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Abstract

The corrosion of low-carbon steel in 2 M HCI, 2 M H2SO4 and 2 M H3PO4 (25°C) inhibited by
a triazole derivative — IFKhAN-92 — and quaternary ammonium salts was studied by the mass
loss of metal samples and by voltammetry of the steel electrode. The inhibition of electrode
reactions on steel in these environments is due to the formation of polymolecular protective
layers by the molecules of these nitrogen-containing compounds on the steel surface. This is a
versatile mechanism of inhibitor action since it slows down the electrode reactions on steel,
regardless of the acid composition of the corrosive environment. The strongest hindrance of
electrode reactions on steel in all the environments studied and, hence, the strongest corrosion
inhibition is provided by the IFKhAN-92 additive. This effect results from the ability of the
molecules of this compound to form protective layers whose molecules are interconnected with
each other in the layer bulk and with the surface of the metal being protected by chemical
interactions owing to the presence of a triazole ring in their structure.
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Introduction

Important areas of industrial use of mineral acid solutions include the metallurgical industry,
the oil and gas complex, as well as housing and communal services [1-9]. Acid solutions
are used to treat oil- and gas-bearing strata in order to increase the yield of hydrocarbons,
remove thermal scale from the surface of steel items, and clean the inner surfaces of steel
equipment from mineral deposits and corrosion products. During operation, these corrosive
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solutions come into contact with the steel surfaces of process structures and metal items. If
no special protective measures are used, this can lead to significant corrosion damage. The
use of corrosion inhibitors (CIs) is an simple and popular method for steel protection in such
process environments.

Organic nitrogen-containing compounds are the most popular industrial Cls for these
environments as they hinder the corrosion of various steels in solutions of HCI [10-20],
H,S0,4 [21-25], H3PO,4 [26—-28], and HNO3 [29]. Among such Cls, quaternary ammonium
salts (QAS) deserve attention because many of them can slow down the corrosion of steels
considerably [30—40]. Recently, organic compounds containing two or more quaternized
nitrogen atoms in their structures have been studied extensively [41-47]. The protective
effect of QAS can be enhanced by combining them with some anionic and molecular
additives [48-51], which makes them a promising basis for creating mixed Cls. Triazole
derivatives that have been extensively studied in recent decades [52—68] may become
alternatives to QAS as Cls for steels in acid environments.

The corrosion of iron and low-carbon steels in solutions of mineral acids (so-called
“non-oxidizing agents”) is generally described by the overall reaction:

2H" +Fe=Fe? +H,, (1)
which is the result of four partial reactions, namely [69]:
anodic iron dissolution

Fe—2e=Fe*", 2)
cathodic iron deposition

Fe?* +2e=Fe, (3)
cathodic hydrogen evolution

2H*+2e=H,, (4)
and its anodic ionization

H,-2e=2H". (5)

Corrosion predominantly results from reactions (2) and (4).

Cathodic hydrogen evolution (4) consists of several successive stages: H™ delivery
from the acid bulk to the metal surface (where (H")~is a hydrogen ion located at the closest
distance from the metal surface)

H" - (H")., (6)

and charge transfer reaction (\Volmer reaction)
(H").+e—>H,. (7)

It is followed by a chemical stage (Tafel reaction)
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Had +Had _>(H2)ad (8)

or electrochemical recombination (Heyrovsky reaction)
Hy +(H).+e— (H,), (9)

Several possible pathways of partial reaction (4) on metals are considered [70]. One of
these involves slow discharge (7) and a fast stage of chemical recombination (8) or
electrochemical recombination (9). The calculated Tafel slope (b.) of cathodic polarization
is0.118 V.

The second pathway involves the limitation of the chemical recombination reaction (8)
with a preceding fast discharge reaction (7) and is characterized by the calculated value of
b.=0.029 V.

In the third pathway, the limiting stage involves the electrochemical recombination (9)
preceded by the fast discharge reaction (7) (b.=0.040V). Taking into account the
inhomogeneity of the metal surface for the latter two processes, the values of
bc=0.11-0.12 V can be obtained. One can see that, most often, the value of b. does not allow
one to judge on the mechanism of hydrogen evolution. Analysis of the dependence of kinetic
parameters of the cathodic reaction on the pH of the environment makes it possible to
identify experimentally whether reaction (4) is limited by the discharge stage or
recombination stage.

In HCI solutions, the evolution of hydrogen on iron and steels occurs at comparable
rates of the discharge and recombination stages. In acid sulfate environments, the parameters
of the electrode reaction are closer to those of a process limited by the discharge stage. The
experimental values of b, observed on an iron electrode in acid chloride and sulfate solutions
are 0.115 and 0.110 V, respectively [70]. The limiting stage in acid phosphate solutions
corresponds to recombination. The experimental value of b, on Armco iron is 0.120 V and
that on low-carbon steels is —0.130 V [71].

Thus, the mechanism of cathodic hydrogen evolution on iron or low carbon steel in a
mineral acid solution depends on the chemical nature of the acid. The effect of the acid
chemical nature on the stage of anodic ionization of iron (2), which occurs with joint
participation of hydroxide anions and anions of acid residues, is more noticeable.

The reaction of iron (2) in HCI solutions is described using the Nobe—Chin mechanism
[72]:

Fe+Cl”+H,0 <>[FeCI(OH) |  +H" +e, (10)
[FeCI(OH) | —[FeCI(OH)]+e, (12)
[FeCI(OH) ]+ H* —Fe? +CI-+H,0, (12)

where the calculated value of b, is 0.070 V. In sulfuric acid environments, the Kolotyrkin—
Florianovich mechanism is used [73]:
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Fe+H,0 < [FeOH] +H", (13)
[FeOH]. «>[FeOH], +e, (14)
[FeOH] _+HSO; —FeSO, +H,0+e, (15)
or
[FeOH| +SO;” —FeSO,+OH" +e, (16)
FeSO, <> Fe +50%", (17)
or
FeSO, +H,0 <> FeHSO} + OH" . (18)

The calculated b, value is 0.035 V. In acid phosphate environments, Reshetnikov [71]
considers two possible mechanisms of the anodic reaction. On Armco iron:

Fe+H,PO; <>[FeH,PO,] e, (19)
[FeH2P04]adS+H20(_)[FeOH]ads+H2POZ+H+’ (20)
|[FeOH]  —Fe** +OH +e. (21)

The observed b, value is 0.035+0.005 V. On low carbon steels, a different mechanism
IS assumed in some cases:

Fe+H,PO, <>[FeH,PO, | +e, (22)
[FeH,PO,]  +H,0¢ [Fe(OH)(HZPo4)]a_dS +H", (23)
[Fe(OH)(H2F>o4)];ds — Fe?* +H,PO; +OH +e, (24)

where the observed b, value is 0.040+0.005 V.

Despite the formal similarity of steel corrosion in different mineral acids, in each
individual case there is a specific mechanism of partial electrode reactions, which can
significantly affect the options available for inhibitory protection of the metal.

It seemed appropriate to perform a comparative study on the effect of nitrogen-
containing compounds on the corrosion and electrode reactions of low carbon steel in
solutions of mineral acids with various chemical compositions. We chose solutions of
practically significant acids as corrosive environments, namely, HCI and H,SO,, as well as
phosphoric acid that is promising for industrial use in many respects [26]. As nitrogen-
containing Cls, we studied two products containing quaternary ammonium salts
(benzyldimethyloctylammonium bromide and catamine AB), as well as a 3-substituted
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1,2,4-triazole (IFKhAN-92 inhibitor). It should be noted that the goals of this study did not
include the determination or clarification of the previously studied mechanisms of corrosion
of steels in solutions of mineral acids with various chemical compositions. It was important
for us to understand how significantly, other conditions being equal, the difference in the
chemical composition of acid solutions can affect the protection of steel with Cls in these
solutions.

