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Abstract

The specific features of iron corrosion in HCI solutions with addition of propargyl alcohol (PA)
and products of its conversion in the corrosive system, namely, acrolein and allyl alcohol (AA),
were studied by voltammetry. PA has the strongest inhibitory effect on the cathodic and anodic
reactions of iron in acid solutions among the unsaturated compounds (UC) studied since PA forms
a protective film of an organic polymer on the metal surface. Acrolein and AA slow down the
electrode reactions of iron much more weakly. It has been shown that the presence of adsorbed
atomic hydrogen on iron surface enhances the inhibitory effect of the UCs studied on the electrode
reactions of iron. The UCs studied are cathodically reduced on iron surface under diffusion
control. This result is an experimental confirmation of PA and acrolein to AA conversion on iron
surface. The corrosion rate of mild steel calculated from the mass loss of metal samples in HCI
solution in the presence of the UCs studied decreases in the series: AA>acrolein>PA, which is
consistent with the results of electrochemical studies of these compounds on iron. Analysis of
experimental data shows that the conversion of PA by isomerization to acrolein or by reduction
to AA on the metal surface in the course of inhibition of the corrosion of iron or steels in HCI
solutions is an undesirable process. The compounds formed slow down the electrode reactions
and the corrosion of metals more poorly than the original inhibitor. We identified the main
pathways of UC conversion in the course of steel corrosion inhibition in acid solutions, namely,
the formation of a protective polymer film from an UC on steel and UC degradation processes
that diminish the content of the reactive compound in the corrosive environment. The degradation
of UCs is determined by reactions of their cathodic hydrogenation, polymerization in the bulk of
the corrosive medium, and reactions with components of the acid solution.
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Introduction

Organic unsaturated compounds (UC), including acetylenic compounds, o,-unsaturated
aldehydes and azomethines, a-alkenylphenones, chalcones, etc., are extensively studied as
steel corrosion inhibitors in mineral acid solutions [1-10]. The interest in these compounds
Is determined to a considerable extent by the possibility of creating mixed formulations
based on them that can protect steels in hydrochloric acid solutions under high-temperature
corrosion conditions [1-3]. Formulations of this kind are in demand in the oil and gas
industry which urgently needs to intensify the production of hydrocarbons by hydrochloric
acid treatment of oil and gas bearing strata [11-15], including those with elevated
temperatures. This operation cannot be performed without special measures to protect the
steel oilfield equipment. Protection by inhibitors is the simplest technical solution to this
problem. Formulations containing propargyl alcohol (PA) are used most commonly for these
purposes. In recent years, a number of rather complex UCs have been synthesized, namely,
PA derivatives [16, 17] and cinnamic aldehyde (CA) [16, 18—-21], that were suggested for
the protection of steels in acids. The applications of UCs are expanding and are not limited
to acid solutions. They are recommended for the protection of ferrous and nonferrous metals
in aqueous solutions saturated with CO, [22, 23], in NaCl solutions [24, 25], cooling water
systems [26], citrate solutions [27], and carbonate-bicarbonate solutions [28].

The ability of UCs to inhibit the corrosion of steels in HCI solutions under high-
temperature conditions is largely due to the unique features of their mechanism of action,
which is determined by the presence of reactive C=C and/or C=C chemical bonds in the
structure of these compounds. It has been found experimentally that UCs present in acid
solutions form protective layers of organic polymers on the surface of steels in contact with
these solutions. The polymerization of acetylenic compounds [29-32] as well as unsaturated
aldehydes and ketones [33, 34] on steel surfaces is confirmed by IR spectroscopy data.
Similar results were obtained by Raman spectroscopy for PS steel protection in an HCI
solution [35]. The products of the conversion of acetylenic alcohols [36, 37] and their
halogenated derivatives [38] in a corrosive medium were identified and the simplest
formulas of these compounds were determined. The most comprehensive information on the
composition of the products formed by unsaturated aldehydes on the surface of the steel
being protected was obtained by chromato-mass spectrometry [34, 39]. It is important that
the UCs that are incapable of forming protective layers of an organic polymer on steel (1,4-
butynediol [40], a-amyl-CA [39]) fail to provide satisfactory metal protection.

In parallel with the formation of protective layers on the steel surface by UCs, the latter
undergo cathodic hydrogenation [39, 40]. For example, PA is reduced to AA on steel in HCI
solutions, as shown by the chromatographic method [41]. In contrast to HCI solutions, UC
hydrogenation in HCIO4, H,SO4, and H3PO4 solutions prevails over the their polymerization
on the surface, which often prevents these inhibitors from providing high protective effects
[39, 42]. Comparison of the electrochemical behavior of acetylenic compounds with various
structures (acetylene, PA, 1,4-butynediol) showed that the electrochemical hydrogenation of
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UCs is directly related to their ability to form protective organic polymer layers on the metal
[43].

This experimental fact allowed us [44] to identify some of the most important aspects
of the mechanism of UC action. Compounds incapable of hydrogenation fail to form
protective inhibitor films. Unsaturated compounds capable of hydrogenation can undergo
the following reactions:

1. cathodic reduction that accelerates the cathodic reaction and causes consumption of
the inhibitor;

2. bulk polymerization that removes the inhibitor from the corrosive environment;

3. formation of a protective polymer film firmly bound to the steel surface on the metal
surface. The film is formed through the stage involving the formation of complexes
of surface metal atoms with UC molecules and the film structure changes with time.

It should be noted that the bulk polymerization of an inhibitor in a corrosive
environment is an undesirable process. When discussing the mechanism of the protective
action of PA, we assumed that the bulk polymerization of this inhibitor resulted from its
iIsomerization into acrolein, which, in turn, underwent resinification [45].

