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Abstract 

The inhibitive effect of several synthesized derivatives of the 1,2,4-triazole class on St3 steel 

corrosion in 24% HCl solution is revealed. The derivatives consist of 3-alkyl-5-amino-1H-1,2,4-

triazoles obtained from a mixture of fatty acids – coconut oil processing waste, individual 2-

methyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol, as well as two 

compositions based on these triazoles, cinnamaldehyde and surfactant. The structure of the 

synthesized compounds was proved using NMR spectroscopy and HPLC/MS spectrometry. 

Different electrochemical and physical methods were used to determine the high protective 

effect of the studied derivatives at concentration (Cinh) from 0.10 to 2.00 g·dm–3. The SEM 

microphotographs of the steel surface after exposure in HCl solutions without additives and 

in the presence of the studied substances and compositions allowed us to visually evaluate the 

inhibition effectiveness of the obtained compounds. Quantum-chemical calculations were 

carried out using the density functional theory (DFT), as a result, the correlation between the 

protective properties and the electronic structure of the molecules of the studied compounds 

was found and substantiated. It has been established that the developed compositions of 

inhibitors, as well as 2-methyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-

ol, have a significant anticorrosive effect. Optimum results were obtained when inhibitor 

compositions were used: the protection degree for them was more than 95% at an inhibitor 

concentration of at least 0.50 g·dm–3, while the corrosion rate was 0.4–1.0 g/m2·hour. The high 

protective effect of the developed compositions is probably associated with the reaction of 

aminotriazoles with cinnamaldehyde during the preparation of the inhibitory compositions. This 

reaction results in the formation of the corresponding derivatives of the 2-alkyl-5-phenyl-

4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol class, similarly to the formation of 2-

methyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol that we synthesized 

intentionally. 
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1. Introduction 

Acid treatments of oil and gas wells are typically used to create artificial channels in 

carbonate formations and to increase their permeability by dissolving clays and other 

materials that clog pores near the wellbore. Acetic acid, hydrochloric acid, or a mixture of 

hydrofluoric and hydrochloric acids are usually used as acids injected into the reservoir 

through wells [1]. 

Since these solutions can cause severe corrosion of both casing and coiled tubing 

strings, this treatment requires the use of so-called inhibited acids obtained by adding 

corrosion inhibitors to the aforementioned acid solutions. Inhibitor films generally protect 

bare metal from corrosion by creating a “barrier” between the aggressive acid solution and 

the metal surface. Nowadays a wide range of organic film-forming corrosion inhibitors is 

known [2].  

At the moment, the most studied group of organic substances that exhibit an 

anticorrosive effect on steel includes numerous nitrogen and sulfur-containing heterocyclic 

compounds, for instance, aminopyrazoles [3], aminopyridines [4], pyrimidines [5, 6], 

thiazoles [7], benzimidazoles [8, 9], etc. However, the undoubted and undeniable leaders in 

this segment are the triazole derivatives. In particular, the action of benzotriazole (BTA) has 

been studied in detail in relation to ferrous and non-ferrous metals [10–12]. This substance 

is considered as a universal inhibitor for various media, but it has several disadvantages. Its 

degree of protection and steel acid corrosion inhibition coefficients are not very high. It is 

also known to be moderately hepatotoxic, mutagenic, and its semi-lethal dose is rather low 

(LD50 ~ 560 mg/kg [13]). In this regard, in recent years, a trend to search for new 

environmentally friendly, non-toxic, and effective corrosion inhibitors has been formed. 

Fatty acids, which are mostly environmentally friendly, biodegradable compounds 

involved in the metabolism of many organisms, can be used to obtain a variety of organic 

compounds, including corrosion inhibitors for both ferrous and non-ferrous metals. For 

example, fatty acid hydrazides and thiosemicarbazides [14] or Schiff bases of soybean oil 

fatty acids [15] inhibit steel corrosion. Heterocyclic steel corrosion inhibitors synthesized 

from carboxylic acids are known, such as imidazoles [16] or 3-alkyl-5-mercapto-1,2,4-

triazoles [17]. At the same time, amitrol, the simplest representative of the aminotriazole 

class, is slightly toxic (LD50 =1100 mg/kg). [18]. 