Experimental

The corrosion rate of steel 3 (composition, mass%: 0.14-0.22 C; 0.15-0.33 Si; 0.40-0.65
Mn; up to 0.3 Cr; up to 0.30 Ni; up to 0.008 N; up to 0.30 Cu; up to 0.05 S; up to 0.04 P; up
to 0.08 As; remainder Fe) in 2 M solutions of mineral acids was determined from the mass
loss of samples (at least three samples per point) 50x20x3 mm in size. The amount of the
acid solution was 50 ml per sample. Before an experiment, the samples were cleaned on an
abrasive wheel (ISO 9001, grit 60) and degreased with acetone. The duration of the
experiments was 2 hours. Corrosion tests were carried out in solutions with free access of
air. Benzyldimethyloctylammonium bromide (BDMOA) and catamine AB, which is a
mixture of alkylbenzyldimethylammonium chlorides ([CnH2n+1N*(CH3).CH,CsHs]CI-,
n=10-18), were used as the QAS. The IFKhAN-92 inhibitor (a derivative of 3-substituted
1,2,4-triazole) was also studied. The concentration of inhibitors in the solutions was 5 mM.
Due to the low solubility of IFKhAN-92, it was introduced into mineral acids as a solution
in ethanol, so that the ethanol concentration in the etching solution was 0.24 mol/L. The
efficiency of inhibitors was estimated by the inhibition coefficients y=ko/kin, where ko and ki,
are the corrosion rates in the background solution and in the solution with the corresponding
additive being studied.

Electrochemical measurements were carried out on a rotating disk electrode (460 rpm)
made of steel 3, in 2 M solutions of mineral acids deaerated with hydrogen. The potentials
of steel electrodes were measured against a saturated silver/silver chloride reference
electrode and converted to the normal hydrogen scale. An electrode cleaned and degreased
with acetone was kept in the test solution for 30 min, then the anodic and cathodic
polarization curves were recorded using an EL-02.061 potentiostat at a dynamic potential
scan rate of 0.5 mV/s. The effect of inhibitors on the electrode reactions of steel was studied
in the range of Cj,=0.1-10 mM.

All the studies were performed at a temperature of t=25+2°C.

Results and Discussion

Corrosion studies

According to the corrosion studies based on the mass loss of samples, the corrosivity of
mineral acid solutions toward steel 3 decreases in the series: 2 M H,SO;>2 M H3PO,>2 M
HCI (Table 1). The corrosion rate of steel 3 in H,SO, and H3PO, solutions are close to each
other, while that in the HCI solution is 2 times smaller.
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Table 1. Corrosion rates of steel 3 and corrosion inhibition coefficients of nitrogen-containing compounds
(5.0 mM) in 2 M mineral acids.

Corrosion rates, g/(m2-h) Corrosion inhibition coefficients
itout - IFKPAN Bomoa  catamineas  'TKUAN BDMOA  catamine AB
2 M HzS04
12 0.38 0.99 2.8 32 12 4.3
2 M HCI
5.1 0.39 0.72 0.80 13 7.1 6.4
2 M H3PO4
10 1.9 33 3.8 5.3 3.0 2.6

The strongest inhibition of steel corrosion in all of these environments is provided by
IFKhAN-92 (Table 1). Compounds of the QAS class are inferior to it in this respect. The
protective  effect of nitrogen-containing Cls  decreases in the  series:
IFKhAN-92 >BDMOA >catamin AB. With IFKhAN-92, the k values of steel decrease in
the series H3PO,>HCI~H,SO,. In the case of QAS, corrosion slows down in the series of
inhibitors: H3PO,>H,SO,>HCI. In general, all other conditions being the same, substituted
triazole — IFKhAN-92 — is the most efficient CI of steel in mineral acids; all the Cls studied
show the weakest protective effect in the HsPO, solution. For a more detailed understanding
of the nature of the inhibiting action of the additives on the corrosion of steel in acid
environments, their effect on its electrode reactions had to be studied.

Electrochemical studies
Hydrochloric acid

The corrosion of steel 3 in 2 M HCI occurs in the active dissolution region (Figure 1,
Table 2). The slopes of the cathodic and anodic polarization curves are 0.10 and 0.12 V. The
slope of cathodic polarization of steel (bc) is close to the values predicted by the theory; in
contrast, the slope of anodic polarization of steel (b,) is significantly higher. We associate
the reasons for the observed difference with the formation of a visually observable sludge
layer on the steel surface during preliminary exposure in HCI solution and anodic
polarization of the electrode. This layer creates additional diffusion limitations to the anodic
reaction. On the anodic polarization curve, upon reaching a certain potential called the
activation potential (Ea;), non-polarizability of the steel electrode is observed (b, — 0) that
Is characterized by a sharp increase in the anodic current [74, 75]. The reasons for the anodic
activation of a steel electrode in background acid solutions are associated with the removal
of adsorbed hydrogen from its surface at E.;, which inhibits the anodic process [75-77].
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Table 2. Corrosion and activation potentials (Ecor and Eact, V) of steel 3 in 2 M HCI, Tafel slopes b and
ba (V), cathodic and anodic current densities (ic and ia, A/m?), and inhibition coefficients of cathodic and
anodic reactions (yc and ya) at E=—0.30 and —0.05 V, respectively, and n=460 rpm.

Cin., MM Ecor be ic e ba la Ya Eact
Without inhibitor
- -0.22 0.10 354 - 0.12 481.5 - —0.06
IFKhAN-92
0.1 -0.17 Him™ 54 6.6 0.12 154 31 -0.02
0.5 -0.19 flim 2.7 13 0.17 13.5 35 -0.01
1.0 -0.25 Tlim 0.8 44 0.18 115 42 0
5.0 -0.25 Tlim 0.8 44 0.20 9.7 50 0
10.0 —-0.25 flim 0.8 44 0.21 3.8 127 0
BDMOA
0.1 -0.15 Tlim 4.8 7.4 0.15 19.2 25 -0.02
0.5 -0.19 flim 2.0 18 0.17 17.2 28 -0.01
1.0 -0.21 Tlim 1.1 32 0.20 15.4 31 —0.005
5.0 -0.24 Tlim 0.9 39 0.21 9.8 49 0.01
10.0 -0.24 flim 0.9 39 0.24 5.8 83 0.02
Catamine AB
0.1 -0.16 Tlim 5.2 6.8 0.13 28.8 17 0
0.5 —-0.20 flim 2.8 13 0.14 17.3 28 0
1.0 -0.22 Tlim 2.6 14 0.15 13.8 35 0
5.0 -0.23 Tlim 2.6 14 0.15 13.8 35 0
10.0 -0.23 flim 2.6 14 0.15 13.8 35 0

*him — limiting current.

All the nitrogen-containing Cls inhibit both electrode reactions on steel. The anodic
process is hindered predominantly, as indicated by the shift of the corrosion potential (Ecor)
towards more positive potentials in the presence of these additives in comparison with the
E.or Value observed in the background environment (Table 2). In the selected range of ClI
concentrations (Cin=0.1-10 mM), both the cathodic and anodic reactions are hindered. At
the maximum concentration studied, Ci,=10 mM, the rate of the cathodic reaction at
E=-0.30 V decreases 13-, 39-, and 43-fold in the presence of catamine AB, BDMOA, and
IFKhAN-92. A similar picture is observed regarding the anodic reaction. The anodic reaction
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rate at E=—0.05 V decreases 35-, 83-, and 127-fold, respectively. In inhibited HCI solutions,
the slopes of cathodic and anodic polarization of steel significantly exceed the background
values. In the case of cathodic polarization of a steel electrode, this effect is so pronounced
that a limiting cathodic current is observed in the presence of all the nitrogen-containing CIs.
The observed effect is a consequence of the formation of protective layers on the steel
surface in hydrochloric acid by the molecules of the compounds studied. This layer has a
polymolecular structure and insulates the metal surface from the corrosive environment. As
a result, the electrode reactions are controlled by the diffusion of the corrosive environment
components to the electrode surface and by removal of reaction products through the
protective layer of the Cl. The formation of protective CI layer on the steel surface is also
confirmed by the fact that the cathodic reaction rate at high concentrations, Ci,=1-10 mM,
nearly does not depend on their content in the corrosive environment. This effect is typical
of a steel surface coated with a polymolecular protective layer of an inhibitor.

