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The inhibition ability of four 1,3,4-thiadiazolium-2-phenylamine chlorides (MI 1-4) towards carbon
steel corrosion in 1.0 M HCI and 0.5 M H,SO, was evaluated by potentiodynamic polarization (PP),
the linear resistance to polarization (LRP) and electrochemical impedance spectroscopy (EIS) at
different inhibitor concentrations. Polarization curves showed that all the evaluated compounds act as
mixed inhibitors with a tendency to become anodic in both acids. EIS plots indicated that the presence
of all compounds increases the charge transfer resistance of the corrosion process, thus increasing the
corrosion inhibition efficiency in both acids. These derivatives exhibit good inhibition properties in
both acidic solutions, and the adsorption on the carbon steel surface follows the Langmuir isotherm
model in both acidic media. Theoretical calculations were also performed, and the calculated quantum
parameters correlated with the experimental results, thus supporting the conclusions reached from the
electrochemical data.
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1. INTRODUCTION

Corrosion has been one of the greatest issues in industrial processes as it brings about
significant material and financial losses. Industrial metal structures are constantly exposed to an
environment that promotes corrosion; in addition, acid pickling and the cleaning of equipment in
refineries that use acidic media promotes and speeds metal corrosion, thus affecting equipment
operation and durability [1,2]. Organic inhibitors have been used as promising alternatives to prevent
corrosion. These inhibitors are usually adsorbed on the metal surface forming a coordinate bond
(chemical adsorption) or are adsorbed through an electrostatic interaction between the inhibitor and the
metal (physical adsorption) [3]. These interactions lead to the formation of a film that reduces or
prevents the contact of the metal surface with the corrosive medium. Several reports have shown that
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heterocyclic compounds containing nitrogen, oxygen and sulfur atoms have anticorrosion activity on
carbon steel in acidic media [4,5]. The polar groups containing these atoms and electrons are usually
adsorbed on the metal surface forming a uniform coating [6-11].

Although there are several studies in the literature regarding corrosion efficiency and
heterocyclic compounds, the heterocyclic compounds containing a thiadiazolium ring have shown
more significant efficiency on copper and steel in acidic and salt media [12-15] over others.
Additionally, salts of the thiadiazolium class, named mesoionic compounds, have been little studied to
date [16,17]. The corrosion inhibition efficiency of these compounds might be connected to the low
values of ionization energy, which work as electron donors, besides the presence of nucleophilic and
electrophilic centers in their structures, which promote the adsorption of the molecules on the metal
surface. In addition, the presence of a sulfur atom favors a greater interaction when compared to other
compounds with an oxygen atom [6,18,19].

Therefore, the aim of this work was to evaluate the inhibitory properties of four mesoionic
compounds of the 1,3,4-thiadiazolium-2-phenylamine chloride, MI-1, MI-2, MI-3 and MI-4, on AISI
1020 carbon steel in HCI 1.0 mol L™ and in H,S04 0.5 mol L™ using the electrochemical techniques of
potentiodynamic polarization (PP), linear resistance to polarization (LRP) and electrochemical
impedance spectroscopy (EIS). Further, density functional theory (DFT) calculations were performed,
and the quantum parameters, HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energies, charges and hardness were used to correlate the structure of
the 1,3,4-thiadiazolium-2-phenylamine salts with their corrosion inhibition efficiencies on carbon steel
in HCI and H,SO, acids.

2. MATERIALS AND METHODS

2.1. Synthesis of 5-(X-phenyl)-1,3,4-thiadiazolium-2-phenylamine chloride(MI 1-4)

. Cl-
/N\'\\' Q
o
X H
X = 4-Cl (MI-1): 4-F (MI-2); 2-CI (MI-3); 2-F (MI-4)

Figure 1. Chemical structure of the mesoionic chlorides Ml 1-4.

The mesoionic derivatives 5-(4’ or 2’-X-phenyl)-1,3,4-thiadiazolium-2-phenylamine chloride
(M1 1-4), where MI-1 X=4-Cl, MI-2 X=4-F, MI-3 X=2-Cl, and MI-4 X=2-F (Figure 1), were prepared
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by convergent synthesis using 1,4-diphenyl-thiosemicarbazide, substituted benzaldehydes in the
presence of SOCI, and few drops of 1,4-dioxane for homogenization of the reaction mixture.
Afterwards, the mixture was submitted to microwave irradiation in a scientific oven (CEM-Discover,
magneton 2,450 MHz) [20]. The solids formed were placed in cold 1,4-dioxane and then were filtered
and washed with cold hexane. All compounds were fully characterized by IR, 'H and *C NMR
methods.

