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Abstract: Etching of steel items in sulfuric acid solution is used in various human activities (oil and
gas industry, metal production, utilities, transport, etc.). This operation is associated with significant
material costs due to corrosion losses of the metal. It has been found that an efficient way to prevent
corrosion of steel in sulfuric acid solution involves the formation of thin protective films consisting of
corrosion inhibitor molecules of triazole class on its surface. It has been shown that the protection of
steels with a 3-substituted 1,2,4-triazole (3ST) in H,SO, solution is accompanied by the formation
of a polymolecular layer up to 4 nm thick. The 3ST layer immediately adjacent to the steel surface
is chemisorbed on it. The efficiency of this compound as an inhibitor of corrosion and hydrogen
absorption by steel is determined by its ability to form a protective organic layer, as experimentally
confirmed by XPS and AFM data. The kinetic constants of the main stages of hydrogen evolution
and permeation into steel in the HySO, solution were determined. A significant decrease in both the
reaction rate of cathodic hydrogen evolution and the rate of hydrogen permeation into steel by the
triazole in question was noted. It has been shown that the preservation of the metal plasticity in the
acid medium containing the triazole under study is due to a decrease in the hydrogen concentration

in the metal bulk.
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Solution. Coatings 2023, 13, 1221. 1. Introduction
https://doi.org/10.3390/ The formation of thin protective films on the surfaces of metals and alloys is an
coatings13071221 efficient method for preventing their corrosion in corrosive media [1-5]. Thin films on

metal surfaces can be formed by molecules of organic inhibitors added to the corrosive
environment. This method of inhibitor protection of metals makes it possible to hinder the
corrosion in solutions of mineral acids that are the most corrosive aqueous media. Upon
addition of unsaturated organic compounds (acetylated alcohols [6-13] or unsaturated
aldehydes [14-17]) to solutions of acids, polymeric films are formed on metal surfaces. In
this case, an unsaturated organic compound acts as a monomer that is converted to an
organic polymer on the steel surface, thus blocking the metal surface from contact with
the corrosive environment. Organic polymeric films formed from unsaturated organic
compounds can protect steel structures from hydrochloric acid at temperatures above
100 °C [18]. The protective 1,2,4-triazoles films formed on steels in inhibited mineral acid
This article is an open access article  Solutions are less studied. It is important to estimate the potential of this steel protection
distributed under the terms and ~ Method in sulfuric acid solutions. Sulfuric acid solutions are widely and successfully
conditions of the Creative Commons  Used in various industries—for example, in metallurgy to remove thermal scale, rust, and
Attribution (CC BY) license (https:// ~ mineral deposits from steel items [19-22].
creativecommons.org/licenses /by / The results obtained In studies on the properties of 1,2,4-triazole surface films are important
40/). for expanding our theoretical understanding in the field of metal corrosion inhibition.
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Upon contact with acid solutions, steel items not only undergo general corrosion but
also lose mechanical ductility due to hydrogen absorption by the metal. The ductility of
steel is often affected by hydrogen embedded in the metal bulk [23-28].

Unfortunately, though the known organic corrosion inhibitors (cIs) slow down general
corrosion of steel well enough, they have almost no effect on the preservation of its strength
since they poorly prevent hydrogen absorption by it. Only some nitrogen-containing
organic cls were observed to reduce the rate of hydrogen permeation into steel in acid
environments [29,30].

In view of this, it seems important to identify the effect of thin triazole films on the
general corrosion of steel, on the process of hydrogen absorption by this material, and on
how the metal maintains its mechanical properties.

In this study, a 3-substituted 1,2,4-triazole (3ST, [(C¢H5CH;)3sN-C,H,;N3]Cl) that be-
longs to the promising class of triazole compounds [31-34] was chosen as the CI. The choice
of this compound is due to its potential ability to form thin protective films characteristic of
triazoles on metals. Earlier [28], we conducted a study of the action of 35T on the corrosion
and strength properties of steels in aggressive environment. It was found that the maximum
effect was observed in the presence of 5 mM inhibitor in the solution.