Like in the background HCI solution, the anodic polarization curves of steel in the
presence of a ClI contain a non-polarizability region. In acid solutions that contain Cls
capable of forming protective films from CI molecules on steel surfaces, the anodic
activation of a steel electrode is due to the removal of adsorbed hydrogen from the metal
surface, partial desorption of a Cl, and formation and growth of pits on the Cl-free steel
surface. In this case, Ea: is the more positive, the higher the CI content in the corrosive
environment [75]. Similar regularities are observed in the case being studied. Moreover, the
value of E4 is 0.04—0.06 V higher in the presence of IFKhAN-92 than in the background.
In the case of catamine AB and BDMOA, these values are 0.06 and 0.04-0.08V,
respectively.
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Figure 1. Polarization curves of steel 3 in 2 M HCI (1) in the presence of nitrogen-containing
compounds (mM): 2,5,8-0.1; 3,6,9-1.0; 4, 7, 10 — 10.0. Curves 2—4 — IFKhAN-92,
5-7 - BDMOA, 8-10 — catamine AB.
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Analysis of polarization data on steel in HCI solutions shows that all the Cls studied
form protective layers on the steel surface in this environment. This mechanism of action of
the Cls determines the strong simultaneous inhibition of the anodic and cathodic reactions
on steel that are largely different in nature, which ultimately leads to efficient inhibition of
steel corrosion. The effect of the studied Cls on the anodic and cathodic reactions on steel
decreases in the series IFKhAN-92 >BDMOA > Catamin AB that fully agrees with the data
on the hindrance of steel corrosion.

Sulfuric acid

The corrosion of steel 3 in 2 M H,SO, occurs in the active dissolution region, and the slopes
of the cathodic and anodic polarization curves are 0.10 and 0.07 V, respectively (Figure 2,
Table 3). The higher slope b, of steel in the H,SO, solution also results from the formation
of a sludge layer on the steel surface. In contrast to the HCI solution, no anodic non-
polarizability of the steel is observed on the anodic polarization curve of steel in 2 M H,SO,.

Table 3. Corrosion potentials (Ecor, V) of steel 3 in 2 M H2SOa, Tafel slopes be and ba (V), cathodic and
anodic current densities (ic and ia, A/m?), and inhibition coefficients of cathodic and anodic reactions (Y.
and Y,) at E=—0.30 and —0.05 V, respectively, and n=460 rpm.

Cin., MM Ecor be ic Ye ba Ia Ya
Without inhibitor
- -0.20 0.10 29.2 — 0.07 1260 -
IFKhAN-92
0.1 —-0.17 lim* 6.4 4.6 —0 1215 1.0
0.5 -0.13 fim 3.8 7.7 —0 977 1.3
1.0 —-0.12 Tim 1.3 23 —0 969 1.3
5.0 -0.08 fim 0.7 42 —0 385 3.3
10.0 -0.05 fim 0.4 73 —0 10** 126
BDMOA
0.1 -0.18 Tim 7.7 3.8 0.07 1006 1.3
0.5 -0.16 Tim 6.9 4.2 —0 982 1.3
1.0 -0.15 lim 54 5.4 —0 o977 1.3
5.0 -0.10 Tim 5.0 5.8 —0 700 1.8

10.0 —0.06 Tim 1.5 20 — 0 100** 13
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Cin., MM Ecor be ic Ye ba la Ya
Catamine AB

0.1 -0.14 Tim 12.3 2.4 0.04 685 1.8

0.5 -0.14 Tim 9.2 3.2 0.04 685 1.8

1.0 -0.14 fim 6.2 4.7 0.04 658 1.9

5.0 -0.11 Tim 54 54 0.04 377 3.3

10.0 -0.09 fim 3.1 9.4 —0 292 4.3

*him — limiting current.
**Found by extrapolation of the linear segment in the E vs. log ia curve to E=—0.05 V.
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Figure 2. Polarization curves of steel 3 in 2 M H2SO4 (1) in the presence of nitrogen-
containing compounds (mM): 2,5,8-0.1; 3,6,9—-1.0; 4, 7, 10 — 10.0. Curves 2—4 —
IFKhAN-92, 5-7 - BDMOA, 8-10 — catamine AB.

Addition of the Cls studied to 2 M H,SO, significantly shift the E,r value of steel
towards positive values in comparison with the background environment. A significant shift
of Ecor to the positive region indicates a strong predominant inhibition of the anodic reaction
by the Cls studied. In the presence of 0.1-10 mM IFKhAN-92, 0.1-10 mM BDMOA, or
10 mM catamine AB, the shift of E.,r towards positive values is so significant that it reaches
values close to the E, of steel. This is indicated by the nature of the anodic polarization
curves of steel that start from the non-polarizability region (b,—0). It is interesting that in
the presence of 0.1-5 mM catamine AB, the b, slope is below the background value and is
in full agreement with the values predicted by theory for steel in H,SO, solutions.
Apparently, this CI slows down the corrosion of steel so strongly that the formation of a
sludge layer that considerably changes the parameters of the electrode reaction does not
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occur. At the same time, its own effect on the anodic reaction is insufficient to change the b,
value. In the presence of all the Cls studied, the cathodic reaction is characterized by a
limiting current. It should indicate the formation of a protective film by these Cls on the
metal surface, which creates diffusion limitations on the supply of environment components
to the metal and (or) removal of the reaction products. IFKhAN-92 has the maximum
hindering effect on both the cathodic and anodic processes, while the minimum effect is
provided by catamine AB.

The result obtained shows that in the H,SO4 solution, IFKhAN-92 and BDMOA form
a protective layer of ClI molecules on the steel surface, which effectively slows down both
of its electrode reactions. The inhibition of the anodic reaction is so significant that Eco is
shifted to the positive region up to E.. Even on anodic polarization at steel potentials more
positive than E,: where the CI is partially desorbed from the metal surface, the anodic current
densities are smaller than the background values, which indicates that the CI effect persists.
A similar picture is observed in a solution containing 10 mM of catamine AB. It is more
difficult to interpret the results of electrochemical studies in solutions containing 0.1-5 mM
catamine AB. On the one hand, the cathodic polarization curves characterized by a limiting
current indicate the presence of a protective CI film on the metal surface. On the other hand,
the slopes of the anodic polarization curves are close to the values predicted by theory, which
Is inconsistent with the presence of a film on steel. The combination of this contradiction
with the weak effect of this IR on both electrode reactions allows us to conclude that the
likelihood of the formation of its protective films on steel in this concentration range is low.
Only at the high value Ci;=10 mM, one can conclude unambiguously that a protective film
is formed.

Phosphoric acid

The corrosion of steel 3 in 2 M H3PO, occurs in the active dissolution region (Figure 3,
Table 4). The b slope is 0.12 V, which agrees with theory, but b, is significantly larger than
0.04 V, which also indicates that a sludge layer exists on the steel surface in this
environment. The effect of Cls on E., of steel is more complex in this acid. At relatively
low Cin, it is more positive than in the background environment, while at higher Ci,, it is
more negative. This indicates that with an increase in Cj,, predominant inhibition of the
anodic reaction is replaced by inhibition of the cathodic reaction. In all the cases, the b
slopes correspond to the limiting current, indicating the formation of a protective film by CI
molecules on the steel surface. The slope is b,=0.07 V, which is higher than the value of
b.=0.04 V predicted by the theory for the background environment, does not contradict the
presence of a protective CI film on the metal surface, either. A protective layer in an inhibited
environment can be formed from a mixture of sludge and the CI, but it is more likely that it
is predominantly formed from IC molecules. Judging by the behavior of polarization curves
in this environment, the CI film formed on steel slows down the cathodic reaction most
strongly. The effect of the Cl on the cathodic reaction on steel decreases in the series
IFKhAN-92 >BDMOA > Catamin AB.
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Figure 3. Polarization curves of steel 3 in 2 M H3POs (1) in the presence of nitrogen-
containing compounds (mM): 2,5,8-10.1; 3,6,9-1.0; 4, 7, 10 — 10.0. Curves 2—4 —
IFKhAN-92, 5-7 - BDMOA, 8-10 — catamine AB.