In this regard, an important and urgent task is the synthesis of new effective heterocyclic 

inhibitors of the 1,2,4-triazole class, including those based on vegetable oil processing 

products, in order to study their properties against steel corrosion in acidic media. The aim 

of this work was to study the anticorrosive activity of 3-alkyl-5-amino-1H-1,2,4-triazole 



 Int. J. Corros. Scale Inhib., 2022, 11, no. 2, 774–795 776 

    

 

derivatives and 5-phenyl-4,5,6,7-tetrahydro-1,2,4]triazolo[1,5-a]pyrimidin-7-ol derivatives 

under conditions of mild steel corrosion in hydrochloric acid. 

2. Experimental 

2.1. Methods for analyzing the chemical structure and composition of inhibitors 

Gas chromatographic mass spectrometric analysis (GC-MS) was performed using an Agilent 

Technologies 7890B GC system with an Agilent Technologies 5977A MSD mass selective 

detector. Before analysis, the fatty acids were converted to the corresponding methyl esters. 

To do this, the fatty acids were boiled in methanol with a catalytic amount of sulfuric acid 

and extracted three times with hexane. The resulting extract was evaporated. A weighed 

portion of FAMEs was dissolved in 10 ml of hexane. An internal standard (ethyl butyrate) 

with a known concentration was added, and the mixture was analyzed. 

Aminotriazoles were analyzed by high performance liquid chromatography with high 

resolution mass spectrometric detection using electrospray ionization (HPLC-HRMS-ESI) 

combined with UV detection. The device consisted of an Agilent 1269 Infinity liquid 

chromatograph and an Agilent 6230 TOF LC/MS high-resolution time-of-flight mass 

detector. Quantitative determination was performed by the internal standard method. 
1H NMR spectra were recorded on a Bruker AV600 spectrometer (600.13 MHz) in 

DMSO-d6, TMS was the internal standard. The acid number of the products was determined 

by titrimetric analysis as described in GOST R. EN. 14104-2009. “Derivatives of fats and 

oils // Methyl esters of fatty acids (FAME). Determination of acid number”. 

Coconut oil processing waste was a mixture of coconut oil fatty acids and was provided 

by EFKO Group of Companies (Alekseevka, Belgorod region, Russian Federation) (acid 

value is 193.9 mg·KOH/g), the composition of the mixture according to GC/MS analysis is 

presented in Table 1. Other reagents were purchased from Acros Organics. 

Table 1. The composition of coconut oil fatty acid mixture. 

Fatty acid Content, % 

C6 21.5 

C8 9.4 

C10 37.5 

C12 6.9 

C14 7.3 

C16 5.6 

C18:1 (9) 2.5 

Other ~9.3 
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2.2. Synthesis and analysis of inhibitors 

The mixture of aminotriazoles of coconut acids (ATCA) was investigated as a novel 

inhibitory composition for steel acid corrosion protection. The general formula of these 

aminotriazoles is shown in Figure 1: 

 
Figure 1. General formula of aminotriazoles in ATCA mixture. 

ATCA was synthesized from a coconut oil processing waste, which is a mixture of fatty 

acids, according to the previously described method [19]. 

The composition of ATCA according to GC-MS and HPLC-MS analysis is presented 

in Table 2. Acid number was 38.5 mg·KOH/g. The yield was 95%. 1H-NMR (DMSO-d6 δ 

(ppm): 0.83–0.90 (CH3(alkyl)+CH3(butyl)), 1.23–1.34 (CH2(alkyl)+CH2(butyl)), 1.43–1.56 

(βCH2(alkyl)), 1.96–2.08 (CH2CH=CH(alkyl)), 2.26–2.39 (αCH2(alkyl)+βCH2(butyl)), 2.72–2.75 

(CH=CHCH2CH=CH(alkyl)), 3.98–4.01 (αCH2(butyl)), 5.27–5.37 (CH=CH(alkyl)), 5.44 (NH2), 

11.80 (NH). 