5-(4’-chloro-phenyl)-1,3,4-thiadiazolium-2-phenylamine chloride — MI-1

Yield 52%, m.p. 262 °C. Infrared (KBr)v cm™: 3429 (N-H), 3049 (C-H aromatic), 2849
(C=N"), 1570 (C=N), 1321 (C-S), 831 (C-Cl)."H NMR (DMSO-ds) & (ppm): 12.93 (5,1H, N-H), 7.94—
7.43 (m, 14H, H-C), 7.15 (t, 1H, H-C4>>*). **C NMR (DMSO-dg) & (ppm): 163.4 (C2), 161.2 (C5),
138.9 (C4°), 138.5 (C1°"), 138.0 (C1°"), 122.6 (C1’). Anal. Calc. for C5oH;5CI,N3S: C, 60.01; H, 3.78;
N, 10.50; Found: C, 60.06; H, 3.82; N, 10.47.

5-(4 -fluor-phenyl)-1,3,4-thiadiazolium-2-phenylamine chloride — MI-2

Yield 75%, m.p. 208 °C. Infrared (KBr) v cm™: 3435 (N-H), 3049 (C-H), 2774 (C=N%), 1572
(C=N), 1323 (C-F), 1138 (C-S).*H NMR (DMSO-ds) & (ppm): 12.85 (s, 1H, N-H), 7.75-7.41 (m, 14H,
H-C), 7.16 (t, 1H, H-C 4°°*).3C NMR (DMSO-ds) & (ppm): 165.6 (C2), 163.6 (C4), 160.8 (C5), 138.7
(C1°7?), 138.8 (C17?), 119.9 (C1’). Anal. Calc. for CxH;5CIFN3S: C, 62.58; H, 3.90; N, 10.95; Found:
C, 62.63; H, 3.96; N, 10.89.

5-(2’-choro-phenyl)-1,3,4-thiadiazolium-2-phenylamine chloride — MI-3

Yield 80%, m.p. 258 °C. Infrared (KBr) v cm™: 3431 (N-H), 3059 (C-H), 2689 (C=N"), 1568
(C=N), 762 (C-CI), 689 (C-S)."H NMR (DMSO-ds) & (ppm): 12.92 (s, 1H, N-H), 7.89-7.44 (m, 13H,
H-C), 7.16 (t, 1H, C-H).*C NMR (DMSO-ds) & (ppm):162.8 (C2), 160.9 (C5), 138.8 (C1°"), 137.8
(C17%), 132.8 (C2’).Anal. Calc. for CH15CIN3S: C, 60.01; H, 3.78; N, 10.50; Found: C, 60.07; H,
3.83; N, 10.44.

5-(2-fluor-phenyl)-1,3,4-thiadiazolium-2-phenylamine chloride — MI-4

Yield 98%, m.p. 207 °C. Infrared (KBr) v cm™: 3437 (N-H), 3057 (C-H), 2664 (C=N"), 1570
(C=N), 1323 (C-S), 1225 (C-F), 689 (C-S)."H NMR (DMSO-ds) & (ppm):12.97 (s, 1H, N-H), 7.68-
7.35 (m, 13H, H-C), 7.14 (t, 1H, H-C 4°>*).®C NMR (DMSO-dg) & (ppm): 161.9 (C2), 159.5 (C2’),
157.4 (C5), 138.4 (C1°*’), 137.9 (C1’), 111.5 (C17).Anal. Calc. for C2H15CIFN3S: C, 62.58; H, 3.90;
N, 10.95; Found: C, 62.61; H, 3.94; N, 10.91.

2.2. Theoretical calculations

Theoretical calculations were performed using density functional theory (DFT) with the M06-
2X functional and 6-31+g (d,p) basis set. The functional and basis set were chosen based on previous
studies. The M06-2X functional, a meta exchange-correlation functional [21], has been proven to be
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very reliable for investigations on reaction mechanisms and has overcome the popular B3LYP
functional in predicting quantitative structure-property relationships and local quantum descriptors
[22]. Zhan and co-authors demonstrated that 6-31+g (d,p) is such an economical basis set that it is
sufficient for predicting the energy of the frontier orbitals [23]. The geometry of each 1,3,4-
thiadiazolium-2-phenylamine salt was optimized and confirmed by inspection of the vibrational
frequencies calculated at the same level of theory. The energies of the frontier orbitals were determined
from these calculations, as well as from several correlated quantities (HOMO-LUMO gap, hardness
(m) and ionization energy, the latter was obtained from Koopmans’ theorem). The Mulliken charges on
each atom and the molecule dipole moment () were also determined.