Table 4. Corrosion potentials (Ecor, V) of steel 3 in 2 M H3POa, Tafel slopes be and ba (V), cathodic and
anodic current densities (ic and ia, A/m?), and inhibition coefficients of cathodic and anodic reactions (yc and
va) at E=-0.30 and —0.05 V, respectively, and n =460 rpm.

Cin., MM Ecor be ic Ye ba Ia Ya
Without inhibitor
- -0.21 0.12 15.4 - 0.07 492 -
IFKhAN-92
0.1 -0.20 Him* 3.1 5.0 0.07 461 1.1
0.5 -0.20 llim 2.7 5.7 0.07 453 11
1.0 —-0.20 flim 2.3 6.7 0.07 440 1.1
5.0 -0.17 flim 1.4 11 0.07 334 15
10.0 —0.15 flim 1.2 13 0.07 277 1.8
BDMOA

0.1 -0.19 Tlim 6.9 2.2 0.07 377 1.3
0.5 -0.19 Tlim 6.2 2.5 0.07 373 1.3
1.0 -0.19 Tlim 4.6 3.3 0.07 371 1.3
5.0 -0.19 Tlim 3.8 4.1 0.07 369 1.3
10.0 -0.19 flim 2.7 5.7 0.07 369 1.3
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Cin.,, MM Ecor be ic Ye ba Ia Ya
Catamine AB

0.1 -0.18 Tlim 15.3 1.0 0.07 265 1.9

0.5 -0.18 fim 12.7 1.2 0.07 262 1.9

1.0 -0.18 fim 8.5 1.8 0.07 260 1.9

5.0 -0.18 Tlim 8.1 1.9 0.07 258 1.9

10.0 -0.18 fim 8.1 1.9 0.07 258 1.9

*him — limiting current.

* * *

A systematic study of the electrochemical behavior of steel in solutions of mineral acids
containing QAS compounds and a triazole derivative has shown that their effect on the
corrosion of this alloy is based on the formation of a polymolecular protective CI layer on
the metal surface. This mechanism of affecting the corrosion process is quite versatile and
does not depend on the composition of the corrosive environment. The experimental data
obtained show that the protective layers formed by IFKhAN-92 protect steel in solutions of
HCI, H,SO, and H3;PQ,, despite the fact that the corrosion mechanism of steels in these
environments is different. At the same time, the efficiency of steel corrosion inhibition by a
polymolecular CI layer depends on its properties. The stronger it is bound to the metal
surface and the stronger its structure, the more strongly it slows down the corrosion of steel.
Of the compounds studied, IFKhAN-92 forms protective layers that reduce the corrosion of
steel most efficiently. The data presented in literature [78—81] show that this CI is capable
of chemisorption on the surface of steel from acid solutions by interacting with it via the
triazole ring. Above the chemisorbed CI monolayer, its overlying layers are arranged that
are bound to each other by chemical or physical forces. The chemical interaction between
substituted triazole molecules inside and between CI monolayers can provide the formation
of their polymeric complex with Fe(ll) cations formed upon steel corrosion [82-84]. The
molecules of the QASs studied do not contain fragments in the structure that could provide
their chemical interaction with the steel surface and with each other. The possibility of
weaker and more versatile physical interactions of their molecules still remains. The
protective layers formed from them would be less efficient in inhibiting corrosion, as we
actually observed.

Conclusions

1. The course of the anodic reaction of low-carbon steel in background solutions of mineral
acids (HCI, H,SO4, and H3PO,4) can be significantly altered by the formation of a sludge
layer on its surface upon exposure at the corrosion potential and upon anodic polarization.
The sludge formed on steel surface creates diffusion hindrance for the removal of reaction
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products, which can significantly increase the slopes of anodic polarization in comparison
to the values predicted by existing approaches to the description of the anodic reaction
mechanism.

2. The mechanism of the inhibitory action of triazole and QAS derivatives on the cathodic
and anodic reactions on steel is based on the formation of a polymolecular protective layer
of Cl molecules on the metal surface by these compounds. This is a versatile mechanism
of CI action. Protective polymolecular CI layers slow down the cathodic and anodic
reactions of steel in various solutions of mineral acids, despite the fact that the mechanism
of electrode reactions changes depending on the nature of the acid present in the solution.

3. IFKhAN-92 forms the most stable protective layers on the steel surface in acid
environments. The presence of a triazole ring in the structure of this compound enables
the chemisorption interaction of its molecules with the steel surface in the course of the
formation of a protective layer. Moreover, the chemical structure of the molecules allows
them to be chemically bound within the bulk of the protective layer. QAS should form a
protective layer through physical interactions of their molecules, which decreases their
stability and, as a consequence, the efficiency of slowing down the electrode reactions.

4. Regardless of the composition of mineral acid solutions, the protective effect of the Cls
studied decreases in the series IFKhAN-92>BDMOA >catamin AB. The higher
protective effects of IFKhAN-92 in steel inhibition in solutions of various acids in
comparison with QAS are due to the maximum hindrance of electrode reactions by the
former.

References

1. 1.B. Obot, A. Meroufel, I.B. Onyeachu, A. Alenazi and A.A. Sorour, Corrosion
inhibitors for acid cleaning of desalination heat exchangers: Progress, challenges and
future perspectives, J. Mol. Liq., 2019, 296, 111760. doi: 10.1016/j.molliq.2019.111760

2. A. Agrawal and K.K. Sahu, An overview of the recovery of acid from spent acidic
solutions from steel and electroplating industries, J. Hazard. Mater., 2009, 171, no. 1—
3, 61-75. doi: 10.1016/j.jhazmat.2009.06.099

3. M. Goyal, S. Kumar, I. Bahadur, C.Verma and E.E. Ebenso, Organic corrosion
inhibitors for industrial cleaning of ferrous and non-ferrous metals in acidic solutions: A
review, J. Mol. Liq., 2018, 256, 565-573. doi: 10.1016/j.molliq.2018.02.045

4. L.V. Hong and H.B. Mahmud, A preliminary screening and characterization of suitable
acids for sandstone matrix acidizing technique: a comprehensive review, J. Pet. Explor.
Prod. Technol., 2019, 9, 753-778. doi: 10.1007/s13202-018-0496-6

5. L.V. Hong and H.B. Mahmud, A comparative study of different acids used for sandstone
acid stimulation: a literature review, IOP Conf. Ser.. Mater. Sci. Eng., 2017, 217,
012018. doi: 10.1088/1757-899X/217/1/012018

6. M.U. Shafiqg and H.B. Mahmud, Sandstone matrix acidizing knowledge and future
development, J. Pet. Explor. Prod. Technol., 2017, 7, no.4, 1205-1216. doi:
10.1007/s13202-017-0314-6



https://www.sciencedirect.com/science/article/abs/pii/S0167732219332192?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0304389409010267?via%3Dihub
https://doi.org/10.1016/j.molliq.2018.02.045#_blank
https://link.springer.com/article/10.1007%2Fs13202-018-0496-6
https://iopscience.iop.org/article/10.1088/1757-899X/217/1/012018
https://link.springer.com/journal/13202/7/4/page/1
https://link.springer.com/article/10.1007%2Fs13202-017-0314-6

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1580

7.

8.

10.

11.

12,

13.

14,

15.

16.

17.

18.

19.

20.

