3 kPa total pressure. We consider only Cu, Cu2O and CuO to be solid phases 

[2]. Stability fields are given for cases where lg a(Cu(II) corresponds to the values –6, –4, –2 

and 0.  

a − 2H+ + 2e− = H2(g), E = −(0.059/2) lgp(H2) − 0.059 pH (low limits of stability of water); 

b − O2(g) + 4H+ + 4e− = 2H2O(l), E = 1.23 + (0.059/4) lgp(O2) − 0.059 pH (high limits of 

stability of water); 

1 − Cu2+ + 2e− = Cu, E = 0.337 + 0.0295 lga(Cu2+); 

2 − Cu+ + e− = Cu, E = 0.520 + 0.0591 lga(Cu+), lga(Cu+) = –7. 

Analysis of the E–pH diagram of the Fe–H2O system shows that in acid solutions 

containing molecular O2, corrosion of iron can occur not only through reactions (I.1) and 

(I.2), but also through reaction (I.4). Features of corrosion of steels in acid solutions 

containing Fe(III) salts are discussed in works [8–10]. The reasons for the low efficiency of 

steel corrosion inhibitors in these environments have also been identified [8, 11, 12]. 

In the Cu–H2O system (Figure 2), for acid media, the lower limit of stability of water 

(line a) is located in the region of lower potentials than the stability limit of metallic Cu 

(line 1). As a result, there is no region in the diagram in which metallic copper is unstable, 

but gaseous H2 is stable. Displacement of hydrogen gas by copper from acid solutions will 
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not occur. However, between the stability limit of metallic Cu (lines 1 and 2) and the upper 

limit of stability of water (line b) there is a region in which metallic Cu and gaseous O2 are 

unstable. Therefore, the following reactions are allowed: 

 2Cu + O2 + 4H+ = 2H2O + 2Cu2+, (I.5) 

 4Cu + O2 + 4H+ = 2H2O + 4Cu+. (I.6) 

Thus, in acid solutions containing dissolved O2, during copper corrosion, reactions (I.5) 

and (I.6) are possible, but copper cannot displace hydrogen from the acid. 

The influence of molecular O2 present in acid solutions on the corrosion of steels is not 

always clear. It can cause passivation of stainless steels in cold aerated solutions of H2SO4 

[13, 14] and of iron in weakly acidic solutions of organic acids [15]. In the cases under 

consideration, molecular O2 itself acts as a so-called “oxidative type” corrosion inhibitor. 

There are a large number of recent studies [16–23] devoted to the consideration of 

various aspects of metal corrosion in acidic environments and their inhibitory protection. 

However, these studies did not address the issue of the influence of molecular O2 on the 

corrosion of metals in acid solutions and the effectiveness of inhibitors used to slow down 

the corrosion of metals. 

Based on the above, it seems important to summarize and systematize information 

about the corrosion of metals in acid solutions containing molecular O2, and various aspects 

of the inhibitory protection of metals in such environments. Understanding the 

characteristics of metal corrosion in acid solutions containing dissolved O2 is impossible 

without discussing related issues related to the consideration of some physicochemical 

properties of molecular O2 and the mechanism of its cathodic reduction on metals. 

II. Some Physicochemical Properties of Molecular Oxygen 

II.1. Redox potential of O2/H2O pair 

Dissolved O2 in aqueous solutions is a strong oxidizing agent [24]. The overall process of 

O2 reduction occurs with the participation of four electrons:  

 O2 + 4H+ + 4e− = 2H2O (acid media), (II.1) 

 O2 + 2H2O + 4e− = 4OH− (alkaline media). (II.2) 

The value of the equilibrium potential corresponding to this reaction can be easily 

calculated using a thermodynamic approach from the value of the standard free energy of 

the formation of water from gaseous H2 and O2. At temperature t = 25C and oxygen pressure 

p(O2) = 101.3 kPa, the value of this equilibrium potential is E = 1.229 V relative to the 

equilibrium potential of the hydrogen electrode in the same solution. Since the potentials of 

the equilibrium hydrogen and oxygen electrodes change equally with the pH of the solution, 

the difference in these potentials does not depend on the composition of the solution. If the 

potential is measured relative to the potential of a normal hydrogen electrode (in an acidic 

solution with pH = 0), then the equilibrium potential of the oxygen electrode, which shifts 
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negatively by 59 mV with an increase in pH by one unit, has the value E = 0.401 V in an 

alkaline solution with pH = 14. A characteristic feature of the oxygen electrode is that the 

value of the equilibrium potential calculated thermodynamically, as a rule, is not established 

experimentally. On inert electrodes, when immersed in an electrolyte and in contact with 

gaseous oxygen, a potential value between 0.8 and 1.1 V is established. The magnitude of 

the established potential depends on the pretreatment of the electrode. 

II.2. Oxygen solubility in aqueous solutions 

Works [25–30] discuss data on the solubility of molecular O2 in water and aqueous solutions 

depending on temperature and pressure. Oxygen solubility in pure or fresh water at 25°C 

and 1.0 atm of O2 pressure is about 1.22 mmol/L (the values are varied from 1.18 to 

1.25 mmol/L as reported in review [30]). In air with a normal composition, the oxygen 

partial pressure is 0.21 atm, the O2 solubility would become 0.256 mmol/L. The values of 

O2 solubility in distilled water determined experimentally under these conditions are varied 

from 0.230 to 0.269 mmol/L as reported in [27]. 

The solubility of O2 in acid solutions decreases with increasing their concentration 

(Table II.1). It also falls with increasing temperature, remaining lower for acid solutions than 

in pure water (Table II.2). It should be noted that increasing the temperature of water and 

H2SO4 solution by 100°C reduces the solubility of O2 in them by 2.9 and 2.7 times. 