The resulting ATCA mixture contains 75.4% 3-alkyl-5-amino-1H-1,2,4-triazoles and 

in addition 16.6% fatty acids and their butyl esters (Table 2), because the process is 

accompanied by esterification of fatty acids with butanol, which was the solvent in the 

reaction. Further investigation of the obtained product was carried out without additional 

purification. 

Table 2. The composition of the ATCA aminotriazole mixture based on coconut oil processing waste. 

Fatty acid 
Fatty acid content in 

the oil waste, % 

Aminotriazoles content 

in the product, % 

Butyl ethers content in 

the product, % 

C6 21.5 19.9 3.2 

C8 9.4 5.8 4.5 

C10 37.5 33.7 3.0 

C12 6.9 4.9 2.7 

C14 7.3 5.2 1.6 

C16 5.6 4.2 1.0 

C18:1 (9) 2.5 1.7 0.6 

Total 100 75.4 16.6 
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We also synthesized 2-methyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-

a]pyrimidin-7-ol (MPTTP) by the reaction of 3-methyl-5-amino-1,2,4-triazole with 

cinnamaldehyde (Figure 2). Later, this compound was also investigated as an inhibitor of 

steel corrosion in an acidic solution. 

 
Figure 2. Scheme for the synthesis of 2-methyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-

a]pyrimidin-7-ol. 

A mixture of 1 mole of 3-methyl-5-amino-1H-1,2,4-triazole and 2 moles of 

cinnamaldehyde in 100 ml of morpholine was refluxed for 3 hours. Then the solvent was 

removed, the residue was recrystallized from isopropanol and washed with diethyl ether. The 

product yield was 65–70%. 

The structure of MPTTP obtained was confirmed by 1H NMR and HPLC/MS.  
1H NMR (DMSO-d6), δ (ppm): 2.05–2.10 (s, CH3, 3H), 2.30–2.38 (m, CH–Ph, 1H),  

2.75–2.85 (m, CH–OH, 1H), 3.05–3.10 (m, CH–Ph, 1H), 3.48-3.60 (m, CH2, 2H),  

3.85–3.95 (m, CH–Ph, 1H), 4.40–4.70 (m, CH–OH, 1H), 4.95–5.05 (br.s, OH, 1H),  

7.05–7.10 (br.s, NH), 7.20–7.50 (m, aromatic, 5H). 

An inhibitory composition IC1 was obtained by mixing equal weight parts of ATCA, 

cinnamaldehyde and an aqueous solution of cocamidopropyl betaine (40%). All the 

components were mixed with constant stirring and slight heating (60–70°C) and then cooled 

and used in further anticorrosive investigations.  

HPLC/MS analysis of the IC1 composition obtained gave unexpected results. The main 

components of the mixture were derivatives of tetrahydro- and dihydro-[1,2,4]triazolo[1,5-

a]pyrimidin-7-ols of the general formula shown in Figure 3. The results of quantitative 

analysis of IC1 composition are presented in Table 3. 

The inhibitory composition IC2 was prepared similarly to IC1 composition. 

 
Figure 3. Structures of tetrahydro- and dihydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ols in IC1 

composition. 
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Table 3. The content of the main components of IC1 composition based on HPLC/MS data. 

Mass fraction of the 

component, % 
3.84 5.83 19.93 36.55 3.65 6.18 6.68 4.33 2.02 

Component, R= C6 C8 
C6 

(dihydro) 
C10 

C8 

(dihydro) 
C12 C14 C16 

C18:1 

(dihydro) 

A mixture of equal weight parts of 3-methyl-5-amino-1H-1,2,4-triazole, 

cinnamaldehyde and an aqueous solution of cocamidopropyl betaine (40%) was kept under 

constant stirring and at a temperature of 60–70°C for 2–3 minutes until obtaining a 

homogeneous paste-like substance. Cooling the resulting mass led to the formation of a white 

crystalline powder of IC2. 

HPLC/MS data of this composition showed that its main component is 2-methyl-5-

phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol MPTTP ([M+H]=231). This 

indicates a reaction between triazole and cinnamaldehyde under these conditions and serves 

as an additional explanation for the unexpected composition of the IC1. 

2.3. Mass loss measurements 

All electrochemical and direct corrosion experiments were carried out in an aqueous solution 

of 24% HCl. 