2. Materials and Methods

Samples of spring steel (composition, mass: 0.65%—0.75% carbon, 1.4%-1.7% silicon,
0.4%—-0.6 % manganese and 0.2%-0.4% chromium) and carbon steel (composition, mass:
0.05%—-0.11% carbon, up to 0.03% silicon, 0.25%—-0.50% manganese, up to 0.25% nickel, up
to 0.04% sulfur, up to 0.035% phosphorus, up to 0.01% chromium, and up to 0.25% copper)
were used as the working electrodes. Spring steel is most prone to hydrogen embrittlement,
so the effect of hydrogen concentration on the mechanical properties (ductility) of the metal
was studied on samples of this steel.

Before starting each experiment, the surface of the steel surface was ground on abra-
sive wheels of different grit sizes, polished with ASM 0.5/0—abrasive and cleaned with
dimethyl ketone.

An aqueous 2 M solution of sulfuric acid was used as a reference medium for testing
studies. It was prepared from the concentrated acid of “chemically pure” grade and
distilled water. The solutions used in the electrochemical studies ware deaerated with
argon. Corrosion tests were carried out in freely aerated solutions. The 3ST derivative was
studied as the CI.

2.1. Methods
2.1.1. Gravimetric Method

The corrosion rate of spring steel was determined from the mass loss of samples
(83.5 mm x 10 mm x 0.5 mm) with an area of 17.6 cm? in 2 M H,SO, solution.

p=Am sl 71 1)

where Am is the mass change of the steel coupons, S is the sample area, and 7 is the duration
of the corrosion test.
The CI efficiency was estimated as the inhibition coefficient:

Z=(po — Pinn) o 100% @)

where pg and pj,,, are steel coupon corrosion rates in an aggressive environment in the
absence and presence of CI.

2.1.2. Atomic Force Microscopy (AFM) Method

After keeping the samples in the corrosive environment, their topography was estimated
using an atomic force microscope (SolverNext II made by NovaFotonix, Moscow, Russia). A
silicon probe (resonance frequency 273 kHz, elasticity coefficient 4.5 N/m) was used.
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2.1.3. Determination of the Amount of Hydrogen Absorbed by the Metal by Means of
Vacuum Extraction

The amount of hydrogen absorbed by spring steel was determined by vacuum extrac-
tion. A steel coupon kept in an acid solution was placed in a quartz chamber. The air was
pumped out of the chamber. The temperature of the chamber was increased to 500 °C. The
amount of hydrogen released from the steel coupon was determined from the increase in
pressure measured with a mercury manometer. The pressure of released hydrogen (Pyyp)
was calculated by the formula

PH2 = Ptotal - Pbase (3)

where Pp.s. is the base pressure (0.3 kPa) determined by the tightness of the
experimental installation.
The hydrogen concentration in the steel bulk (mol-cm %) was calculated by the formula

CY=KPgp V! 4)

where K is a parameter determined by the internal volume of the installation, and V is the
volume of the steel coupon.
The decrease in the hydrogen concentration in the steel bulk was determined by
the formula co o
v = WmO% (5)
H
where Cj; and CJ, ;,;, are molar concentration of hydrogen in the volume of the metal after

holding in an aggressive environment in the absence and presence of CI, respectively.

2.1.4. Determination of Mechanical Properties (Ductility) of Steel
The ductility of spring steel (77) was determined as the ratio of the number of bends
after exposure to the corrosive environment () and before fracture of specimens in the
initial state (Bp):
= ﬁlOO% (6)
Bo

The mean number of bends until the fracture of samples in the initial state was 87.

2.1.5. Voltammetric Studies

The voltammetric curves of spring steel samples were obtained in deaerated stirred
2 M H,S0; solutions using a potentiostat at a potential scanning rate of 0.5 mV-s~! after
exposure for 30 min to the solution being studied. The effect of the CI on the kinetics of
electrode reactions was characterized using the coefficient

Y= ia,O (ia,inh)_1 (7)

where i, o and i, j1, are the steel electrode current density in an aggressive environment in
the absence and presence of CI.

