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Abstract  

This review discusses the most important fields of practical application of acid solutions. They 

are used in the oil and gas industry for acid stimulation of oil- and gas-bearing strata and at 

metallurgical plants for removal of high-temperature scale from the surface of steel products. 

It is noted that during operation these process fluids can be heated to temperatures t100℃, 

which significantly increases their corrosiveness toward steel technological structures or steel 

products with which they contact. Analysis of literature reviews on acid corrosion inhibitors of 

metals shows the absence of detailed information on the possibility of steel protection in acid 

solutions at t100℃. In view of this, the long-term experience in the field of inhibitory 

protection of steels against corrosion in acid solutions at elevated temperatures t80℃ is 

summarized and a critical analysis of the results achieved in this area and existing theoretical 

concepts is performed. The technical specifics of studying the corrosion and electrochemical 

behavior of steels in acid solutions at elevated temperatures are considered. It is noted that the 

most correct data on steel corrosion under these conditions cannot be obtained without 

autoclave equipment. Data on the corrosion rates of steels of various grades in solutions of 

mineral and organic acids under high-temperature corrosion conditions are summarized and 

analyzed. The activation energies of corrosion of steels in acids are analyzed. Data on the 

electrochemical behavior of steels in acids at temperatures close to 100°C are presented. The 

corrosion rates of steels observed in acid solutions under high temperature corrosion 

conditions are extremely high, which makes it impossible to use them in these environments 

without special protective measures. Metals in contact with hot solutions of both mineral and 

organic acids need to be protected. It is noted that corrosion inhibitors are the only acceptable 

way to protect metals under these conditions. The bibliography includes 123 references. 
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Introduction 

Solutions of non-oxidizing acids used for the acidic treatment of oil- and water-bearing 

strata, scale removal from metal surfaces, and cleaning of mineral deposits from the inside 

surfaces of pipelines and equipment are among the most corrosive industrial environments. 

In practice, the main method for the protection of metal structures in acid solutions 

involves the use of corrosion inhibitors (hereinafter, inhibitors), i.e., chemical compounds 

or formulations that, when present in sufficient concentrations in a system, decrease the 

corrosion rates of metals without changing significantly the concentration of any corrosive 

reagent [1]. The vast majority of acid corrosion inhibitors are efficient at temperatures up 

to t = 80℃. In most cases, they are completely desorbed from the metal surface above this 

temperature, which significantly reduces their protective effect. Unfortunately, the vast 

majority of the known corrosion inhibitors do not meet the technical and environmental 

requirements of modern industries, where acid solutions in contact with a metal can be 

heated to t ≥ 100℃. Moreover, inhibitors should not be hazardous to humans and to the 

environment. 

Inhibitors capable of protecting metal structures of the oil- and gasfield equipment in 

contact with acid solutions at t ≥ 80℃ (high-temperature acid inhibitors) need to be created 

for the oil and gas industry where acid treatment of hydrocarbon strata with elevated 

temperatures at the well bottom is required more and more often. The first patent on the 

stimulation of carbonate oil strata with hydrochloric acid was obtained by Herman Frasch 

from Standard Oil back in the late 19th century [2]. However, acid stimulation did not find 

wide use in oil production in the next 30 years. Then, several serendipitous events occurred 

in the early 1930s. The Dow Chemical Company developed an efficient corrosion inhibitor 

for mineral acids and was asked to provide it for the acid treatment being performed by 

Pure Oil Company in one of their wells in Michigan. The effect of the treatment on 

production was positive, if not spectacular, but it provided the impetus to perform further 

treatments. Some of these later treatments produced excellent results and news of the 

technique quickly spread, spawning a whole host of small companies eager to participate in 

this new business [3]. 

A number of studies were performed to develop modern acid formulations for the 

treatment of oil and gas-bearing strata with elevated temperatures [4–12]. Treatments 

where acid formulations can be heated to 150℃ or more were considered. While 

hydrochloric acid was exclusively used for the acid stimulation of oil wells at the 

beginning of the 20th century, the use of its mixtures with hydrofluoric acid in some cases 

began by the 1940s [13, 14]. To date, the range of acids used or recommended for the 

stimulation of oil wells in individual form or in the form of mixtures expanded 

significantly [15–26]. Both inorganic (HCl, HF, less commonly H2SO4, H3PO4, sulfamic 

acid, etc.) and organic acids (acetic, formic, monochloroacetic, etc.) are used. 

The development of efficient high-temperature inhibitors opens prospects for 

intensifying the metal etching and removal of mineral deposits by considerably increasing 



 Int. J. Corros. Scale Inhib., 2020, 9, no. 2, 394–426  396 

      

 

 

the temperatures of acid solutions used in these operations [27, 28]. The large-scale etching 

of low-carbon steels for the removal of high-temperature scale is most often performed 

using solutions of mineral acids, such as HCl and H2SO4 [29]. Inorganic (HCl, H2SO4, 

H3PO4, sulfamic, etc.) and organic (citric, adipic, etc.) acids and sometimes their mixtures 

are also used to wash-off mineral deposits from the inner surfaces of metal equipment. Let 

us make a reservation right away that nitric, hydrofluoric and some “exotic” acids can be 

used in some special cases of these operations. In particular, they are used for the acid 

etching of chromium–nickel steels [30]. The discussion of these issues is left beyond the 

scope of our review due to some specifics of the properties of these acids [31–33]. 

Analysis of scientific literature shows that complete generalization of the 

achievements in the field of inhibitory protection of metals in acid media at elevated 

temperatures and analysis of the existing fundamental approaches to the solution of this 

problem are unavailable today. Researchers dealing with studies on acid corrosion 

inhibitors of metals ignore this problem, despite its importance for the modern industry. 

This is largely because it is difficult to obtain satisfactory results on the inhibitory 

protection of metals in acid solutions with t80℃ and because it is laborious to conduct 

corrosion studies in these environments. This is confirmed by the fact that recently 

published reviews [34–50] dealing with various groups of acid inhibitors do not discuss 

their applicability in high temperature corrosion, despite the practical significance of this 

problem. The problem of steel protection under high-temperature acid corrosion conditions 

is also ignored in discussions on more general issues of inhibitory protection of metals in 

the oil and gas industry [51]. Unfortunately, three important reviews [52–54] dealing with 

the protection of metals in acid media provide reference data on inhibitors capable of 

slowing down the corrosion of steel in acids at t80℃ without any analysis of these data. 

Important achievements in the inhibitory protection of steels in HCl solutions (0–160℃) 

by triazole-based composite inhibitors were discussed in Refs. [55, 56] devoted to the most 

relevant studies in the field of inhibitory protection of metals that are currently in progress. 