Table II.1. Oxygen solubility in H2SO4 solutions. 25°С, 1.0 atm [30]. 

Parameter 
С(H2SO4), M 

0 0.05 0.10 0.50 1.00 2.00 3.00 4.00 

O2 solubility, mmol/L 1.25 1.11 1.10 1.05 0.98 0.98 0.72 0.66 

Table II.2. Oxygen solubility (mmol/L) at different temperatures and 1.0 atm pressure in water and H2SO4 

solutions [30]. 

Water 

environment 

Temperature, °C 

0 10 20 30 40 60 80 100 

Pure water 2.19 1.70 1.39 1.21 1.04 0.88 0.79 0.76 

1 M H2SO4 1.77 1.41 1.17 0.99 0.87 0.72 0.67 0.65 

Methods for studying O2 solubility are summarized in [25]. In the study of the solubility 

of O2 in liquids, methods are employed which are divided into physical, chemical, and 

physicochemical. The volumetric and manometric methods belong to the class of physical 

procedures. Their essential feature involves the measurement of the volume (pressure) of O2 

absorbed by the degassed liquid or desorbed from the liquid. Chemical methods are based 

on the interaction of O2 with reductants. Among physicochemical methods, spectroscopic, 
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electrochemical, chromatographic, kinetic, radiometric, and mass-spectrometric methods as 

well as methods based on the paramagnetic properties of O2 (EPR, NMR) are employed.  

II.3. Oxygen diffusion coefficients in aqueous solutions 

The estimation of oxygen diffusion coefficient D(O2) in aqueous solution could be conducted 

using the Stokes–Einstein equation using several known parameters such as the molecular 

weight of water, the absolute temperature, the solution viscosity, and the molar volume of 

water [30]. The mean experimental value of D(O2) in pure water is about 2·10–5 cm2 s–1 at 

20°C. Experimental data for D(O2) in pure water at different temperatures were shown in 

Table II.3. 

In acid solutions, the values of D(O2) are lower than in pure water [30]. In 0.1 M HClO4, 

the value of D(O2) is 167·10–7 cm2 s–1 at 25°C; in 0.5 M H2SO4, the value of D(O2) is  

140·10–7 cm2 s–1 at 25°C; in 14.6 M H3PO4, the value of D(O2) is 66.6·10–7 cm2 s–1 at 100°C 

and 82.9·10–7 cm2 s–1 at 120°C. 

Table II.3. Oxygen diffusion coefficients in pure water at different temperatures and 1.0 atm O2 pressure 

[30]. 

Parameter 
Temperature, K 

273 288 293 298 308 318 333 

D(O2)·105, cm2 s– 1 1.2 1.5–1.7 2.0 1.9–2.3 2.6–2.9 3.4 4.0–4.6 

II.4. Viscosity of aqueous solution 

As will be discussed below, the O2 reduction process on metals can occur with partial or 

complete diffusion control. The rate of such processes is regulated not only by the diffusion 

coefficient of the particles involved in them, but also by the viscosity of the medium in 

contact with the phase boundary where the chemical reaction takes place. The viscosity 

characteristics of water and aqueous solutions of acids are given in [30, 31]. The kinematic 

viscosity of water decreases with increasing temperature (Table II.4). Reference data on the 

relative viscosity of acid solutions is given in Table II.5. 

Table II.4. Kinematic viscosity of pure liquid water at different temperatures and 1.0 atm pressure [30]. 

Parameter 
Temperature, K 

273 278 283 293 303 313 333 353 373 

·102, cm2 s– 1 1.79 1.52 1.31 1.00 0.80 0.66 0.48 0.37 0.29 
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Table II.5. Relative viscosity of aqueous acid solutions at 25°C [31]. 

Acid 
Equivalent concentration, M 

0.125 0.25 0.5 1.0 

HCl 1.0095 1.0166 1.0338 1.0671 

HClO3 1.0059 1.0145 1.0255 1.0520 

HClO4 0.9992 0.9998 1.0032 1.0118 

H2SO4 1.0082 1.0216 1.0433 1.0898 

H3PO4 1.0312 1.0656 1.1331 1.2871 

H3AsO4 1.0309 1.0595 1.1291 1.2707 

HNO3 1.0027 1.0052 1.0115 1.0266 

HBr 1.0068 1.0069 1.0164 1.0320 

H3CCOOH 1.0049 1.0092 1.0169 1.0312 

III. Mechanism of Reduction of Molecular Oxygen on Metals 

One of the earliest generalizations of ideas about the mechanism of O2 reduction on metals 

was carried out in review [24]. Research in this area remains relevant to the present day [32–

55]. Most often, studies of the kinetics of O2 reduction are carried out on inert metals (Pt and 

Au). Important information about the kinetics of the O2 reduction process can be obtained 

from current-voltage studies [51–55], chronopotentiometry [56, 57] and electrochemical 

impedance spectroscopy (EIS) [55]. Since this reaction can occur with diffusion limitations, 

electrochemical studies are often performed on rotating disk electrodes [35, 36, 55]. 

In acid solutions containing a strong oxidizing agent (molecular O2), two additional 

cathodic partial processes are thermodynamically allowed [24] with the participation of four 

(Eq. II.1) and two (Eq. II.2) electrons. Based on an analysis of kinetic data, M.R. Tarasevich 

[55] proposed a scheme for the reduction of oxygen on metals in acid media (Figure 3). 