2.1.6. Permeation Test

The kinetics of permeation of hydrogen formed at the cathode into the metal were
studied in a two-compartment glass electrochemical cell (Figure 1) [35,36]. The working
electrode was a carbon steel membrane with a thickness of 100 pm and a working area of
4.25 cm?.
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Figure 1. Devanatkhan-Stakhursky electrochemical cell. 1—working electrode (membrane); 2—Teflon
holder; 3—working part of the cell; 3'—diffusion part of the cell; 4, 4—auxiliary electrode cell;
5, 5’'—auxiliary electrode; 6, 6'—electrolytic switch; 7, 7’—reference electrode; 8, 8'—tap for draining
the solution; 9, 9'—solution feed into the cell.

The working side of the membrane was cathodically polarized. The stationary current
of hydrogen penetration through the membrane (i,,) was recorded on the anodically polar-
ized (diffusion) side of the membrane. The diffusion part of the cell was filled with 0.1 M
NaOH, and the membrane was polarized at a potential of 0.45 V vs. SHE. To facilitate the
hydrogen ionization process, a layer of palladium was deposited onto the diffusion side of
the membrane (Figure 1). The procedures of membrane preparation and performing the
experiment were reported elsewhere [28].

2.1.7. Electrochemical Impedance Spectroscopy (EIS)

The adsorption of the CI was studied by EIS on a rotating (1000 rpm) carbon steel
disk (0.64 cm?). The cathode potential of the steel was kept constant (E = —0.30 V). The
measurements were carried out in a glass cell with a separate space for the counter and ref-
erence electrodes. The steel was kept in the acid solution until repetitive similar impedance
spectra were established (2 h). After that, 3ST was added, and the metal was kept until a
steady-state view of the spectrum was achieved (no longer than 3 h).

The surface coverage with the CI (6;,,) was determined using the formula

0
Cdl —Ca
Cgl - Cdl,max

®)

Oinn =

where CSI' Ca1, and Cyj max are the capacitances of the electrode in the background solution,
in the inhibited solution, and in the inhibited solution where the maximum CI adsorption
on the metal is achieved, respectively.

2.1.8. XPS Studies of Steel Surface

The surface layers formed by the CI on the steel surface were studied by X-ray photo-
electron spectroscopy (XPS) using an HB100 Auger microscope (VG, UK) equipped with
an additional chamber for getting XPS spectra. The vacuum in the analytical chamber was
no worse than 10~ Torr. An aluminum anode (power 200 W) was used as the excitation
source; the pass energy of the analyzer was 50 eV. Steel disks with a diameter of 10 mm
were used as the samples.

The binding energy (E}) of electrons knocked out from the inner shells of the atoms
was calibrated by the XPS peak of Cls electrons (285.0 eV) from the deposited vapors of
the diffusion pump oil. The spectrometer was calibrated vs. the binding energies of copper
and gold samples: Cu2ps,, = 932.7 and Au4f;,, = 84.0 eV. The peaks of the following
elements were studied: Cls, Ols, Fe2p, N1s, and S2p. The quantitative estimation of the
photoionization cross sections of the corresponding electron shells was performed similarly to
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that reported elsewhere [37]. The integral intensities of peaks were calculated by the Shirley
method [38]. The peak position was determined with an accuracy of £0.1 eV. The element
ratios were calculated using the integral intensities under the peaks, taking into account the
photoionization cross sections o of the corresponding electron shells, with the introduced
corrections, which were obtained from the analysis of compounds with known stoichiometry.

In some cases, prolonged ultrasonic cleaning (up to 18 min) of metal samples by
distilled water was carried out. During such cleaning, the physisorbed CI is removed from
the surface of the steel. The chemisorbed CI molecules were not removed during ultrasonic
washing of the metal surface [39].

