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Abstract

Gravimetric and electrochemical methods were used to study the effect of 2,6-bis(3-fluoro-
4methoxyphenyl)-3-methylpyrilium perchlorate, 2,4-bis(4-ethoxyphenyl)-6-methylpyrilium
perchlorate, phenylthiourea, diphenylthiourea, 2-mercaptobenzothiazole (Kaptax), sodium
diethyldithiocarbamate, and their binary mixtures on the corrosion of steel in sulfuric acid. It
was shown that in a range of concentrations of 10°—10-% mol/L at a temperature of 25°C, these
individual organic compounds decrease the steel corrosion rate. The protective efficiency is
28-94%, depending on the concentration. The efficiency decreases with an increase in
temperature, and at temperatures above 60°C, the inhibiting effect changes to stimulation. The
compounds studied primarily hinder the cathodic evolution of hydrogen, which is the reason
that steel corrosion rate decreases. The efficiency of individual compounds as inhibitors was
compared with the calculated characteristics of the molecules. A strong correlation between the
protective effect of sulfur-containing additives and the energy difference between the lowest
unoccupied and the highest occupied molecular orbitals was revealed. Mixtures of substituted
pyrilium perchlorates with sulfur-containing organic compounds were shown to be more
efficient inhibitors of steel corrosion. At a temperature of 25°C, the protective effect of the
mixtures against steel corrosion is 85-99.7%. The components in the majority of the mixtures
were found to enhance the protective properties of each other. It is shown that if a mixture
contains sulfuric acid, the effective energy of corrosion activation increases, while the
capacitance of the double electric layer decreases. The inhibitor mixtures slow down both
electrode reactions.
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Introduction

Prevention of metal losses in acid treatment is achieved by corrosion inhibitors. Both
individual compounds and their mixtures are used as inhibitors. Organic compounds with
heteroatoms are known to be the most efficient inhibitors of acid corrosion [1-6].
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Components enhance or weaken each other’s protective effects. In most cases, mixtures are
more efficient than individual compounds [7].

Derivatives of substituted pyrilium perchlorate have been studied as individual
inhibitors of the acid corrosion of steel in sulfuric acid [8]. Sulfur-containing organic
compounds are used both as corrosion inhibitors and components of inhibitor mixtures
[9-11].

This work aims at studying the protective properties of pyrilium perchlorate derivatives
and their mixtures with phenylthiourea, diphenylthiourea, 2-mercaptobenzothiazole
(Kaptax), and sodium diethyldithiocarbamate in the acid corrosion of steel in sulfuric acid
and comparing the efficiency of additives with the calculated characteristics of the
molecules.

Experimental

The compounds presented in Table 1 were studied as steel corrosion inhibitors at a
concentration of 10°-10-* mol/L.

Table 1. The compounds studied.

Formula of compound Name and notation
S Me
F | ;/ F
- O O 2,6-bis(3-fluoro-4-methoxyphenyl)-3-
CA]A methylpyrilium perchlorate (PP1)
ClO,
LEt
O
N 2,4-bis(4-ethoxyphenyl)-6-methylpyrylium
B O/J\©\ perchlorate (PP2)
?
Et
ClO,
H-N
=
INH Phenylthiourea (PTU)
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Formula of compound Name and notation

@ \/LL\ ‘D Diphenylthiourea (DPTU)
Iy \|
P‘Il H2

11
@j />—C3 7 2-mercaptobenzothiazole (Kaptax)
c2 N

%!
T Sodium diethyldithiocarbamate (DEDTC)

Preparation of samples and measurement techniques

Samples cut out from low-carbon steel had dimensions of 0.2x1cm? for impedance
measurements, 0.5x1 cm? for polarization measurements, and 1x2.5 cm? for corrosion
measurements. Prior to measurements, the samples were cleaned using a sand paper,
degreased with alcohol, washed with distilled water, and dried with filtering paper. A 0.5 M
solution of sulfuric acid was used as the working electrolyte. Gravimetric measurements
were carried out at temperatures of 25, 40, 60, and 80°C.