Similar schemes were discussed in [34, 39, 40, 42, 44–49]. For an inert gold electrode, the 

sequential reduction of oxygen is described as 

 – –

2(ads) 2(ads)O e O+   or –

2(ads) 2(ads)O H e HO++ +  , (III.1) 

 – –

2(ads) 2 2(ads)O e 2H H O++ + →  or –

2(ads) 2 2(ads)HO e H H O++ + → , (III.2) 

 –

2 2(ads) 2 (ads)H O e H H O OH++ +  + , (III.3) 

 –

(ads) 2OH e H H O++ + → , (III.4) 

including limiting stages (III.1) and (III.3) [55]. 



 Int. J. Corros. Scale Inhib., 2024, 13, no. 2, 1103–1134 1111 

  

 

 
Figure 3. Possible reactions of oxygen reduction in an acidic medium: kdif is the rate constant 

of oxygen diffusion from the bulk of the solution to the electrode’s surface, k1 is the rate 

constant of oxygen reduction along the four electron pathway, k2 and k3 are the constants of 

successive stages of oxygen reduction with the formation of an intermediate particle, k−2 is the 

rate constant of hydrogen peroxide oxidation, k4 is the constant of the chemical decomposition 

of hydrogen peroxide, k5 (k−5) is the rate constant of the desorption (adsorption) of hydrogen 

peroxide on the electrode’s surface [55]. 

It is noted [35, 39, 41, 42, 49, 58–61] that the rate of cathodic reduction of molecular 

O2 depends on the hydrodynamic parameters of the medium, which is typical for processes 

with mixed kinetics or diffusion control. The diffusion current resulting from the reduction 

of O2 on a metal rotating disk electrode in a laminar flow of liquid is described by the Levich 

equation: 

 id = 0.62zFC*D2/3−1/6n1/2, (III.5) 

where z is the number of electrons participating in the reaction on the electrode, F is the 

Faraday number, C* is the concentration of molecular O2 in the depth of the solution, D is 

the coefficient of diffusion of O2, η is the kinematic viscosity of the liquid, and n is the 

angular velocity of disk rotation. 

Oxygen reduction reaction (ORR) was studied on polycrystalline Pt and Au electrodes 

in 0.1 M HClO4 solutions containing various amounts of acetonitrile [61]. The state of the 

electrode surface was characterized by cyclic voltammetry in oxygen free electrolytes, while 

ORR studies were performed on Pt and Au rotating disc electrodes by a linear sweep 

voltammetry in oxygen saturated electrolytes. Acetonitrile is chemisorbed on Pt over a wide 

potential range. Initial potential of oxygen reduction is shifted negatively, while the kinetics 

of ORR is increasingly hindered with the increase of acetonitrile concentration. Inhibiting 

effect of acetonitrile on ORR is pronounced on both Pt and Au. Complete inhibition of ORR 

in the potential range of acetonitrile chemisorption is achieved for 0.1 M HClO4 solution 

containing 1 M acetonitrile on Au and 3 M acetonitrile on Pt. 

IV. Corrosion of Metals in Acid Solutions Containing Dissolved Molecular Oxygen 

Elements of the electrochemical theory of metal corrosion are considered by L.I. Antropov 

in [62]. For electrochemical corrosion of metals to occur, it is required that the corrosive 

environment contain oxidizing particles that, under given conditions, can be reduced on the 
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surface of the metal, taking away electrons from it. For example, during corrosion of iron in 

a solution of sulfuric acid, protons act as such particles: 

 2H+ + 2e− = H2, (IV.1) 

taking away electrons from iron: 

 Fe = Fe2+ + 2e− (IV.2) 

and transferring it in solution in the form of aqua-cations. For reactions IV.1 and IV.2 to 

occur in the indicated direction, it is necessary that the equilibrium potential of iron (rEMe) 

be negative than the equilibrium potential of the hydrogen electrode (rEH): 

 rEМе − rEH  0. (IV.3) 

According to the scheme of equations IV.1 and IV.2, corrosion proceeds with hydrogen 

depolarization; if dissolved molecular oxygen acts as an oxidizing agent, then corrosion 

proceeds with oxygen depolarization: 

 O2 + 4H+ + 4e− = 2H2O, (IV.4) 

 2Fe = 2Fe2+ + 4e−. (IV.5) 

Often processes of corrosion with hydrogen and oxygen depolarization are mutually 

superimposed, then corrosion with mixed or hydrogen-oxygen depolarization occurs. 

In addition to H+ and O2, other oxidizing agents can act as depolarizers – high-valent 

ions of the corroding metal, for example: 

 Fe3+ + e− = Fe2+ (IV.6) 

or ions of another metal, more electropositive than corrosive:  

 Cu2+ + 2e− = Cu. (IV.7) 

Equation IV.6 corresponds to corrosion with oxidative depolarization, and IV.7 – with 

metallic depolarization. The condition for the thermodynamic occurrence of corrosion in all 

these cases is compliance with the inequality, which is a generalization of equation IV.3: 

 rEМе – rEOx  0, (IV.8) 

where rEOx is the equilibrium potential of the oxidizer. Equation IV.8 is a thermodynamic 

criterion for the possibility of an electrochemical reaction. 