2.1.9. Studies on the Protective Aftereffect of Thin Films of 3ST on Steel

The protective aftereffect of 3ST films was studied by the gravimetric method in 2 M
H,SO4. Samples of carbon steel with a thickness of 2 mm and a working area of 30 cm? were
used in the experiments. The samples were placed for 2-96 h into 2 M H,SO4 containing
5 mM of 3ST. After that, some of the samples were abundantly washed with distilled
water and transferred to the uninhibited acid solution. The remaining samples were used
to determine the mass loss of the metal in the inhibited acid solution (see Section 2.1.1).
Calculations of the inhibitor’s protective aftereffect were made with correction for the
corrosion loss of the metal in the inhibited acid solution.

In all the experiments, platinum counter electrodes and silver chloride reference elec-
trodes were used. The electrode potentials are given vs. standard hydrogen electrode (SHE).

Electrochemical measurements were performed using IPC potentiostat (Kronas LLC,
Moscow, Russia).

The experimental data presented in the manuscript were obtained at 25 + 1 °C.

3. Results and Discussion
3.1. Effect of the Inhibitor on the Corrosion and Mechanical Properties of Steel

The decrease in the rate of hydrogen permeation into a metal in the presence of Cls is
traditionally studied on spring steels that are most susceptible to hydrogen absorption by
the metal bulk. In 2 M H,SOy solution, addition of 5 mM of 3ST reduces the corrosion rate
of steel p and the hydrogen concentration in the metal bulk C§; (Table 1). In 2 M H,SO4
solution that is extremely corrosive to the steel, the plastic properties of the latter (77) in
the presence of the CI are partially preserved (Table 1). Hence, 3ST inhibits the general
corrosion of steel and reduces hydrogen permeation into the metal.

Table 1. Effect of 5mM 3ST on the corrosion rate of spring steel in 2 M H,SOy, hydrogen concentration
in steel, and steel ductility.

Solution p,gm—2-h-1 Zeor, % 7, mol cm—3 Zy*, % 7T, %
Background 35.3 - 1.92 x 1072 - -
CI 0.71 98.0 420 x 1077 97.8 32

* total loss of ductility.

3.2. Effect of the CI on the State of Steel Surface

Table 2 presents the microphotographs and AFM images of the steel surface taken
before and after etching in the H,SO, solution.



Coatings 2023, 13, 1221 6o0f 16
Table 2. Microphotographs of steel surface after exposure to 2 M HySOj solution (2 h).
Microphotographs AFM Images
No. Treatment (400 x 600 pwm) (25 x 25 pm)
75.5 nm
70.0
65.0
60.0
55.0
1 None 04
45.0
40.0
35.0
30.0
25.0
17.2
1135 nm
1000
900
2 2 M H,S04 -
700
600
468
428 nm
400
350
3 2 M H,SO4 + 5mM CI 300

The microphotograph of the steel sample that did not undergo etching clearly shows
traces of polishing such as scratches and surface undulations. The AFM image also showed
the presence of surface scratches up to 0.03 pm deep. The mean surface roughness was
0.05 & 0.01 um. After etching a sample in 2 M H,SOy, a sludge layer was observed on the
surface, while the number of scratches decreased significantly due to steel etching. The
AFM image shows surface structures up to 5 um in diameter and up to 1.2 um high. The
mean roughness after etching increased almost 15-fold to reach 0.75 £ 0.08 pm.

The addition of 3ST to the aggressive environment improves the quality of the steel
surface. The average surface roughness is significantly smaller compared to the background
solution and amounts to 0.27 + 0.04 um.

3.3. Effect of the CI on the Rates of Electrode Reactions on Steel

The presence of the CI in 2M H,SO4 solution slows down both the cathodic and anodic
reaction rates on spring steel (Figure 2). The addition of 5 mM of the 3ST decreases the
rates of anodic and cathodic reactions at E = —0.10 V and —0.30 V by a factor of 130 and
6, respectively. The values of the corrosion potential in the background solution and in
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the presence of 35T are —0.23 V and —0.12 V, respectively. Consequently, 35T inhibits and
predominantly slows down the anodic reaction of the steel.

—=0.45 -
—=0.35 4

—0.25

EIV

-&-Blank
--5 m mol Inh

=0.15 4

—0.05 -

-4 -3 -2 -1 0
Igi /A-cm?2

Figure 2. Current-voltage curves on spring steel in 2 M H,50O, without and in the presence of 5 mM 3ST.