Corrosion rate K was calculated using the following formula (1)

Am
K=—"
oS (1)
where Am is the change in mass (grams), t is the duration of the experiment (hours), and S
is the sample area (m?).
The efficiency of the additives was evaluated using the inhibition coefficient y (2) and

the degree of protection Z (3):

y=t2 @

7 (Ko —Ki) -100% (3)



Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 831-850 834

where Ko and K; are the corrosion rates in the uninhibited acid and in the presence of an
inhibitor or a mixture, respectively. The mutual effect of components in the mixture was
estimated in terms of the mutual effect factor ¢ [12]:

G=_Im_ (4)

where ym, v1, and vy, are the inhibition coefficients of the mixture and its individual
components, respectively.

Polarization measurements were carried out using a PI-50.01 potentiostat (Gomel,
Belarus) in a three-electrode temperature controlled cell at a temperature of 25°C. A
platinum auxiliary electrode and a silver chloride reference electrode were used. Potentials
E were measured with respect to the latter. Polarization curves were measured by varying
the potential stepwise from the smaller value of £=—0.7 V to the larger value of E=—0.3V
at 20 mV steps. Current was recorded after holding £ for one minute. Each curve was
reproduced in triplicate, then the results were averaged.

Capacitance measurements were conducted using a Z-500 impedance meter (Elins,
Russia) in a two-electrode cell in a frequency range of 50 mHz—-300 kHz at the corrosion
potential. A cylindrical platinum electrode was used as the auxiliary electrode. The degree
of coverage of the electrode surface was calculated using the formula:

(Co-C)

0= C,

(5)
where Cp and Ciis the capacitance of the double electric layer (DEL) in a sulfuric acid
solution without and with inhibitors, respectively.

Quantum-chemical calculations were carried out by the Hartree—Fock method in the
split-valence basis of Gaussian functions extended with polarization d-functions on heavy
atoms 6-311G(d) using the Gaussian09 software [13]. Geometry was optimized without
symmetry restrictions; the minima on the potential energy surface were characterized by the
absence of imaginary frequencies of calculated normal oscillations.

Results and Discussion

Effect of individual compounds on steel corrosion

Substituted pyrilium perchlorates (PP1 and PP2) are additives of cationic type; sodium
diethyldithiocarbamate is anionic; Kaptax, phenylthiourea (PTU), and diphenylthiourea
(DPTU) are additives of molecular type.

The adsorption of surface-active compounds on an electrode surface varies significantly
depending on the anionic composition of the corrosive medium under study. Let us consider
the effect of the explored compounds on the corrosion of low-carbon steel in sulfuric acid.

The protective effect of the studied additives as a function of concentration in the
corrosion of low carbon steel in 0.5 M sulfuric acid solution is shown in Figure 1.



Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 831-850 835

0,

00

(o)}

0,

0

I

N

il

DPTU Kaptax DEDTC PP1

o

m0,01 w002 m0,05 m0,07 mO,1

Figure 1. Dependence of the protective effect on the nature and concentration of surface-
active compounds, t=25°C, C=0.01-0.1 mmol/L.

With a growth of the concentrations of all additives, the inhibition effect is enhanced.
The protective action of acid corrosion inhibitors is caused by their adsorption, blocking of
active surface centers, and a change in the effective energy of process activation. The
adsorption of the studied compounds on steel surface is described by the Langmuir isotherm
(6) with correlation coefficients of 98.6—99.9%.

C 1
==C+_— (6)
yA Kads

AG,,, =-RTIn(55.55-K__) )

where C is the inhibitor concentration (mol/L), Z is the efficiency of the additive, Ky and
AGggs are a constant and the Gibbs free energy of adsorption, respectively.

The Kags constant and the free energy of adsorption estimated using Equation (7) are
presented in Table 2.

Table 2. Inhibitor adsorption energy and effective energy of process activation in the presence of inhibitors
in the solution. ES, =29.8 kJ/mol.

Values of parameters for inhibitors

Parameter
PTU DPTU Kaptax DEDTC PP1 PP2
Kads-10° 5.0 1.1 1.0 1.0 1.0 0.3
—AGags, kd/mol 33.8 374 37.7 37.7 37.7 40.6

AEqct, kJ/mol 75.6 334 54.7 75.1 73.0 41.8
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The values of AG,ys obtained are indicative of the physical and chemical character of
inhibitor adsorption. The value of | AGags | only exceeds 40 kJ/mol for the PP2 inhibitor,
implying that it is mainly chemisorbed on the steel surface.

