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Abstract

Amino-heterocyclic compounds were studied as acid corrosion inhibitors. The gravimetric
method was used to determine the degree of protection of the studied compounds during iron
corrosion in 1 M H2SOs solution at various concentrations of compounds over a wide
temperature range. The values of the corrosion inhibition coefficients K of iron under the
conditions studied depend on the inhibitor concentration in the solution. Based on the data of
gravimetric and temperature-kinetic measurements, the effective activation energy of the
corrosion process was determined. Potentiostatic measurements were carried out in a three-
electrode cell with a platinum auxiliary electrode and a silver—silver chloride reference
electrode. Suppression of metal dissolution occurs both in the cathodic and anodic regions, but
these substances inhibit the cathodic rather than anodic reaction. Partial inhibition coefficients
were calculated from polarization measurements. It was found that the test substances are
mixed-type inhibitors with a predominant blocking effect. With an increase in concentration,
the contribution of the blocking factor to the protective effect of the inhibitor decreases, while
the contribution of the activation component increases. An explanation of these facts is given
based on the structure of the compounds studied. The AFM method was used to determine the
efficiency of the additives as inhibitors. The surfaces of metals treated with both pure acid and
inhibited solutions were studied. AFM images of the samples after the corrosion tests in the
presence of inhibitors demonstrate the absence of damage, smoothing and levelling of the metal
surfaces.
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Introduction

The acid corrosion of many structural materials is associated with their very low
thermodynamic stability in acidic environments. The complexity and ambiguity of the
corrosion processes does not allow one to predict a priori the life of the material under these
specific conditions.

However, analysis of the current state of the problem showed that classes of compounds
among which efficient corrosion inhibitors of metallic materials should be sought can be
predicted with a sufficient degree of certainty. In particular, nitrogen-containing organic
compounds have long been known as efficient inhibitors of acid corrosion of metals. Despite
the wide range of studies conducted in this area, studies of new organic inhibitors continue
to be an urgent task in modern industrial production.

Organic nitrogen-containing compounds have long been known as efficient inhibitors
of acid corrosion of metals [1-3]. Aliphatic, aromatic and heterocyclic amides, amines,
quinolines and other compounds have been studied most thoroughly in this regard [4, 5]. In
this work, we studied the behavior of three organic compounds of the class of amino-
heterocycles of pyridine and uracil series as inhibitors of iron corrosion. Due to the presence
of an amino group and endocyclic nitrogen atoms, they are able to be adsorbed on a metal
surface and form covalent chemical bonds with the metal. In this regard, the aim of this work
was to study the inhibitory effect of new organic substances on the corrosion of iron in
sulfuric acid solutions.

Experimental

Corrosion tests were performed according to GOST 9.505-86 using samples of St3 steel in
1 M sulfuric acid solutions. The following substances were studied as corrosion inhibitors:
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The corrosion test procedure is described in detail in [6, 7]. The temperature of the
solutions was varied in the range of 20—60°C using a “Memmert WNB 7-45” laboratory
water bath.

The corrosion rate of metals (j) was calculated by the formula:

. Am

J—ﬁ (1)

where Am is the mass loss of the sample, g; t is the corrosion time, hours; S is the surface
area of a sample, m2,

The protective effect of the compounds was estimated as the inhibition coefficient (K)
and the degree of protection (Z):
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where j and j; are the corrosion rates in the pure and inhibited acid.

The effective activation energies of corrosion W were determined from the temperature
plots using the formula:

W=-2.3Rtga, 4)
where tga is the angular coefficient of the log j—1/T plot.

Polarization tests were carried out by the potentiostatic method. Using the Ecolab 2A-
500 potentiostat, a specific potential was applied to the electrode and the corresponding
current value was recorded.

The surface topography of iron samples was studied using a PHYWE Compact AFM
scanning probe microscope in the dynamic mode of operation with a TAP190-AIG probe in
the semi-contact scanning mode. Scanning was carried out with a single-crystal aluminum-
coated silicon probe with a resonant frequency of 190+ 60 kHz and a constant hardness of
48 N/m. The scan rate was 0.3 ms/line.

Results and Discussion

The substances studied provide an inhibitory effect under acid corrosion conditions with a
good degree of protection.

Corrosion test data are presented in Figure 1.
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Figure 1. Dependence of the iron corrosion inhibition coefficient K in 1 M H2SO4 on the
concentration of the organic inhibitor: 1 (a), 2 (b), 3 (c), at various temperatures.

It can be concluded from the data obtained that these substances are acid corrosion
inhibitors and that the degree of protection increases with an increase in inhibitor
concentration and decreases with an increase in temperature.
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The effective activation energy W of the corrosion process in the background solution
and in the presence of various concentrations of the inhibitors was determined from the j—

: i : W
temperature plots by the Arrhenius equation (lg j = A—m). The values of W are shown
in Figure 2.
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Figure 2. Dependence of the effective activation energy of iron corrosion on the inhibitor
concentration: 1 (a), 2 (b), 3 (c).
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Analysis of the above experimental data allowed us to determine that the inhibition
process takes place with diffusion control for inhibitor 1 (8—25 kJ/mol), mixed kinetics is
characteristic of the second one, and for inhibitor 3 the process occurs with discharge delayed
stage (indicating Kinetic control of iron self-dissolution) (40—120 kJ/mol) [8].

To determine the mechanism of the protective action of the organic inhibitors,
polarization curves were obtained for the background and inhibited solutions at various
concentrations.

