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Abstract

The purpose of the article is to study the effect of bicarbonate ions on the local activation of aluminum at a temperature
of 25 °C.

The features of local activation of aluminum in the presence of bicarbonate ions (2-10-4-4-10-3 M) were studied using the
methods of voltammetry, chronoamperometry, optical and scanning electron microscopy, and X-ray spectral microanalysis.

As aresult, we established the range of sodium bicarbonate concentrations, in which there is local activation of aluminum;
obtained experimental data on the dependence of the main quantitative characteristics of the process (potential of pitting
formation, potential of local activation, and induction period) on the concentration of sodium bicarbonate. Formal kinetic
approach was used to propose a mechanism for the local activation of aluminum in hydrocarbonate media.
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1. Introduction

Hydrogen carbonates mainly enter surface
waters as a result of natural processes of chemical
weathering and dissolution of carbonate rocks or
aluminosilicates, as well as with waste water from
chemical, silicate, and soda industry enterprises.
Bicarbonate ions are one of the main anions
present in natural water which is supplied to
water and heat supply systems. The equipment
of these systems can be made of various metals
and alloys, including aluminum, copper, steel,
etc. [1-5].

According to previous studies [6, 7], copper
and iron are prone to passivation and localized
damage depending on the salt content in the
hydrocarbonate solution. For example, in [8,
9], it was found that passive layers formed in
diluted electrolytes (C(CNaHCO,) < 0.08 M)
have low protective characteristics, and HCO;
ions act as pitting corrosion activators and
cause metal depassivation if local activation
potentials exceed the corrosion potential. With
an increase in the concentration of HCO,™ ions,
the protective properties of the oxide film in
relation to pitting formation (PF) increase, which
is due to the stabilization of the passive film on
copper and iron under the action of malachite
or basic iron carbonate formed under these
conditions, respectively. In contrast to the anodic
behavior of copper and iron in dilute solutions,
they have a wide region of passivity (up to the
potential of oxygen release) in more concentrated
solutions (C(NaHCO,) = 0.1 M). Scanning electron
microscopy (SEM) in this case does not record any
pitting (PT) on the above-mentioned metals after
their anodic oxidation [10].

Another approach was proposed in [11, 12].
According to it, PF on copper is not associated
with the special properties of HCO; ions, which
have a weak activating ability, but is determined
by the increasing value of pH of solutions in
concentrated media, which leads to a deeper
passive state of the metal. The effect of pH is
also manifested in the change in the ratio of
CO,, H,CO,, HCO;, and CO?". Under equilibrium
conditions, there is a balance between all four
forms [3, 4, 13]:

CO, + H,0 & H,CO, « H' + HCO; «
o 2H' + CO%. (1)
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At pH =4.3, water contains practically only CO,.
With anincrease in pH, the HCO; content increases,
at pH = 8.35 only HCO; ions are present in water,
and at pH ~ 12, there are only CO?" ions [13].

It is known [14-22] that aluminum and its
alloys can be in a passive state, however, they can
undergo local activation (LA) in the presence of
chloride, sulfate, nitrate, and other ions. Yet, there
is hardly any information about the behavior
of aluminum and its alloys in the presence of
bicarbonate ions. Papers [23—-24] describe studies
on the effect of temperature on aluminum LA
in NaHCO, solutions. It was also shown that at
concentrations of 10°-10*M and 5-:1073-10"' M
of NaHCO,, aluminum is in a passive state, while
at concentrations between 2:10~* and 4-10-° M,
there is LA in NaHCO,. Controversial behavior of
aluminum [23-24], as well as different views [6—
12] on the role of pH of bicarbonate solutions and
HCO; ions in the LA processes on metals with low
salt content in the solution means that there is
a need for a more detailed study in a wide range
of potentials, clarification of the concentration
boundaries of LA and its kinetic parameters, and
determination of the mechanism of the process
of aluminum LA in bicarbonate media. Therefore,
the purpose of the article is to study the effect
of bicarbonate ions on the local activation of
aluminum at a temperature of 25 °C.