In logarithmic coordinates, the plot of inhibition coefficient y vs. C is close to linear,
which is an indication that the steel surface is blocked by the inhibitor (see Figure 2).
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Figure 2. Coefficient of corrosion inhibition in sulfuric acid as a function of concentration of
organic compounds.

As the temperature increases, the corrosion rate also increases, while the protective
effects of the additives decrease. The effective energies of process activation (Ees) in sulfuric
acid with and without inhibitors calculated using the Arrhenius equation are presented in
Table 2.

All the additives increase the Ee of the corrosion process; however, the protective
effect changes to a different extent (see Figure 3). An increase in temperature by 40°C
decreases twofold the degree of protection of the pyrilium perchlorate derivative (PP2), from
71% to 33%. The decrease in the protective effects of thiourea derivatives is 10-20%. The
protective effects of PP1, Kaptax, and DEDTC decrease more considerably.

Thus, all studied organic compounds provide an inhibiting effect on steel corrosion at
temperatures below 60°C. At high a temperature, thiourea derivatives are efficient.

We have studied the effect of the additives on partial electrode reactions of corrosion,
Figure 4.

The inhibitors primarily slow down cathodic release of hydrogen. Additives virtually
do not change the polarizability of the cathodic and anodic reactions, as indicated by the
close values of Tafel coefficients b. and b,. For example, the values of b. and b, in the
uninhibited acid and in the presence of surface-active compounds are 140+10 and 34+5 mV,
respectively. Thiourea derivatives, Kaptax, and PP2 decrease the steel corrosion potential
due to which the anodic reaction seems to be stimulated (Table 3).
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Figure 3. Temperature dependence of the degree of protection provided by the inhibitors.
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Figure 4. Polarization curves of steel in 0.5 M sulfuric acid without (0) and with additives.
Csac=0.01 mmol/L.

Let us compare the efficiency of the inhibitors under study with the calculated
parameters of their molecules. Some calculated characteristics of the inhibitors, including
the dipole moment (), the energy of the highest occupied and lowest unoccupied molecular
orbitals (Enomo and Eiumo), the total of electron densities on heteroatoms (2ep),
electronegativity x (x=(—Enomo—ELumo)/2), hardness n (n=(—Enomo*ELumo)/2), and the
energy difference between the lowest unoccupied and highest occupied molecular orbitals
(AE=ELumo—Enomo) [14, 15] are presented in Table 4.
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Table 3. Dependence of the inhibition coefficient of the cathodic and anodic reactions on the potential and
the additive nature.

Value of y for additives

-E, mV
PP2 PP1 PTU DPTU Kaptax DEDTC
700 3.40 1.27 8.24 12.69 191 1.96
640 2.54 1.15 9.69 16.04 2.04 2.24
480 1.73 0.2 1.94 41.15 — —
420 0.61 1.33 0.59 1.22 0.15 3.59
400 1.19 1.8 0.84 0.56 0.32 2.62
380 1.73 2.04 141 0.85 0.48 32.07
Table 4. Calculated characteristics of inhibitors.

Compound p, D —Evomo (V) Erumo (V) —Xkp, eV 1, eV n, eV AE, eV
PP1 47999 11.30451499 —-3.03354917 1.892 7.169032 4.135483 8.270966
PP2 5.1296 11.08274045 —2.71354075 1.274 6.898141 4.1846 8.3692
PTU 7.224  8.469882616 2.803339032 2.00 2.8335 5.6365 11.27322

DPTU 5.2386 8.202392588 3.032460704  1.895 2.5848 5,526  11.23485
Kaptax 1.2409 8.589613656 2.671362772 0.229 2.9595 5.6305 11.26098
DEDTC 90.801  3.222125556 6.988755228 1.436 -1.8835 5.1055 10.21088