2.3. Electrochemical experiments

Stock solutions were prepared in methanol: Milli-Q water (7:3 v/v) at concentrations of 3.5x10°
%-1.75x10® and 3.5%x10® mol L™ in 1.0 mol L™ HCI and 0.5 mol L™ H,SO,.

Assays were performed at room temperature using an electrochemical three-electrode cell,
paired with a working electrode of AISI 1020 carbon steel (a surface area of 0.786 cm?; composition
(%): C: 0.17, P: 0.04, S: 0.05, Mn: 0.30; and the remainder in Fe), a platinum auxiliary electrode and a
silver/ silver chloride (Ag/AgCl) reference electrode. The electrode was prepared by embedding the
steel rods in epoxy resin and exposing the surface area. Before each measurement, the steel surface
was abraded with 600, 800 and 1200 grade emery paper, washed with triply distilled water, degreased
with ethanol and dried [24]. The electrolytes were 1 mol L™ HCI and 0.5 mol L™ H,SO,, and all
experiments were carried out in 40 mL solutions of naturally aerated electrolyte at 25 °C.

Measurements were taken using Autolab PGstat potentiostat/galvanostat; PP and EIS data were
analyzed using NOVA 1.8 software. PP measurements were performed at a 1 mV s scan rate with
potential ranging at £ 200 mV around the open circle potential (Eocp) after the immersion of the
working electrode for 30 min to reach steady-state conditions. EIS measurements were taken through
the corrosion potential (Ecorr) in an interval between 0.1 and 100,000 Hz with a 10 mV peak-to-peak
amplitude using an alternating current signal. In the LPR assays, the potentials ranged between -10 mV
and +10 mV. The polarization resistance (Ry) in carbon steel was obtained by the slope of the straight
line, and this value was associated with the resistance to material corrosion.

3. RESULTS AND DISCUSSION

3.1. Synthesized compounds

The synthesized mesoionic salts (MI-1-MI-4) were obtained in good yields, and the chemical
structures were confirmed using elemental analyses, FTIR, '"H NMR and "C NMR spectroscopies as
indicated in Materials and Methods.

3.2. Potentiodynamic Polarization measurements
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Potentiodynamic polarization has enabled the evaluation of the anticorrosion activity based on

the current density of each compound (Ml — 1-4).
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Figure 2. Polarization curves for AISI 1020 carbon steel in 1.0 mol L™ HCI, in the presence or absence
of Ml 1-4 at different concentrations: + Blank (without inhibitor); 3.15x10° mol L’

1. A9.4x10° mol LL; #1.5x10™* mol L™;*2.5%10 mol L™!; and m 3.15%x10™ mol L™.
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Figure 3. Polarization curves for AISI 1020 carbon steel in 0.5 mol L™ H,SO,, in the presence or
absence of MI 1-4 at different concentrations: + Blank (without inhibitor); ®3.15x10™ mol L’
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Tafel curves were obtained using the data from these assays, l0g i Versus the current
potential (Figures 2 and 3). As shown in Figures 2 and 3, the values of the corrosion current density
(icorr) decrease with the increasing concentration of the inhibitory compounds for both acids, HCI and
H.SO,. The decline in the corrosion current density in the presence of the inhibitor may be associated
with the adsorption of the mesoionic chlorides on the carbon steel surface.

According to the PP curves, the presence of the inhibitors promoted a reduction in the density
of both the anodic and cathodic currents, as well as an E¢qr shift in all tested compounds in both acids.
These results indicated that by adding corrosion inhibitors to the solution, the steel anodic dissolution
decreases, the cathodic evolution of hydrogen is delayed in both acids and such effects are increased
with the increasing concentration of the inhibitors.

The linear resistance to polarization (LRP) tests were performed under the same conditions as
the potentiodynamic polarization (PP) tests with MI 1-4 compounds and both acids. The inhibition
efficiency was calculated using Equation 1.

Rp — Rp

nLpr(%) = x 100 €Y

P
where R, and R’, are the polarization resistance values in the presence and the absence of the inhibitor,

respectively.