In all cases, two different reactions are combined at the electrode. As a consequence, 

the potential of the corroding metal (Ecor) cannot coincide with the equilibrium potential of 

either of them. When a stationary state is reached, the Ecor of the metal takes on a certain 

value that practically does not change over time. Such constancy of Ecor indicates the 

achievement of a charge balance, ensured by the fact that charges pass across the metal-

corrosion medium interface in two opposite directions in equivalent quantities. The 

equilibrium potential rE also corresponds to a charge balance, and charge transfer is 

associated with the reduction and oxidation of the same particles. For example, for electrodes 
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of the 1st type – an ion (atom) of the metal of the electrode. He also receives the same 

reaction directly: 

 Me2+ + 2e− = Me (IV.9) 

and reverse directions: 

 Me = Me2+ + 2e−. (IV.10) 

At a stationary corrosion potential, at least two types of particles of equal nature or, 

more precisely, two different electrode reactions proceeding in mutually opposite directions 

participate in establishing the balance of charges. If the intensity of charge transfer is related 

to a unit of interface surface and a unit of time, then it can be characterized through the 

current density. In equilibrium at E = rE, 

 0

Me Me Mei i i→ = = . (IV.11) 

In the case where E=Ecor, 

 
Me Ox Me Oxi i i i→ →  + = + . (IV.12) 

The corrosion density in current units icor corresponds to the difference in current 

densities in the reverse and forward directions for the metal (i.e., the difference in the rates 

of the anodic (
Mei ) and cathodic (

Mei→ ) reactions for the metal) and, at the same time, the 

difference in current densities in the forward direction and in the opposite direction for the 

oxidizer (i.e., the difference in the rates of the cathodic (
Oxi→ ) and anodic (

Oxi ) reactions): 

 
Me Me Ox Ox cori i i i i → → − = − = . (IV.13) 

For corrosion with hydrogen depolarization, instead of V.13, we can write: 

 
Me Me H H cori i i i i → → − = − = . (IV.14) 

The stationary corrosion potential Ecor is located between the equilibrium potentials 

rEМе and rEOx, and it is always more positive than rEМе and negative than rEOx. If this 

difference is large enough, then for a reaction involving a metal the cathodic process 

(discharge of metal ions, 
Mei→ ) can be neglected, and for a reaction involving a depolarizer, 

the anodic process (
Oxi ) can be neglected. Then equations IV.13 and IV.14 are transformed: 

 
Me Ox cori i i →  , (IV.15) 

 
Me H cori i i →  . (IV.16) 

During corrosion of metals with hydrogen depolarization, the rate of partial reactions 

of proton reduction and metal dissolution is limited by kinetic restrictions, most often by 

slowing down charge transfer, i.e. electrochemical overvoltage (Figure 4). 
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Figure 4. Polarization diagram of electrochemical corrosion with hydrogen depolarization. 

In corrosion with oxygen depolarization, one of two partial reactions, namely the 

reduction of dissolved O2, is usually realized with diffusion restrictions, at a limiting current 

that does not depend on the potential: 

 i(O2) = ilim(O2) = D(O2)C(O2)−1, (IV.17) 

where D(O2) is the diffusion coefficient of O2 in solution, C(O2) is the concentration of O2 

in solution,  is the thickness of the diffusion layer in which the concentration gradient is 

concentrated. The corrosion rate is determined by the equation: 

 
2 Me lim 2 cor(O ) (O )i i i i→ = = = , (IV.18) 

which is illustrated in Figure 5. If the equilibrium potential of the metal and oxygen are close 

to each other and the intersection of the polarization curves occurs in the region of kinetic 

restrictions on oxygen, then instead of equation IV.18 the equation should be used:  

 
2 Me cor(O )i i i→ = = . (IV.19) 

 
Figure 5. Polarization diagram of electrochemical corrosion with oxygen depolarization 

(kinetic limitations of the anodic reaction, diffusion limitations of the cathodic reaction). 
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The magnitude of the limiting diffusion current is determined by the geometry of the 

system in which corrosion occurs and by the speed of fluid movement. In the case of 

corrosion of thin plates onto which liquid flows at a speed v0, 

 ilim(O2) = icor = 4FD1/3−1/6х−1/6v0
1/2C(O2), (IV.20) 

where x is the distance along the plate from the point where the liquid flows onto it. In the 

case of corrosion of a rotating metal disk, the equation simplifies to equation III.5. 

In the case when the equilibrium potential of the metal is more negative than the 

potential of not only the oxygen, but also the hydrogen electrode, the metal corrodes as a 

result of two parallel processes of reduction of O2 and H+: 

 
H 2 Me cor(O )i i i i→ → + =   (IV.21) 

which is illustrated in Figure 6. 

 
Figure 6. Polarization diagram of electrochemical corrosion with oxygen depolarization 

(kinetic limitations of the anodic reaction, mixed limitations of the cathodic reaction). 

With an increase in the speed of movement of the corrosive medium, the value of 

ilim(O2) according to equations IV.20 and III.5 will increase. This will lead to an acceleration 

of corrosion and an increase in the proportion of oxygen depolarization in it, since the rate 

of hydrogen evolution is limited by the stage of charge transfer, which is practically 

independent of the intensity of movement of the medium. 
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Figure 7. Influence of the flow velocity of an aggressive medium (w) on the corrosion rate of 

St1 steel () in 4% HCl (25–80°С) deaerated with hydrogen (1, 3) and aerated with oxygen 

(2, 4). Steel samples without (1, 2) and with thermal scale (3, 4). The scale-coated steel 

formed in air at 640°С. 