The chemical structures of the compounds under study are significantly different. It is
most correct to analyze the dependence between the calculated value and protective
efficiency for compounds with similar structure. Let us focus on derivatives of substituted
pyrilium perchlorate (group 1) and thiourea (group 2). In both groups, the following patterns
are observed: the higher the values of Enomo, ELumo, AE, 2 ep and ny and the smaller the
value, the stronger the protective effect of a compound. A difference is only observed in the
dependence of efficiency on the dipole moment: in substituted pyrilium perchlorates, the
protective effect increases as the dipole moment increases, while in thiourea derivatives, the
effect decreases. It should be noted that mercaptobenzothiazole, which features the smallest
value of u (Figure 1, Table 4), is the best inhibitor at a 25°C among all the sulfur-containing
compounds. Its other calculated characteristics are close to those of thiourea derivatives
(Table 4). In the mercaptobenzothiazole and DEDTC pair, the protective effect is the
stronger, the larger y, AE, 2ep and n and the smaller p, Enomo and ELumo.

It is known that larger values of Enomo and Eumo facilitate better transfer of electrons
to the d-orbital of a metal, while a large negative electron density on heteroatoms facilitates
the formation of coordination bonds [16—18]. The relationship between the electron density
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on the reaction center of the molecule and its protective effect can be analyzed (Figure 1,
Table 5).

Table 5. Electron density on molecule atoms.

Electron density on atoms, eV

Compound
o1 02 03 F1 F2 - -
PP1 -0.451 -0.385 -0.456 -0.299 -0.301 -
PP2 0444 0386  -0.444 - - - -
S Cl C2 N1 N2 - -
PTU
—-0.373  0.164 0438 -0.755 -0.872 - -
S Cl C2 C3 N1 N2 H1, H2
DPTU
-0.295  0.255 0.444 0.255 -0.8 -0.8 0.364
S1 S2 Cl C2 C3 N -
Kaptax
0.264  -0.051 -0.212  0.262 -0.019 -0.442 -
S1 S2 Cl N C2 C3 -
DEDTC

-0.506  -0.506 0.049 0424 -0.273 -0.273 -

Calculations show that the electron density on the pyrilium oxygen (O2) nearly does
not change if various substituents are introduced. If sulfur should be considered as the
reaction center in sulfur-containing compounds, then the density on S2 (Kaptax, DEDTC)
and S (PTU, DPTU) atoms should be compared. Based on the value of electron density on
the sulfur atom, these compounds can be ordered in the following series of decreasing
electron density: Kaptax, DPTU, PTU, and DEDTC. These compounds also contain nitrogen
that can perform as an adsorption center. Ordering by decreasing density on nitrogen yields
the following series: DEDTC, Kaptax, PTU, and DPTU. The efficiency of phenylthiourea is
lower than that of other sulfur-containing compounds whose protective effect differs
insignificantly. Thus, no correlation of the inhibitor efficiency with an individual heteroatom
IS observed.

It should be noted that rather a high correlation, 0.93—-0.98 and 0.87—-0.98, is observed
for the energy difference between Eumo and Enomo and the hardness n, respectively, for all
the sulfur-containing compounds.

Effect of binary mixtures on steel corrosion

Let us consider the effect of pyrilium perchlorate derivatives with sulfur-containing organic
compounds on the corrosion of binary mixtures (Table 6).
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Table 6. Dependence of the inhibition coefficient and degree of protection on the nature and concentration
of components.

Values of y and Z for mixtures

C-10°,

mol/L DEDTC+PP2 DEDTC+PP1 Kaptax +PP2 Kaptax +PP1
Y Z, % Y Z,% Y Z, % Y Z, %
1 323 69.08 151 33.63 80.78 98.76 6.06 83.5
2 83.08 98.79 1.68 4047 83.09 98.79 6.82 85.35
5 923 9891 329 69.64 116.32 99.14 8.38 88.0
7 223 9955 6.34 84.23 181.75 99.45 8.49 88.23
PTU+PP2 PTU+PP1 DPTU+PP2 DPTU+PP1
1 348 97.13 166.6 99.39 5.0 80.0 100.96 99.0
2 22.38 9553 138.83 99.28 5.66 82.34 158.67 99.36
5 3341 97.0 15146 99.34 7.14 85.99 185.11 99.46
7 53.32 98.12 4165 99.76 9.87 89.86 370.22 99.73

The inhibition coefficients in the presence of inhibitor mixtures in solutions at a
temperature of 25°C are larger than those of individual compounds, see Figures 1 and 5. The
coefficients of mutual influence of the components are presented in Table 7.