Tables 1 and 2 show the inhibition efficiency values for each concentration, as well as the
kinetic electrochemical parameters, such as the corrosion potential (Eco), cathodic and anodic Tafel
slopes (b and by) and corrosion current density (jcorr), Obtained by the extrapolation of the Tafel lines,
for AISI 1020 carbon steel in 1 mol L™ HCI and 0.5 mol L™ H,SO, solutions. The inhibition
efficiencies (y7.pr %) by LRP for both acids are also shown in Tables 1 and 2.

Table 1. Kinetic parameters obtained from the Tafel plots and the anticorrosion efficiency obtained by
the potentiodynamic polarization and linear polarization resistance (;.pr) for C-steel in 1 mol
L™ HCI in the presence or absence of the mesoionic hydrochlorides (M1 1-4).

Inhibitor Potentiodynamic polarization-PP LPR
Concentration B . Ecor jcorr nLPR
(mol L™) (mV dec™) (mV dec?) (mV/SCE) (10°Acm?) | (%)
Blank 0.2686 0.089303 -0.46792  0.00021 :

MI-1

3 15x10° 0.1330 00635 -0.4551 2.61 73
9.4x10°% 0.1826  0.0633  -0.4480 1.84 79
1.5x10™ 01992 00699  -0.4416 1.64 84
25x10™ 01928  0.0693 -04226 102 92
3.15x10 0.1944 00687 -0.4263 092 01
MI-2

3.15x10° 0.1239  0.0602  -0.4671 3.59 52
9.4x10° 0.1454 00616  -0.4517 2.09 67
1.5x10™ 0.1575 00635  -0.4472 1.77 78
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25x10° 0.1675

3.15x10 0.1645

MI-3

3.15x10° 0.2798

9.4x107° 0.4847

1.5><10';1 0.1779

2.5x10"

e 0.1538
' 0.1578

MI-4

3.15x10° 0.0839

9.4x107° 0.1608

1.5x10™ 0.1426

2.5%x10™

e 0.1559
' 0.1719

0.0603
0.0627

0.0831
0.0720
0.0708
0.0572
0.0741

0.1336
0.0617
0.0594
0.0601
0.0629

-0.4346
-0.4322

-0.4643
-0.4482
-0.4405
-0.4144
-0.4310

-0.4793
-0.4497
-0.4393
-0.4297
-0.4191

1.34
0.99

9.91
6.50
1.88
0.92
0.59

5.56
2.38
1.13
0.85
0.88

85
88

46
69
77
87
92

50
76
88
91
92
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Table 2. Kinetic parameters obtained from the Tafel plots and anticorrosion efficiency obtained by the
potentiodynamic polarization and linear polarization resistance (;.pg) for C-steel in 0.5 mol L™
H,SO;, in the presence or absence of the mesoionic hydrochlorides (M1 1-4).

Inhibitor Potentiodynamic polarization-PP LPR
concen_tlration A A Ecorr Jeorr FLPR
(mol L) (mV dec?) (mVdec’) (mVISCE) (10°Acm?) | (%)
Blank 0.2377  0.1051 -0.4749 42.879 -
MI-1

315x105 |0-1813  0.0541 -0.4800 12.05 43
9 4x10° 0.0928  0.0357 -0.4646 1.96 75
1.5x10™ 0.1147  0.0585 -0.4430 0.94 96
25x10" 101092 0.0724 -0.4389 1.00 96
31407 101137 oo782  -04353 0.90 %
MI-2

315x105 |0-1286  0.0415 -0.4765 4.97 64
9 4x10° 0.1460  0.0448 -0.4736 3.89 65
1.5x10™ 0.1093  0.0449 -0.4573 1.62 83
25x10" 101200  0.0539 -0.4409 0.96 95
315<107 190919 0.0461 -0.4310 0.97 94
MI-3

315x105 |0-1550  0.0531 -0.4875 9.52 47
9 4x10° 0.0534  0.0381 -0.4494 0.38 95
1.5x10™ 0.0485  0.0353 -0.4342 0.41 95
2-5><10'4_4 0.0684  0.0562 -0.4388 0.41 96
315x107 150003 0.0671 -0.4319 0.47 97

MI-4
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315x105 |0-1064  0.0344 -0.4691 3.36 72
9.4x10° 0.0509  0.0353 -0.4540 0.64 92
1.5x10™ 0.0680  0.0513 -0.4517 0.70 91
2-5><10'4_4 0.1046  0.0729 -0.4478 0.87 96
3154107 190744 0.0530 10.4340 0.46 96