Based on the data obtained, polarization curves were built in the E—Igi coordinates.
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Figure 3. Polarization curves at 20°C and at concentrations of inhibitors 1 (a), 2 (b), 3 (c),
mol/L:0,0-0;1,1-102 2,2~ 5103 3,3~ 2.5:10% 4,4~ 1.25-10°% 5, 5"~ 0.625-10>.
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Based on the plots presented in Figure 3, it can be concluded that suppression of metal
dissolution occurs both in the cathodic and anodic regions, but these compounds inhibit the
cathodic reaction to a greater extent than the anodic one.

Based on the polarization curves, the b, and b, coefficients for the Tafel plots were
obtained and the Ky values were calculated by the formula:

Ig K‘P’ — ba 'bc
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ba is the Tafel slope of the anodic polarization curve on iron,
b is the Tafel slope of the cathodic polarization curve on iron.

where b, =2.3

Using the equation of Antropov’s formal theory [9, 10]
K =K,xKy,

the particular corrosion inhibition coefficients were calculated.

Based on the data obtained (see Table 1), we can conclude that with increasing
concentration, the contribution of the blocking factor to the protective effect of the inhibitors
decreases, while the contribution of the activation component increases.

Table 1. Dependence of K, Kg, Ky and Z on the inhibitor concentration.

Inhibitor 1 Inhibitor 2 Inhibitor 3

Cinh.103,

mol/L Ko K Ky~ Ko K Ky~ Ko K Ky~

0.625 1.20 1.21 1.01 1.32 1.35 1.02 1.48 151 1.02
1.25 1.29 1.38 1.07 1.47 1.62 1.10 1.75 1.98 1.13

2.5 1.57 1.74 1.11 1.69 2.04 1.21 1.76 2.24 1.27
5 1.90 2.15 1.13 1.92 2.40 1.25 1.94 2.56 1.32
10 1.87 2.19 1.17 1.98 2.51 1.27 2.07 2.79 1.35

According to [11], coverage of an inhomogeneous surface of a solid electrode with
organic matter is most likely associated with the compensation effect of two factors: 1) a
decrease in the free energy of adsorption with an increase in the degree of surface coverage
and 2) an increase in the attractive force between the adsorbed molecules. Also in this case,
organic molecules contain atoms with lone electron pairs (O, N), which, when adsorbed on
the most active adsorption centers, can neutralize the energy heterogeneity of the surface
iron atoms. Inhibitor 1 contains a smaller number of such atoms, which leads to a smaller
contribution of the blocking factor to its protective effect, whereas inhibitors 2 and 3 contain
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3 and 5 atoms with lone electron pairs, respectively. Due to the presence of these atoms, the
contribution of the blocking component to the total inhibitory coefficient increases, and it is
the greatest in case of inhibitor 3.

To determine the efficiency of the additives as inhibitors, the AFM method was used,
which allows one to obtain geometric representations of the structure of surface layers and
additional information on the nature of changes in the metal surface. Comparison of the
surface topography in the presence of inhibitors (Figure 5) in 3D images reveals a significant
difference in the surface relief [12, 13]. The 2D images obtained (Figure 4a) indicate an
active damage to the surface of the sample and an increase in roughness [14, 15].
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Figure 4. The structure (2D) of the surface according to AFM data: a) a sample keptin 1 M
H>SO4 solution, b) a sample kept in 1 M H>SOj4 solution containing inhibitor 1, c) a sample
kept in 1 M H2SO4 solution containing inhibitor 2, d) a sample kept in 1 M H>SOj4 solution

containing inhibitor 3.
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Figure 5. Roughness (3D) of the surface according to AFM data: a) a sample keptin 1 M
H2SO4 solution, b) a sample kept in 1 M H2SO4 solution containing inhibitor 1, ¢) a sample
kept in 1 M H2SO4 solution containing inhibitor 2, d) a sample kept in 1 M H2SO4 solution
containing inhibitor 3.

When considering the AFM image of the sample surface after corrosion tests in the
presence of inhibitors (Figure 5b, c, d), one should note the absence of damage, smoothing
and levelling of the metal surface, apparently due to the formation of a nanoscale-sized
protective layer of the adsorbed inhibitor (about 35—-86 nm) [14]. The AFM image of the
samples after their testing in sulfuric acid solutions with addition of inhibitor 1, which
exhibits a lower blocking inhibitory effect, allows one to detect the formation of a film with
a larger thickness (about 86 nm) and the formation of larger accumulations of inhibitor
molecules. This is expressed in an increase in surface non-uniformity, which leads to greater
film porosity and diffusion control during dissolution of iron.
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Conclusions

1. A new experimental material was obtained on the inhibitory action of organic compounds
during the corrosion of Fe in 1 M H,SO4. An increase in the concentration of organic
compounds increases the corrosion inhibition effect.

2. It was shown that the organic compounds act as mixed type inhibitors in sulfuric acid
solutions, but the adsorption component makes a greater contribution to the inhibitory
effect.

3. When 5-methyl-2-aminopyridine is adsorbed on the metal surface, a layer about 500 nm
thick is formed with larger and more heterogeneous agglomerations of particles, which
provides diffusion control of the corrosion process, while the absorption of 2-amino-3-
hydroxypyridine results in a thinner layer with smaller and more pronounced particles.
The adsorption of 6-aminouracil gives protective layers with a thickness of ca. 40 nm with
visible individual smaller particles providing more efficient protection due to the blocking
factor.
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