Table 7. Dependence of the coefficient of mutual influence on the nature and concentration of components.

Value of ¢ for mixtures

rCnol|?|5_ DEDTC and... Kaptax and... PTU and... DPTU and...
PP2 PP1 PP2 PP1 PP2 PP1 PP2 PP1
1 0.40 0.06 37.83 0.31 11.88 23.1 12.16 8.36
2 1832 0.03 30.79 0.17 13.59 11.7 13.36 4.4
5 1240  0.05 41.69 0.09 19.64 8.84 6.29 3.01
7 3738 0.8 0.40 0.08 3.23 19.3 0.22 2.8

The mixtures of PP1 with DEDTC or Kaptax exhibit a mutual weakening of efficiency.
In the other mixtures, the coefficients of mutual influence are most frequently larger than
one and the components mutually enhance each other’s protective effect.

If the temperature increases, the protective effect of both the mixtures and individual
compounds diminishes; the coefficient of mutual influence of the components also changes
(see Tables 8 and 9).
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Table 8. Dependence of inhibition coefficients and degree of protection on the composition, concentration
of the first component in the mixture, and temperature. Concentration of the second component:
C=0.1 mmol/L.

t,°C Parameter

Values of parameters for the following concentrations of the first component
in a mixture, mmol/L

0.01 0.02 0.05 0.07 0.01 0.02 0.05 0.07
PP1+PTU PP1+DPTU
10 Y 246  28.90 29.25 26.71 35.32 34.71 54.41 51.62
Z,% 59.41  96.54 96.58 96.26 97.17 97.12 98.16 98.06
- Y 2.34 6.08 26.99 26.88 22.47 67.66 40.33 17.48
Z,% 57.27 83.56 96.29 96.28 95.55 98.52 97.52 94.27
80 Y 2.03 4.59 1.98 2.94 1.29 2.82 3.62 8.68
Z,% 50.84 78.23  49.49 79.79 22.70 64.57 72.39 88.49
PP1+ Kaptax PP1+DEDTC
40 Y 23.77  25.53 24.32 42.20 18.66 43.54 32.23 21.21
Z,% 95.79  96.08 95.89 97.63 94.64 97.70 96.90 95.28
60 Y 1.05 1.27 1.35 1.91 1.27 2.25 4.04 3.69
Z,% 437  21.47 25.92 47.61 21.48 55.46 75.26 72.92
80 y 1.54 1.47 1.23 1.36 1.16 1.14 1.50 1.52
Z,% 3520 321 19.00 26.55 13.63 12.51 33.12 34.37
PP2+PTU PP2+DPTU

10 Y 61.16 70.56 33.16 35.28 98.37 82.84 104.93 149.9
Z,% 98.36  98.58 96.98 97.17 98.98 98.79 99.04 99.3

60 y 11.87  9.03 23.75 13.67  48.36 124.34 145 136
Z,% 9157 88.92 95.78 92.68 97.93 99.19 99.3 99.26
80 y 4.71 5.53 25.49 37.8 62.5 38.6 64.02 54.68
Z,% 78.75 81.93 96.07 97.35 98.4 97.4 98.43 98.17

PP2+ Kaptax PP2+DEDTC

40 y 29.28 30.65  35.04 67.66 24.67 33.63 31.49 46.84
Z,% 96.58 96.74 97.14 98.52 95.95 97.03 96.82 96.82

50 y 7.6 2058  37.11 37.40 0.98 0.8 1.06 1.2
Z,% 86.84 95.14 97.31 97.33 - - 5.85 16.7

80 Y 1.15 2.52 35.18 1.17 1.01 1.26 1.97
Z,% 12.86 60.24 97.16 15.11 1.2 20.68 49.39
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Table 9. Dependence of the mutual influence coefficient on the nature and concentration of the components
and temperature.