3.3. Electrochemical Impedance Spectroscopy (EIS)

EIS assays have confirmed the results obtained by the PP and LRP techniques. A Nyquist plot
is an alternative way to represent the results at characteristic frequencies using the charge transfer
function and varying the frequency from zero to infinity. The Nyquist plots in Figures 4 and 5 show a
single semicircle shifted along the real impedance axis (Z.a), thus indicating that the tested
compounds exhibit anticorrosion efficiency controlled by a load transfer process for both HCl and
H,SO4 [25]. The inhibition efficiencies for each inhibitor concentration in both electrophilic media
were calculated using Equation 2 [26].

0
100 (2)

R..—R
Ne1s (%) = % X
ct

The Nyquist plots showed a capacitive arc, since the carbon steel electrode generates a signal
related to the formation of a passive film. The corrosion resistance can be determined through the
Nyquist diagram. The less developed the arc in the diagram is, the larger the diameter of the semicircle
extrapolated at the real axis (Z’) is.
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Figure 4. Nyquist diagrams for AISI 1020 carbon steel in 1.0 mol L™ HCI, in the presence or absence
of MI1-4 at different concentrations: + Blank (without inhibitor); 3.15x10° mol L
A9.4x10° mol L™; 1.5x10™* mol L™!; *2.5x10™ mol L™"; and m 3.15%10 mol L™,
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Figure 5. Nyquist diagrams for AISI 1020 carbon steel in 0.5 mol L™ H,SO,, in the presence or the
absence of MI 1-4 at different concentrations: + Blank (without inhibitor); ® 3.15x10®° mol L;
A9.4x10° mol L"; 1.5x10™* mol L™; * 2.5x10" mol L™; and m 3.15x10™* mol L™,

MI-3 demonstrated the best corrosion inhibition efficiency at a concentration of 3.5x10°® mol
L™ i.e., 92% by EIS and 93% by LRP in the presence of HCI and 99% by EIS and 97% by LRP in the
presence of H,SO,. The interaction between the inhibitor and the metal surface did not show a
significant change after the positioning of the substituent chlorine in the aromatic ring. Although there
have been no reports in the literature regarding the anticorrosion efficiency of salts derived from the
1,3,4-thiadiazolium-2-phenylamines, other heterocyclic compounds from the 1,3,4-thiadiazole class
showed good efficiencies in a HCl medium on mild steel at lower concentrations. For instance, at a
concentration of 12x10™ mol L™, 2,5-bis-(3-pyridyl)-1,3,4-thiadiazole presented efficiencies of 93.5%
and 98% by PP and EIS in HCI and 91% and 96.7% in H,SQO,, respectively [27]. However, at a
concentration of 6x10° mol L™, 4-amino-5-phenyl-1,3,4-thiadiazole showed efficiencies of 77.6% and
88.6% by PP and EIS in HCI and 95.8% and 96.6% in H,SO,, respectively [28]. Finally, at a
concentration of 12x10™ mol L, 2,5-bis-(4-pyridyl)-1,3,4-thiadiazole presented efficiencies of 85.8%
and 86.6% by PP and EIS in HCI and 82.6% and 82.3% in H,SO,, respectively [29].

The double-layer capacitance (Cqj), which provides information on the protective film formed
on the metal surface using Equation 3, was calculated through the electrochemical impedance. Tables
3 and 4 show the values used for calculating the double-layer capacitance in HCI and H,SO, assays,
respectively.

Ca= ———— ©)

IM Fmax fee
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where fnax IS the frequencyin which the imaginary component shows the maximum frequency and R is

the charge transfer resistance.

Figure 6 illustrates the equivalent circuit used for the analysis of all EIS spectra in both acids,
thus representing a single charge transfer reaction, which corroborates the experimental results [30-

33].

Figure 6. Equivalent circuit model used to fit the EIS experimental data.

CPE

Tables 3 and 4 show the values of the EIS parameters: solution resistance (Rs), charge transfer
resistance (Rc), double-layer capacitance (Cqj), inhibition efficiency (1 %) and the degree of surface

coverage (0).

Table 3. Electrochemical parameters obtained from the EIS plots for C-steel in 1 mol L™ HCl in the
presence or absence of the mesoionic hydrochlorides (Ml 1-4).