Mass loss measurements were carried out in accordance with GOST 9.905-82 

“Methods of corrosion testing” and GOST 9.907-83 “Methods for removing products after 

corrosion testing”. Corrosion tests were carried out on steel plates (20×40 mm, thickness 

1.2 mm). Each sample was preliminarily polished with K1000 fine-grained sandpaper, after 

which it was washed with distilled water, ethanol, and dried with filter paper. The 

experiments were carried out in a 24% HCl solution (for 7 days) under natural aeration 

without stirring for three samples in parallel (for each inhibitor concentration). After testing, 

the plates were washed with distilled water and treated with compositions in accordance with 

GOST 9.907-83. 

The corrosion rate was determined according to the weight loss of the samples and was 

calculated using the formula: 

inh

m
k

St


= ,  

where m=m0–m (m0 is the weight of the sample before the start of the experiment, m is the 

weight of the sample after the test, g), S is the total surface area of the plate, m2.  

For each solution, the corrosion rate k0 without inhibitor additive was determined 

(k0(average) ≈ 16.9±0.5 g/(m2·hour) is the average value of the corrosion rate without addition 

of an inhibitor, obtained over the course of the studies). The inhibitory effect of the 

aminotriazole derivatives was evaluated according to the value of the inhibition coefficient: 
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0

inh

γ
k

k
= ,  

and the degree of protection: 

( )0 inh

k
0

100%
k k

Z
k

−
=  ,  

where k0 and kinh are the corrosion rates in the background solution and in the solution with 

the inhibitor, respectively. 

2.4. Potentiodynamic polarization measurements 

Polarization curves were obtained on an electrode made of St3 steel (with an area of 1.0 cm2) 

in a three-electrode electrochemical cell with undivided electrode spaces using an IPC-Pro 

potentiostat (Frumkin Institute of Physical Chemistry and Electrochemistry Russian 

Academy of Sciences). The working electrode was preliminarily cleaned with K2000 

sandpaper (5.2–6.2 μm grit) and degreased with ethyl alcohol. The electrode potential (E) 

was measured relative to the silver chloride electrode by connecting the space of the 

electrochemical cell and the reference electrode (its potential is +202 mV relative to the 

standard hydrogen electrode) via an electrolytic bridge based on agar-agar and NaNO3. A 

platinum grid was used as an auxiliary electrode. The potential values are given on the scale 

of a standard hydrogen electrode. 

The substances were introduced into the acid until the required concentration was 

obtained. The electrodes were immersed in the solution and kept for 30 minutes, until the 

free corrosion potential (Ecor) was established. Next, potentiodynamic polarization curves 

were obtained at 0.2 mV/s in the anodic and cathodic directions from the value of Ecor. 

Polarization curves were recorded until the current density i reached ±0.1 A·cm–2. 

The corrosion rate in current units was determined by the polarization resistance 

technique as summarized by Mansfeld [20]. Electrodes and a cell were prepared for this as 

described above. After Ecor was established, the electrode was polarized in the range of 

±30 mV from the Ecor value in the potentiodynamic mode at a scanning rate of 0.2 mV/s. 

Polarization resistance Rp was determined as a slope of the polarization curve at Ecor in 

the coordinates ΔE–i, where ∆E is the difference between the electrode potential and the 

open-circuit potential (E–Ecor). Next, the graph was plotted with the coordinates  

2.3∙Rp∙i–ΔE. The coefficients ba and bc, i.e. the Tafel slopes of the cathodic and anodic 

segments of the polarization curve) were determined using the Table Curve2D soft as the 

approximation parameters of the equation: 

a c cor cor
p

a c a c

2.3 [exp( ) exp( )].
b b E E E E

R I
b b b b

 − −
  = − −

+
 

The corrosion current was calculated taking into account the coefficients obtained 

according to the equation: 
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cor
p

B
I

R
= . 

The corrosion current density (icor) was calculated as follows: 

cor
cor .

I
i

S
=  

Based on the results of potentiodynamic measurements, the inhibitor efficiency was 

estimated as the ratio of icor for each concentration of the studied substances to the current 

density of the blank experiment (icor,0=6.8 mA/cm2):  

cor
cor(relative) 0

cor

100%
i

i
i

=  . 