A recent review [57] dealing with the use of new inhibitors in the oil and gas industry 

provides a brief overview of current advances in their use in HCl solutions under high 

temperature corrosion conditions. It is known that high-temperature acid corrosion 

inhibitors of steels include some acetylenic compounds, ,-unsaturated carbonyl 

compounds and azomethines, azole derivatives, and N-containing six-membered organic 

compounds as components of mixed inhibitors. The features of steel protection by these 

compounds in acid media and the specifics of the mechanism of their action are reviewed 

in [58–61]. The inhibition of metal corrosion in phosphoric acid solutions, including that at 

elevated temperatures, is reviewed in [62]. In recent years, studies on the protection of 

steels in acid media at elevated temperatures allowed fundamentally new inhibitors for 

these media to be developed. Theoretical approaches to the creation of such inhibitors also 

expanded considerably. All this requires a detailed generalization of the currently available 

literature data, their understanding and in-depth analysis. The urgent need in these 
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generalizations is confirmed by the publication of the work [63] where the achievements in 

the inhibitory protection of various steels under high-temperature carbon dioxide corrosion 

conditions are analyzed. The critical importance of these studies is emphasized, since 

rather an active development of high-temperature oil and gas fields has been occurring 

recently. 

In view of this, it appears important to summarize the long-term experience in the 

field of inhibitory protection of steels against corrosion in acid solutions at elevated 

temperatures, t80℃, and perform a critical analysis of the results achieved in this field 

along with the existing theoretical concepts. For a better understanding of the hazards of 

high-temperature acid corrosion of metals, it is necessary to summarize the disparate and 

extremely rare data on the corrosion rates of steels in acids in the absence of inhibitors. 

I. Specifics of the techniques for studying the high temperature acid corrosion of 

steels 

In studies on the high-temperature acid corrosion of steels, experimenters encounter 

technical difficulties primarily caused by the fact that all or some components of acid 

solutions pass into the gas state at t100℃ under atmospheric pressure. Experiments of 

this kind require that autoclave equipment be used. The design of an autoclave and its 

auxiliary components should be such that their parts in contact with a hot acid in the liquid 

or gas phase are not degraded by the acid and do not release compounds that could slow 

down metal corrosion. 

Moreover, the acid corrosion of steels at t100℃ occurs at very high rates 

(k1 kg/(m2·h)), which leads to a fast consumption of the acid solution available in the 

limited autoclave space. A significant decrease in its concentration in the solution will not 

allow true steel corrosion rates to be obtained. A steel sample can significantly change in 

geometric shape or dissolve completely due to the rapid interaction with the acid it 

contacts. In view of this, after the acid reaches the working temperature, the sample in the 

autoclave should be brought into contact with the corrosive medium for a fixed time and 

then isolated from it. Under ordinary conditions, this is done by sinking a sample from air 

into an acid and extracting it from the acid into air. In a heated autoclave, the gas phase is 

saturated with the acid that can actively react with the metal. To protect steel from 

exposure to the corrosive environment when the autoclave is heated and cooled, its design 

should include a device that puts the metal samples into a layer of transformer oil to 

insulate them for this period of time. 

Heating of an autoclave involves an increase in pressure (p) inside it due to the 

transition of the acid solution components to the gaseous state. An even greater contribution 

to this process is made by the reaction of the metal with the acid due to hydrogen evolution. 

The autoclave design should reliably withstand the effects of such pressures and allow safe 

pressure release from the autoclave after cooling. In some autoclave designs, oil hydraulic 

presses were provided to create an excess pressure artificially. 
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The literature available to us contains practically no information on a technique for 

studying the corrosion of steels in acids at t100℃ and design features of the laboratory 

set-ups that were used to perform the studies. One of the first set-ups was developed in the 

early 1960s by S.A. Balezin, N.I. Podobaev and F.K. Kurbanov (Figure 1) [64]. It was 

designed as an autoclave with a manual hydraulic press. Transformer oil was used as the 

working fluid for creating the required pressure. Steel samples were mounted on a 

fluoroplastic support in the lower part of a glass beaker that was filled with transformer oil. 

Then the required amount of an acid was poured into it; the vessel was closed with an oil-

resistant rubber cap and turned over. Thus, the samples were in oil in their initial position. In 

this position (cap down), the beaker with the samples was kept in the autoclave until the 

required t and p were reached. When the autoclave was turned by 180℃ (time of reaction 

start), the samples got immersed into the acid. Returning the autoclave to its original position 

terminated the reaction. After cooling the autoclave to t100℃, the excess pressure was 

released using a hand press and a plug. The characteristics of the autoclave were as follows: 

working capacity 0.45 L, t range up to 160℃, t maintaining accuracy 2℃, p range up to 

500 atm, p maintaining accuracy 5 atm. The authors showed experimentally that with this 

autoclave design, oiling of the samples with transformer oil slightly reduces the corrosion 

rate of the metal but does not introduce fundamental errors in the measurement results. 

 

Figure 1. Scheme of the autoclave [64]: 1 – autoclave body, 2 – plug, 3 – manual hydraulic 

press, 4, 5 – axle for turning the autoclave, 6, 7 – rod with metal gasket, 8 – fluoroplastic  

O-rings, 9 – pressure nut, 10 – exhaust plug for gases, 11 – electric spiral in porcelain rings, 

12, 13 – contact thermometer with electronic relay, 14, 15, 16 – beaker with samples and 

stand, 17 – rubber cap, 18 – oil seal, 19 – pressure gauge, 20 – high pressure valve, 21 – 

funnel with a valve for filling the press with oil, 22 – oil pipe. 
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A more advanced set-up was developed at the Grozny Research Institute (city of 

Grozny) (Figure 2) [65]. The specifics of the autoclave design was that it not only allowed 

the samples to be immersed and raised when the pressure was high in the autoclave, but 

also allowed rotation of the shaft where the samples were mounted. To speed up the 

autoclave cooling, its design included a water cooling system put around an electric 

furnace. Like in the previous case, the metal samples were located in a cup filled with 

transformer oil before and after contacting an acid. To conduct electrochemical 

measurements (electrode potential of the metal, measurement of the system electrical 

conductivity, voltammetric measurements), two electric inputs of special design were 

mounted inside the autoclave. The characteristics of the autoclave were as follows: 

working capacity 1.5 L, t range 110–250℃, t maintaining accuracy 4℃, p range 100–

1000 atm, p maintaining accuracy 5 atm. An important design feature of this autoclave is 

the ability to immerse and remove metal samples to/from the acid solution at a required t 

for a short time (a few minutes). Taking into account the possibility of a rapid decrease in 

the acid concentration in the solution at extremely high reaction rates of steel with the acid, 

this design feature allows one to obtain the least underestimated metal corrosion rates that 

are most close to reality. 

 

Figure 2. Scheme of the autoclave [65]: 1 – housing, 2 – cover, 3 – gland, 4 – fluoroplastic 

ring, 5 – steel samples, 6 – fluoroplastic beaker, 7 – heater, 8 – coil for cooling, 9 – 

thermocouple to maintain the thermostat temperature at 50℃, 11 – high pressure pipe, 12 – 

valves, 13 – pressure gauge, 14 – oil press, 15 – shaft, 16 – pulleys, 17 – belt, 18 – worm shaft, 

19 – gearbox, 20 – electric motor, 21 – PSR1-03 potentiometer, 22 – handwheel, 23 – relay. 