3.4. Kinetics of Hydrogen Evolution and Permeation into the Metal

The cathodic curves and the plots of the rate of hydrogen permeation into steel on
potential in sulfuric acid solution and with addition of 5 mM 3ST are shown in Figure 3.
The inhibitor abruptly decreases the rates of hydrogen evolution (i) and permeation into
steel (ip).

—04 +
-0.3 +
-+Blank (ic)
—=-Blank (ip)

-0~-5 m mol Inh (ic)

EIV
w

-5 m mol Inh (ip)

—-0.2 ; : : |
—_6 -5 -4 3 -2
Igi IA-cecm?2

Figure 3. Cathodic curves and plots of the rate of hydrogen permeation into steel vs. potential.

3.5. Rate Constants of the Main Stages of Hydrogen Evolution and Permeation into Steel

The cathodic curves and the plots of the permeation current on potential in sulfuric
acid solution and with addition of 5 mM 3ST are shown in Figure 3. The inhibitor abruptly
decreases the rates of hydrogen evolution (ic) and permeation into steel (ip).

The basics of IPZ [40] analysis for calculating the rate constants of the main stages of
cathodic evolution and hydrogen absorption by a metal in an acid solution containing an
organic inhibitor are given in [28]. Therefore, we will only give the equations required for
the calculation of these constants along with their brief description.

It is assumed that the discharge of H* ions occurs on the steel surface unoccupied by
adsorbed H atoms and inhibitor particles. Then, the rate of this reaction (i.) is described
as [40-42]

ie = Fkeapys [(1 — )" — eH} exp(—aFE/RT) )
where k. is the rate constant of discharge of hydrogen ions; ay+ is the activity of hydrogen

ions; O is the coverage of the electrode surface with inhibitor particles; r; is the number
of adsorption sites that a hydrogen ion occupies on the surface; 0y is the surface coverage
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of the electrode with hydrogen; o is the transfer coefficient of the hydrogen ion discharge
reaction; F is the Faraday constant; R is the gas constant; and T is the absolute temperature.
If the reaction of recombination of H atoms is irreversible [40,41], its rate (i;) is defined as

ir = Fk,6% (10)

where k; is the rate constant.
The rate of hydrogen transfer through the surface (ip) and its steady-state diffusion in
the membrane are described as

ip = F(kabng - kdescil) (11)
and .
P FDCy

P L
where k,ps and kqes are the rate constants of the interface reactions; Cj; is the surface
concentration of diffusible hydrogen in the metal (subsurface concentration); L is the

membrane thickness; and D is the diffusion coefficient of hydrogen in the metal.
It follows from Equations (11) and (12) that

(12)

k D
by = oL T Loy =k, (13)
abs

where k is the kinetic-diffusion constant [40].
Using Equations (9), (10), (12), and (13), we can obtain for steady-state conditions
(ic = ip +1r) [28,40,43]:

. a«FE kiag+kL .
zcexp(RT) = Fkiag+ (1 — 0;,,)"" — % “ip (14)

= Lk\F Vieir = ka (19

By combining Equations (9), (10), (12), and (13), we can calculate the hydrogen

surface coverage
- (kl,i + %) + \/(ku + )% + 4ok (1= 0)"

O = % (16)

aFE;

where ky; = kjag+ - exp( ) is the formal rate constant of cathodic reaction at the E;
potential. The subsurface concentration of diffusible hydrogen (Cj;) can be calculated from
ip values using Equation (12) or from 0y values using Equation (13).