Value of o for mixtures

C-10°,

mol/L DEDTC with... Kaptax with... PTU with... DPTU with...
PP2  PP1 PP2 PP1 PP2 PP1 PP2 PP1
40°C
1 6.65 23.55 1.69 12.68 8.54 3.07 31.62 101.2
2 3.31 44.69 1.27 12.82 6.86 29.29 18.53 80.89
5 3.48 30.78 1.64 9.82 3.63 27.58 26.39 118.0
7 0.38 0.64 1.32 7.19 0.30 1.95 0.28 1.64
60°C
1 1.13 2.39 8.56 1.92 35.99 10.13 62.14 47.28
2 0.09 4.65 2.31 2.58 3.45 29.04 15.88 156.88
5 0.14 5.13 4.81 1.68 15.19 78.98 16.94 57.33
7 0.09 1.60 2.76 0.84 0.43 5.07 8.80 451
80°C
1 0.07 0.64 0.08 1.21 1.57 6.26 59.53 7.60
2 0.05 0.65 0.08 1.18 1.44 14.42 3.71 16.99
5 0.11 0.74 0.31 0.86 12.38 5.44 59.30 18.99
7 0.32 2.17 4.0 1.36 1.10 1.27 0.75 0.40

It should be noted that the mixtures of substituted pyrilium perchlorate with thiourea
derivatives preserve their protective properties at elevated temperature as well (Z=48-98%).
Mixtures with Kaptax or sodium diethyldithiocarbamate are not efficient at temperatures
above 60°C.

The coefficient of mutual influence is determined by the composition, concentration of
components, and temperature. The mutual enhancement of the effect of additives at all the
temperatures studied persists almost irrespective of the mixture in the case of compositions
with thiourea derivatives. The coefficient of mutual influence is also higher than one for a
mixture with Kaptax at temperatures below 80°C. The other compositions more often exhibit
weakening of the protective properties of components at elevated temperatures (Table 9).

The calculated values of the effective activation energy of the corrosion process in the
presence of mixtures in sulfuric acid are displayed in Table 10.
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Table 10. Effective activation energies of corrosion depending on the nature and composition of the

inhibiting mixture, E

° =68 kJ/mol.

act

Values of Eact (kJ/mol) for mixtures

C-10%
mol/L PP1 with... PP2 with...

Kaptax DEDTC PTU DPTU Kaptax DEDTC PTU DPTU
0.01 78.5 79.4 1324 146.1 152.6 2117 993 65.0
0.02 95.6 98.2 1283 127.9 134.2 1529 986 97.6
0.05 93.5 85.9 1348 131.7 124.7 1427 634 66.8
0.07 102.3 86.4 1344 138.9 41.6 1565 64.7 68.2

The effect of mixtures on partial electrode reactions is shown in Figures 5 and 6.
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Figure 5. Polarization curves of steel in 0.5 M sulfuric acid without (0) and in the presence of
mixtures of PP2 and sulfur-containing organic compounds. C=0.01 mmol/L; Cep2=Var,
mmol/L: 0.01 (1), 0.02 (2), 0.05 (5), and 0.07 (7).
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Figure 6. Polarization curves of steel in 0.5 M solution of pure sulfuric acid (0) and in the
presence of mixtures of pyrilium perchlorate with DPTU, PTU, DEDTC, and Kaptax. The
concentration of sulfur-containing components in the mixture is 0.1 mmol/L; Cpp1=Var,
mmol/L: 0.01 (1), 0.02 (2), 0.05 (5), and 0.07 (7).

Regardless of the concentration of the second component, the mixture slows down both
partial electrode reactions of the corrosion process.

Apart from the changes in the process activation energy, acid corrosion inhibitors
provide a protective effect by changing the structure of the double electric layer and blocking
a fraction of the electrode surface. To determine the coverage of the electrode surface by
inhibitors and their mixtures, impedance spectroscopy was used.

The Nyquist plots that characterize the frequency dependence of the real and imaginary
impedance components are shown in Figures 7-9.