In recent years, a number of studies have been published that consider some
technological aspects of the use of PA in the protection of steels in acid environments at oil
fields [46—-51]. Among these studies, attention should be paid to Ref. [51] where not only
the process of PA degradation in corrosive hydrochloric acid medium is considered but also
an attempt is made to determine the specific features of the process mechanism. The
hydrolysis of PA in HCI solutions leading to the formation of weak corrosion inhibitors such
as 1-hydroxypropan-2-one and 2-chloroprop-2-en-1-ol is considered. In contrast, acrolein, a
product of PA isomerization, has a high inhibitory effect comparable to that of PA in the
protection of steels in hydrochloric acid. The k value of carbon steel in 7.83 M HCI (80°C)
in the presence of PA (0.2%) is about 33 mm/year, while in the presence of the same amount
of acrolein it is slightly higher, namely, 50 mm/year. It is important to note that, unlike the
first two products, acrolein was not detected in HCI solutions containing PA by *H NMR
spectroscopy used in that work. The authors explained this by the extremely high reactivity
of this product in acid solutions resulting in the formation of polymeric products. According
to their data, the half-life of acrolein in 3.6 M HCI (80°C) is more than three orders of
magnitude lower than the half-life of PA in the same environment.

We believe that AA and acrolein are the most interesting products of PA conversion in
the corrosion system. In order to better understand the features of the mechanism of the
protective effect of PA on the corrosion of mild steel in HCI solutions, it seems expedient to
study the effect of these compounds on the electrode reactions on iron. It should be noted
that AA can be formed in a corrosion system not only by PA reduction on the metal but also
by acrolein reduction.
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Experimental

Electrochemical measurements were performed on a rotating disk electrode (n=460 rpm)
made of annealed ARMCO Pure Iron (composition, mass%: up to 0.025 C; 0.05 Si;
0.035 Mn; 0.015 P; 0.025 S; 0.05 Cu; remainder Fe) in 1 M HCI deaerated with hydrogen at
25°C. The concentration of PA, AA and acrolein was 30 mmol/L. The electrode was cleaned
with M20 micron sandpaper and degreased with acetone. Acids of “chemically pure” brand
as well as PA and AA of “pure” grade additionally purified by distillation were used.
Acrolein was synthesized by dehydration of glycerol** and further purified by distillation.
Solutions were prepared using distilled water.

Polarization curves (PC) were recorded using a P-5827M potentiostat in
potentiodynamic mode at a potential sweep rate of 0.5 mV/s. At the beginning of the
experiment, the electrode was dissolved for 30 min at a potential of E=—0.080 V in order to
remove the hardened and hydrogenated iron layer. At this stage, the anodic current density
reached i,~100 A/m?. The anodic curve was recorded starting from this potential E
(Figure 1a, curve 1) by decreasing the E of the electrode to the value where the current
density became equal to 0 (no-current potential, Ei=o). The cathodic curve of iron (Figure 1a,
curve 2) was recorded from Ej-o by continuing to decrease the electrode potential until the
cathodic current density reached i.=100 A/m?. After curve 2 was recorded, the direction of
iron electrode polarization was reversed. A repeated cathodic curve was recorded from the
electrode potential where i;=100 A/m? (Figure 1a, curve 3) by increasing its value to E;-=o.
The repeated anodic curve (Figure 1a, curve 4) was recorded by increasing the potential of
the iron electrode from E;-o further to the value where i,=450 A/m?. Thus, curves 1 and 2
were obtained on an iron electrode by lowering its E from a value of —0.080 V to the value
where i.=100 A/m?. In contrast, repeated curves 3 and 4 were successively obtained by
increasing the E of iron from the value where i;=100 A/m? to the value where i,=450 A/m?,
This technique for performing voltammetric measurements on an iron electrode makes it
possible to obtain the most comprehensive information about the electrode reactions that
occur on it and on how they are affected by the sorption of atomic hydrogen, which is
released on the metal surface in the course of the cathodic reaction, by the metal [52]. Atomic
hydrogen sorbed by iron exists in two forms that are in equilibrium, namely, adsorbed
hydrogen present on the metal surface and absorbed hydrogen located in the metal bulk. It
Is known that the adsorbed form of atomic hydrogen is capable of inhibiting the electrode
reactions on iron. In acid solutions above a certain potential called the activation potential
(Eact), iron is freed from adsorbed and absorbed hydrogen, and this favors an acceleration of
the anodic reaction [53]. In the course of prolonged iron polarization at E=—0.080 V, which
IS more positive than E,, the metal is released from sorbed hydrogen and the anodic reaction
on it occurs on the surface free of adsorbed hydrogen. The subsequent decrease in the
electrode potential makes it possible to study the anodic and cathodic electrode reactions on

** Acrolein, Sintez organicheskikh preparatov (Organic syntheses). Vol. 1., Ed. B.A. Kazanskii, Moscow,
Gosudarstvennoye izdatel’stvo inostrannoi literatury, 1949, 17—20 (in Russian).
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the metal with a minimum amount of sorbed hydrogen (we will tentatively assume that such
iron does not contain adsorbed or absorbed hydrogen). The decrease in E of iron electrode
to values where ic=100 A/m? results in a significant increase in the amount of adsorbed
hydrogen on its surface and dissolved hydrogen in the metal bulk. In view of this, the
subsequent cathodic and anodic polarization curves recorded by increasing the potential
were obtained on the metal surface where the content of adsorbed hydrogen was significant.
When the repeated anodic PC was recorded (curve 4), after reaching E., electrode activation
occurred. It contained a non-polarizable region on the anodic curve, which was associated
with iron freeing from sorbed hydrogen. Thus, the anodic and cathodic PCs initially recorded
by decreasing the potential were obtained at a lower content of adsorbed and absorbed
hydrogen on the metal than the cathodic and anodic PCs obtained by increasing the potential
of iron.

lg 7 [7. A/m?]

0 1 2 0 1 2
lg 7 [7, A/m?] lg 7 [7, A/m?]

Figure 1. Polarization curves of ARMCO Pure Iron in 1 M HCI without (a) and in the
presence of 30 mM unsaturated compounds: b — PA; ¢ —acrolein; d — AA. Curves 1, 2 —
decreasing potential, 3, 4 — increasing potential. The directions of polarization of the iron
electrode are indicated by arrows.
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A similar sequence of polarization measurements made it possible to reveal the effect
of cathodic polarization on the polymerization of inhibitors and hydrogen sorption by iron
on the anodic process. The inhibitors were added to the solution without depressurization of
the cell at the electrode anodic dissolution potential, E=—0.080 V, after the electrode was
dissolved for 30 minutes. The change in the anodic current to its stationary value was
followed, but no longer than for 5 min, which made it possible to judge on the inhibitor
adsorption on iron containing a minimum concentration of sorbed hydrogen. Further, PCs
were recorded in the same sequence as in the background solutions.