B. Guo, X. Liu and X. Tan, Chapter 13. Acidizing, Petroleum Production Engineering
(Second Edition), 2017, pp. 367—387. doi: 10.1016/B978-0-12-809374-0.00013-1
Ya.G. Avdeev and Yu.l. Kuznetsov, Inhibitory protection of steels from high-
temperature corrosion in acid solutions. A review. Part 1, Int. J. Corros. Scale Inhib.,
2020, 9, no. 2, 394-426. doi: 10.17675/2305-6894-2020-9-2-2

. Ya.G. Avdeev and Yu.l. Kuznetsov, Effect of iron(l1l) salts on steel corrosion in acid

solutions. A review, Int. J. Corros. Scale Inhib., 2021, 10, no. 3, 1069-1109. doi:
10.17675/2305-6894-2021-10-3-15

Ya.G. Avdeev, Nitrogen-containing six-membered heterocyclic compounds as corrosion
inhibitors for metals in solutions of mineral acids — A review, Int. J. Corros. Scale Inhib.,
2018, 7, no. 4, 460-497. doi: 10.17675/2305-6894-2018-7-4-1

C. Verma, M.H. Abdellattif, A. Alfantazi and M.A. Quraishi, N-heterocycle compounds
as agueous phase corrosion inhibitors: A robust, effective and economic substitute, J.
Mol. Liqg., 2021, 340, 117211. doi: 10.1016/].molliq.2021.117211

E.K. Ardakani, E. Kowsari, A. Ehsani and S. Ramakrishna, Performance of all ionic
liquids as the eco-friendly and sustainable compounds in inhibiting corrosion in various
environments: A comprehensive review, Microchem. J., 2021, 165, 106049. doi:
10.1016/j.microc.2021.106049

M. Askari, M. Aliofkhazraei, R. Jafari, P. Hamghalam and A. Hajizadeh, Downhole
corrosion inhibitors for oil and gas production — a review, Appl. Surf. Sci. Adv., 2021, 6,
100128. doi: 10.1016/j.apsadv.2021.100128

C.Verma, E.E.Ebenso, M.A.Quraishi and K.Y.Rhee, Phthalocyanine,
naphthalocyanine and their derivatives as corrosion inhibitors: A review, J. Mol. Liq.,
2021, 334, 116441. doi: 10.1016/j.molliq.2021.116441

C. Verma and M.A. Quraishi, Recent progresses in Schiff bases as aqueous phase
corrosion inhibitors: Design and applications, Coord. Chem. Rev., 2021, 446, 214105.
doi: 10.1016/j.ccr.2021.214105

C. Verma, M.A. Quraishi and E.E. Ebenso, Quinoline and its derivatives as corrosion
inhibitors: A review, Surf. Interfaces, 2020, 21, 100634. doi: 10.1016/].surfin.2020.100634
D.S. Chauhan, M.A. Quraishi, W.B. Wan Nik and V. Srivastava, Triazines as a potential
class of corrosion inhibitors: Present scenario, challenges and future perspectives, J. Mol.
Lig., 2021, 321, 114747. doi: 10.1016/j.molliq.2020.114747

D.S. Chauhan, P.Singh and M.A. Quraishi, Quinoxaline derivatives as efficient
corrosion inhibitors: Current status, challenges and future perspectives, J. Mol. Lig.,
2020, 320, 114387. doi: 10.1016/j.mollig.2020.114387

C. Verma, L.O. Olasunkanmi, E.E. Ebenso and M.A. Quraishi, Substituents effect on
corrosion inhibition performance of organic compounds in aggressive ionic solutions: A
review, J. Mol. Lig., 2018, 251, 100-118. doi: 10.1016/j.molliq.2017.12.055

C. Verma, J. Haque, M.A. Quraishi and E.E. Ebenso, Aqueous phase environmental
friendly organic corrosion inhibitors derived from one step multicomponent reactions: A
review, J. Mol. Liq., 2019, 275, 18—40. doi: 10.1016/j.molliq.2018.11.040



https://doi.org/10.1016/B978-0-12-809374-0.00013-1#_blank
http://ijcsi.pro/wp-content/uploads/2020/03/ijcsi-2020-v9-n2-p02.pdf
http://ijcsi.pro/wp-content/uploads/2021/08/ijcsi-2021_v10-n3-p15.pdf
http://dx.doi.org/10.17675/2305-6894-2018-7-4-1
https://www.sciencedirect.com/science/article/abs/pii/S0167732221019358?via%3Dihub
https://doi.org/10.1016/j.microc.2021.106049#_blank
https://doi.org/10.1016/j.apsadv.2021.100128#_blank
https://www.sciencedirect.com/science/article/abs/pii/S016773222101165X?via%3Dihub
https://www.sciencedirect.com/science/journal/00108545
https://www.sciencedirect.com/science/journal/00108545
https://doi.org/10.1016/j.ccr.2021.214105#_blank
https://doi.org/10.1016/j.surfin.2020.100634#_blank
https://doi.org/10.1016/j.molliq.2020.114747#_blank
https://doi.org/10.1016/j.molliq.2020.114387#_blank
https://doi.org/10.1016/j.molliq.2017.12.055#_blank
https://doi.org/10.1016/j.molliq.2018.11.040#_blank

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1581

21,

22,

23.

24,

25,

26.

217,

28.

29.

30.

31.

S.P. Shpan’ko, V.P. Grigor’ev, E.V. Plekhanova and V.A. Anisimova, Inhibitive and
residual protective effects of benzimidazole derivative upon acid corrosion of iron, Prot.
Met. Phys. Chem. Surf., 2010, 46, no. 2, 255—260. doi: 10.1134/S2070205110020139
S. Sengupta, M. Murmu, N.C. Murmu and P. Banerjee, Adsorption of redox-active
Schiff bases and corrosion inhibiting property for mild steel in 1 molL-! H,SOy:
Experimental analysis supported by ab initio DFT, DFTB and molecular dynamics
simulation  approach, J. Mol. Liq., 2021, 326, 115215. doi:
10.1016/j.molliq.2020.115215

H.E. Salman, A.A. Balakit and L.B. Jasim, Azoisonicotinohydrazide derivative as
carbon steel corrosion inhibitor in 1 M H,SO4: potentiostatic, adsorption isotherm and
surface studies, Int. J. Corros. Scale Inhib., 2019, 8, no.3, 539-548. doi:
10.17675/2305-6894-2019-8-3-5

M. Zebida, O. Benali, U. Maschke and M. Trainsel, Corrosion inhibition properties of 4-
methyl-2-(methylthio)-3-phenylthiazol-3-ium iodide on the carbon steel in sulfuric acid
environment, Int. J. Corros. Scale Inhib., 2019, 8, no. 3, 613—-627. doi: 10.17675/2305-
6894-2019-8-3-11

F.O. Edoziuno, A.A. Adediran, B.U. Odoni, M. Oki and O.S. Adesina, Comparative
analysis of corrosion inhibition effects of mebendazole (MBZ) on mild steel in three
different sulphuric acid concentrations, Int. J. Corros. Scale Inhib., 2020, 9, no. 3,
1049-1058. doi: 10.17675/2305-6894-2020-9-3-17

Ya.G. Avdeev, Protection of metals in phosphoric acid solutions by corrosion inhibitors.
A review, Int. J. Corros. Scale Inhib., 2019, 8, no. 4, 760—798. doi: 10.17675/2305-
6894-2019-8-4-1

A.A. Khadom and S.N. Farhan, Corrosion inhibition of steel in phosphoric acid, Corros.
Rev., 2018, 36, no. 3, 267—-280. doi: 10.1515/corrrev-2017-0104

Ya.G. Avdeev, E.N. Yurasova, K.L. Anfilov and T.A. Vagramyan, Protection of low-
carbon steel in solutions of mineral acids by nitrogen-containing pharmaceutical agents
of triphenylmethane series, Int. J. Corros. Scale Inhib., 2018, 7, no. 1, 87-101. doi:
10.17675/2305-6894-2018-7-1-8

M. Abdallah, E.A. Helal and A.S. Fouda, Aminopyrimidine derivatives as inhibitors for
corrosion of 1018 carbon steel in nitric acid solution, Corros. Sci., 2006, 48, no. 7,
1639-1654. doi: 10.1016/j.corsci.2005.06.020