Inhibitor _ ) Ry fro Cai —
((:I(T)]r:)(ies_tlr)atlon (Q cmz) (Hz2) (uF cm'z) (%)
Blank - 44.73 ; 256

MI-1

3.15x10° 069 14891 7.94 4661 69
9.4x107° 0.75 174.28 7.94 37.53 75
1.5x10™ 079 216.15 6.31 37.12 79
25x10* 0.88 38300 398 3164 88
3.15x10 091 54783 501 2033 01
MI-2

3.15x10° 051  90.82 1584  47.98 51
9.4x10° 062 11593 1584 4121 62
52284 072 16387 1259  26.01 72
31510 083 26870 1259  19.54 83
MI-3 086 33515 7.94  19.66 86
3 15x10° 055 9726  7.94  64.17 44
9.4x10° 063 12225 1259  31.99 63
1.5x10 080 25956 1000  31.29 80
2.5x10™ 087 33671 631 2836 87
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3.15x10°
MI-4

3.15x10°
9.4x10°
1.5x10™
2.5x10*
3.15x10™

0.92

0.45
0.71
0.81
0.87
0.90

644.23

69.40
134.97
213.30
333.37
395.82

5.01

12.59

10.00

10.00
7.94
6.31

15.28

55.94
41.37
26.87
20.61
20.85

93

45
71
81
87
90

6988

Table 4. Electrochemical parameters obtained from the EIS plots for C-steel in 0.5 mol L™ H,SOy in

the presence or the absence of the mesoionic hydrochlorides (M1 1-4).

Inhibitor _ Ry fro Cai —_—
((:r%rgiegtlr)atlon 4 (Q sz) (Hz) (uF cm'z) (%)
Blank - 92.76 39.81 431
MI-1
315x10° 0.36 14425 3020  3.65 35
9.4x10% 065 26271 2291 265 65
1.5x10™ 0.81  486.40 13.18 2.48 81
25x10™ 094 158827 575 017 94
3.15x10 093 144139 575  0.19 03
MI-2
3.15x10° 044 18274 3981 219 44
9.4x10° 056 22932 2291  3.03 56
52:184 062 54968 2291  1.26 62
3 15x10° 0.87 204884 1318 059 87
MI-3 092 165679 1000  0.96 92
3.15x10° 042 17444 3020  3.02 42
9-4><10:j 0.66 30029 2291 231 66
52284 082 56654 1738  1.62 82
3 15x10" 092 133270 1318 0091 92
095 194652 758 0.1 95
MI-4
3 15x10° 050 17891 3981 224 50
9.4x10° 0.87 68964 1738 133 87
1.5x10" 094 143590 1000  1.11 94
25x10™ 096 212343 759 0.0 96
3.15x10 0.96 234930 7.59  0.09 96
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As shown in Tables 3 and 4, the increase in the inhibitor concentration causes a rise in Rtand a
decrease in Cg in both acids. These results might be connected to the higher adsorption of the
inhibitors on the metal surface and at the interface with the solution. Therefore, the mechanism of
corrosion inhibition involved in the mesoionic chlorides must be associated with a chemical adsorption
since besides nitrogen (N), sulfur (S) is a soft atom with great polarizability, thus easily donating its
free electrons from its d orbital to the d orbital of the metal (Fe), creating a strong inhibitor-metal
interaction, hence forming a protective film adhered to the metal surface [34]. This hypothesis
corroborates with the results obtained by the PP and LRP techniques, which presented inhibition
efficiencies ranging from 83% to 93% at a concentration of 3.5x10® mol L™ in HCI, and from 94% to
95% in H,SO,. Further, in accord with the literature [27,29], the inhibition efficiency increased with
inhibitor concentration, but the best performance was exhibited at the lower concentration in this
study, namely, 3.5x10°® mol L™, when compared to 12x10™ mol L™ with 85.8% and 82.3% for HCI
and H,SO4, respectively, for 2,5-bis-(n-pyridyl)-1,3,4-thiadiazole [29].