The dependence of the cathodic current at E=—0.300 V on the electrode rotation speed
(460, 780, 1400 rpm) in inhibited solutions was studied. All potentials of the iron electrode
are given in the hydrogen scale. The effect of UC on the electrode reactions of iron was
determined from the coefficient of inhibition of the electrode reaction:

y=tb
linh
where ip and i, are the current densities in the background solution and in the solution with
an additive being studied. To determine the partial contribution of UC and hydrogen
adsorbed by iron to the inhibition of the cathodic and anodic reactions, we calculated the
degree of inhibition of electrode reactions by UC (Zuc), by adsorbed hydrogen and UC
(Zuc+nyd), and by adsorbed hydrogen (Znyaq):

Z,o =0 _iO'UC 100%,

z

I —1
_ 0" lucthyd 1000
uchyd = 100%,
0

Zhyd = ZUC+hyd —Zyc

where iyc and iuc+nyq are the current densities on iron electrode in 1 M HCI defined by the
adsorption of UC on the metal surface that does or does not contain adsorbed hydrogen.

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 t0 0.30 Cu; up t0 0.05 S; up to
0.04 P; up to 0.08 As; remainder Fe) in 2 M HCl at 25°C was determined from the mass loss
of samples (at least three samples per point) measuring 50x20x3 mm. The amount of the
acid solution was 50 ml per sample. Before an experiment, samples were cleaned on an
abrasive wheel (ISO 9001, grit 60) and degreased with acetone. The duration of the
experiments was 4 hours. The efficiency of inhibitors was estimated by the inhibition
coefficient:
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where ko and ki, are the corrosion rates in the background solution and in the solution with
the additive being studied.

The article presents the results of studying the effect of UC on the electrode reactions
on iron and on the corrosion of steels at 25°C. According to the experience of our
experimental studies, this approach is most justified, since the process of UC conversion in
a corrosive medium is hindered at this temperature.

Results and Discussion

Electrochemical studies

In 1 M HCI (Table 1, Figure 1), the shape of the anodic PC of ARMCO Pure iron obtained
after its activation at E=—0.080 V is characterized by one linear section with a slope of
b.=0.080 V, which is close to the value predicted by theory and observed for annealed iron
(Ferrovac-E 99.91% pure), i.e., b,=0.070 V [54]. The cathodic PC obtained by decreasing E
has a slope of b,=0.120 V, which is in good agreement with the value predicted by theory
for HClI solutions [55]. The cathodic PC obtained by increasing the potential of iron electrode
Is characterized by the same b, value, but the observed cathodic current densities (ic) are
smaller due to covering the metal surface with adsorbed hydrogen. In this case, hydrogen
adsorbed on iron behaves somewhat like an inhibitor of the cathodic reaction. The anodic
PC obtained by increasing E of the metal consists of two sections. The first one (b,=0.080 V)
at E more negative than E,;=—0.170 V corresponds to the anodic ionization of iron on a
surface containing adsorbed hydrogen. The inhibitory effect of adsorbed hydrogen operates
here, too. The anodic currents are significantly smaller than those observed on iron which
contains the minimum amount of adsorbed hydrogen at the same potentials. On reaching
E.ct, a second linear section is observed, which is characterized by a smaller b, than the first
one. In this section, the surface of iron is being freed from adsorbed hydrogen that slows
down the metal ionization. As a result, a significant acceleration of the anodic reaction is
observed. At E about 0.080 V, the anodic currents on the PC obtained by decreasing and
increasing the electrode potential become comparable, which indicates that iron is free from
sorbed hydrogen. It is significant that the observed value of the zero-current potential Ej=
of iron obtained on the metal whose surface contains adsorbed hydrogen is higher than that
on the surface free from it. This indicates that the inhibitory effect of hydrogen adsorbed by
iron is stronger if anodic ionization of iron rather than proton reduction is hindered. In this
case, the inhibition of cathodic (E=-0.350 V and especially anodic (E=-0.150 V) reactions
is significant and amounts to 1.5 and 7.2 times, respectively.

The presence of 30 MM PA in the corrosive medium changes the shape of the PC on
iron significantly. The anodic PC obtained by decreasing E contains two linear sections. The
first one with a low b, slope results from PA adsorption on the iron surface with a minor
amount of adsorbed hydrogen. Inhibitor adsorption leads to a rapid decrease in the anodic
current. After completion of PA adsorption on iron, a process is established that is
characterized by the second linear section with b,=0.170 V. In this section, the anodic
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ionization of iron occurs on the metal surface inhibited by a protective PA layer with a
minimum hydrogen content. The fact that the Tafel slope of the anodic reaction is high and
significantly exceeds its value in the background solution is in favor of the formation of a
protective layer of inhibitor molecules. The cathodic PC recorded by decreasing and
increasing the iron potential are also characterized by a high slope, b,=0.170 V. Such a high
Tafel slope of polarization also indicates that the cathodic reaction occurs on iron surface
coated with a protective inhibitor layer. The anodic PC obtained by increasing E of iron
comprises two sections. The linear section adjacent to the zero current potential is
characterized by an even greater Tafel slope. In our opinion, such a slope increase results
from the joint inhibitory effect of the protective layer of the inhibitor and adsorbed hydrogen
on the anodic reaction. In addition, cathodic polarization of iron coated with PA can
stimulate polymerization of the inhibitor in the surface layer [56] that should improve its
protective properties. The improvement of the protective efficiency of the surface layer of
the organic inhibitor by adsorbed hydrogen present on the surface is also supported by the
fact that the value of E. of iron coated with adsorbed hydrogen is 0.040 VV more positive
without it. The reason of iron anodic activation in HCI solution inhibited by PA is that
adsorbed hydrogen is removed from the metal surface and the organic inhibitor is partially
desorbed, leading to the development of pitting corrosion on the freed metal surface [52, 53].
The Ej-o value is more positive for iron surface containing the minimum amount of adsorbed
hydrogen than in the background medium, which indicates that the anodic process is
hindered predominantly. Cathodic polarization of the electrode decreases Ei-o to a value
close to the background values. The inhibitor layer formed on iron surface under these
conditions slows down both electrode reactions on the metal to an equal extent. Addition of
PA significantly decreases the cathodic and anodic polarization currents. Moreover, they are
lower on iron surface containing adsorbed hydrogen.