D.P. Schweinsberg and V. Ashworth, The inhibition of the corrosion of pure iron in
0.5 M sulphuric acid by n-alkyl quaternary ammonium iodides, Corros. Sci., 1988, 28,
no. 6, 539-545. doi: 10.1016/0010-938X(88)90022-4

V. Branzoi, F. Branzoi and M. Baibarac, The inhibition of the corrosion of Armco iron
in HCI solutions in the presence of surfactants of the type of N-alkyl quaternary
ammonium salts, Mater. Chem. Phys., 2000, 65, no. 3, 288—297. doi: 10.1016/S0254-
0584(00)00260-1



https://link.springer.com/article/10.1134%2FS2070205110020139
https://doi.org/10.1016/j.molliq.2020.115215#_blank
http://ijcsi.pro/wp-content/uploads/2019/07/ijcsi-2019-v8-n3-p5-pp539-548.pdf
http://ijcsi.pro/wp-content/uploads/2019/07/ijcsi-2019-v8-n3-p5-pp539-548.pdf
http://ijcsi.pro/wp-content/uploads/2019/07/ijcsi-2019-v8-n3-p5-pp539-548.pdf
http://ijcsi.pro/wp-content/uploads/2020/09/ijcsi-2020_v9-n3-p17.pdf
http://ijcsi.pro/wp-content/uploads/2019/09/ijcsi-2019-v8-n4-p1-pp760-798.pdf
http://ijcsi.pro/wp-content/uploads/2019/09/ijcsi-2019-v8-n4-p1-pp760-798.pdf
https://www.degruyter.com/document/doi/10.1515/corrrev-2017-0104/html
http://ijcsi.pro/files/2018/Issue_1/ijcsi-2018-v7-n1-p8-pp87%E2%80%93101.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0010938X05001964?via%3Dihub
https://doi.org/10.1016/0010-938X(88)90022-4#_blank
https://doi.org/10.1016/S0254-0584(00)00260-1#_blank
https://doi.org/10.1016/S0254-0584(00)00260-1#_blank

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1582

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

O.V. Ugryumov, Ya.V. lvshin, P.S. Fakhretdinov, G.V. Romanov and R.A. Kaidrikov,
N-[Isononylphenoxypoly(ethyleneoxy)carbonylmethylJammonium chlorides as
inhibitors of metal corrosion. I. Inhibition of steel corrosion in aqueous hydrochloric
environments, Prot. Met., 2001, 37, no. 4, 337—342. doi: 10.1023/A:1010491325583
T.Y. Soror and M.A. El-Ziady, Effect of cetyl trimethyl ammonium bromide on the
corrosion of carbon steel in acids, Mater. Chem. Phys., 2003, 77, no. 3, 697-703. doi:
10.1016/S0254-0584(02)00129-3

R. Fuchs-Godec, The adsorption, CMC determination and corrosion inhibition of some
N-alkyl quaternary ammonium salts on carbon steel surface in 2 M H,SO,, Colloids
Surf., A, 2006, 280, no. 1-3, 130—139. doi: 10.1016/j.colsurfa.2006.01.046

X. Li, S. Deng and H. Fu, Benzyltrimethylammonium iodide as a corrosion inhibitor for
steel in phosphoric acid produced by dihydrate wet method process, Corros. Sci., 2011,
53, no. 2, 664—670. doi: 10.1016/j.corsci.2010.10.013

A.M. Al-Sabagh, H.M. Abd-El-Bary, R.A. EI-Ghazawy, = M.R. Mishrif  and
B.M. Hussein, Corrosion inhibition efficiency of heavy alkyl benzene derivatives for
carbon steel pipelines in 1M HCI, Egypt. J. Pet, 2012, 21, 89-100. doi:
10.1016/j.ejpe.2012.11.003

M. Abdallah, H.M. Eltass, M.A. Hegazy and H. Ahmed, Adsorption and Inhibition
Effect of Novel Cationic Surfactant for Pipelines Carbon Steel in Acidic Solution, Prot.
Met. Phys. Chem. Surf., 2016, 52, no. 4, 721—-730. doi: 10.1134/S207020511604002X
I. Aiada, M.A. Riya, S.M. Tawfik and M.A. Abousehly, Protection of Carbon Steel
Against Corrosion in Hydrochloric Acid Solution by Some Synthesized Cationic
Surfactants, Prot. Met. Phys. Chem. Surf., 2016, 52, no.2, 339-347.doi:
10.1134/S2070205116020027

B.S. Prathibha, H.P. Nagaswarupa, P. Kotteeswaran and V. BheemaRaju, Inhibiting
effect of Quaternary ammonium compound on the corrosion of mild steel in 1M
Hydrochloric acid solution, its adsorption and kinetic characteristics, Mater. Today:
Proc., 2017, 4, no. 1, 12245-12254. doi: 10.1016/j.matpr.2017.09.156

N.V. Likhanova, P. Arellanes-Lozada, O. Olivares-Xometl, H. Hernandez-Cocoletzi,
I.V. Lijanova, J. Arriola-Morales and J.E. Castellanos-Aguila, Effect of organic anions
on ionic liquids as corrosion inhibitors of steel in sulfuric acid solution, J. Mol. Liq.,
2019, 279, 267-278. doi: 10.1016/j.molliq.2019.01.126

M.A. Hegazy, M. Abdallah, M.K. Awad and M. Rezk, Three novel di-quaternary
ammonium salts as corrosion inhibitors for APl X65 steel pipeline in acidic solution.
Part I. Experimental results, Corros. Sci., 2014, 81, 54-64. doi:
10.1016/j.corsci.2013.12.010

M.A. Hegazy, S.M. Rashwan, M.M. Kamel and M.S. El Kotb, Synthesis, surface
properties and inhibition behavior of novel cationic gemini surfactant for corrosion of
carbon steel tubes in acidic solution, J. Mol. Lig., 2015, 211, 126-134. doi:
10.1016/j.mollig.2015.06.051



https://doi.org/10.1023/A:1010491325583
https://doi.org/10.1016/S0254-0584(02)00129-3#_blank
https://doi.org/10.1016/j.colsurfa.2006.01.046#_blank
https://www.sciencedirect.com/science/article/abs/pii/S0010938X10005226?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1110062112000359?via%3Dihub
https://link.springer.com/article/10.1134%2FS207020511604002X
https://link.springer.com/article/10.1134%2FS2070205116020027
https://doi.org/10.1016/j.matpr.2017.09.156#_blank
https://www.sciencedirect.com/science/article/abs/pii/S0167732218349675?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X13005738?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0167732215301872?via%3Dihub

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1583

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

O. Kaczerewska, R. Leiva-Garcia, R. Akid and B. Brycki, Efficiency of cationic gemini
surfactants with 3-azamethylpentamethylene spacer as corrosion inhibitors for stainless
steel in hydrochloric acid, J. Mol. Lig., 2017, 247, 6-13. doi:
10.1016/j.molliq.2017.09.103

M. Mobin, R. Aslam and J. Aslam, Non toxic biodegradable cationic gemini surfactants
as novel corrosion inhibitor for mild steel in hydrochloric acid environment and
synergistic effect of sodium salicylate: Experimental and theoretical approach, Mater.
Chem. Phys., 2017, 191, 151-167. doi: 10.1016/].matchemphys.2017.01.037

A.A. Abd-Elaal, S.M. Shaban and S.M. Tawfik, Three Gemini cationic surfactants based
on polyethylene glycol as effective corrosion inhibitor for mild steel in acidic
environment, J. Assoc. Arab Univ. Basic Appl. Sci., 2017, 24, 54-65. doi:
10.1016/j.jaubas.2017.03.004

S. Ozturk, Synthesis and Corrosion Inhibition Behavior of Novel Amide-Based
Quarternary Di-Cationic Surfactants on Carbon Steel in HCI Solutions, Prot. Met. Phys.
Chem. Surf., 2018, 54, no. 5, 953-962. doi: 10.1134/S2070205118050167