The cathodic curves and the plots of the permeation current vs. potential obtained
without and in the presence of the CI are shown in Figure 3. In accordance with Equation (15),
the plots of i, vs. 1}05 should be linear and should pass through the origin. Figure 4 shows the

plots of ip vs. 1,99 obtained both in the background solution and in the solution containing

5 mM CI. The transfer coefficients « were calculated by comparing the dl o g% and dl o g -

values (Figure 2) and using the IPZ method [40]. Then, the values of the f =i, exp(ocFE/RT)
function were calculated, and the graphs of f vs. i, were plotted (Figure 5).
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4 o
4.0x10 e
1.0x10%
3.0x10%
& 0 0.005
5
<« 2.0x104 T
=
A Blank
1.0x104 T ® 5m mol Inh
/s
Ve
7
e
0 0.02 0.04 0.06 0.08

irD'5 JA05.cm-

Figure 4. Plot of the permeation current vs. the rate of hydrogen chemical recombination in 2 M
H,S04 containing 5 mM 3ST.

A Blank
6.0x10% T ® 5mmol Inh
~——
4.010% 1 N\\A\‘
Y
8.0x10%
2.0x10% T—
4.0x10¢
/ 1.0x10-11
[ 1.0x10%
1.0x10° t t
0 2.0x10+4 4.0x10%
ip! A-em2

Figure 5. Plot of the f = i; exp(aFE/RT) function vs. the permeation current in 2 M H,SO4 containing
5mM 3ST.

To calculate the ky, k;, and k constants by Equations (14) and (15), the 6;,;, value is
required. In solutions containing the CI, the inhibitor surface coverage was determined
by the EIS method. The characteristic impedance spectra in the background and inhibited
H,S0Oy solutions presented as Nyquist plots are ideal half-circles that can be fitted using a
simple equivalent circuit that comprises the double electric layer capacitance (Cy), charge
transfer resistance (R.), and solution resistance (Rs) (Figure 6).

Cal ——Blank

Ry ===Inh, 5 min
=—Inh, 15 min

——Inh, 30 min
Ret

250 A ——Inh, 60 min
=—Inh, 120 min
200 4 ==Inh, 240 min

=o=Inh, 300 min

50 1,

0 100 200 300 400 500
Z'10om

Figure 6. Nyquist plots of steel in 2 M H,SO4 recorded after adding 0.05 mM 3ST to the aggressive
environment after various exposure times.
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It is shown that an increase in the residence time of steel in an inhibited medium is accom-
panied by an increase in the hodograph diameter. This is characteristic of a slow adsorption
process. The plot of the steady-state values of 8;,, calculated by Equation (8) on the inhibitor
concentration in the solution is shown in Figure 7. At a concentration of 5 mM 35T, the inhibitor
surface coverage was 0.99; this value was used in the subsequent calculations.

BGinh

IR

0.75 + /{
0.50 + P

Ve
| 2
0.25 +

19 Ciny Mol |
Figure 7. Adsorption isotherm of 3ST on carbon steel (E = —0.30 V) from 2 M H,SO;.
Using the a and 6,y values (Table 3) and assuming that r; = 0.3 [44], the k.; and k

values were calculated by Equation (15) from the slope of the f, i, lines (Figure 5) and the
intercept on the ordinate axis at i, = 0 (Table 3).

Table 3. Kinetic constants, hydrogen surface coverages (6y) and surface concentrations of diffusible
hydrogen (C3;.) under cathodic polarization (E = —0.3 V) of steel in 2 M H,SO,, solution containing 3ST.

1H kl,il 9 kl kr, Cf_l
Additive molcm—2s-1 cm® mol—1 molcm—2s1 O x 100 mol cm—3
None 1.14 x 10-8 1.50 x 10° 7.05 x 106 3.65 2.34 x 1077
(background)
CI 994 x 10~ 11 3.69 x 10° 946 x 108 1.61 6.39 x 1077

Based on the slopes of the i, vs. i,%° plots (Figure 4) and taking the k value and the
stationary hydrogen diffusion coefficient D = 7.3 x 107> cm?-s~! [45] into consideration,
the value of k, was determined from Equation (14) (Table 3).

The calculated values of the kinetic constants, both in the background solution and in
the solution containing 5 mM 3ST, are presented in Table 3.

The values of 0y (E = —0.3 V) in the background 2 M H,SO; solution and in the
presence of the CI were calculated using Equation (16) (Table 1). Addition of the CI reduces
Ay more than twofold.