 Int. J. Corros. Scale Inhib., 2020, 9, no. 2, 394–426  400 

      

 

 

In a number of our works [66–69], the corrosion of various steels in HCl and H2SO4 

solutions (100–200℃) was studied in an automatic autoclave complex manufactured by 

Huber (Finland) (Figure 3). A significant drawback of these autoclaves compared to those 

described above −is that it is impossible to control its internal pressure, which can 

significantly increase due to hydrogen released upon metal dissolution. The design of the 

autoclaves was improved by quartz inserts in the form of cups into which an acid solution 

was placed. A facility was provided in the autoclave covers to suspend the metal samples 

on Teflon straps. The autoclave design does not allow one to directly metal samples place 

in an acid solution and withdraw them from it at a preset temperature. In view of this, 

corrosion tests were carried out by the following scheme. A specimen was placed into the 

autoclave quartz vessel containing an acid solution. The vessel was heated to a required 

temperature, kept for 40, 70 or 130 min at that temperature, and cooled to 100℃. The 

autoclave was then opened and the samples were withdrawn. In order to take the specimen 

mass loss during autoclave heating and cooling into account, the tests were duplicated with 

exposure for 10 min at the corresponding temperature. The corrosion rates over 30, 60, or 

120 min periods were calculated from the difference between the specimen mass loss after 

40-, 70-, or 130-minute exposures in the autoclave at the corresponding temperature and 

the mass loss after a 10-minute exposure. The autoclave characteristics were as follows: 

working capacity – 0.2 L, t range – up to 350℃, accuracy of maintaining t – ℃ (when 

controlled manually), p range – up to 170 atm. It should be understood that prolonged 

contact of a metal with an acid that occurs in these autoclaves can give significantly 

smaller-than-real steel corrosion rates, especially in those cases where the acid solution is 

quickly exhausted. In addition, the mass loss of metal samples during heating and cooling 

of acid solutions is not quite correctly taken into account. 

 

Figure 3. The autoclave room of A.N. Frumkin Institute of Physical Chemistry and 

Electrochemistry of the Russian Academy of Sciences. An autoclave stand is on the left, an 

autoclave is on the right. 
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In cases where the process rate is very low under conditions of high-temperature acid 

corrosion of metals, the acid concentration changes slowly and the pressure due to hydrogen 

evolution does not increase considerably, studies can be made in stainless steel ampules 

lined with a fluoroplastic on the inside. Such devices were used to study the corrosion of 

chromium–nickel steels in H3PO4 solutions [70, 71]. Ampules with samples placed inside 

(S=5–25 cm2) were filled with H3PO4 solutions (V=25 ml), closed with a tightly screwed-on 

lid with a fluoroplastic gasket, placed in a heating cabinet and heated to the required t (t up 

to 150℃, t maintaining accuracy ℃). Inside the oven, the ampules were rotated around a 

transverse axis at a rate of 80 rpm by means of an electric motor, which allowed uniform 

mixing of the solution to be achieved. The duration of the corrosion tests was 6–58 hours, 

and the scatter of the results for 6 metal samples did not exceed 10%. 

Understanding the specific features of high-temperature acid corrosion mechanisms is 

impossible without performing a combination of electrochemical studies in such systems. 

Like corrosion tests, studies of this kind are complicated by the high corrosiveness of the 

environment toward the materials used to build the experimental set-up, including the steel 

working electrode, and the possibility of high pressures in the system or the need to 

maintain them. The simplest version of a set-up for studying the current-voltage 

characteristics of steel in acid solutions consists of glass or quartz electrochemical cells 

additionally equipped with a thermostatically controlled jacket [72]. Studies in such 

experimental set-ups is limited by the boiling point of the working medium, which is 

several degrees higher than the boiling point of water. 

A special set-up consisting of an autoclave and an electrochemical cell inside it was 

developed at A.N. Frumkin Institute of Electrochemistry of the USSR Academy of Sciences 

[73]. It was intended for studying the kinetics of hydrogen evolution from aqueous solutions, 

including HCl and H2SO4 solutions, at t > 100℃. The set-up characteristics were: t range up 

to 300℃, p range up to 150 atm. A technical feature of the set-up was that an inert metal 

served as the working electrode. This setup was used to study the kinetics of hydrogen 

evolution from aqueous solutions at elevated temperatures, which is important for a more 

detailed understanding of the process mechanism. The design features of the set-up do not 

allow one to use it for studying the electrode reactions of steel.  

A special autoclave with a simpler design was used to study the electrochemical behavior 

of steel in HCl solutions at elevated temperatures (Figure 4) [74]. It was designed as a vessel 

from an inert material (length 120 mm, diameter 38 mm) with three platinum wires and one 

silver wire inserted into it through a special electric input. The upper platinum wire provided 

the contact of the working electrode (36G2S steel) mounted in a fluoroplastic stand, with a 

potentiostat, while the two lower ones served as the auxiliary electrodes. The silver wire 

electrolytically coated with silver chloride served as the reference electrode. The wires in the 

autoclave were isolated with porcelain rings. The acid covered only a fraction of the steel 

sample that served as the working surface. Transformer oil that insulated the upper platinum 

wire was above the HCl solution. Set-up characteristics: t up to 120℃, p up to 300 atm. 
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Figure 4. A device for recording polarization curves under pressure [74]: 1 – steel working 

electrode, 2 – platinum contact, 3 – platinum auxiliary electrodes, 4 – silver chloride electrode, 

5 – fluoroplastic stand, 6 – HCl solution, 7 – transformer oil. 

The electrical conductivity of HCl solutions at elevated temperatures and pressures was 

measured in an autoclave developed at the Grozny Research Institute (Figure 2) [75]. Its 

design was complemented by electrical inputs with platinum electrodes. Ohmic resistance 

was measured in the Pt4 N HClPt electrochemical circuit using an R-38 slide-wire bridge 

[76]. The set-up characteristics were: t range up to 200℃, p range up to 500 atm. 

II. Corrosion destruction of steels in acid solutions under high-temperature corrosion 

conditions  

Information on the corrosion resistance of steels in acid solutions is rather extensive, but, 

as a rule, it does not cover the high-temperature corrosion range. This determines the need 

for a systematic search for and analysis of information on the corrosion of steels in acid 

solutions under these conditions. Data on the corrosion of various structural metals, 

including steels, in mineral acids (HCl, H2SO4, H3PO4, HNO3, HF) were collected and 

summarized in a reference book [77]. In total, the corrosion rates of steels are largely 

determined by their chemical composition, the nature of the acid, the concentration of acid 

solutions, their temperature, and duration of metal contact with the corrosive medium. 