Table 1. Zero-current and activation potentials Ei=o and Eat of ARMCO Pure Iron, the Tafel slopes bc and
ba, the cathodic and anodic current densities ic and ia, and the inhibition factors of the cathodic and anodic
reactions yc and ya at E=—0.350 and —0.150 V, respectively (n=460 rpm).

Iron polarization Ei=o Ecct be Da ic Y Ia Ya
1 M HCI

E decrease —0.270 - 0.120  0.080 10 - 21 -

E increase -0.240 -0.170 0.120 0.080 6.5 - 2.9 -

1 M HCI+30 mM PA

E decrease -0.220 -0.120 0.170 0.170 2.7 3.7 1.2 18
E increase -0.250 -0.080 0.170 0.220 2.0 3.3 1.1 2.6
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Iron polarization Ei=o Eoct be Da ic Y Ia Ya

1 M HCI+30 mM acrolein

E decrease -0.220 -0.120 0.160 0.080 8.7 11 4.4 4.8
E increase -0.250 -0.090 0.130 0.130 3.9 1.7 3.0 0.97

1 M HCI+30 mM AA

E decrease -0.270 — 0.120 0.080 4.0 2.5 14 1.5
E increase -0.270 -0.130 0.120 0.180 2.3 2.8 1.7 1.7

Addition of acrolein has a qualitatively similar effect on the electrode reactions on steel,
with the only difference that the effect of this compound on the electrode reactions is less
significant than in the case of PA addition. The Tafel slope of the anodic PC obtained by
decreasing E corresponds to the background acid solution. The b, and b, values are
significantly higher than the background ones only on the cathodic PC and on the repeated
anodic PC. This result allows one to assume that this compound forms a protective film on
iron. Most likely, its formation is favored by cathodic polarization of the metal.

Addition of AA has the weakest effect on the electrode reactions on iron. In the
presence of this inhibitor, the b, slope matches that in the background medium, and the value
of b, is higher than in the background medium only for the anodic PC obtained by increasing
E. The result obtained indicates that it is unlikely that AA forms a protective inhibitor film
on iron. It is important to note that the protective effect of AA is significantly enhanced in
the presence of adsorbed hydrogen on iron surface.

It seems important to give a qualitative estimate of the contribution of hydrogen
adsorbed by the metal, organic inhibitor, and their combination on the effect on the electrode
reactions on iron (Table 2). It can be seen that in background 1 M HCI the effect of adsorbed
hydrogen on the cathodic and, especially, anodic reactions on iron is significant. Its effect is
the weakest in the case of PA. In the case of acrolein, the effect of adsorbed hydrogen on the
cathodic reaction is significant. In the case of AA, it is observed for both electrode reactions,
but primarily for the anodic reaction.

Studies on the effect of the convective factor on the cathodic reaction rate of iron in
acid solutions containing UC allows us to estimate their tendency to undergo cathodic
reduction. It has been found that the dependence of cathodic current density in the presence
of the UC being studied on the rotation frequency of an iron disk is described by the Levich
equation (Table 3). It is reasonable to assume that in the absence of additional oxidizers in
an acid solution containing a UC, the increase in cathodic current with increasing electrode
rotation rate results from the reduction of these compounds. AA is the most likely product
of PA and acrolein reduction. Moreover, AA is also capable of further reduction. The
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reduction of the UC being studied occurs in diffusion mode and accelerates the cathodic
reaction.

Table 2. The degree of inhibition of the cathodic (—0.350 V) and anodic (—0.150 V) reactions of ARMCO
Pure Iron in 1 M HCI by UC (Zuc), adsorbed hydrogen (Znyd), adsorbed hydrogen and UC (Zuc +hyd).

Inhibitor - 30 mM PA 30 mM acrolein 30 mM AA
E, V -0.350 -0.150 -0.350 -0.150 -0.350  -0.150  -0.350  -0.150
Zuyc, % 0 0 73.0 94.3 13.0 79.0 60.0 33.3
Zhyd, % 35.0 86.2 7.0 0.5 48.0 6.7 17.0 58.6
Zyc +hyd, %0 35.0 86.2 80.0 94.8 61.0 85.7 77.0 91.9

According to electrochemical studies, PA significantly affects the electrode reactions
of iron in HCI solution. In contrast, the effect of acrolein and AA on the electrode reactions
is smaller and differs only slightly in some respects. It is more likely that acrolein forms
protective inhibitor layers on the metal. As a result, acrolein should provide stronger
corrosion inhibition than AA.

Table 3. Constants ¢ and d in the equation ic(A/m?) = ¢+ dn*? at E=—0.300 V in inhibited 1 M HCI.

Inhibitor c d-10?
30 mM PA 1.8 1.8
30 mM acrolein 2.3 15
30 MM AA 0.6 2.0

Corrosion studies

Studies on the corrosion rate of steel in HCI solution containing UC will help verify our
conclusions (Table 4). As it could be expected, PA provides the best corrosion inhibition of
steel 3. The protective effect of acrolein is somewhat weaker, while that of AA is the
weakest. At first glance, one might think that this result contradicts the data of
electrochemical studies, according to which the effects of acrolein and AA on iron electrode
are similar. However, on iron whose surface contains a minimum amount of hydrogen, the
effect of acrolein on the anodic reaction is significantly higher than that of AA. Probably, it
IS what ultimately determines its superior efficiency in corrosion suppression. In contrast,
the maximum effect of AA on the electrode reactions appears after a significant cathodic
polarization of iron that does not occur under real corrosion conditions.
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Table 4. Corrosion rates (k, g/(m?-h) of steel 3 and corrosion inhibition coefficients (y) of unsaturated
compounds (30 mM) in 2 M HCI.