2. Experimental

Experiments were carried out on a stationary
aluminum (Al 99.99%) electrode in aqueous
solutions of sodium bicarbonate within the
concentration range from 2-10~*to 4-10-3 M, which
were prepared from a chemically pure reagent and
distilled water and which were kept for a day. The
pH control of the studied solutions (PH-107 pH
meter with an accuracy of 0.1) showed a change
in the pH value from 6.5 to 7.7 with an increase
in the salt content of the electrolytes.

Prior to each experiment, the aluminum
surface was polished with sandpaper with a
decreasing grain radius, polished with filter
paper, degreased with ethanol, and washed with
distilled water.

The electrolytic cell was a glass three-
electrode cell with unseparated cathode and
anode spaces and free access of air. The working
(aluminum) and auxiliary platinum electrodes
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and a salt bridge tube were fixed in the cell lid. A
silver chloride electrode (E = 0.20 V) was used as
the reference electrode. It was located in the salt
bridge, which was filled with a working solution
at room temperature and had a Haber-Luggin
capillary at its end. All potentials were further
recalculated relative to the standard hydrogen
electrode [25-28].

The anodic behavior of aluminum in the
corresponding NaHCO, solutions was studied
at room temperature on an IPC-Compact
potentiostat using Equivalent Circuits Solver
software (Ver 1.2) (accuracy #0.002 V).

Linear sweep voltammetry was chosen
as the main electrochemical method of the
study. To use it, at the beginning of each
experiment, the electrode was placed in the
working solution and kept in it for 10 minutes.
Then, the anodic polarization curve (APC) of
the steady-state potential was taken (scanning
rate of v = 0.15 V/min). The electrode potential
was shifted sequentially to the region of positive
values up to E = +1.00 V. For quantitative
evaluation of the stage of the PT initiation, we
used the potential of pitting formation (E,),
i.e. the critical value of the potential, more
positive values of which are associated with the
activating effect of anions. The approximate E,
was determined by the potential corresponding
to the sharp increase in the anodic current on
the APC [29-31].

Additional studies were carried out by
chronoamperometry, within which the shape
of kinetic I — t curves at fixed potential values
were used to draw conclusions about the state
of the studied metal: whether it was being
actively dissolved, passivated, or exposed to LA.
Importantly, the quantitative characteristic of LA
was the LA potential (E ,), which corresponded
to the potential associated with the formation of
the first metastable PT, the further development
or repassivation of which was determined
by a number of factors: the conditions of the
experiment, the nature of the metal and the
activator, the temperature, and the rate of PT
formation. To obtain chronoamperograms, the
surface of the electrode was treated as described
above prior to each experiment. Then, the
electrode was kept in the working solution for
10 min. After that, the sample was anodically

466

2024;26(3): 464-473

Features of the local activation of aluminum in the presence of bicarbonate ions

polarized at different potential values around E .
After that, the change in the current over time
was recorded for 10 minutes every 10 seconds.
The obtained chronoamperometric data were
compared with visual (microscopic) observations
[32-34].

The combination of voltammetric and
chronoamperometric methods was necessary in
this case, since,as arule, E , and E, did not agree
with each other, and usually E , < E,, ..

When studying the stage of PT initiation, the
concept of the induction period of PF or LA (t,_,)
is often used [33, 35], which, depending on the
accepted theory of metal passivity, is understood
as the time required for the penetration of the
activator ion through the oxide film (film theory),
or for successful competitive adsorption between
the passivator and the activator in favor of the
latter (adsorption theory) [28, 35]. The 1, , value
depends not only on the nature of the metal, the
composition of the solution, the type of activator,
its concentration, pH, the presence of foreign
substances, and temperature, but also on the
potential of the electrode. This indicates [32,
33, 35] that the 1. , value can be interpreted as a
characteristic proportional to the reaction rate
responsible for the appearance of PT. The 1,
value was determined according to the following
procedure. After mechanical treatment of the
electrode surface and immersing it for 10 minutes
in the solution, the sample was exposed to
anodic polarization in the solution at a potential
corresponding to the potential of stable LA. The
start time of the electrode activation, 1, , was
recorded, which corresponded to the start of
fluctuations of the anodic current or its sharp
increase [31, 36].