Information on the corrosion rates of steels in solutions of mineral acids is limited by their 

boiling points. A brief review on the corrosion resistance of various steels in mineral (HCl, 

H2SO4, H3PO4, HNO3, HF, sulfamic acid) and organic acids (HCOOH and H3CCOOH) is 

given in monograph [16]. The specific features of the corrosion behavior of stainless steels 

in solutions of mineral acids are discussed in [78], but high-temperature corrosion is not 

considered there, either. 
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Hydrochloric acid 

Studies on the dissolution rate of St3 steel (content in mass percent, %: 0.14–0.22 C; up to 

0.04 P; 0.15–0.33 Si; 0.40–0.65 Mn; up to 0.05 S; up to 0.3 Cr; up to 0.3 Ni; up to 0.008 

N; up to 0.3 Cu; up to 0.08 As; remainder Fe) in 8–20% HCl in the range of t = 20–155℃ 

and p = 1–500 atm. made it possible to find a number of empirical laws describing this 

process [64]. Selected experimental data shown in Figure 5a indicate that corrosion of mild 

steel at t100℃ occurs with high k1 kg/(m2· h). It is noted that the plot of k for St3 steel 

vs. t at a constant p is approximately described by the Arrhenius equation: 

exp
E

k A
RT

 
 
 

=  − , 

where A is an empirical constant; E is the effective activation energy of the process that 

depends on the HCl content in the solution and the range of t and p; R is the universal gas 

constant; and T is the absolute temperature. Under experimental conditions, especially at 

elevated temperatures, this dependence was distorted due to a drop in CHCl during the 

experiment and accumulation of a sludge layer on the metal surface. The dependence of k 

on CHCl at p200 atm. and t155℃ has the form: 

( )
HCl

n
ak b= , 

where a is the active concentration of HCl; b and n are empirical constants. At p200 atm., 

upon an increase in HCl content in a solution to 20% the k of steel decreases the stronger, 

the higher the values of p and t. The value of k decreases with an increase in p: 

1
lgk a b

p
= + , 

where a and b are empirical constants. Under the same conditions, the corrosion of St5 

steel (content in mass percent,%: 0.28–0.37 C; up to 0.3 Si; 0.5–0.8 Mn; up to 0.05 S; up 

to 0.04 P; remainder Fe) occurs with lower k values (Figure 5b) [79]. 

 

Figure 5. Corrosion rates of steel St3 (a) and steel St5 (b) in HCl solutions, wt.%: 1 – 20; 2, 2´, 2´´ 

– 16; 3 – 8. Pressure, atm.: 1, 2, 3 – 100; 2´ – 300 and 2´´ – 500. Test duration – 0.5 h at t = 65℃. 
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More detailed data on the corrosion of steels in hydrochloric acid were obtained by 

N.I. Podobaev and V.V. Vasil’ev [80]. They studied the corrosion of St1 low-carbon steel 

(content in mass percent, %: 0.07 C, 0.022 P; 0.02 Si; 0.027 S; remainder Fe) in 4 M HCl 

in the range of t = 110–250℃. In the studies on the mass loss of samples, the mean k of the 

metal was determined (Figure 6a): 

4

av

60 10m
k

S

  
=  

where m is the mass loss of a steel sample, S is the area of the sample in cm2‧m and  is 

time. It was noted that in the selected t range, the values of k became large and, even after 

contact of the acid with the metal for 3–10 min, the acid concentration decreased by a 

factor of 2–7. Therefore, the mean k of steel does not at all match the true rate at the initial 

acid concentration. For this reason, it was necessary to calculate the differential corrosion 

rate as for a first-order reaction. The rate constant of the reaction of hydrochloric acid with 

steel was determined from the decrease in concentration, C (in mol/l): 

HCl

2.303
lg

C
K

C X
=

−
 

where  is the time from the start of the experiment, min; C−X is the acid concentration at 

the end of the experiment. If the corrosion rate of steel in expressed in g/(m2·h), the rate 

constant of steel dissolution (Figure 6b) is equal to: 

4

St HCl

1
10 60M Fe V

Z
K K

S

 
 
 

  

=   

where 
1

M Fe
Z

 
 
 

 is the equivalent mass of iron and S/V is the metal area in cm2 per 1 liter 

of the acid solution. The differential corrosion rate is related to the dissolution rate constant 

of steel by the relationship: 

x

dif StK Ck =    

where x is an empirical coefficient that depends on the reaction mechanism. One can see 

that the differential k values of steel are significantly higher than the mean values. 

Analysis of the dependence of log KSt on T−1 (Figure 6b) showed that at t up to 190℃, 

it is linear and the corrosion process is described by the Arrhenius equation. The effective 

activation energy of the corrosion process is Ea = 36 kJ/mol, which is typical of a mixed 

diffusion-kinetic control of the process. At higher t, this dependence becomes irregular. 

Extrapolation of the linear portion of this dependence to higher t allowed the true values of 

steel corrosion rate to be calculated from the corrected KSt values (Figure 6a). They are 

significantly higher than the differential values at t210℃. According to the authors, this 

is a consequence of the acid consumption due to corrosion that decreases its concentration. 
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In addition, its decrease in the near-electrode layer at these high temperatures causes the 

hydrolysis of the corrosion product, FeCl2. At t = 150−200℃, dehydration of hydrolysis 

products becomes possible. As a result, the samples become coated with a black film 

consisting of FeO and Fe(OH)Cl (mass ratio 1.9:1) that inhibits corrosion. The 

composition of the film was confirmed by chemical analysis. An increase in pressure slows 

down the corrosion of St1 steel over the entire selected t range. 

 

Figure 6. Mean (1), differential (2) and true (3) corrosion rates of St1 steel in 4 M HCl (a) and 

the variation of log KSt vs T– 1 for the same process (b). The points represent experimental 

values; the line is a simulation according to the Arrhenius equation. Test duration – 10 min at 

t170℃ and 3 min at t190℃. Pressure – 300 atm. 

Under the same conditions, 36G2S steel (content in mass percent, %: 0.47 C; 0.022 P; 

0.019 Si; 0.70 Mn; 0.030 S; 0.05 Cr; 0.06 Ni; remainder Fe) used to make pump-

compressor pipes is more resistant to the exposure to the acid. At 110℃ and p = 100 atm, 

the mean and differential k values of steel are 3.44 and 4.00 kg/(m2·h), while at 230℃ they 

are 41.8 and 68.7 kg/(m2·h), respectively. Raising the pressure to 500 atm slows down the 

corrosion. The mean and differential k values of steel at 110℃ are 2.22 and 

2.48 kg/(m2·h), and those at 230℃ are 33.8 and 48.7 kg/(m2·h). 

This study shows that the mean values of k experimentally obtained from the mass 

loss of steel samples are significantly lower than the true values, which does not allow one 

to fully estimate the corrosiveness of the medium that is much higher. Perhaps, this effect 

is hard to notice in a laboratory set-up where corrosion occurs in a limited volume of an 

acid that is quickly consumed, but the corrosion losses will be much higher in pipelines 

where the pumped acid is constantly renewed. 
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Later, A.K. Iskhakov and F.K. Kurbanov [81] conducted a systematic study of the 

corrosion of steel 20 (content in mass percent, %: 0.17–0.24 C; 0.17–0.37 Si; 0.35–0.65 

Mn; up to 0.30 Ni; up to 0.30 Cu; up to 0.25 Cr; up to 0.08 As; up to 0,035 P; up to 0.04 S; 

remainder Fe) in 15% HCl where k was 5.14 kg/(m2·h) at 110℃, 7.45 kg/(m2·h) at 120℃, 

9.54 kg/(m2·h) at 130℃, 12.1 kg/(m2·h) at 140℃, 17.2 kg/(m2·h) at 150℃ and 

20.1 kg/(m2·h) at 160℃. The corrosion of steel D (content in mass percent, %: 0.41–0.48 

C; 0.17–0.37 Si; 0.65–0.90 Mn; up to 0.045 S; 0.045 P; 0.25 Cu; remainder Fe) in 12% 

HCl at 100, 140 and 160℃ (p = 30 MPa) occurs with following rates: 2.82, 3.80 and 

4.22 kg/(m2·h), respectively [82]. 