The effect of dissolved O2 on the corrosion of St1 low carbon steel coated with thermal 

scale in 4% HCl was studied depending on the flow rate of the corrosive medium and 

temperature [63]. It was shown that in 4% HCl deaerated with hydrogen, the corrosion rate 

of St1 steel increases with increasing temperature (Figure 7). Under these conditions, the 

acceleration of the circulation of the HCl solution somewhat reduces the value of the steel 

corrosion rate (), which is believed to be a consequence of the slowing down of the 

hydrogen gas generation step. Hydrogen bubbles are more quickly washed from the metal 

surface and the solution is supersaturated with molecular hydrogen. In solutions saturated 

with molecular O2, the k value of steel is higher than in deaerated media and depends on the 

flow velocity (w). The extreme nature of the dependence −w is due to the fact that with an 

increase in the circulation rate of the medium, especially in heated media (50–80С), where 

the solubility of oxygen is low, the effect of the flow on hydrogen depolarization is stronger 

than the stimulating effect of dissolved O2. Corrosion of steel under scale occurs faster than 

in the same conditions in its absence. Accelerating the circulation of the solution first 

increases corrosion, and then reduces it. The effect of a decrease  value of steel at high w 

can be due to the washing out of Fe(III) cations, which are formed during the dissolution of 

scale and are capable of oxidizing the metal, from the near-electrode space into the bulk of 

the solution. 
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Potentiometry and voltammetry with a rotating disk electrode are used to study the 

corrosion of St3 low carbon steel in 1 M HCl (25°С) containing dissolved molecular oxygen 

from the mass loss of metal samples in a static and dynamic aggressive environment. It is 

shown that molecular oxygen in the acid solution and the transition from the static to 

dynamic state of an aggressive medium accelerates the corrosion of steel [64]. The corrosion 

of steel in this environment includes the anodic ionization of steel in the kinetic region and 

two partial cathodic reactions: the evolution of hydrogen and the reduction of dissolved 

molecular oxygen, characterized by kinetic and diffusion controls, respectively. Modeling 

the effect the hydrodynamic mode of the motion of a corrosive medium has on the rate of 

the cathodic reduction of molecular O2 on steel using the equation III.5 and comparing the 

results to experimental data suggests with high probability that in the flow of a corrosive 

medium it mainly proceeds according to the scheme 

 O2 + 2H+ + 2e− = H2O2. (IV.22) 

The values of the true kinetic currents of the cathodic reaction are estimated for a steel 

disk electrode in 1 M HCl that is freely aerated with air and forcibly aerated with gaseous 

O2. The effective coefficient of diffusion of dissolved molecular O2 in 1 M HCl is 

established. 

Some aspects of the electrochemical behavior of iron and carbon steel in aerated weakly 

acidic perchlorate and sulfate solutions are discussed in [65, 66]. 

The mechanism of the ORR on copper in a naturally aerated stagnant 0.5 M H2SO4 was 

studied using electrochemical methods [67]. The cathodic polarization curve showed three 

different regions. The three regions include a limiting current density region with the main 

transfer of 4e− controlled by diffusion (–0.50…–0.40 V), a combined kinetic-diffusion 

region (–0.40…–0.20 V) with an additional 2e− transfer due to the adsorption of the anions, 

and a hump phenomenon region (–0.20…–0.05 V), in which the chemical redox between 

the anodic intermediate and the cathodic intermediate, together with the electrochemical 

reaction, synergistically results in the acceleration of the ORR. 

During corrosion of nickel in H2SO4 solutions containing O2, its reduction occurs as a 

result of parallel reactions II.1 and IV.22 [68]. Hydrogen peroxide formed in reaction IV.22 

can be reduced on a metal surface to H2O, decompose to release O2, and diffuse into the bulk 

of the acid solution. On a disk electrode, when it rotates intensively, the proportion of H2O2 

formed can reach 25% of the theoretically possible. 

In 2–5 M HClO4 in the presence of oxygen, the true corrosion rate of copper, 

determined by measuring the mass loss of metal samples, exceeds the calculated values 

obtained during electrochemical studies by 3–5 times [69]. An autocatalytic effect is 

observed, caused by the accumulation over time in the solution of corrosion products – 

Cu(II) cations, which accelerate the destruction of the metal. It is assumed that copper 

corrosion in this environment occurs primarily through a catalytic mechanism in which 

copper dissolution predominantly occurs as a result of conjugate anodic 

 Cu = Cu+ + e−, (IV.23) 
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and cathodic reactions 

 Cu2+ + e− = Cu+. (IV.24) 

The concentration of the oxidizing agent (Cu(II) cations) is restored in a corrosive 

environment by chemical oxidation of Cu(I) cations with dissolved O2. A similar picture is 

observed during corrosion of iron in 20% acetic acid in the presence of O2, which also occurs 

via a catalytic mechanism through reactions IV.2 and IV.6. Fe(III) cations are formed in a 

corrosive environment during the oxidation of Fe(II) cations by molecular O2. It should be 

noted that the patterns of corrosion of metals that form ions of different valences in acid 

solutions containing O2 can differ significantly from the usual electrochemical mechanism. 

Experimental data on the effect of dissolved O2 on the corrosion of iron, carbon steel 

and nickel in H2SO4 solutions are presented in [70–72]. Data on the effect of dissolved O2 

on the corrosion of steel, Al, Pb, Cu, Ni, Sn and a number of alloys in solutions of H2SO4, 

HCl, HNO3 and acetic acid are analyzed [73]. The experimental technique consisted of 

comparing corrosion rates in two solutions, one of which was saturated with oxygen and the 

other with hydrogen. The effects of velocity on the corrosion of copper in solutions of H2SO4, 

HCl and acetic acid has been studied. An apparatus in which the samples are suspended in 

the acid solution from a horizontal rotating wheel was used, and provision was made for air 

saturation or for total exclusion of O2. The results emphasize the importance of O2 in 

corrosion by dilute “nonoxidizing” acids. 

Measurements of mass loss from disc made of β′-brass during corrosion in air saturated 

1.0 M HCl at 30–60°C have been carried out [74]. At 30 and 40°C dissolution of β′-brass 

occurs in the activation regime. At 50°C the mixed-kinetics regime is observed while at 60°C 

the reaction is controlled diffusionally by the oxygen dissolved in the acid. At 30 and 40°C 

the main corrosion reactions are dissolution with oxygen depolarization and autocatalytic 

dissolution. At 60°C the autocatalytic dissolution disappears. 