The subsurface concentration of hydrogen in steel (Cj;) was calculated using
Equations (12) and (13). The discrepancy between the values obtained did not exceed
10% (Table 3 shows the mean values of C3;).

The results obtained are consistent with the data of Section 3.1—that is, the CI decreases
both the total hydrogen content (C7;) in the metal and that of diffusible hydrogen (Cj;).

As we can see, in the presence of the CI in the H,SOy solution, the concentration
of hydrogen in the metal decreases sharply, which, as shown above in Section 3.1, has a
beneficial effect on the mechanical properties of the metal and, hence, favors an increase in
its resistance to stress corrosion cracking.
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3.6. The Adsorption Interaction of the Steel Surface with the Inhibitor

The efficient inhibition of the electrode reactions and hence of steel corrosion by 35T is
probably due to the chemical interaction between the metal surface and the CI molecules.
It is important to understand the nature of the CI interaction with the steel. The adsorption
of 35T on the surface of carbon steel obeys the Temkin isotherm:

Oinn = fn_lln[BCinh] (17)

where f}, is the surface heterogeneity factor, and B is the adsorption equilibrium constant
(Figure 7). The calculated f, value is 7.56, B = 8.74-10° L mol ~—!. The free adsorption energy
(—=AGgys) is calculated according to the equation

—AGgys = RTIn55.5B (18)

and amounts to (—AG,z) = 49 k] mol 1.

The high value of (—AG,;) thus obtained is indicative, with high probability, of the
chemisorption nature of interaction the metal surface with CI. The chemical bonding of
the steel surface with the inhibitor molecules results in the formation of protective surface
layers that inhibit corrosion most efficiently.

3.7. The Protective Layers Formed by 3ST on the Steel

The protective layers formed on the steel surface are studied using the XPS method.
Analysis of the samples coated with a thin film of CI showed the presence of layers with a
complex composition on the surface. The position of complex peaks of Fe2p;» XPS spectra of
Fe and their satellite peaks (Figure 8) indicates that the steel surface contains a layer consisting
of Fe304 (Ep = 710.8 eV). The presence of different types of O is indicated by the Ols spectrum
that can be decomposed into three peaks arising from O in the Fe3Oy lattice (E; = 530.3 eV),
hydroxyl groups (531.8 eV), and adsorbed water molecules (533.5 eV) (Figure 9).

- metallic state # Fe2py/p
- FesOs ‘

- satellite from
oxidized state

Intensity / kCounts

740 732 724 716 708 700
Binding Energy / eV

Figure 8. XPS spectrum of Fe2p electrons from the surface of carbon steel. Steel coupon processing;:
2 M H,SOy4 + 5 mM 3ST, test duration—24 h.
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— iron oxide

B - hydroxyl groups and
oxygen-containing
carbon compounds

— adsorbed water

molecules, etc.

O1s

Intensity / kCounts

538 535 532 529 526
Binding Energy / eV

Figure 9. XPS spectrum of N1s electrons from the surface of carbon steel. Steel coupon processing:
2 M H,SOy4 + 5 mM 35T, test duration—24 h. Coupon cleaned in ultrasonic bath.

The XPS spectrum of N1s electrons indicates that a CI film exists on the steel pre-
exposed in 2 M HySOj4 solution + 5 mM 3ST. The observed N1s spectrum is decomposed
into two peaks (399.5 and 401.4 eV). The first peak corresponds to the nitrogen atoms of
the triazole group, while the second peak corresponds to the ammonium group of the
substituent (Figure 10).

T

- quaternary nitrogen

N1s

. - triazole nitrogen

Intensity / kCounts

406 404 402 400 398 396
Binding Energy / eV

Figure 10. XPS spectrum of Ols electrons from the surface of carbon steel. Steel coupon processing:
2 M H,SOy4 + 5 mM 3ST, test duration—24 h.