Electrochemical measurements were
supplemented with visual control of the state
of the working surface of the electrode before
and after each experiment (voltammetry,
chronoamperometry) using MBS-2 (at
magnification of x7) and MIM-7 (at magnification
of x500) microscopes. The intensity of aluminum
LA in the working solutions was determined by
the shape, diameter, and depth of the PT and
its concentration on the surface. The depth
of the PT was established by the method of
double focusing using the micrometric screw of
the MIM-7 microscope. The method involved
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alternate focusing of the optical system on
the inner surface of the PT and on the smooth
surface of the metal [37]. The diameter was
determined using the eyepiece reticle of the
MIM-7 microscope. The destruction of the metal
surface was photographed with a digital camera.
The surface morphology of the working electrode
was determined by the SEM method. For this, the
analyzed sample was placed in a cuvette in the
working chamber of the JSM-6510 LV scanning
electron microscope and then the corresponding
micrographs were taken.

The elemental composition of the products
formed during the electrochemical studies was
determined using X-ray spectral microanalysis on
the BRUKER 129 eV energy dispersive attachment
to the JSM-6510 LV scanning electron microscope.

3. Results and discussion

Electrochemical studies of the aluminum
behavior in bicarbonate solutions allowed
establishing the region of metal LA corresponding
to the concentration range of 2-104-4-10-% M.
Beyond this range, aluminum remained in a
passive state [23-24]. The results of the study
showed that the LA region is characterized by both
a change in the shape of the anodic polarization
curves (Fig. 1) and nonmonotonic dependencies
of the main quantitative characteristics of the LA
process (E,, E ,,and 1, ;) on the concentration of

PF?
bicarbonate ions.

0.8 A
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In the range from 2-10* M to 410 M, E,
on the APC varied from 0.165 V (in a solution
of 2-10~*M NaHCO,) to 0.766 V (in a solution of
4-10°M NaHCO,) (Table 1). Moreover, after APC
was taken, localized damage was observed on the
surface of aluminum, i.e. PT, the diameter (d) and
height (h) of which decreased with an increase in
the concentration of HCO, ions (Table 1).

Breakdown of metal passivity in the
studied systems was also confirmed by
characteristic fluctuations on the corresponding
chronoamperograms taken at E , (Fig. 2).

According to the chronoamperograms, pitting
damage on the surface of aluminum at E , did
not occur immediately, but only after some 1, ,
(Fig. 2), the value of which increased considerably
with an increase in the concentration of NaHCO,
from 2-10-% to 4-10-3 M. The opposite effect was
observed in solutions of 2-10-*~2-10-* M NaHCO,,
where the value of 1, , decreased with an increase
in salt content.

What is more, E , was first gradually shifted
to the negative region from 0.180 V (at 2-10*M
NaHCO,) to -0.020 V (at 2-10* M NaHCO,), and
then it began to increase sharply to 0.600 V (at
4-10°* M NaHCO,) (Table 1).

For a more detailed study of the morphology
of the aluminum surface, an additional study was
carried out using the SEM and PCM methods. The
latter was used to determine the quantitative
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Fig. 1 APC for aluminum in NaHCO, solution with concentrations of 5-10* (1), 1-107 (2), 2-107*(3), 3-107 (4),

410 (5) M (v, = 0.15 V/min, T = 25+2° C)
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Table 1. Quantitative characteristics of the process of aluminum LA in NaHCO, solutions

The concentration | pH before/pH after Diameter d,
of NaHCO,, M the experiment Epe V EonV Tinas S Depth h, ym um
2-10* 6.5/6.5 0.165 0.180 155 6 10
5-10 6.8/6.8 0.340 0.080 40 6 10
1-1073 7.2/7.2 0.260 0.060 53 6 10
2-1073 7.4/7.4 0.0830 | -0.020 32 <3 5
3-10°3 7.4/7.4 0.150 | -0.020 202 <3 5
4-1073 7.7/1.7 0.766 0.600 228 <3 5
a) - b
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Fig. 2 Chronoamperograms for aluminum in NaHCO, solution at: a) C=2-10* M and E = 0.18 V; b) C = 5-10™*
Mand E=0.08V;c)C=1-10*Mand E=0.06V;d) C=2-10>Mand E=-0.02V; e) C=3-10"M and E = -0.02

V;f) C=4-10"
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content of chemical elements present in the film
on the metal surface before (Table 2) and after
(Tables 3 and 4) the electrochemical experiments.
After that, comparative studies of the PT region
(Tables 3a and 4a) and the metal surface without
localized damage (Tables 3b and 4b) were carried
out.