Less systematic data were obtained for the corrosion of steel N80 in 15% HCl 

(content in mass percent, %: 0.34–0.38 С; 0.20–0.35 Si; 1.45–1.7 Mn; P up to 0.02; S up 

to 0.015; Cr up to 0.15; 0.11–0.16 V; remainder Fe). According to S. Vishwanatham et al., 

at 110℃ (1.22 atm, 1 h) the k value is significant: 0.67 kg/(m2·h) [83], while at 115℃ 

(1.22 atm, 1 h) it is 0.69 kg/(m2·h) [84]. According to M. Kuraishi, k = 2.6 kg/(m2·h) at 

105℃ (the time of metal contact with the acid is not reported) [85], which is significantly 

higher than in the previous studies. Under these conditions, corrosion slows down with 

time. According to the tests, k = 2.8 kg/(m2·h) for 0.5 h, 2.1 kg/(m2·h) for 3 h, and 

1.6 kg/(m2·h) for 6 h [86]. 

For cold-rolled mild steel (content in mass percent, %: 0.14 C; 0.35 Mn; 0.17 Si; 

0.025 S; 0.03 P; remainder Fe) at 105℃, k = 12.8 [86, 87] and 39.5 [88] kg/(m2·h). For 

mild steel AISI 1079 (content in mass percent, %: 0.14 C; 0.35 Mn; 0.17 Si; 0.025 S; 0.03 

P; remainder Fe) under the same conditions, k = 11.1 kg/(m2·h) [89]. For mild steel 

(content in mass percent, %: 0.270 C; 0.340 Mn; 0.080 Si; 0.006 S; 0.008 P; remainder Fe) 

in 15% HCl (105℃), k = 0.38 kg/(m2·h), which we believe to be significantly lower than 

the true value [90]. 

It should be noted that the data discussed above are rather contradictory. In different 

articles of the same authors and under the same conditions and with the same steel grade, 

the values of k differ at least several times. Perhaps this is the result of different 

preliminary thermal or mechanical treatment of metal samples, but the observed 

differences are too considerable. Probably, random errors in the design of the experiment 

or its treatment affect the results in some cases. More objective and accurate information 

concerning the metal corrosion rates at elevated temperatures could be given not by 

measurements at specific temperatures but by corrosion studies in a wide temperature 

range. Data on the corrosion of various steels in HCl solutions in a temperature range 

including high-temperature regions are presented in [91–96] (Figure 7). Unfortunately, 

they contain the corrosion rates of steels related to 3 or 4 temperatures. In the corrosion of 

carbon steel (content in mass percent,%: 0.14 C; 0.35 Mn; 0.17 Si; 0.025 S; 0.03 P; 

remainder Fe) in 15% HCl, the effective activation energy of corrosion was found to be 

46.3 kJ/mol [91], which is typical of a process with mixed kinetics. 
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Figure 7. Corrosion rates of steel in HCl solutions: 1 – carbon steel, 15% HCl, test 

duration – 6 h [91]; 2 – steel St3, 4 M HCl [92]; 3 – steel 10, 4 M HCl, test duration – 1 h 

[93]; 4 – steel 10, 4 M HCl, test duration – 1–4 h [94]; 5 – steel 10, 4 M HCl [95]; 6 – low 

carbon steel, 4 M HCl [96]. 

In [67], more detailed information is given on the corrosion of steel 20 in HCl solutions 

in a wide range of temperatures, t=0–160℃, and acid concentrations, CHCl=2–6 M 

(Table 1). In 2 M HCl, corrosion increases systematically with an increase in t. Its growth 

from 0 to 160℃ in tests for 30 min increases k by a factor of 3100. At t100℃, the mass 

loss of steel exceeds 1 kg/(m2·h). The value of k decreases with time, which is a result of the 

acid consumption in the solution with time. In the range of t=0–100℃, an increase in the 

duration of corrosion tests from 0.5 to 1.0 h reduces the mean k value by a factor of 1.01–

1.60, and at 2.0 hours, by a factor of 1.08–2.11. Moreover, with an increase in t, the 

difference in k decreases with time. An increase in CHCl causes an increase in the corrosion 

rate. In 2 M HCl, the effective activation energy of the corrosion process is 563 kJ/mol, 

which is higher than in the cases that we considered. This result indicates that corrosion 

involves a large kinetic component under the experimental conditions. 

Unique data on the high-temperature corrosion of nickel–chromium steels are 

available [69]. In cold 2 M HCl (t = 0℃), 08Kh18N10T steel (content in mass percent,%: 

0.08 C; 17−19 Cr; 9−11 Ni; 0.8 Si; up to 2 Mn; up to 0.02 S; up to 0.035 P; up to 0.3 Cu; 

up to 0.7 Ti; remainder Fe) is relatively stable, and the maximum observed k is 

0.68 g/(m2·h). However, in this medium, steel corrosion accelerates with increasing t and 

after 0.5 h of testing, it is 0.10 kg/(m2·h) at 80℃, − 0.32 kg/(m2·h) at 100℃, and reaches 

5.0 kg/(m2·h) at 160℃ (Table 1). Like in the case of mild steel, its corrosion intensifies 

with increasing acid content in the solution and slows down in longer corrosion tests. As 

one can see from the study results, chromium–nickel steel 08Kh18N10T belonging to the 

group of so-called “stainless steels” is unstable in hot HCl solutions, and at t120℃ the 

corrosion rate should be measured in kg/(m2·h). 



 Int. J. Corros. Scale Inhib., 2020, 9, no. 2, 394–426  408 

      

 

 

Table 1. Corrosion rates* (k, kg/(m2·h)) of steel 20 and 08Kh18N10T steel in HCl solutions at various 

temperatures. 

Temperature, 

℃ 

Test duration 

0.5 h 1.0 h 2.0 h 0.5 h 1.0 h 2.0 h 

Steel 20 08Kh18N10T steel 

2 М HCl 

0 0.0040 0.0023 0.0012 0.00068 0.00064 0.00057 

20 0.0098 0.0089 0.0056 0.0017 0.0013 0.00096 

40 0.038 0.032 0.028 0.015 0.013 0.0080 

60 0.091 0.085 0.083 0.032 0.026 0.021 

80 0.40 0.40 0.37 0.10 0.087 0.072 

100 1.55 1.52 1.40 0.32 0.41 0.55 

120 4.99 4.15 −  1.90 1.40 −  

140 8.06 −  −  2.70 −  −  

160 12.4 −  −  5.00 −  −  

4 М HCl 

100 3.38 3.10 2.72 −  −  −  

120 6.63 −  −  −  −  −  

140 12.0 −  −  7.90 −  −  

6 М HCl 

100 4.97 4.61 4.02 −  −  −  

120 9.34 −  −  −  −  −  

140 −  −  −  10.0 −  −  

* The k values were calculated from the loss of mass of metal samples. 