In the region of medium and high frequencies, the plots have the form of a semicircle,
and, if inhibitors or their mixtures are added to the solution and the component concentration
in the mixture is varied, its radius is larger than that in pure sulfuric acid. This indicates that
the additives and their mixtures manifest an inhibiting effect.
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Figure 7. Nyquist plots for a steel electrode in sulfuric-acid solutions in the presence of
individual compounds. C=0.1 mmol/L.
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mixtures of compounds. The concentration of the sulfur-containing compound is 0.1 mmol/L;
the concentration of PP1 (mmol/L) is 0.01 (1), 0.02 (2), 0.05 (5), and 0.07 (7).
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Figure 9. Nyquist plots for a steel electrode in sulfuric-acid solutions in the presence of
mixtures of compounds. The concentration of the sulfur-containing compound is 0.1 mmol/L;
the concentration of PP2 (mmol/L) is 0.01 (1), 0.02 (2), 0.05 (5), and 0.07 (7).

The plots obtained are satisfactorily simulated by the following equivalent circuit:

—FII—-'[:'IZ]-—EFEI—- (1)

In the equivalent circuit shown above, R; is the electrolyte resistance, R; is the charge
transfer resistance, C is the DEL capacitance, and CPE is the constant phase shift element.
The DEL capacitances and the degrees of surface coverage ® with inhibitors and their
mixtures are presented in Table 11.
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Table 11. Dependence of the capacitance and the degree of surface coverage on the nature of additives and
concentration of one component in the mixture. The capacitance in 0.5 M HzSO4solution is 4.2-10° F. The
concentration of individual additives is 0.1 mmol/L.

Additive C-105 F ® Additive C-10% F C]
PP1 0.37 0.90 Kaptax 1.18 0.48
DEDTC 11 0.74 PP2 1.24 0.71
DPTU 1.14 0.73 PTU 1.88 0.55
PP1+DEDTC PP1+Kaptax
1* 4.1 0.023 1 14 0.67
2 2.18 0.52 2 1.29 0.69
5 2.1 0.53 5 1.6 0.62
7 2 0.52 7 1.8 0.57
PP1+DPTU PP1+PTU
1 1.22 0.709 1 1.8 0.57
2 1.73 0.59 2 2.3 0.45
5 1.16 0.72 5 2.3 0.45
7 14 0.67 7 1.8 0.57
PP2+DEDTC PP2+Kaptax
1 2.5 0.4 1 1.2 0.71
2 2.48 0.4 2 1.2 0.71
5 2.6 0.38 5 1.2 0.71
7 2.6 0.38 7
PP2+DFTC PP2+FTC
1 1.5 0.64 1 1.06 0.74
2 1.24 0.71 2 1.28 0.7
5 1.43 0.67 5 1.26 0.7
7 1.82 0.57 7 1.45 0.67

*Note: Numbers 1, 2, 5, and 7 indicate the concentrations of the second component in the mixture equal to
0.01, 0.02, 0.05, and 0.07 mmol/L.

In the presence of individual organic compounds and their mixtures, in agreement with
the expectations, the DEL capacitance is lower than in pure sulfuric acid. In most cases, it
changes in a regular manner if the concentration of the mixture components is varied.
Sometimes, large capacitance values in mixtures and, consequently, values of the degree of
surface coverage with inhibitors that are smaller compared to the pure additives are observed.



Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 831-850 848

It is possible that in the case of joint adsorption of mixture components, effects are exhibited
(for example, steric ones) that affect the DEL structure. Nevertheless, the effect of surface
blocking works. Inhibitors and their mixtures slow down corrosion by a mixed activation
and blocking mechanism.

Conclusions

1.
2.

The compounds studied are inhibitors of steel corrosion in sulfuric acid solution.
Derivatives of pyrilium perchlorate, phenylthiourea, and diphenylthiourea mutually
enhance each other’s effects in mixtures regardless of the temperature and composition.
Sodium diethyldithiocarbamate and substituted pyrilium perchlorates mostly mutually
weaken the protective properties. Mercaptobenzothiazole and pyrilium perchlorates
decrease each other’s efficiency at temperatures below 80°C.

. Individual inhibitors are predominantly cathodic-type additives and slow down hydrogen

evolution. The mixtures affect both partial electrode reactions of the corrosion process.

. Components and inhibitor mixtures slow down corrosion by increasing the effective

activation energy and blocking the steel surface.
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