The corrosion behavior of tinplate in 0.1 M citric acid solution in aerated and deaerated 

conditions, respectively, were studied by a combination of EIS, inductively coupled plasma 

(ICP) and scanning electron microscopy (SEM). Under aerated conditions, three stages were 

distinguished during the corrosion process: the corrosion of tin coating, the corrosion of the 

carbon steel and the detachment of the surface corrosion product. Under deaerated 

conditions, the corrosion process of tinplate was dominated by the anodic dissolution of the 

tin coating [75]. 

V. Inhibitory Protection of Metals in Acid Solutions Containing Dissolved Molecular 

Oxygen 

According to L.I. Antropov [62] during metal corrosion with hydrogen depolarization, in the 

case of additional superposition of oxygen depolarization (corrosion with mixed 

depolarization), the inhibition coefficient reflects the inhibition by the inhibitor of two 

cathodic reactions – hydrogen evolution and oxygen reduction: 
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 –1

H 2 in,H in 2γ ( (O ))( (O ))i i i i→ →= + + , (V.1) 

where 
Hi
→  and i(O2) are the current densities of the reduction of H+ and molecular O2 on the 

metal in a medium without an inhibitor, 
Hi
→  and iin(O2) are the current densities of the 

reduction of H+ and molecular O2 on the metal in a medium with the addition of an inhibitor. 

Typically, under corrosion conditions, the evolution of hydrogen is limited by kinetic 

limitations, and the reduction of O2 by diffusion. In the presence of individual adsorption 

inhibitors, more effective suppression of hydrogen evolution (
Hi
→ ) occurs. Therefore, many 

inhibitors are less effective under conditions of mixed depolarization than during corrosion 

with pure hydrogen depolarization. 

The selective effect of adsorption inhibitors on hydrogen depolarization is illustrated in 

Figure 8. Regardless of which reaction – cathodic or anodic – is affected by the inhibitor, 

the decrease in the overall corrosion rate or the rate of O2 reduction is less noticeable than 

the decrease in the rate of hydrogen evolution. The action of adsorption inhibitors is 

characterized by a decrease in the overall corrosion rate with a simultaneous increase in the 

proportion of oxygen depolarization. 

In the case of cathodic reduction of oxygen in the presence of inhibitors for some metals 

(Fe, Pt and Cu), regardless of the chemical nature of the additive, there is a noticeable 

decrease in the limiting current of O2 reduction (Table V.1). This is explained by a decrease 

in the surface concentration of hydrogen and oxygen atoms caused by shielding of the metal 

surface by adsorbed particles. There is a decrease in the rate of oxygen reduction reaction, 

which becomes comparable to the rate of its diffusion. Under these conditions, the rate of 

the O2 reduction process begins to be controlled by mixed kinetics, determined by the 

slowness of diffusion and the chemical reaction of hydrogen reduction (Figure 9). This 

conclusion is indicated by the deviation of the id(O2) – n1/2 dependence from linear in the 

presence of inhibitors. It is caused by the imposition of restrictions on diffusion associated 

with inhibition of the chemical reaction [76]. 

 
Figure 8. Polarization diagrams of the decrease of corrosion rate and the proportion of 

hydrogen depolarization under the action of a cathodic (a) and anodic (b) inhibitor. 
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Figure 9. Effect of the rotation speed of an Armco iron disk in O2 saturated 1 M H2SO4 (1), on 

the value of id(O2) in the presence of 10 mM dimethylolthiourea (2) and 10 mM inhibitor  

KPI-1 (3). 

Table V.1. The influence of surfactants on the value of the limiting current of oxygen reduction (id(O2)104, 

A·cm– 2) on rotating metal disks (1000 rpm) in 1 N H2SO4 (room t). 

Atmosphere above the 

solution 
Fe Pt Cu Cd Cu(Hg) 

Without additive 

Air  7.8 2.5 7.6 8.8 8.3 

Oxygen 32 – 32 36 35 

10 mM Decyl-3-hydroxypyridinium chloride 

Air  4.5 0.0 7.1 8.8 8.3 

Oxygen 22 – 31 36 – 

10 mM Monomethylolthiourea 

Air  4.7 0.0 – 8.9 8.2 

Oxygen 22 – – 36 – 

10 mM Dimethylolthiourea 

Air  4.7 0.0 – – 8.0 

Oxygen – – 16 – – 
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Table V.2. The effect of oxygen on the corrosion of steel 10 in 1 M HCl (room t, 8 h) in the presence of 

additives. 

Additive 

H2 atmosphere O2 atmosphere 

, g·m–2·h–1 Z, % , g·m–2·h–1 Z, % 

Without additive 1.2 – 0.81 – 

0.3% I-1-A 0.044 96 0.27 67 

0.3% Catapine K 0.11 91 0.27 67 

0.3% Propargyl alcohol 0.12 90 0.24 70 

In [77], the effect of dissolved O2 on the corrosion of steel 10 in 1 M HCl (room t, 8 h) 

was studied. It was shown that in 1 M HCl in an atmosphere saturated with O2, steel 

corrosion was slowed down in comparison with an environment saturated with H2 

(Table V.2). The resulting effect is associated with O2 retardation of the dissolution of air-

formed surface oxides present on the metal surface and protecting it from the action of acid. 