J. Li, Y. Xie, W. Li, R. Zhu and W. Wu, Synthesis and Inhibition Behavior of the
Quaternary Ammonium Salt-Type Tetrameric Surfactant for Corrosion of N80 Steel in
HCI Environment, Prot. Met. Phys. Chem. Surf., 2019, 55, no. 4, 789-794. doi:
10.1134/S2070205119040117

Ya.G. Avdeev, P.A. Belinskii, Yu.l. Kuznetsov and O.O. Zel’, A New Inhibitor of Steel
Corrosion in Sulfuric Acid, Prot. Met., 2007, 43, no.6, 587-590. doi:
10.1134/S0033173207060112

L.G. Qiu, Y. Wu, Y.M. Wang and X. Jiang, Synergistic effect between cationic gemini
surfactant and chloride ion for the corrosion inhibition of steel in sulphuric acid, Corros.
Sci., 2008, 50, no. 2, 576-582. doi: 10.1016/j.corsci.2007.07.010

D. Asefi, M. Arami and N.M. Mahmoodi, Electrochemical effect of cationic gemini
surfactant and halide salts on corrosion inhibition of low carbon steel in acid
environment, Corros. Sci., 2010, 52, no. 3, 794-800. doi: 10.1016/j.corsci.2009.10.039
A. Khamis, M.M. Saleh, M.l. Awad and B.E. El-Anadouli, Inhibitory action of
quaternary ammonium bromide on mild steel and synergistic effect with other halide
jons in 05M H,SOs J. Adv. Res., 2014, 5, no.6, 637-646. doi:
10.1016/}.jare.2013.09.003

Ya.G. Avdeev and Yu.l. Kuznetsov, Nitrogen-containing five-membered heterocyclic
compounds as corrosion inhibitors for metals in solutions of mineral acids — An
overview, Int. J. Corros. Scale Inhib., 2021, 10, no. 2, 480-540. doi: 10.17675/2305-
6894-2020-10-2-2

H.L. Wang, R.B. Liu and J. Xin, Inhibiting effects of some mercapto-triazole derivatives
on the corrosion of mild steel in 1.0 M HCI environment, Corros. Sci., 2004, 46, no. 10,
2455-2466. doi: 10.1016/j.corsci.2004.01.023



https://www.sciencedirect.com/science/article/abs/pii/S0167732217315994?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0254058417300639?via%3Dihub
https://www.tandfonline.com/doi/full/10.1016/j.jaubas.2017.03.004
https://link.springer.com/article/10.1134%2FS2070205118050167
https://link.springer.com/article/10.1134%2FS2070205119040117
https://dx.doi.org/10.1134/S0033173207060112
https://www.sciencedirect.com/science/article/abs/pii/S0010938X07002284?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X09005368?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2090123213001173?via%3Dihub
http://ijcsi.pro/wp-content/uploads/2021/04/ijcsi-2021_v10-n2-p2.pdf
http://ijcsi.pro/wp-content/uploads/2021/04/ijcsi-2021_v10-n2-p2.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0010938X04000484?via%3Dihub

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1584

54,

55,

56.

57,

58.

59.

60.

61.

62.

63.

64.

L.G. Qiu, A.J. Xie and Y.H. Shen, A novel triazole-based cationic gemini surfactant:
synthesis and effect on corrosion inhibition of carbon steel in hydrochloric acid, Mater.
Chem. Phys., 2005, 91, no. 2—-3, 269-273. doi: 10.1016/j.matchemphys.2004.11.022
H.H. Hassan, E. Abdelghani and M.A. Amin, Inhibition of mild steel corrosion in
hydrochloric acid solution by triazole derivatives. Part I. Polarization and EIS studies,
Electrochim. Acta, 2007, 52, no. 22, 6359—-6366. doi: 10.1016/j.electacta.2007.04.046
F. Bentiss, C. Jama, B. Mernari, H. El Attari, L. EI Kadi, M. Lebrini, M. Traisnel and
M. Lagrenee, Corrosion control of mild steel using 3,5-bis(4-methoxyphenyl)-4-amino-
1,2,4-triazole in normal hydrochloric acid environment, Corros. Sci., 2009, 51,
1628-1635. doi: 10.1016/j.corsci.2009.04.009

B.D. Mert, M.E. Mert, G.Kardas and B. Yazici, Experimental and theoretical
investigation of 3-amino-1,2,4-triazole-5-thiol as a corrosion inhibitor for carbon steel
in HCI environment, Corros. Sci., 2011, 53, no.12, 4265-4272. doi:
10.1016/j.corsci.2011.08.038

Ya.G. Avdeev and A.Yu. Luchkin, Effect of IFKhAN-92 inhibitor on electrode reactions
and corrosion of mild steels in hydrochloric and sulfuric acid solutions, Int. J. Corros.
Scale Inhib., 2013, 2, no. 1, 53—66. doi: 10.17675/2305-6894-2013-2-1-053-066

M. Tourabi, K. Nohair, M. Traisnel, C. Jama and F. Bentiss, Electrochemical and XPS
studies of the corrosion inhibition of carbon steel in hydrochloric acid pickling solutions
by 3,5-bis(2-thienylmethyl)-4-amino-1,2,4-triazole, Corros. Sci., 2013, 75, 123-133.
doi: 10.1016/j.corsci.2013.05.023

Ya.G. Avdeev, D.S. Kuznetsov, M.V. Tyurina, A.Yu. Luchkin and M.A. Chekulaev,
Protection of chromium-nickel steel in hydrochloric acid solution by a substituted
triazole, Int. J. Corros. Scale Inhib., 2015, 4, no. 1, 1-14. doi: 10.17675/2305-6894-
2015-4-1-001-014

Ya.G. Avdeev, D.S. Kuznetsov, M.V. Tyurina and M.A. Chekulaev Protection of
chromium-nickel steel in sulfuric acid solution by a substituted triazole, Int. J. Corros.
Scale Inhib., 2015, 4, no. 2, 146-161. doi: 10.17675/2305-6894-2015-4-1-146-161
Q.Ma, S.Qi, X.He, Y. Tang and G. Lu, 1,2,3-Triazole derivatives as corrosion
inhibitors for mild steel in acidic environment: Experimental and computational
chemistry studies, Corros. Sci., 2017, 129, 91-101. doi: 10.1016/j.corsci.2017.09.025
C.M. Fernandes, L.X. Alvarez, N. Escarpini dos Santos, A.C. Maldonado Barrios and
E.A. Ponzio, Green synthesis of 1-benzyl-4-phenyl-1H-1,2,3-triazole, its application as
corrosion inhibitor for mild steel in acidic environment and new approach of classical
electrochemical  analyses, Corros. Sci., 2019, 149, 185-194. doi:
10.1016/j.corsci.2019.01.019

I. Merimi, R. Benkaddour, H. Lgaz, N. Rezki, M. Messali, F. Jeffali, H. Oudda and
B. Hammouti, Insights into corrosion inhibition behavior of a triazole derivative For
mild steel in hydrochloric acid solution, Mater. Today: Proc., 2019, 13, no. 3,
1008-1022. doi: 10.1016/j.matpr.2019.04.066



https://www.sciencedirect.com/science/article/abs/pii/S0254058404006091?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0013468607005671?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X09001516?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X11004628?via%3Dihub
http://ijcsi.pro/files/2013/Issue_1/ijcsi-2013-v2-n1-p5-pp53-66.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0010938X13002254?via%3Dihub
http://ijcsi.pro/files/2015/Issue_1/ijcsi-2015-v4-n1-p1-pp001-014.pdf
http://ijcsi.pro/files/2015/Issue_1/ijcsi-2015-v4-n1-p1-pp001-014.pdf
http://ijcsi.pro/files/2015/Issue_2/ijcsi-2015-v4-n2-p5-pp146-161.pdf
https://doi.org/10.1016/j.corsci.2017.09.025#_blank
https://www.sciencedirect.com/science/article/abs/pii/S0010938X18319930?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2214785319306583?via%3Dihub

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1585

65

66.