It seems interesting to compare the corrosion resistance in hot HCl solutions of the 

above-mentioned iron-based alloys and the new corrosion-resistant alloys suggested for 

manufacturing items to be operated in these environments. Data on the corrosion of Ni-

based commercial alloys (6 alloys) in 20% HCl (92℃) are reported [97, 98]. The required 

k0.45 g/(m2·h) was provided without additional protective measures only by the UNS 

N10675 alloy (content in mass percent, %: 28.5 Mo; 1.5 Cr; remainder Ni). For alloys with 

lower Mo content and high Cr content, the k value reached 6.6 g/(m2·h). One can see that 

the corrosion rates of iron alloys are thousands of times higher than those of nickel alloys, 

however, not only the corrosion resistance of a material but also its cost are considered in 
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industrial applications. It is not quite clear how the new alloys will behave in terms of 

corrosion at t100℃. 

More complete information on the mechanism of the corrosion of steels in HCl 

solutions at elevated t might be given by voltammetric studies of the cathodic and anodic 

electrode processes occurring on a metal under these conditions. Paper [72] reports the 

results of voltammetric studies on the behavior of steel 20 in 2 M HCl in the range of 

t = 20−100℃ (Figure 8) that covers a lower region of high-temperature corrosion. In 2 M 

HCl, steel is in the active dissolution state in the entire t range studied, and its free 

corrosion potential (Ecor) does not depend on t considerably. In the entire t range under 

consideration, the anodic polarization curves are characterized by a limiting current due to 

the formation of a sludge layer on the metal surface, which partially shields the steel 

surface and hinders the supply of the starting reagents to the metal surface or removal of 

the reaction products. At t60℃, the cathodic polarization slope is 0.120 V. However, a 

limiting current is observed at higher t, which is a consequence of the presence of sludge 

on the metal surface and abundant evolution of gaseous hydrogen that shields the surface. 

An increase in t results in a consistent increase in cathodic and anodic currents, but, 

starting from t = 80℃, the electrode reaction rates grow much more slowly. Apparently, 

sludge formation and evolution of gaseous hydrogen on the metal surface are accelerated 

with an increase in t, which slows down the electrode processes. The higher the t value, the 

more significant the effect of sludge formation and gas evolution on the electrode reactions 

of steel becomes. The hindering effect of these processes on the electrode reactions of steel 

is indirectly confirmed by data on the kinetics of hydrogen evolution on an inert mercury 

electrode in this medium [73]. In 1 M HCl (123−302℃), a systematic increase in the rate 

of the cathodic reaction occurs with an increase in t, which we do not observe on steel 

whose surface is partially shielded from the corrosive medium by sludge and gaseous 

hydrogen. 

 

Figure 8. Polarization curves of steel 20 in 2.0 M HCl (a), steel 20 in 2.0 M H2SO4 (b) and 

steel St3 in 2.0 M H3PO4 (c). 
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The formation of sludge and the release of gaseous hydrogen less strongly affect the 

electrode reactions on 12Kh18N10T chromium–nickel steel (content in mass percent, up 

to 0.12 C; up to 0.8 Si; up to 2 Mn; 9−11 Ni; up to 0.02 S; up to 0.035 P; 17−19 Cr; up to 

0.3 Cu; up to 0.5 Ti; remainder Fe) [99]. In 2 M HCl (t = 20−100℃), this steel is in the 

active dissolution region, and the cathodic and anodic polarization slopes are 0.10 and 

0.07−0.08 V, respectively. It is noted here that certain changes in the electrochemical 

behavior of steel over time and with an increase in t result from the enrichment of the metal 

surface with the most inert alloy component, Ni, during the corrosion process. 

Thus, the data of electrochemical studies are in good agreement with the results 

obtained from the mass loss of corroded samples. Both methods show that the partial 

electrode reactions of steel and, as a result, the total corrosion process in HCl solutions at 

elevated t are substantially distorted by the sludge formation and evolution of gaseous 

hydrogen. As a result, the rates of electrode reactions and corrosion process obtained 

experimentally will be significantly lower than the true values. This fact should be taken 

into account in calculations of the protective effects of various inhibitors under these 

conditions, since they will be underestimated. 

Sulfuric acid 

Information on the high-temperature corrosion of steels in sulfate environments available 

in the literature is more limited than for HCl. The review [100] and article [101] provide 

information on the corrosion of carbon and chromium–nickel steels in concentrated 

H2SO4. It should be remembered here that these materials are significantly more resistant 

in concentrated H2SO4 than in its aqueous solutions, which makes it possible to perform 

studies in these media. There is practically no studies on steel corrosion in H2SO4 solutions 

at t100℃ and information reported in literature is limited at best to temperatures up to 

90℃ [102, 103]. Therefore, the data on the corrosion of steel 20 in 2 M H2SO4 reported in 

[66] are of special interest. According to these data, the corrosion of steel in this medium 

increases significantly with increasing t (Table 2), and its increase from 0 to 200℃ results 

in an increase in k by a factor of 1610. The corrosion losses at t80℃ are measured in 

kg/(m2·h). The value of k slightly decreases with time. In the range of t = 0–100℃, an 

increase in the duration of corrosion tests from 0.5 to 1.0 h reduces the mean k by a factor 

of 1.03–1.25, and at 2.0 hours, by a factor of 1.11–1.41. The effective activation energy of 

the corrosion process is 412 kJ/mol. In a similar environment, the k of St3 steel was 

0.78 kg/(m2·h) at 80℃, 2.74 kg/(m2·h) at 100℃, 3.23 kg/(m2·h) at 120℃ and 

3.84 kg/(m2·h) at 140℃ [104]. The corrosion rate of this steel increased more slowly at 

t100℃ due to faster evolution of gaseous hydrogen on the metal surface and active 

sludge formation. 

Chromium–nickel steel 08Kh18N10T is not resistant to the action of hot 2 M H2SO4, 

either (Table 2). 08Kh18N10T steel is rather stable in a cold H2SO4 solution (t = 0℃) and 

the maximum observed k is 0.34 g/(m2·h), whereas, according to 0.5 h tests, k is 
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0.3 kg/(m2·h) already at 80℃, −0.7 kg/(m2·h) at 100℃, and reaches 9.7 g/(m2·h) at 

200℃. An increase in the acid concentration in the background solution considerably 

increases its corrosivity. At t = 160℃, a twofold increase in the acid content in the solution 

accelerates corrosion almost 2.5-fold [105]. 