Using the XPS MultiQuant program [46], the thicknesses of the layers formed on the
surface were calculated taking into account the mean free path of electrons A, determined
by Campson and Seah formula [47]. The quantitative ratio of the XPS spectra of atoms
on a steel surface exposed to the inhibited H,SO4 solution without and with subsequent
ultrasonic cleaning shows that a polymolecular CI layer thicker than 4 nm is formed on
the metal. After ultrasonic cleaning of steel sample surfaces that removes the physically
adsorbed inhibitor molecules, only a CI monolayer no thicker than 2 nm remains. The
chemisorbed layer is strongly bound to the metal surface due to interaction with the surface
iron atoms that form chemical bonds with the nitrogen atoms of the triazole ring. The XPS
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spectrum of the steel surface contains no S2p-electron peak, which indicates that the film
contains no sulfate anions. The surface of the metal under such a layer is oxidized to iron
oxide when a sample is washed in the presence of air.

3.8. Protective Aftereffect of Thin 3ST Films

A qualitative confirmation that 35T forms protective films on the surface of carbon steel
in 2 M H;SOy4 solution is that the inhibitor manifests the so-called “protective aftereffect”.
Indeed, the corrosion rate of steel samples exposed for 2-96 h to an inhibited solution (2 M
H,SO4 + 5 mM 3ST), then washed thoroughly and transferred to 2 M H,SO, background
solution, is significantly lower than that of the metal without pretreatment in a solution
containing the CI. The longer the coupon is pre-exposed in a solution containing 3ST, the
lower the corrosion rate of steel is. After 48 h of exposure to the CI solution for inhibitor
adsorption, the maximum corrosion slowdown by a factor of 13 was observed (Figure 11).
The result obtained indicates that the protective layers formed by 3ST on steel have unique
properties. Such layers are capable of protecting the metal in extremely corrosive acid
solutions in the absence of an extra CI in the solution.

6_
4
=
=
S0 2 4
; I
0 2 4 12 24 48 96

t/h

Figure 11. Plot of the steel corrosion rate in the background solution (2 M H,SOy, 2 h) vs. time (1, h)
of preliminary exposure in 2 M HySO4 + 5 mM 3ST (2-96 h).

It was shown that 3ST is an effective inhibitor of corrosion and absorption of hydrogen
by steel in sulfuric acid solutions. The observed effect is due to the formation of thin
protective layers on the steel by the investigated corrosion inhibitor. Determination of the
mechanism of action of this inhibitor is useful for the development of new acid corrosion
inhibitors. The obtained results show that in order to effectively protect steel in a sulfuric
acid solution, it is necessary to use compounds whose molecules form a protective layer on
steels. The presented results are also important for the practice of using organic inhibitors
to protect steels in sulfuric acid solutions. The investigated triazole can be introduced into
industrial solutions of sulfuric acid to prevent corrosion of steel equipment in them. It is
important that in this case the absorption of hydrogen by steel equipment is prevented.

4. Conclusions

1.  Steel protection with the 3-substituted 1,2,4-triazole (3ST) in an H,SO4 solution is
accompanied by the formation of a polymolecular protective layer of CI molecules up
to 4 nm thick on the metal. The lower 3ST monolayer that is adjacent to the metal is
chemically bound to it. The overlying layers are bound to that layer and to each other
by physical interaction. The efficiency of 3ST as an inhibitor of steel corrosion and
hydrogen absorption by steel is determined by the specific features of its inhibitory
action mechanism involving the formation of an organic protective layer on the metal
surface. The formation of protective layers is confirmed by XPS and AFM data and by
the results of studies on their protective aftereffects.
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2. The rate constants of the main stages of hydrogen evolution and permeation into
steel, both in the background H»SO4 solution and in a solution containing 3ST, were
calculated. It was shown that CI decreased the rate of the H+ ion discharge reaction
and the amount of hydrogen absorbed by steel.

3. Due to the reduction in the rate of hydrogen permeation into the metal by 35T, the
plastic properties of steel are partially preserved when it corrodes in HySOy solutions,
whereas complete loss of metal ductility occurs in the background environment.

4.  Lastly, 3ST significantly slows down the anodic reaction of steel in H,SO, solution.
This effect, along with the inhibition of the cathodic process, determines its efficiency
as an inhibitor of steel corrosion in H,SOy solutions.
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