Bode diagrams of the compounds evaluated in HCL and H,SO, are presented in Figures 7 and 8
and confirmed the performance observed in the Nyquist plots.
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Figure 7. Bode plots for AISI 1020 carbon steel in 1.0 mol L™ HCI, in the presence or the absence of
MI 1-4 at different concentrations: oBlank (without inhibitor); ®3.15%10° mol L™; A9.4x107
mol L™; ¢1.5x10™ mol L™*;*2.5x10™ mol L™*; and m 3.15%10™ mol L™.
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Figure 8. Bode plots for AISI 1020 carbon steel in 0.5 mol L™ H,SO,, in the presence or the absence
of MI1-4 at different concentrations: oBlank (without inhibitor); 3.15x10° mol L™; A9.4x10
*mol LY, #1.5%10% mol L; *2.5x10* mol L™; and m 3.15%10™ mol L.

The increase in log |Z| indicates better corrosion inhibition performance [35], and as seen in
Figures 7 and 8, when the concentration of all assayed compounds increased, so did log |Z|. This
finding indicates a capacitive behavior at high frequencies and an inductive behavior at low
frequencies [36].

3.4. Adsorption isotherm

Corrosion inhibition depends on the ability of the inhibitors to adsorb on metal surfaces, and
this information could be obtained through adsorption isotherms [9,36]. To obtain the adsorption
isotherms, the degree of surface coverage of the inhibitor (¢) was calculated by EIS using Equation 4
[37].

R — REt

8 S TR (4)

where R and R are the polarization resistance with and without the inhibitor, respectively.

The & values were tested graphically by fitting the different adsorption isotherms using the
Temkin, Frumkin and Langmuir models. The Langmuir adsorption isotherm presented the best
correlation coefficient (r) for all compounds tested in HCI. This isotherm is described by Equation 5
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[35]. Under similar assayed conditions, reports in the literature that have involved derivatives
containing the 1,3,4-thiadiazole ring have shown that they follow the Langmuir isotherm [27-29].

C.n 1
; = K + Einh (5)

ads

where Ciny is the inhibitor concentration, @ is the degree of surface coverage and Kgs is the adsorption
equilibrium constant.

A good linear correlation coefficient was observed with the Langmuir isotherm in the H,SO4
medium; the slope values were obtained in the range of 0.85-0.95, thus showing possible
intermolecular interaction among the thiadiazolium salts. The modified Langmuir isotherm was then
applied, as given by Equation 6 [38-40].

Cinn n
=——1n( 6
P K inh [ )

ads

where n is a constant.

The standard free energy of adsorption (AG%qs) values were obtained using Equation 7, where
R is the universal gas constant (J K* mol™), T is the temperature (K), and 55.55 is the molar
concentration (mol L ™) of water in the solution.

AGY;s = —RT In(55.55 K,45) (7)

Figure 9 shows the plot of Cimnin/@ versus Cinnip indicating that straight lines were obtained for
all mesoionic derivatives in 1 mol L™ HCI and H,SO, solutions, following the Langmuir and the
modified Langmuir adsorption isotherms [27,38-40].

The high K values for MI 1-4 indicate a strong interaction with the carbon steel surface,
which can be attributed to the presence of a heterocycle containing nitrogen and sulfur atoms, as well
as to the high m-electron shift between the aromatic rings and the thiadiazolium ring, in each of the
studied compounds to the metal surface. Table 5 listed the thermodynamic parameters obtained. The
AG 45 values obtained in this study for the HCI solution range from -34.21 to -35.65 kJ mol™? and
from-33.90 to -36.36 kJ mol™ in the H,SO, solutions. The negative values suggest that the adsorption
mechanism of these compounds onto the AISI 1020 carbon steel surface in HCI and H,SO4 media is a
spontaneous process and that the adsorbed layer is stable. The results show that MI 1-4 were strongly
adsorbed on the steel surface in both media. In fact, the positively charged nitrogen atoms of
heterocyclic ring and the negatively charged carbon steel enable an electrostatic interaction promoting
the adsorption process. This behavior is in accordance with the findings of other 1,3,4-thiadiazole
compounds [27,28].
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Figure 9. Langmuir isotherm plots for the adsorption of inhibitors on a C-steel surface in the presence
of 1.0 mol L™ HCI.

Table 5. Thermodynamic parameters for the adsorption of mesoionic hydrochlorides (Ml 1-4) in 1.0
mol L™ HCI on a carbon steel surface.