The presence of O2 in a corrosive environment increases the proportion of sludge formed as 

a result of the dissolution of steel. In an environment saturated with O2, it is 3.9% by weight. 

dissolved metal, in an environment saturated with H2 – only 2.8%. In addition, in a solution 

saturated with O2, the proportion of Fe(III) cations from the total content of Fe(II) and Fe(III) 

cations in a corrosive environment is 67%. In an environment without O2, the proportion of 

Fe(III) cations is 0.8%. The presence of dissolved O2 in the corrosive environment 

significantly reduced the protective effect of the studied corrosion inhibitors. 

The effect of dissolved O2 on the corrosion of steel 20 in an HCl solution (pH = 2.8, 

t = 100C) with the addition of 30 mg/L N2H4 was studied under conditions of a flow of a 

corrosive medium (1 m/s). Corrosion of steel in such systems is accelerated by the presence 

of dissolved O2, as well as the transition from a static to a dynamic environment (Table V.3) 

[78]. 

Table V.3. The corrosion rate of steel 20 (, g·m–2·h–1) in aerated HCl solutions. 

Hydrodynamics of the 

medium 

N2 atmosphere Air atmosphere O2 atmosphere 

Without 

N2H4  

With 

N2H4 

Without 

N2H4  

With 

N2H4 

Without 

N2H4  

With 

N2H4 

Static liquid 3.4 1.6 3.8 1.8 4.3 11 

Fluid flow 5.1 3.5 7.1 6.0 8.3 17 

It was shown the stimulating effect of dissolved O2 on the corrosion of EI 448 steel in 

10% HCl containing 0.5% catapin K [79]. The accelerating effect of O2 on the corrosion of 

steel is more pronounced in the flow of a liquid medium (Table V.4). 
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The corrosion of St3 low-carbon steel in 1 M HCl (25°C) solution containing dissolved 

molecular oxygen with inhibition by butynediol and propargyl alcohol was studied by the 

voltammetric method using a disk electrode rotating at various velocities [80]. The corrosion 

of steel in the media under study is driven by three partial reactions: anodic ionization of 

iron and cathodic reduction of protons and molecular oxygen. The first two reactions occur 

in kinetic mode, while the latter reaction occurs in diffusion mode. An increase in the content 

of molecular oxygen in the acid solution, both in the presence and the absence of the 

inhibitors under study, accelerates steel corrosion due to acceleration of the cathodic reaction 

on the metal by oxygen. It is noted that dissolved oxygen reduces the efficiency of steel 

protection in HCl solutions by the corrosion inhibitors under study because they weakly 

hinder the cathodic reduction which occurs in diffusion mode. 

There is a difference in the electrical double layer (EDL) capacity of Armco iron in 

inhibited 1 M HCl (t = 18°C) for H2 deaerated and O2 aerated environments (Table V.5). 

Higher values of the electrode capacity in environments aerated with O2 are explained by the 

adsorption displacement of the inhibitor from the metal surface [81]. An increase in the EDL 

capacity of Armco iron in 1 M HCl containing propargyl alcohol is observed when O2 gas is 

bubbled into the solution. Subsequent bubbling of H2 gas into the solution, on the contrary, 

reduces the capacity of the EDL electrode. The observed effect is explained by the 

competitive adsorption of molecular oxygen and an organic inhibitor on iron [80]. 

Table V.4. The corrosion rate of EI 448 steel (, g·m–2·h–1) in 10% HCl. 

Additive 20°C 40°C 60°C 80°C 

Static liquid 

Without additive 0.8 5.3 17 100 

Catapine K 0.3 0.6 0.7 1.0 

Without additive* 3.6 8.0 19 107 

Catapine K* 2.2 2.6 7.6 8.0 

Fluid Flow Rate – 1 m·s–1 

Without additive 3.1 8.0 20 23 

Catapine K 1.2 1.9 4.2 5.2 

Without additive* 4.5 21 33 58 

Catapine K* 3.3 7.2 12 22 

Fluid Flow Rate – 2 m·s–1 

Without additive 3.4 9.3 30 31 

Catapine K 1.2 2.7 4.2 5.8 

Without additive* 10 22 35 94 

Catapine K* 3.5 6.6 15 19 
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Additive 20°C 40°C 60°C 80°C 

Fluid Flow Rate – 3 m·s–1 

Without additive 4.1 12 38 41 

Catapine K 1.2 3.0 4.0 7.0 

Without additive* 14 19 39 98 

Catapine K* 5.6 7.7 12 23 

* Bubbling oxygen gas into solution 

Table V.5. Differential capacity of the double electrical layer of Armco iron (S = 0.46 cm2) in 1 M HCl. 

Additive 
Differential capacitance of double electrical layer, F 

H2 atmosphere O2 atmosphere 

Without additive 9.41 15.1 

0.1% Catapine A 2.00 5.52 

0.03% Propargyl alcohol 3.91 8.68 

Corrosion of carbon steel in HCl and Na2SO4 solution mixture was investigated using 

rotating cylinder electrode for a range of rotation velocity, 0–2000 rpm, solution temperature 

of 32–52°C, and different oxygen concentrations [82]. It is found that increasing O2 

concentration leads to a considerable increase in the corrosion rates especially at high 

rotational velocity. Indole and cetyl trimethyl ammonium bromides (CTAB) inhibitors 

exhibited very good inhibition efficiency in most conditions investigated with the former 

exhibited better inhibition efficiency arriving up to 87% at low rotational velocities. The 

inhibition efficiency of both inhibitors was found to decrease with increasing velocity. In 

addition, indole inhibitor reveals excellent inhibition efficiency even at high temperatures 

while CTAB efficiency decreased appreciably with temperature increase. The inhibiting 

action of six organic phosphonium compounds of the structure [Ph3P+Y]Х, (Ph = phenyl, 

X = Br or Cl; and Y = propyl, propargyl, cyclopropyl, allyl, 1,3-dioxolanyl and cinnamyl), on 

the corrosion of mild steel in aerated 1 M HCl and 0.5 M H2SO4 (30°C) was studied using 

potentiodynamic and EIS techniques [83]. At the same time, the issue of the influence of 

dissolved O2 on steel corrosion in the considered environments is left without discussion. 