Inhibitor Kk Y
- 7.0 -
PA 0.46 15
acrolein 0.66 11
AA 3.5 2

* *x %

Among the compounds studied, PA hinders the electrode reactions of iron most
strongly due to the formation of a protective film of organic polymer on the metal surface
by this compound. The products of its isomerization (acrolein) and reduction (AA) are
inferior to it in inhibition efficiency, which is reflected in the weak hindrance of steel
corrosion. Comparison of the electrochemical behavior of these compounds shows that
acrolein, unlike AA, is capable of forming protective layers of organic polymer on iron. This
polymer layer is inferior in efficiency to the protective layers formed by PA but would
provide stronger corrosion inhibition compared to AA that does not form such layers. Thus,
the electrochemical reduction of PA and acrolein on iron surface in HCI solutions to give
AA is certainly a harmful process in terms of metal protection that leads to a product with a
poorer protective effect.

The role of acrolein formation from PA in the corrosive environment needs clarifying.
This process results in a product that is inferior to the initial inhibitor in the protective effect.
Due to high acrolein reactivity, it can participate in the polymerization of the corrosion
inhibitor in the bulk of the corrosive medium, thus reducing its content in the medium. Poling
[29] notes that as the content of C=0 groups in the polymer formed by PA on steel surface
increases, its protective properties decrease. We believe that the observed effect originates
from the copolymerization of PA and acrolein on the metal surface. The larger amount of
acrolein is formed in the corrosive environment, the larger its amount will be included in the
copolymer, thus impairing steel protection.

It should be noted that the results obtained in [51] are important for understanding the
mechanism of UC action. The example of PA shows the need to take into account the
reactions that UC undergo due to chemical interaction with the corrosive environment. The
need to take into account the hydrolysis of an organic inhibitor in the protection of steel in
acid solutions by Schiff bases was noted previously [57]. The data provided in those studies
make it possible to enrich the understanding of UC conversion pathways in the protection of
steels in acid solutions suggested previously [44, 57]. The reactions of UC in a steel/acid
solutions corrosive system occur by two main pathways: formation of a protective polymer
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film on steel and degradation processes that reduce the content of the active substance in the
corrosive environment. The degradation of UC in such a system is determined by the
reactions:

e UC cathodic hydrogenation;
e UC polymerization in the bulk of the corrosive medium;
e UC reaction with acid solution components.

Conclusions

1. Among the UC studied (PA, acrolein, AA), PA has the strongest inhibitory effect on the
cathodic and anodic reactions of iron in acid solutions. The observed effect results from
the formation of a protective film of organic polymer by this compound on the metal
surface. According to electrochemical studies, acrolein also forms an organic polymer
layer on iron in hydrochloric acid, but its protective properties are poorer than those of the
polymer formed by PA. AA does not form a protective layer on iron, so it has the weakest
effect on the electrode reactions.

2. Atomic hydrogen adsorbed on iron surface inhibits the electrode reactions of the metal in
HCI solution, both in the absence and in the presence of an UC in the corrosive medium.
In UC-inhibited media, the greatest contribution to the inhibition of electrode reactions by
adsorbed hydrogen is observed in the presence of AA.

3. PA and acrolein undergo cathodic hydrogenation on iron in hydrochloric acid in diffusion
mode. This result is an experimental confirmation that these UC are converted to AA on
iron surface. At the same time, AA can undergo further reduction on iron surface and thus
can stimulate the cathodic process, which is undesirable.

4. The corrosion protection of steel in HCI solution by the UC studied decreases in the series:
PA>acrolein>AA, which is consistent with the results of electrochemical studies of these
compounds on iron.

5. It has been shown experimentally using the capabilities of electrochemical methods that
conversion of PA to acrolein or AA during corrosion inhibition of iron or steels in HCI
solutions is a process that is undesirable for their protection. The compounds that are
formed are poorer corrosion inhibitors than the original inhibitor. Reduction of PA to AA
followed by hydrogenation of the latter adversely affect the iron cathodic reaction that is
accelerated as a result. This increases the consumption of the initial UC.

References

1. G. Schmitt, Application of Inhibitors for Acid Media: Report prepared for the European
Federation of Corrosion Working Party on Inhibitors, Br. Corros. J., 1984, 19, no. 4,
165-176. doi: 10.1179/000705984798273100

2. N.I. Podobaev and Ya.G. Avdeev, A review of acetylene compounds as inhibitors of acid
corrosion  of iron, Prot. Met, 2004, 40, no.l, 7-13. doi:
10.1023/B:PROM.0000013105.48781.86



https://doi.org/10.1179/000705984798273100
https://doi.org/10.1023/B:PROM.0000013105.48781.86

Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 577—-593 589

10.

11.

12,

13.

14,

15.

16.

. M. Finsgar and J. Jackson, Application of corrosion inhibitors for steels in acidic media
for the oil and gas industry: A review, Corros. Sci.,, 2014, 86, 17-41. doi:
10.1016/j.corsci.2014.04.044

. A. Singh and M.A. Quraishi, Acidizing Corrosion Inhibitors: A Review, J. Mater.
Environ. Sci., 2015, 6, no. 1, 224-235.

. Ya.G. Avdeev, Protection of Steel in Solutions of Mineral Acids Using a,B-Unsaturated
Aldehydes, Ketones, and Azomethines, Prot. Met. Phys. Chem. Surf., 2015, 51, no. 7,
1140-1148. doi: 10.1134/S2070205115070023

. K.R. Ansari, D.S. Chauhan, A. Singh, V.S. Saji and M.A. Quraishi, Corrosion Inhibitors
for Acidizing Process in Oil and Gas Sectors, Corros. Inhib. Oil Gas Ind., 2020, 153—
176. doi: 10.1002/9783527822140.ch6

. M.A. Quraishi, D.S. Chauhan and F.A. Ansari, Development of environmentally benign
corrosion inhibitors for organic acid environments for oil-gas industry, J. Mol. Liqg.,
2021, 329, 115514. doi: 10.1016/j.mollig.2021.115514

. P. Shetty, Schiff bases: An overview of their corrosion inhibition activity in acid media
against mild steel, Chem. Eng. Commun., 2020, 207, no.7, 985-1029. doi:
10.1080/00986445.2019.1630387

. W.W. Frenier, F.B. Growcock and V.R. Lopp, a-Alkenylphenones — A New Class of

Acid Corrosion Inhibitors, Corrosion, 1988, 44, no.9, 590-598. doi:

10.5006/1.3584970

A.S. Fouda, M.A. Elmorsi and A. Elmekkawy, Eco-friendly chalcones derivatives as

corrosion inhibitors for carbon steel in hydrochloric acid solution, Afr. J. Pure Appl.