Table 2. Corrosion rates* (k, kg/(m2·h)) of steel 20 and 08Kh18N10T steel in H2SO4 solutions at 

various temperatures. 

Temperature, 

℃ 

Test duration 

0.5 h 1.0 h 2.0 h 0.5 h 1.0 h 2.0 h 

Steel 20 08Kh18N10T steel 

2 М H2SO4 

0 0.0095 0.012 0.0086 0.00032 0.00034 0.00027 

20 0.045 0.036 0.033 0.0050 0.0035 0.0034 

40 0.105 0.095 0.093 0.022 0.021 0.017 

60 0.35 0.34 0.315 0.056 0.063 0.087 

80 0.883 0.835 0.742 0.297 0.204 0.265 

100 2.26 2.04 1.74 0.706 0.877 0.851 

120 3.16 2.93 2.24 1.17 1.29 0.909 

140 4.04 −  −  1.90 2.02 −  

160 6.78 −  −  4.01 −  −  

180 10.1 −  −  6.37 −  −  

200 15.3 −  −  9.74 −  −  

4 М H2SO4 

160 −  −  −  9.90 −  −  

6 М H2SO4 

160 −  −  −  12.5 −  −  

* k values are calculated from the loss of mass of metal samples. 

A voltammetric study of steel 20 corrosion in 2 M H2SO4 (20−100℃) [72] showed 

that in the entire selected t range, the metal was in the active dissolution region. An 

increase in the solution temperature shifts the steel corrosion potential (Ecor) towards more 

positive values. Due to the formation of a sludge layer on the metal surface, the ba slope 

increases systematically to a limiting current with an increase in t. The abundant sludge 

formation and the evolution of gaseous hydrogen observed on the electrodes increase the bc 

slope up to the limiting currents observed at t60℃. The ic and ia values increase with t, 
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but their growth slows down considerably at t80℃. The observed picture is quite close to 

that reported in HCl solutions. In 2 M H2SO4 (20−100℃), 12Kh18N10T chromium–

nickel steel is also in the active dissolution region, but the nature of the cathodic and 

anodic processes on the metal is more complicated due to the multicomponent nature of the 

metal alloy, as discussed in [106]. 

Phosphoric acid 

The recent special studies on the corrosion behavior of various steels in H3PO4 [107, 108] 

do not cover the region of their high-temperature corrosion. Only in [109], data on the 

corrosion of St3 low-carbon steel in 2 M H3PO4 (0−95℃) are reported. The k of steel is 

2.4 g/(m2·h) at 0℃, 5.8 g/(m2·h) at 25℃, 20.2 g/(m2·h) at 40℃, 37.9 g/(m2·h) at 60℃, 

141 g/(m2·h) at 80℃ and 518 g/(m2·h) at 95℃, which are lower than the values for low-

carbon steels in 2 M H2SO4 and 2 M HCl under the same conditions. In general, it can be 

predicted that with a further increase in the temperature of H3PO4 solutions, the corrosion 

losses of steel will quickly exceed 1 kg/(m2·h). The plots of k of steel versus t are formally 

described by the Arrhenius equation and the effective activation energy of the corrosion 

process is 461 kJ/mol, which indicates that the reaction occurs in a mixed kinetics mode. 

Electrochemical studies [110] performed under the same conditions showed (Figure 8c) 

that the E value for steel corrosion does not considerably depend on t. At t = 20−40℃, the 

slope of the anodic polarization is 0.06 V, but a limiting current is observed at higher t 

values. At t40℃, the slope of cathodic polarization amounts to 0.12 V. However, a 

limiting current is also observed at t≥80℃. In both cases, the onset of limiting currents 

with an increase in t is a consequence of the presence of sludge on the metal surface and 

the abundant evolution of gaseous hydrogen that shields the surface. An increase in t 

results in a consistent increase in cathodic and anodic currents, but, starting from t = 80℃, 

the electrode reaction rates begin to grow much more slowly. 

The above data differ significantly from the results of the study [111] according to 

which, based on 8-hour tests, the k of St3 steel in 0.5−20% H3PO4 are 17.7 g/(m2·h) at 

t = 100℃ and k46.4 g/(m2·h) at t = 200℃. We believe that the data presented in this work 

are significantly underestimated as a consequence of extremely long corrosion tests and 

addition of distilled water (1/4 of the autoclave system volume) for suppressing the 

evaporation of the acid solution. Evaporation of this water inside the autoclave clearly led 

to the dilution of the corrosive medium acting on the metal. As a result, extremely low k 

values were obtained for St3 steel. 

A more complex corrosion behavior is observed for Kh18N10T chromium–nickel 

steel (content in mass percent, %: 0.11 С; 9.66 Ni; 18.66 Cr; 0.57 Ti; remainder Fe) in 

1−10 M Н3РО4 (100−150℃). E.V. Filimonov et al. [70, 71] have shown that the 

chromium–nickel steel is in unstable passive state in this medium: a few similar samples 

present in exactly the same corrosive medium are destroyed at rates differing by more than 

an order of magnitude. Moreover, the maximum k of the samples reach tens of g/(m2·h), 
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while the minimum ones do not exceed 0.31 g/(m2·h). According to [111], chromium–

nickel steels are more resistant to the action of phosphoric acid solutions. In fact, 

06Kh23N28MDT steel (content in mass percent,%: 0.06 C; 22−25 Cr; 26−29 Ni; up to 0.8 

Si; up to 0.8 Mn; up to 0.02 S; up to 0.035 P; 2.5−3.5 Cu; 2.5−3.0 Mo; 0.5−0.9 Ti; 

remainder Fe) is most resistant to the action of 0.5−20% H3PO4: at 200℃, its k amounts to 

0.005−0.661 g/(m2·h). 

In recent years, concentrated phosphoric acid has been considered as an electrolyte for 

fuel cells operated at t100℃ [112]. The electrochemical behavior of the following steels 

was studied in a search for electrode materials for such devices: 316L (content in mass 

percent,%: 0.03 C; 16−18 Cr; 10−14 Ni; 0.75 Si; 2.0 Mn; up to 0.030 S; up to 0.045 P; 

2.0−3.0 Mo; up to 0.10 N; remainder Fe), 317L (content in mass percent, %: 0.03 C; 

18−20 Cr; 11-15 Ni; 0.75 Si; 2.0 Mn; up to 0.030 S; up to 0.045 P; 3.0−4.0 Mo; up to 0.10 

N; remainder Fe), 904L (content in mass percent, %: 20 Cr; 25 Ni; 1.5 Mn; 1 Cu; 4.5 Mo; 

remainder Fe) in 98% H3PO4 (170℃). It has been shown that these steels are in passive 

state at potentials of operation of electrodes in fuel cells (0.1 and 0.7 V). 