HCI? H,SO,°

(1.0 mol L (0.5 mol L™
Compound | *  sjope Kage AGOad§l r° slope n 4Kads ; AGoad§1
(10* L mol™) (kJ mol™) (10" L mol™) (kJ mol™)
MI-1 10994 1.04 2.77 -35.29 |0.998 085 1.18 1.94 -34.40
MI-2 0989 1.04 1.79 3421 |0.973 090 1.11 1.56 -33.90
MI-3 | 0.985 0.97 3.20 -35.65 |0.999 0.89 1.12 2.19 -34.72
MI-4 | 0.999 0.99 2.82 -35.34 |0.998 095 1.05 4.29 -36.36

# Langmuir isotherm model; ® modified Langmuir isotherm:; © linear correlation coefficient.
3.5. Molecular modeling

Theoretical studies of corrosion inhibitor agents have been extensively used for correlating
with experimental results [41]. In this work, the physicochemical properties of the mesoionic
derivatives, such as the energy of the highest occupied molecular orbital (Enomo) and the energy of the
lowest unoccupied molecular orbital (E_umo), as well as the dipole moment (u), were calculated at the
MO06-2X/6-31+G (d,p) level. The HOMO-LUMO gap (AE_umo-Homo) is relevant information, which
generally correlates with the predicted corrosion inhibition, and the potential of corrosion inhibition
increases as the AE_umo-Homo decreases [42]. Not only can effective corrosion inhibitors donate
electrons to the vacant d orbitals of the metal to form a coordinate covalent bond but these inhibitors
can also receive free electrons from the metal surface [43]. The higher the HOMO energy of the
inhibitor is, the easier the donation of electrons to the unoccupied d orbitals of the metal is. While the
lower the LUMO energy of the inhibitor is, the easier the reception of electrons from the metal is.
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Thus, lower energy differences between HOMO and LUMO (AE) correspond to the greater potential
for corrosion inhibition [44].

Table 6 shows the resulting values obtained for Exomo, ELumo, AELumo-Homo, i0Nization energy
and dipole moment calculated for the mesoionic derivatives (Ml 1-4).

Table 6. Quantum properties calculated at the M06-2X/6-31+G (d,p) level: EHOMO and ELUMO (in
Hartrees), DE, hardness and ionization energies (in eV), Mulliken charge on the sulfur atom
and dipole moment (in Debye).

Govo Euwo | oE  wanes “gen | Gege | Dol
(Hartrees) (eV) (D)

MI-1 | -0.40141  -0.18402 5.92 10.92 2.96 0.801 3.0427
MI-2 | -0.40108  -0.18185 5.97 10.91 2.98 0.794 1.9421
MI-3 | -0.41205  -0.17345 6.49 11.21 3.25 1.016 1.9693
MI-4 | -0.40216 -0.1837 5.94 10.94 2.97 0.793 1.8397

The orbital energy values, Enomo and E_umo, calculated for all the molecules did not exhibit
significant differences in the resulting band gap, AE, hardness or ionization energies. Further, when
analyzing the Mulliken charges of the atoms, the highest positive charge could be observed on the
sulfur atom. The sulfur atom must exert a stronger interaction on the surface of the metals and can
accept electrons from the d orbital of the iron to form a feedback bond; thus, the 1,3,4-thiadiazolium
ring could adsorb on the Fe surface in a planar manner [28,45]. In fact, it is noticeable that the
inhibition efficiency is slightly more sensitive to the charge on the sulfur atom than to the parameters
related to the AE values. The dipole moment represented a minor contribution to the inhibitor
efficiency; even though these results correlate with the small differences observed in the corrosion
inhibition efficiency in both acids.

4. CONCLUSIONS

The mesoionic salts (MI 1-4) inhibit the corrosion of mild steel in HCI and H,SO, media, but
the best performance was observed in 0.5 mol L™ H,SO,. The reason for the difference in inhibiting
efficiency may be due to the competition between the inhibitor agents and anions, CI and SO, to get
adsorbed onto the carbon steel surface. In HCI, the decrease in efficiency may be due to the
protonation of the inhibitor agents, and these species have been adsorbed electrostatically with chloride
ions on the carbon steel surface.

The compounds present a high corrosion efficiency as a mixed-type inhibitor for AISI 1020
carbon steel in 1 mol L™ HCI and 0.5 mol L™ H,S0.. Inhibition efficiencies increase by increasing the
inhibitor concentration in both acids. The adsorption of Ml 1-4 on the steel surface in HCI and H,SO,
media follows the Langmuir and modified Langmuir isotherms, respectively, thus indicating that the
main inhibition process occurs through adsorption. The theoretical parameters from the molecular
modeling results revealed that the best inhibitor efficiency cannot be associated with the gap AE, umo-
Homo Vvalues because of their small difference.
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