Table 2. Elemental composition of the film

(in the selected region) on the surface of
aluminum before voltammetric studies at 25 °C
and their quantitative ratio

X-ray structural Surf . N
microanalysis ur ace(?];ﬁ;’grap y
Element Weight %
Al 70.38
0] 7.20
Si 14.17
C 8.25
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According to the data obtained before the
electrochemical experiments, the following
elements were present on the aluminum surface:
Al O, Si, and C (Table 2). After the APC was
taken, the following elements were found on the
aluminum surface in the solutions of 1-10 M
and 4-10~° M NaHCO;: Al, O, C, Na, Si, and Mg
(the weight percentage of the corresponding
element given in Tables 3-4 corresponded to
the location of the selected band on the metal).
The ratio of the weight percentage of Al and O
elements related to the thickness of the film
formed on the metal surface was of particular
interest [6, 18, 26]. For example, the total film
thickness after voltammetric studies (Tables 3b
and 4b) was almost 2 times greater as compared
to the original surface (Table 2).

Following the formal kinetic approach [21,
22], to assess the control stage of the PF process,
the LA region was divided into two regions (n,
= 0.60 (C, = 2-10-2-10"° M) and n, = -2.94

aHCO3

Table 3. Elemental composition of the film (in the selected region) on the surface of aluminum after
voltammetric studies in a solution of 1-10° M of NaHCO, (in PT (a) and in the film on the surface (b))

at 25 °C, and their quantitative ratio

X—r.ay structu?al Surf . h X—r.ay structu.ral Surf . h
microanalysis urface micrography microanalysis urface micrography
Element | Weight % (SEM) Element | Weight % (SEM)
| a) In the PT b) In the surface film |
Na 0.53 Na 0.30 i
Al 82.43 Al 75.52
C 7.06 C 7.62
0 8.92 0 15.33
Si 0.67 Si 0.94
Mg 0.39 Mg 0.29

Table 4. Elemental composition of the film (in the selected region) on the surface of aluminum after
voltammetric studies in a solution of 4-10* M of NaHCO, (in PT (a) and in the film on the surface (b))

at 25 °C, and their quantitative ratio

X—r_a Y structural Surface micrography X—rg Y structu.ral Surface micrography
microanalysis microanalysis
Element | Weight % (SEM) Element | Weight % (SEM)
a) In the PT b) In the surface film
Na 0.29 - Na 0.09 B
Al 39.32 Al 79.88
C 47.81 C 4.81
0 11.45 0 14.23
Si 0.68
Mg 0.45 Si 0.99
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Fig. 3 Influence of NaHCO, concentration and pH on the rate of the process of aluminum LA (C_,, = 2-10"*~
4-1073 M, T = 25%2 °C)
(Cyancos = 2:1073-4-10% M)), at the boundary of Al + 30H- — [AI(OH),] , + 3e’, (3)
whwh the EF mechanism prob.ably changed [AI(OH),]., +3HCO; —
(Fig. 3). In this case, the value of n is the apparent o s
Lo . S — [AI(HCO,),]. . + 30H, “4)
kinetic order of the reaction for the aggressive ion, ads ads
and 1/t__, is the rate of PT initiation [13,33,35]:  [AI(HCO,), ] — A’ + 3HCO;. 5)

Mygco; =A18 (1/7;,)/d1g Ciyey-, (2)

The fractional reaction orders obtained during
the studied process (Fig. 3) were associated with
the accuracy of determining the induction period.
The type of adsorption isotherm of ions involved
in the PF and PT repassivation processes or the
proportion of the actual surface of the localized
damage on aluminum were mainly not taken into
consideration.

It was shown that with an increase in the
concentration of NaHCO,, the rate of PT initiation
(1/z, ) firstincreased (n,) and then decreased (n,)
(Fig. 3).