Chem., 2013, 7, no. 10, 337-349. doi: 10.5897/AJPAC2013.0520

B. Guo, X. Liu and X. Tan, Chapter 13. Acidizing, Petroleum Production Engineering

(Second Edition), 2017, 367—-387. doi: 10.1016/B978-0-12-809374-0.00013-1

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

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

M.U. Shafig 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

K.P. O’Driscoll, S. Stolyarov and L. Kalfayan, A Review of Matrix Aciding Sandstones

in Western Siberia Russia, SPE European Formation Damage Conference, 2005, SPE-

94790-MS. doi: 10.2118/94790-MS

M.A.J. Mazumder, H.A. Al-Muallem, M. Faiz and S.A. Ali, Design and synthesis of a

novel class of inhibitors for mild steel corrosion in acidic and carbon dioxide-saturated

saline media, Corros. Sci., 2014, 87, 187-198. doi: 10.1016/j.corsci.2014.06.026



https://www.sciencedirect.com/science/article/pii/S0010938X14002157?via%3Dihub
https://link.springer.com/article/10.1134/S2070205115070023
https://onlinelibrary.wiley.com/doi/10.1002/9783527822140.ch6
https://www.sciencedirect.com/science/article/abs/pii/S0167732221002403?via%3Dihub
https://www.tandfonline.com/doi/abs/10.1080/00986445.2019.1630387?journalCode=gcec20
https://doi.org/10.5006/1.3584970#_blank
https://doi.org/10.5006/1.3584970#_blank
https://academicjournals.org/journal/AJPAC/article-abstract/22BA17440713
file:///V:/C:/Users/Yuriy/IJCSI%2019/XinghuiLiu,
https://www.sciencedirect.com/science/article/pii/B9780128093740000131?via%3Dihub
https://link.springer.com/article/10.1007/s13202-018-0496-6
https://iopscience.iop.org/article/10.1088/1757-899X/217/1/012018
https://link.springer.com/article/10.1007/s13202-017-0314-6
https://onepetro.org/SPEEFDC/proceedings-abstract/05EFDC/All-05EFDC/SPE-94790-MS/88933
https://www.sciencedirect.com/science/article/abs/pii/S0010938X14002820?via%3Dihub

Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 577—-593 590

17

18.

19.

20.

21,

22,

23.

24,

25,

26.

217.

. J. Hmimou, A. Rochdi, R. Touir, M. Ebn Touhami, E.H. Rifi, A. El Hallaoui, A. Anouar
and D. Chebab, Study of corrosion inhibition of mild steel in acidic medium by 2-
propargyl5-p-chlorophenyltetrazole: Part I, J. Mater. Environ. Sci., 2012, 3, no. 3, 543—
550.

S. Satpati, A. Suhasaria, S. Ghosal, A. Saha, S. Dey and D. Sukul, Amino acid and
cinnamaldehyde conjugated Schiff bases as proficient corrosion inhibitors for mild steel
in 1 M HCI at higher temperature and prolonged exposure: Detailed electrochemical,
adsorption and theoretical study, J. Mol. Lig.,, 2021, 324, 115077. doi:
10.1016/j.molliq.2020.115077

K. El Mouaden, D.S. Chauhan, M.A. Quraishi, L. Bazzi and M. Hilali,
Cinnamaldehyde-modified chitosan as a bio-derived corrosion inhibitor for acid pickling
of copper: Microwave synthesis, experimental and computational study, Int. J. Biol.
Macromol., 2020, 164, 3709—-3717. doi: 10.1016/j.ijbiomac.2020.08.137

D.S. Chauhan, M.A.J. Mazumder, M.A. Quraishi and K.R. Ansari, Chitosan-
cinnamaldehyde Schiff base: A bioinspired macromolecule as corrosion inhibitor for oil
and gas industry, Int. J. Biol. Macromol.,, 2020, 158, 127-138. doi:
10.1016/j.ijbiomac.2020.04.200

B. Chugh, A.K. Singh, D. Poddar, S. Thakur, B. Pani and P. Jain, Relation of degree of
substitution and metal protecting ability of cinnamaldehyde modified chitosan,
Carbohydr. Polym., 2020, 234, 115945. doi: 10.1016/j.carbpol.2020.115945

Z. Chen, L. Li, G. Zhang, Y. Qiu and X. Guo, Inhibition effect of propargyl alcohol on
the stress corrosion cracking of super 13Cr steel in a completion fluid, Corros. Sci., 2013,
69, 205-210. doi: 10.1016/j.corsci.2012.12.004

Q. Zhao, J. Guo, G. Cui, T. Han and Ya. Wu, Chitosan derivatives as green corrosion
inhibitors for P110 steel in a carbon dioxide environment, Colloids Surf., B, 2020, 194,
111150. doi: 10.1016/j.colsurfb.2020.111150

A.R. Yazdzad, T. Shahrabi and M.G. Hosseini, Inhibition of 3003 aluminum alloy
corrosion by propargyl alcohol and tartrate ion and their synergistic effects in 0.5% NaCl
solution, Mater. Chem. Phys.,, 2008, 109, no.2-3, 199-205. doi:
10.1016/].matchemphys.2007.11.012

Z.X.Yu, S.X.Hao and Q.S. Fu, Effects of Propargyl Alcohol on Electrochemical
Behaviors of AZ91 Magnesium Alloy Anode in 3.5% NaCl Solution, Adv. Mater. Res.,
2013, 750-752, 1137-1140. doi: 10.4028/www.scientific.net/AMR.750-752.1137