67.

68.

69.

70.

71,

72,

73.

74,

75.

76.

77.

. I. Merimi, Y. ElOuadi, R.Benkaddour, H.Lgaz, M. Messali, F.Jeffali and
B. Hammouti, Improving corrosion inhibition potentials using two triazole derivatives
for mild steel in acidic environment: Experimental and theoretical studies, Mater. Today:
Proc., 2019, 13, 920-930. doi: 10.1016/j.matpr.2019.04.056

S.S. Al-Taweel, T.S. Gaaz, L.M. Shaker and A. Al-Amiery, Protection of mild steel in
H,SO, solution with 3-((3-(2-hydroxyphenyl)-5-thioxo-1,2,4-triazol-4-
ylimino)indolin-2-one, Int. J. Corros. Scale Inhib., 2020, 9, no. 3, 1014-1024. doi:
10.17675/2305-6894-2020-9-3-14

M. Tourabi, A. Sahibed-dine, A. Zarrouk, 1|.B. Obot, B. Hammouti, F. Bentiss and
A. Nahle, 3,5-Diaryl-4-amino-1,2,4-triazole derivatives as effective corrosion inhibitors
for mild steel in hydrochloric acid solution: Correlation between anti-corrosion activity
and chemical structure, Prot. Met. Phys. Chem. Surf., 2017, 53, 548-559. doi:
10.1134/S2070205117030236

L. Wang, M.J. Zhu, F.C. Yang and C.W. Gao, Study of a Triazole Derivative as
Corrosion Inhibitor for Mild Steel in Phosphoric Acid Solution, Int. J. Corros., 2012,
2012, 573964. doi: 10.1155/2012/573964

H. Kaesche, Die Korrosion der Metalle. Physikalisch-Chemische Prinzipien und aktuelle
Probleme, Springer, Berlin, 1979.

S.M. Reshetnikov, Metal Corrosion Inhibitors in Acids, Khimiya, Leningrad, 1986 (in
Russian).

S.M. Reshetnikov and L.L. Makarova, Kinetics and mechanism of cathodic and anodic
processes that determine acid corrosion of metals in the area of active dissolution, Redox
and adsorption processes on the surface of solid metals, Udmurt State University,
Izhevsk, 1979 (in Russian).

R.J. Chin and K. Nobe, Electrodissolution Kinetics of Iron in Chloride Solutions: IlI.
Acidic Solutions, J. Electrochem. Soc., 1972, 119, 1457-1461. doi: 10.1149/1.2404023
G.M. Florianovich, L.A. Sokolova and Ya.M. Kolotyrkin, On the mechanism of the
anodic dissolution of iron in acid solutions, Electrochim. Acta, 1967, 12, 879-887. doi:
10.1016/0013-4686(67)80124-5

M.A. Pletnev, Effect of inhibitors on the desorption potentials in the anodic dissolution
of iron in acid solutions — A review, Int. J. Corros. Scale Inhib., 2020, 9, no. 3,
842-866. doi: 10.17675/2305-6894-2020-9-3-4

Ya.G. Avdeev, About the nature of iron anodic activation in solutions of mineral acids,
Int. J. Corros. Scale Inhib., 2020, 9, no. 4, 1375-1380. doi: 10.17675/2305-6894-2020-
9-4-10

N.I. Podobaev and G.G. Klimov, The effect of hydrogenation on the dissolution of iron
and inhibition in acidic sulfate solutions, Zashch. Met. (Protection of Metals), 1980, 16,
no. 5, 611-615 (in Russian).

N.I. Podobaev and V.M. Larionova, The effect of hydrogen on the ionization of iron and
on the discharge of hydrogen ions in an inhibited sulfate solution, Zashch. Met.
(Protection of Metals), 1995, 31, no. 3, 292—-294 (in Russian).



https://www.sciencedirect.com/science/article/pii/S2214785319306480?via%3Dihub
http://ijcsi.pro/wp-content/uploads/2020/08/ijcsi-2020_v9-n3-p14.pdf
https://link.springer.com/article/10.1134%2FS2070205117030236
https://www.hindawi.com/journals/ijc/2012/573964/
https://iopscience.iop.org/article/10.1149/1.2404023
https://www.sciencedirect.com/science/article/abs/pii/0013468667801245?via%3Dihub
http://ijcsi.pro/wp-content/uploads/2020/06/ijcsi-2020_v9-n3-p4.pdf
http://ijcsi.pro/wp-content/uploads/2020/10/ijcsi-2020_v9-n4-p10.pdf
http://ijcsi.pro/wp-content/uploads/2020/10/ijcsi-2020_v9-n4-p10.pdf

Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1566—1586 1586

78.

79.

80.

81.

82.

83.

84.

Ya.G. Avdeev, A.Yu. Luchkin and Yu.l. Kuznetsov, Adsorption of IFKhAN-92
Corrosion Inhibitor on Low Carbon Steel from Hydrochloric Acid Solution, Prot. Met.
Phys. Chem. Surf., 2013, 49, no. 7, 865—868. doi: 10.1134/S2070205113070046

Ya.G. Avdeev, A.Yu. Luchkin and Yu.l. Kuznetsov, Adsorption of IFKhAN-92
Inhibitor on Low Carbon Steel from Sulfuric Acid Solution, Prot. Met. Phys. Chem.
Surf., 2020, 56, no. 7, 1244—1248. doi: 10.1134/52070205120070035

Ya.G. Avdeev, A.Yu. Luchkin, M.V. Tyurina and Yu.l. Kuznetsov, Adsorption of
IFKhAN-92 Corrosion Inhibitor From Acidic Phosphate Solution on Low Carbon Steel,
Prot. Met. Phys. Chem. Surf.,, 2017, 53, no.7, 1247-1251. doi:
10.1134/S2070205117070048

N.P. Andreeva, D.S. Kuznetsov and Ya.G. Avdeev, Study of the Adsorption of the
IFKhAN-92 Inhibitor on the Surface of Chromium—Nickel Steel from Hydrochloric and
Sulfuric Acid Solutions by Ellipsometry, Prot. Met. Phys. Chem. Surf., 2019, 55, no. 7,
1280-1286. doi: 10.1134/S2070205119070025

A.Yu. Luchkin, Physicochemical aspects of steel protection against acid corrosion by
triazole derivatives at elevated temperatures, PhD Chemistry Dissertation, Moscow
State Pedagogical University, A.N. Frumkin Institute of Physical Chemistry and
Electrochemistry, RAS, Moscow, 2013, 127 (in Russian).

M.V. Tyurina, Protection of low-carbon steel in phosphoric acid solutions by triazole
derivatives, PhD Chemistry Dissertation, A.N. Frumkin Institute of Physical Chemistry
and Electrochemistry, RAS, Moscow, 2016, (in Russian).

D.S. Kuznetsov, Protection of chromium-nickel steel in solutions of mineral acids by a
corrosion inhibitor of the triazole class, PhD Chemistry Dissertation, A.N. Frumkin
Institute of Physical Chemistry and Electrochemistry, RAS, Moscow, 2017, 167 (in
Russian).

LA A 4


https://www.researchgate.net/deref/http:/dx.doi.org/10.1134/S2070205113070046?_sg%5b0%5d=kygZNGKRnWYG6yGAAJDIxSeHLwBZSyYzoZ3hu9eXWHQJQJZVj0LZXvyYqnjB5eykVtCXa2NODviCd5WQ5yvKDA3ENA.Ej-2sA-3eFYZp7so5sd0fbsHogp0kltPziRTNgYD3Ymw7zRHeSDI53I-PNNxVWlsSmA7H-B0kI_FGvTVpNskcA
https://link.springer.com/article/10.1134%2FS2070205120070035
https://link.springer.com/article/10.1134%2FS2070205117070048
https://link.springer.com/article/10.1134%2FS2070205119070025