In accordance with previous studies, in
particular conducted within the adsorption
theory and the model of nucleophilic substitution
model [22, 35, 38-41], we proposed the following
mechanism for the observed phenomenon.

In the range of NaHCO, concentrations
from 2:10~* to 2:10* M (pH = 6.5-7.4) and
n, = 0.60, the passivating film has low protective
characteristics, and HCO; ions act as activators
of pitting corrosion and cause aluminum
depassivation as follows:

470

Since the apparent kinetic order of the
process for HCO; ion is n=0.60 (i.e. close to an
integer value of 1) (Fig. 3), the limiting stage of
the process is most likely the association of the
[AI(OH),],. complex with bicarbonate ions (4).

The formed compounds [AI(HCO,), , ] are
unstable, since they are formed by a weak base
and a weak acid and probably further decompose
and pass into the bulk electrolyte (5). This
mechanism is confirmed by the formation of open
PT on aluminum in this LA region, which is clearly
visible in the SEM photographs (Table 3a). PCM
method, which was also used, allowed to establish
that the ratio of the weight percentage of Al and
O elements in the PT corresponded to the original
surface (Tables 2 and 3a).

With an increase in the concentration of
HCO; ions from 2-107 to 4-10~° M (pH = 7.4-7.7)
and n, = -2.94, the protective properties of the
oxide film in relation to the PF increased, the LA
process was inhibited, and the PT diameter and
depth decreased (Table 1), which was explained by
the stabilization of the passive film on aluminum
as follows:

Al+30H- — [AI(OH),] , + 3e- (6)

ads
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[AI(OH),],. + 3HCO;

3ads

— [Al(CO,) (OH) k5. (7)

ads”

SEM photographs were used to prove the
proposed mechanism (Table 4a). They clearly
showed that in the second LA region PT formed
under a “cap” of an insoluble compound. Moreover,
according to the PCM data, PT (Table 4a) had a
high (in comparison with the initial surface
(Table 2)) content of O and C elements and low
content of Al. In accordance with previous studies
[42], for example, dawsonite NaAlCO,(OH), can
be classified as such insoluble salt (8). However,
more research is needed to establish the exact
formula of the chemical compound formed on
the surface of aluminum.

4. Conclusions

A set ofindependent physicochemical methods
were used to determine the concentration
boundaries of the area of localized destruction of
aluminum in bicarbonate media (2-10~*-4-10"M
NaHCO,), to obtain systematic experimental
data on the dependence of the main quantitative
characteristics of the LA process (E,; E,, and
7., On the concentration of sodium bicarbonate.
It was shown that HCO; ions can exhibit a dual
nature, causing both activation and inhibition of
the LA process depending on the concentration of
bicarbonate ions. During the study, in accordance
with the formal kinetic approach, to assess the
control stage of the pitting formation process,
the LA region was divided into two regions:
2:10*-2-10° M and 2-10-4-10° M of NaHCO,
concentrations with the reaction order n, = 0.60
(Crancos = 2°1074-2-103 M) and n, = -2.94
(Cyancos = 2:107°-4-107% M), respectively. The
adsorption theory and the model of nucleophilic
substitution were used to propose the mechanisms
of aluminum LA in hydrocarbonate media. The
limiting stage of the process in the first LA region
is the stage of association of the [AI(OH),] ..
complex with bicarbonate-ions. In the second
LA region, an insoluble compound of complex
composition is formed (the general formula of
which is probably [Al(CO,) (OH) [ ) in a shape
of a “cap” over the pitting. It was shown that
the mechanism of the process of aluminum LA
changes at a concentration of 2-10* M of NaHCO,,
which is associated with a change in the solubility
and nature of the compounds forming the
protective film. Further research should be aimed

2024;26(3): 464-473
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at studying the adsorption of bicarbonate ions on
passive metal and should take into consideration
the type of its isotherms.

Contribution of the authors

T. A. Minakova: text writing, study of
literature, development of methodology, and
final conclusions. S. A. Kaluzhina: scientific
supervision, research concept, text editing,
E. N. Aksyonova: conducting research.

Conflict of interests

The authors declare that they have no
known competing financial interests or personal
relationships that could have influenced the work
reported in this paper.