N. Dkhireche, A. Dahami, A. Rochdi, J. Hmimou, R. Touir, M. Ebn Touhami,
M. El Bakri, A. El Hallaoui, A. Anouar and H. Takenouti, Corrosion and scale inhibition
of low carbon steel in cooling water system by 2-propargyl-5-0-hydroxyphenyltetrazole,
J. Ind. Eng. Chem., 2013, 19, no. 6, 1996—2003. doi: 10.1016/j.jiec.2013.03.012

A.R. Sathiya Priya, S. Muralidharan, S. Velmurugan and G. Venkatachari, Corrosion
inhibitor for the chemical decontamination of primary coolant systems of nuclear power
plants, Mater. Chem. Phys.,, 2008, 110, no.2-3, 269-275. doi:
10.1016/j.matchemphys.2008.02.018



https://www.sciencedirect.com/science/article/abs/pii/S0167732220373190?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0141813020342288?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S014181302033066X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0144861720301193?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X12006038?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0927776520305063?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0254058407006761?via%3Dihub
https://www.scientific.net/AMR.750-752.1137
https://www.sciencedirect.com/science/article/abs/pii/S1226086X13001159?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0254058408000709?via%3Dihub

Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 577—-593 591

28.

29.

30.

31.

32,

33.

34,

35.

36.

37.

38.

39.

40.

E.S. Meresht, T.S. Farahani and J. Neshati, 2-Butyne-1,4-diol as a novel corrosion
inhibitor for API X65 steel pipeline in carbonate/bicarbonate solution, Corros. Sci.,
2012, 54, 36—44. doi: 10.1016/j.corsci.2011.08.052

G.W. Poling, Infrared Studies of Protective Films Formed by Acetylenic Corrosion
Inhibitors, J. Electrochem. Soc., 1967, 114, no. 12, 1209—1214. doi: 10.1149/1.2426451
F.B. Growcock and V.R. Lopp, The inhibition of steel corrosion in hydrochloric acid
with 3-phenyl-2-propyn-1-ol, Corros. Sci., 1988, 28, no. 4, 397-410. doi: 10.1016/0010-
938X(88)90059-5

F.B. Growcock, V.R. Lopp and R.J. Jasinski, Corrosion Protection of Oilfield Steel with
1-Phenyl-2-Propyn-1-ol, J. Electrochem. Soc., 1988, 135, no.4, 823-827. doi:
10.1149/1.2095785

M. Bartos, S.D. Kapusta and N. Hackerman, A Study of Polymerization of Propargyl
Alcohol on Steel, J. Electrochem. Soc., 1993, 140, no.9, 2604-2605. doi:
10.1149/1.2220870

J. Gao, Y. Weng, Salitanate, F. Li and Y. Hong, Corrosion inhibition of a,-unsaturated
carbonyl compounds on steel in acid medium, Pet. Sci., 2009, 6, 201-207. doi:
10.1007/s12182-009-0032-x

F.B. Growcock and V.R. Lopp, Film Formation on Steel in Cinnamaldehyde-Inhibited
Hydrochloric Acid, Corrosion, 1988, 44, no. 4, 248—254 doi: 10.5006/1.3583933

K. Aramaki and E. Fujioka, Surface-Enhanced Raman Scattering Spectroscopy Studies
on the Inhibition Mechanism of Propargyl Alcohol for Iron Corrosion in Hydrochloric
Acid, Corrosion, 1996, 52, no. 2, 83-91. doi: 10.5006/1.3292107

F.K. Kurbanov and N.l. Podobaev, Investigation of the effect of pressure on the
electrode potential and polarization of steel in hydrochloric acid in the presence of
inhibitors, Ingibitory Korrozii Metallov (Metal Corrosion Inhibitors), 1965, 95-99 (in
Russian).

N.I. Podobaev and V.V. Vasil’yev, On the mechanism of action of acid corrosion
inhibitors at high pressures and temperatures, Ingibitory Korrozii Metallov (Metal
Corrosion Inhibitors), 1969, no. 3, 83—85 (in Russian).

N.I. Podobaev, V.E. Novikov and A.G. VVoskresenskii, Study of the protective effect of
certain derivatives of propargyl alcohol and the products of their chemical
transformations during corrosion of steel in hydrochloric acid, Zhurnal prikladnoy khimii
(Russ. J. Appl. Chem.), 1974, 47, no. 2, 370—374 (in Russian).

Ya.G. Avdeev, Yu.l. Kuznetsov and A.K. Buryak, Inhibition of steel corrosion by
unsaturated aldehydes in solutions of mineral acids, Corros. Sci., 2013, 69, 50-60. doi:
10.1016/j.corsci.2012.11.016

N.I. Podobaev and Ya.G. Avdeev, Convective Factor in the Net Current of Iron Cathode
in Sulfuric and Hydrochloric Solutions with Propargyl Alcohol and Propargyl Chloride,
Prot. Met., 2001, 37, no. 2, 2001, 148—150. doi: 10.1023/A:1010374005175



https://www.sciencedirect.com/science/article/abs/pii/S0010938X11004768?via%3Dihub
https://iopscience.iop.org/article/10.1149/1.2426451
https://www.sciencedirect.com/science/article/abs/pii/0010938X88900595?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0010938X88900595?via%3Dihub
https://iopscience.iop.org/article/10.1149/1.2095785
https://iopscience.iop.org/article/10.1149/1.2220870
https://link.springer.com/article/10.1007/s12182-009-0032-x
https://meridian.allenpress.com/corrosion/article-abstract/44/4/248/160071/Film-Formation-on-Steel-in-Cinnamaldehyde?redirectedFrom=fulltext
https://meridian.allenpress.com/corrosion/article-abstract/52/2/83/161380/Surface-Enhanced-Raman-Scattering-Spectroscopy?redirectedFrom=fulltext
https://www.springer.com/journal/11167
https://www.sciencedirect.com/science/article/abs/pii/S0010938X12005586?via%3Dihub
https://doi.org/10.1023/A:1010374005175

Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 577—-593 592

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

N.I. Putilova, A.M. Lolua, I.I. Suponitskaya and G.M. Maslova, About the dissolution
of iron in hydrochloric acid in the presence of propargyl alcohol, Prot. Met., 1968, 4,
no. 4, 392-397 (in Russian).