The acceleration of corrosion of soft steels in inhibited acid solutions was noted in the works 

[84, 85]. 
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Figure 10. The influence of oxygen pressure on the corrosion rate of cobalt and nickel in 5 M 

HCl (1) in the presence of 1% additives: 2 – KI, 3 – octahydro-sym-tolyltetrazine, 4 – 

propargyl alcohol. t = 20°C. 

With increasing molecular oxygen pressure (p(O2) to 20 atm), the corrosion rate of 

cobalt and nickel in 5 M HCl (t = 20°C) increases (Figure 10). The inhibitory effect for 

propargyl alcohol and KI decreases with increasing p(O2) [86]. Also, with an increase in 

p(O2), the corrosion rate of copper in HCl solutions increases, but, other things being equal, 

it decreases when moving from 1 M HCl to 7 M HCl (Figure 11). In 5 M HCl, as p(O2) 

increases, the protective effect of 1,2,3-benzotriazole on copper corrosion decreases, while 

that of thiourea remains virtually unchanged, which is explained by the formation of a phase 

film of the complex compound [87]. 

 
Figure 11. The influence of O2 pressure on copper corrosion in HCl solutions. t = 20°C. 
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Various aspects of the inhibitory protection of copper and its base alloy with nickel 

(40%) in aerated solutions of HCl [88–93], H2SO4 [94–98] and HNO3 [99] are considered. 

The kinetics of dissolved O2 reduction and hydrogen evolution reactions on copper surface 

was studied in naturally aerated and air and O2-saturated 0.5 M H2SO4 solutions using 

polarization measurements combined with the rotating disc electrode [98]. The Levich plot 

indicated that the dissolved O2 reduction at the copper electrode was an apparent four-

electron process. Ascorbic acid was tested as a safe inhibitor for copper corrosion in H2SO4 

solutions at 25°C. The addition of ascorbic acid slowed down the reduction reaction of 

dissolved O2 more effectively than the anodic reaction.  

When studying the corrosion of copper in aerated solutions of acetic and citric acids 

(room t), the processes associated with the oxidation of the corrosion product of metallic 

copper – Cu(I) cations to Cu(II) cations – by dissolved O2 were discussed [100, 101]. It was 

shown that effective protection of copper in the studied media is provided by the addition of 

substituted 1,2,4-triazole (IFKhAN-92 inhibitor). IFKhAN-92 significantly inhibits copper 

corrosion in aerated solutions of acetic and citric acids (up to 20 days), including the flow 

conditions of the corrosive medium and the presence of Cu(II) salts. 

VI. Conclusion 

Corrosion of a metal in an acid solution containing O2 generally occurs as a result of its 

parallel reactions of interaction with the acid itself and with O2 molecules. In acid solutions 

with a high content of active substance, the former reaction should predominate. In the case 

of metals with E0(Mez+/Me)>0 V, the latter is the only possible reaction. 

A specific feature of corrosion occurring with oxygen depolarization is its diffusion 

control, which makes this process extremely sensitive to the nature of convection of the 

aggressive environment. In such environments, when transitioning from static conditions of 

metal corrosion to dynamic conditions, the rate of the process can increase significantly. 

The presence of molecular oxygen in acid solutions reduces the effectiveness of metal 

protection with corrosion inhibitors in comparison with similar oxygen-free environments. 

At the same time, in inhibited environments containing O2, the sensitivity of metal corrosion 

to the parameters of solution convection remains. 

The nature of the effect of dissolved O2 on metal corrosion in a formally static corrosive 

environment freely aerated with air is ambiguous. A good example is the corrosion of iron 

and its alloys. If the environment is static, then corrosion should occur exclusively through 

the reaction of the metal with the acid. However, the released bubbles of H2 gas will actively 

stir the corrosive environment, removing diffusion restrictions on O2 reduction. Corrosion 

will occur through two reactions. H2 gas, actively released during corrosion, quickly 

saturates the corrosive environment, removing atmospheric oxygen from it. The only 

possible corrosion occurs with hydrogen depolarization. In static inhibited environments, 

corrosion proceeds differently. The inhibitor slows down the release of gaseous H2, the 

medium is less well mixed, and dissolved O2 is not removed from the solution. Corrosion 

occurs in an environment containing O2 and with his involvement, that will impair the 
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protection of the metal. Unfortunately, these factors are not taken into account when 

interpreting the results of corrosion studies in freely aerated acid solutions. 

Despite active research [16, 17, 102] in the field of acid corrosion of metals and their 

inhibitory protection, the role of dissolved oxygen in these processes is not taken into 

account in most cases, although this may be important in practice. It is necessary to search 

for compounds capable of effectively suppressing oxygen depolarization in acidic 

environments. 

In our opinion, along with the search for corrosion inhibitors that suppress the 

absorption of hydrogen by metals [103–105], do not slow down the removal of mineral 

formations from metal surfaces [106], retain their effectiveness in solutions containing 

Fe(III) salts [8] and prevent destruction of metals under conditions of high-temperature 

corrosion [107–109], an urgent task of protection against acid corrosion of metals is to take 

into account the issues of the mechanism of the cathodic reaction of O2 reduction discussed 

in this review. 
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