References

1. Balaban-Irmenin Yu. V., Fokina N. G.,
Petrova S. Yu. Protection against internal corrosion of
water heating network pipelines’. Energy saving and
water treatment. 2009;62(6): 1-4. (In Russ.). Available
at: https://elibrary.ru/item.asp?edn=kzdbnh

2. Mass concentration of hydrocarbonates and
alkalinity of natural waters’. Guidance document RD
52.24.493-2020. Ministry of Natural Resources and
Environment of the Russian Federation. Federal
Service for Hydrometeorology and Environmental
Monitoring (Roshydromet) Rostov-on-Don. 2020. (In
Russ.)

3. Akolzin P. A. Local corrosion of metal in heat power
equipment. Moscow: Energoatomizdat Publ.; 1992.
272 p. (In Russ.)

4. TodtF.,AlthofF.C.Korrosion und Korrosionsschutz.
Berlin, Boston: De Gruyter; 1961. https://doi.
org/10.1515/9783111508436

5. Balaban-Irmenin Yu. V. Protection against
internal corrosion of water heating network pipelines.
Moscow: Heat Supply News Publ.; 2013. 288 p. (In
Russ.)

6.Kaluzhina S. A., Sieber I. V. Copper passivity and
its breakdown in sodium bicarbonate solutions: A
scanning electron microscopy and x-ray photoelectron
and auger spectroscopy study. Russian Journal of
Electrochemistry. 2006;42(12): 1352-1357. https://doi.
org/10.1134/51023193506120135

7. Nafikova N. G., Kaluzhina S. A., Sanina M. Y.
Specificity of the passive state of iron in slightly
alkaline aqueous media with different anionic
composition. Condensed Matter and Interphases.
2017;19(3): 376-383. https://doi.org/10.17308/
kemf.2017.19/214

8. Skrypnikova E. A., Kaluzhina S. A. Effect of
hydrodynamic conditions on copper pitting corrosion

471



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

T.A. Minakova et al.

inhibition in hydrocarbonate-chloride solutions by
benzotriazole. International Journal of Corrosion and
Scale Inhibition. 2015;4(2): 139-145. https://doi.
org/10.17675/2305-6894-2015-4-1-139-145

9. Thomas J. G. N., Tiller A. K. Formation and
breakdown of surface films on copper in sodium
hydrogen carbonate and sodium chloride solutions. I.
Effect of anion concentrations. British Corrosion
Journal. 1972;11(7): 256-262.

10. Skrypnikova E. A., Kaluzhina S. A. Inhibition
of copper local depassivation in alkaline media with
oxygen-containing anions. International Journal of
Corrosion and Scale Inhibition. 2017;2(6): 142-150.
https://doi.org/10.17675/2305-6894-2017-6-2-4

11. Ushakova E. Yu., Tutukina N. M., Marshakov I. K.
The copper pitting corrosion and a mechanism of its
initiation in carbonate-bicarbonate solutions.
Protection of Metals. 1991; 27(6): 934-939. Available
at: https://elibrary.ru/item.asp?id=12713135

12. Ushakova E. Yu., Tutukina N. M., Marshakov I. K.
A mechanism of pitting development on copper in
carbonate-bicarbonate solutions. 1991; 27(6): 940-
944. Available at: https://elibrary.ru/item.
asp?id=12712488

13. Corrosion resistance of chemical production
equipment. Corrosion under the action of heat carriers,
coolants and other working bodies” / A. M. Sukhotin,
V.M. Berenblit (eds.). Leningrad: Khimiya Publ.; 1988.
360 p. (In Russ.)