N.I. Podobaev and Ya.G. Avdeev, Specific Effects of Propargyl Alcohol and Propargyl
Chloride on an Iron Electrode in Inorganic Acids, Prot. Met., 2000, 36, no. 3, 251-257.
doi: 10.1007/BF02758401

N.I. Podobaev and Ya.G. Avdeev, Effect of the Molecule Structure of Acetylene
Compounds on the Kinetics of the Electrode Reactions of Iron in Hydrochloric and
Sulfuric Acid, Prot. Met., 2002, 38, no. 1, 45-50. doi: 10.1023/A:1013852801262
Ya.G. Avdeev and Yu.l. Kuznetsov, Physicochemical aspects of inhibition of acid
corrosion of metals by unsaturated organic compounds, Russ. Chem. Rev., 2012, 81,
no. 12, 1133-1145. doi: 10.1070/RC2012v081n12ABEH004292

Ya.G. Avdeev and N.I. Podobaev, The Role of Acrolein in the Inhibition of the Acid Corrosion
of Iron with Propargyl Alcohol, Prot. Met., 2005, 41, no. 6, 592—596. doi: 10.1007/s11124-
005-0086-0

R. Barker, B. Pickles, T.L. Hughes, E. Barmatov and A. Neville, Effect of transition rate
and propargyl alcohol concentration on the corrosion of carbon steel during transitions
in fluid composition from inhibited hydrochloric acid to sodium chloride brine,
Electrochim. Acta, 2020, 338, 135877. doi: 10.1016/j.electacta.2020.135877

E. Barmatov and T.L. Hughes, Effect of corrosion products and turbulent flow on
inhibition efficiency of propargyl alcohol on AISI 1018 mild carbon steel in 4 M
hydrochloric acid, Corros. Sci., 2017, 123, 170-181. doi: 10.1016/].corsci.2017.04.020
R.C. Nascimento, L.B. Furtado, M.J.O.C. Guimardes, P.R. Seidl, J.C. Rocha,
J.A.C.Ponciano and M.T.M. Cruz, Synergistic effect of propargyl alcohol,
octadecylamine, and 1,3-dibutyl thiourea for API P110 alloys in acetic and formic acidic
solutions used in oil well acidizing, J. Mol. Lig., 2018, 256, 548-557. doi:
10.1016/j.mollig.2018.02.082

F.B. Mainier, H.N. Farneze, L.F. Serrdo, B. T. de Oliveira and B.F. Nani, Performance
of Stainless Steel AISI 317L in Hydrochloric Acid with the Addition of Propargyl
Alcohol, Int. J. Electrochem. Sci., 2018, 13, 3372—-3381. doi: 10.20964/2018.04.02
R.A. Shank and T.R. McCartney, Comparative Study of Commercially Available
Propargyl Alcohol-Free Corrosion Inhibitors for Hydrochloric Acid Systems, Paper
presented at the CORROSION 2013, 2013, no. 2760.

E. Barmatov, F.LaTerra and T. Hughes, Mechanism of degradation of propargyl
alcohol by acid-catalysed hydrolysis and corrosion inhibition efficiency of propargyl
alcohol intermediates for carbon steel in hydrochloric acid, Mater. Chem. Phys., 2021,
272, 125048. doi: 10.1016/j.matchemphys.2021.125048

N.I. Podobaev and Ya.G. Avdeev, Joint Effect of Hydrogen and Propargyl Alcohol on the
Kinetics of Electrode Reactions and Iron Corrosion Rate in Hydrochloric Acid, Prot. Met.,
2000, 36, no. 2, 180—184. doi: 10.1007/BF02758343



https://doi.org/10.1007/BF02758401
https://link.springer.com/article/10.1023/A:1013852801262
http://www.turpion.org/php/author.phtml?authorid=38935
http://www.turpion.org/php/author.phtml?authorid=201
https://doi.org/10.1070/RC2012v081n12ABEH004292
https://doi.org/10.1007/s11124-005-0086-0
https://doi.org/10.1007/s11124-005-0086-0
https://www.sciencedirect.com/science/article/abs/pii/S0013468620302693?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X16309003?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0167732217350559?via%3Dihub
http://www.electrochemsci.org/abstracts/vol13/130403372.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0254058421008312?via%3Dihub
https://doi.org/10.1007/BF02758343

Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 577—-593 593

53.

54,

55,

56.

o7,

58.

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
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
S.M. Reshetnikov, Ingibitory kislotnoi korrozii metallov (Metal Corrosion Inhibitors in
Acids), Khimiya, Leningrad, 1986, 141 (in Russian).

K. Aramaki and E. Fujioka, Spectroscopic investigations on the inhibition mechanism of
propargyl alcohol for iron corrosion in hydrochloric acid at elevated temperatures,
Corrosion, 1997, 53, no. 4, 319-326. doi: 10.5006/1.3280474

E. Barmatov and T. Hughes, Degradation of a schiff-base corrosion inhibitor by
hydrolysis, and its effects on the inhibition efficiency for steel in hydrochloric acid,
Mater. Chem. Phys., 2021, 257, 123758. doi: 10.1016/j.matchemphys.2020.123758
Ya.G. Avdeev and Yu.l. Kuznetsov, Inhibitory protection of steels from high-temperature
corrosion in acid solutions. A review. Part 2, Int. J. Corros. Scale Inhib., 2020, 9, no. 3, 867—
902. doi: 10.17675/2305-6894-2020-9-3-5

LA A


http://ijcsi.pro/wp-content/uploads/2020/10/ijcsi-2020_v9-n4-p10.pdf
https://iopscience.iop.org/article/10.1149/1.2404023
https://meridian.allenpress.com/corrosion/article-abstract/53/4/319/161518/Spectroscopic-Investigations-on-the-Inhibition?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0254058420311172?via%3Dihub
http://ijcsi.pro/wp-content/uploads/2020/06/ijcsi-2020_v9-n3-p5.pdf