Organic acids 

The advantage of organic acids compared to mineral acids in the acid treatment of oil and 

gas bearing strata lies in their lower corrosivity toward the steel structures of field 

equipment and slower interaction with the minerals forming the strata. If the contact time 

between the acid and the well pipe is long or the temperature in the borehole is very high, 

organic acids can be used to reduce the corrosion loss of metals. It should be borne in mind 

that the dissolving capability of organic acids is smaller than that of mineral acids, which 

leads to a less efficient reaction between the acid and the minerals in the stratum. As a rule, 

two organic acids are used for acid treatment, namely, acetic and formic acids, more rarely 

citric acid. Formic and acetic acids are more expensive than HCl, but they are often used in 

the treatment of strata at high temperatures. It is technologically important here that they 

act more slowly and more carefully on a carbonate rock than HCl that is extremely 

corrosive under these conditions, which creates undesired cracks in the rock [113−115]. 

The most comprehensive information on the high-temperature corrosion of steel in 

acetic acid was reported in [116], where data on the dissolution kinetics of steel 10 (content 

in mass percent,%: 0.07–0.14 С; 0.17–0.37 Si; 0.35–0.65 Mn; up to 0.25 Ni; up to 0.25 

Cu; up to 0.15 Cr; up to 0.08 As; up to 0.035 P; up to 0.04 S; remainder Fe) in its solutions 

with С= 1−12 M in the temperature range of t = 20−150℃ were provided. At t100℃, the 

acid becomes rather corrosive, and the k of steel is 0.15−0.45 kg/(m2·h) (Figure 9). It was 

shown that with an increase in the acid temperature from 100 to 130°C, its concentration at 

which the maximum corrosivity toward steel was observed shifted from 4 to 8 M. It is 

assumed that the observed effect results from changes in the structure of acetic acid 

solutions, which leads to a change in the mechanism of steel anodic dissolution. 
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Figure 9. Corrosion rates of steel 10 in acetic acid solutions. 

Studies performed later [117−121] provide information on the kinetics of dissolution 

of low carbon steels in acetic and formic acids at t45℃, although it is noted that in real 

situations, steel may contact these acids at high temperatures. More informative is the work 

[122] containing data on the corrosion of steel 20 in 2−6 M acetic and formic acids 

(20−100℃). It has been shown (Table 3) that at 100℃ the k values of steel in acetic acid 

are 31.7−42.9 g/(m2·h), while in formic acid they are significantly higher and range within 

109−226 g/(m2·h). In 4.0 М H3CCOOH, the effective activation energy of the corrosion 

process amounts to 27 kJ/mol, which indicates that the reaction occurs in a mixed kinetics 

zone, close to diffusion control. In 4.0 M HCOOH, it is higher and amounts to 35 kJ/mol. 

In both acids (100℃), steel 20 dissolves in the active region; the cathodic and anodic 

processes are characterized by limiting currents that are higher in HCOOH. Hot solutions 

of citric acid are rather corrosive toward low-carbon St3 steel (Table 3): the k values of 

steel at 95℃ are within 57.4−106 g (m2·h) [123]. 

Table 3. Corrosion rates* (k, g/(m2·h)) of steel 20 in acetic acid solutions, steel 20 in formic acid 

solutions and steel St3 in citric acid solutions. Test duration – 2 h. 

Temperature, ℃ 
Acetic acid Formic acid Citric acid 

2.0 М 4.0 М 6.0 М 2.0 М 4.0 М 6.0 М 0.25 М 0.50 М 2.0 М 

20 – 4.0 – – 9.7 – 1.93 1.95 2.01 

40 – 10.4 – – 20.9 – 4.82 5.22 6.26 

60 – 15.6 – – 41.9 – 15.1 17.6 22.5 

80 – 27.1 – – 95.4 – 30.3 39.7 52.5 

95 – – – – – – 57.4 66.6 106 

100 31.7 48.1 42.9 109 185 226 – – – 

* k values are calculated from the loss of mass of metal samples. 
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Conclusions 

This review analyzes the areas of modern industry where problems of high-temperature 

acid corrosion of steel structures and equipment are encountered in practice. Analysis of 

literature data shows that this problem is most acute in the oil and gas industry where the 

acid stimulation of oil and gas bearing strata is performed at elevated temperatures at the 

mine bottom. Along with the well-known hydrochloric acid, acid stimulation of strata 

containing hydrocarbons is more and more often performed using HF, less commonly 

H2SO4, H3PO4, H3CCOOH, HCOOH and citric acid, in individual form or in mixtures. 

Despite the great importance of mixtures containing HCl and HF (mud acid) in acid 

stimulation operations, we failed to find data on the high-temperature corrosion of steels in 

this medium in the literature available to us. This is largely due to the high toxicity of HF 

and its extreme corrosivity toward various materials, especially in heated state. 

A review of the equipment used in studies on high-temperature acid corrosion of metals 

is made. The technical specifics of experimental work and the difficulties that researchers 

may encounter in these studies are considered. The most comprehensive information about 

the process of high-temperature corrosion of steels can only be obtained by conducting 

studies in specialized autoclave equipment made of materials that can withstand the effects 

of extremely corrosive hot acids and the pressure growth due to the evaporation of 

components of a corrosive environment and the release of gaseous hydrogen. It should be 

possible to quickly heat and cool down the autoclave while accurately maintaining the 

temperature of the corrosive environment. It should be understood that the data on the 

corrosion rates of steels obtained during these studies, especially in non-inhibited solutions, 

are always underrated. The reasons for this lie in the high rates of corrosion processes that 

quickly reduce the concentrations of corrosive components in the corrosive environment, as 

well as in the screening of the surface with sludge that is formed with time. Electrochemical 

studies at elevated temperatures also involve certain difficulties. Sludge formation and 

release of gaseous hydrogen are enhanced upon cathodic and anodic polarization of the 

metal. These effects shield the surface of the steel electrode from the corrosive environment. 

As a result, both electrode reactions are characterized by a limiting current, which does not 

allow one to identify the true nature of the electrochemical reactions occurring on steel. 

The experimental difficulties associated with the high-temperature corrosion of steels 

in acid solutions considerably limit the studies in this field, despite their practical 

importance. Estimation of corrosion losses of low carbon steels in HCl and H2SO4 

solutions at t100℃ indicates that they exceed 1 kg/(m2·h) and in some cases 

10 kg/(m2·h), which poses a serious threat to the metal equipment. chromium–nickel steels 

are more resistant in these environments, but they also dissolve at great rates. Judging by 

the corrosion rate of low carbon steel in a solution of H3PO4 at t = 95℃, the corrosion 

losses of the metal will exceed 1 kg/(m2·h) at higher temperatures.  

The low corrosivity of organic acids toward low-carbon steels in acid treatment is 

largely a myth. Their corrosivity increases at temperatures close to 100℃. Of course, it is 
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lower than in mineral acids, but in many cases the k of low-carbon steel exceeds 

0.1 kg/(m2·h). Steels cannot be used in these environments without special protective 

measures. Metals in contact with hot both mineral and organic acids need to be protected. 

 The only acceptable way to protect a metal under these conditions is to use corrosion 

inhibitors, although this method involves certain difficulties. The majority of acid 

inhibitors stop protecting a metal at temperatures around 80℃, and only some of them 

retain protective properties at higher temperatures. The second part of this review will 

examine these compounds and unique features of the mechanism of their protective action. 
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