14. Minakova T. A., Kaluzhina S. A. Peculiarities of
the anodic behavior of aluminum in environments
with different pH in the presence of sodium chloride
and glycine’. Proceedings of Voronezh State University.
Series: Chemistry. Biology. Pharmacy. 2012;12(2): 49—
54. (In Russ., abstract in Eng.). Available at: https://
www.elibrary.ru/item.asp?id=18358962

15. Borisenkova T. A., Kaluzhina S. A. The nature
of aluminum distraction at neutral mediums with
different anion composition. Condensed Matter and
Interphase.2009;11(2): 106-110. (In Russ., abstract in
Eng.). Available at: https://www.elibrary.ru/item.
asp?edn=kxfppl

16. Borisenkova T. A., Kaluzhina S. A. The
passivation and local activation of aluminum at water
solutions under action of inorganic and organic
additives. Condensed Matter and Interphase.2011;13(2):
132-136. (In Russ., abstract in Eng.). Available at:
https://www.elibrary.ru/item.asp?id=16445515

17. Minakova T. A. Passivation and local anodic
activation of aluminum in environments of different
composition at elevated temperatures’. Cand. chem. sci.
diss. Abstr. Voronezh: 2013. 18 p. Available at: https://
viewer.rsl.ru/ru/rsl01005535132?page=
1 &rotate=0&theme=white

18.Kaluzhina S. A., Minakova T. A. Passivation and
local activation of aluminum’. Saarbriicken: Lambert

472

2024;26(3): 464-473

Features of the local activation of aluminum in the presence of bicarbonate ions

Academic Publ.; 2015. 141 p. (In Russ.). Available at:
https://www.elibrary.ru/item.asp?edn=wecplf

19. Sataraev D. A., Akhmetova A. N., Dresvyan-
nikov A. F., Petrova E. V. Electrochemical behavior of
aluminum in sodium chloride solutions in the presence
of zirconium (IV), magnesium (II) and lanthanum (III)
ions. (In Russ., abstract in Eng.). Bulletin of the
Technological University. 2023;26(10): 96—100. https://
doi.org/10.55421/1998-7072_2023 26 10 96

20. Dresvyannikov A. F., Ivshin Y. V., Chong P. T.,
Khairullina A. I. Features of the anodic behavior of a
combined titanium-aluminum electrode and the
physicochemical properties of the products of its
dissolution. Protection of Metals and Physical Chemistry
of Surfaces. 2022;58(1): 90-98. https://doi.org/
10.1134/52070205122010075

21. Kaesche H. Die Korrosion der Metalle. Berlin:
Springer-Verlag: 1979. 388 p.

22. Sinyavskiy V. S. Development of concepts of
pitting corrosion and stress corrosion of aluminum
alloys”. In: Physical Chemistry: Collection of reports of
the Karpov Scientific Research Institute, June 5-9, 2000,
Moscow. Moscow: NIITEKhIM Publ.; 2000. pp. 86-98.
(In Russ.)

23.Kaluzhina S. A., Aksenova E. N.,Minakova T. A.
Effect of hydrocarbonate ions on the anodic behavior
of aluminum at different temperatures’. Protection of
Metals and Physical Chemistry of Surfaces. 2016;5(1):
1-6. (In Russ.). Available at: https://www.elibrary.ru/
item.asp?edn=vxcilj

24. Minakova T. A., Kaluzhina S. A., Aksenova E. N.
Features of local activation of aluminum in the
presence of hydrocarbonate ions’. In: Electrochemistry
and corrosion of metals and alloys: Collection of
materials of the All-Russian conference with international
participation; Dedicated to the 110th anniversary of the
birth of A. Ya. Shatalov, the 95th anniversary of the birth
of I. K. Marshakov, October 4-5, 2023, Voronezh.
Voronezh: Publishing House of Voronezh State
University; 2023. pp. 101-103. (In Russ.). Available at:
https://www.elibrary.ru/item.asp?edn=rswppw

25. Shatalov A. Ya. Practical training in physical
chemistry’. Moscow: Vysshaya Shkola Publ.; 1975.
284 p. (In Russ,)

26. Skripnikova E. A. Inhibition of local activation
of copper in alkaline media at elevated temperatures’.
Cand. chem. sci. diss. Abstr. Tambov: 2009. 24 p.
Available at: https://new-disser.ru/_
avtoreferats/01004592734.pdf

27. Khomutov N. E. Electromotive forces, electrode
potentials and chemical equilibria’. Moscow: Khimiya
Publ; 1971. 116 p. (In Russ.)

28. Gorokhovskaya V. 1. Practical training in
electrochemical methods”. Moscow: Vysshaya Shkola
Publ.; 1983. 191 p. (In Russ.)



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

T.A. Minakova et al.

29. Kozin L. F. Electrodeposition and dissolution of
multivalent metals’. Kyiv: Naukova Dumka Publ.; 1989.
462 p. (In Russ.)

30.Rachev H. Handbook of corrosion”. Moscow: Mir
Publ.; 1982. 517 p. (In Russ.)

31.Plambeck]. A. Electroanalytical chemistry: Basic
principles and applications. N.Y.: John Wiley & Sons,
Inc.; 1982. 426 p.

32. Revie R. W. Uhlig’s corrosion handbook.
Hoboken: John Wiley & Sons Limited; 2011. 1285 p.

33. Freiman L. I. Stability and kinetics of pitting
development’. In: Results of Science and Technology.
Corrosion and Corrosion Protection. 1985;11(1): 3-71.
(In Russ.)

34. Rosenfeld 1. L. Corrosion and protection of
metals. Moscow: Metallurgiya Publ.; 1969. 448 p. (In
Russ.)

35. Kuznetsov Yu. I., Lukyanchikov O. A.,
Andreev N. N. On the role of the anion nature in the
initial stages of metal depassivation in neutral aqueous
media’. Russian Journal of Electrochemistry. 1985;21(12):
1690-1693. (In Russ.)

36. Kolotyrkin Ya. M., Alekseev Yu. V. On the
mechanism of self-regulation of the process of
dissolution (corrosion) of a passive metal in aqueous
solutions’. Russian Journal of Electrochemistry.
1995;31(1): 5-10. (In Russ.)

37. Zhuk N. P. Course in the theory of corrosion and
protection of metals”. Moscow: Metallurgiya Publ.; 1976.
472 p. (In Russ.)

38. Skorcheletti V. V. Theoretical electrochemistry’.
Leningrad: Khimiya Publ.; 1963. 305 p. (In Russ.)

39.Kuznetsov Yu. I., Luk’yanchikov O. A. Initiation
and inhibition of pitting on nickel in neutral solutions.
Protection of Metals. 1988;24(2): 241-248. Available
at: https://www.elibrary.ru/item.asp?id=30955179

2024;26(3): 464-473

Features of the local activation of aluminum in the presence of bicarbonate ions

40. Kuznetsov Yu. I., Valuev 1. A. On the role of
anions in the kinetics of pitting on iron in aqueous
solutions. Russian Journal of Electrochemistry.
1984;20(3): 424-427. (In Russ.)

41. Kuznetsov Yu. I. Role of the complexation
concept in the present views on the initiation and
inhibition of metal pitting. Protection of Metals.
2001;37(5): 434-439. https://doi.
org/10.1023/A:1012362029520

42. Stepanov S. I., Aung M. M., Aung H. Ye.,
Boyarintsev A. V. Chemical aspects of scandium
carbonate leaching from red muds. Proceedings of the
Voronezh State University of Engineering Technologies.
2018;80(4): 349-355. (In Russ.). https://doi.
org/10.20914/2310-1202-2018-4-349-355

* Translated by author of the article

Information about the authors

Tatyana A. Minakova, Cand. Sci. (Chem.), Associate
Professor, Department of Physics and Chemistry,
Military Educational-Research Centre of the Air Force
“Air Force Academy named after Professor
N. E. Zhukovsky and Yu. A. Gagarin” (Voronezh,
Russian Federation).

https://orcid.org/0009-0001-8486-0029

tatiana_bor vrn@mail.ru

Svetlana A. Kaluzhina, Dr. Sci. (Chem.), Professor,
Department of Physical Chemistry, Voronezh State
University (Voronezh, Russian Federation).

https://orcid.org/0009-0003-4722-1898

svetlana.kaluzhina@gmail.com

Evgeniya N. Aksyonova, Master of Physical
Chemistry Department, Voronezh State University
(Voronezh, Russian Federation).

https://orcid.org/0009-0006-7648-922X

tatiana_bor vrn@mail.ru

Received 05.12.2023; approved after reviewing
12.12.2023; accepted for publication 25.12.2023;
published online 01.10.2024.

Translated by Irina Charychanskaya

473