Measurements for each concentration of the substance were made at least 5 times until 

reproducible data were obtained with subsequent statistical processing of the experimental 

data. 

2.5. Electrochemical Impedance Spectroscopy (EIS) 

The electrode and all the solutions were prepared similarly to section 2.4. The EIS spectra 

were recorded using an IPC-Pro potentiostat and an FRA-2 attachment for frequency 

response analysis. After Ecor was established, the frequency dependence was recorded in the 

range from 0.01 to 50.000 Hz in the open-circuit mode (at Ecor). The frequency dependence 

analysis, the selection of an equivalent circuit, and the determination of the nominal values 

of its components were performed using the DCS software package supplied with the  

FRA-2 analyzer. 

2.6. Scanning electron microscopy (SEM) 

For microscopic analysis of the surface, a Jeol JSM-680LV raster electron microscope 

(Japan) was used together with Oxford Instrument INCA 250 X-ray microanalysis module 

(UK) which determines the chemical composition of the surface layer. The research results 

were obtained on the equipment of the collective use Center of Voronezh state University 

(http://ckp.vsu.ru). 

The electrodes were prepared as described above and immersed in the appropriate acid 

solutions without any additives or with the addition of the test substances or compositions. 

After exposure for 1 hour, the electrodes were removed from the solution, washed with 

distilled water, and dried in a kiln at 80°C.  

2.7. Quantum-chemical calculations 

All the synthesized molecules and their isomeric (tautomeric form) forms are fully optimized 

using density functional theory (DFT) with B3LYP functional using 6-311+G (d,p) basis set 

in Gaussian program [21]. The optimized geometries are showing non-negative frequencies 

http://ckp.vsu.ru/
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which results in molecules are located at minimum energy in potential energy surface. The 

determination of HOMO, LUMO energies, HOMO-LUMO gap (HLG), as well as the 

ionization potential (IP), electron affinity (EA), electronegativity (χ), absolute hardness (η) 

and softness (σ) for all the molecules were carried out at same level of theory. 

From density functional theory the absolute hardness (η) is defined as [22] 

2

2

1 μ 1
η

2 2

E

N N

 
= =

 
,  

where μ is chemical potential and N is the number of electron and E is the energy. 

R.G. Pearson proposed an operational definition for absolute hardness as 

.η
2

IP EA−
=  

Also from Koopman’s theorem, from an orbital basis IP and EA are defined as 

HOMO LUMO;IP E EA E= − = −  

where EHOMO and ELUMO are the energies of highest occupied and lowest unoccupied 

molecular orbitals. 

Electronegativity (χ) is also defined in terms of HOMO and LUMO energies as 

.χ
2

IP EA+
=  

From the above formulas, hardness is a measure of the resistance to any changes in the 

electron cloud of a chemical systems, it is also an important parameter in the field of reaction 

chemistry. Absolute softness (σ) is inversely proportional to hardness. 

It is known that the most reactive homologues in the series of organic compounds have 

a higher softness value [22]. In addition, the ability of inhibitors to interact with the metal 

surface increases with an increase in the HOMO energy and a decrease in the LUMO energy. 

The smaller HLG, the higher the reactivity of the inhibitor to the metal surface, and the 

stronger the inhibitory effect.  

All these notions make it possible to theoretically evaluate and compare the degree of 

interaction of inhibitors with a metal and, as a result, to predict their probable inhibitive 

properties. 

3. Results and Discussion 

3.1. Mass loss measurements 

At the first stage, the study of corrosion inhibition of the substances was carried out by 

gravimetric (mass loss) measurements. The results obtained in this way can be directly used 

in practice without additional complicated processing. The measurements were repeated at 

least 3 times. For all studied substances and compositions in concentrations (Cinh) from 0.10 

to 2.00 g·dm–3 the inhibition coefficients were at least 1.84 (Table 4). Protection degree (Z) 
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increases with increasing concentration of substances. The exception was IC1, for which a 

slight decrease in protection values is found when going from 0.10 to 0.50 g·dm–3. The 

highest Z values for the individual substances ATCA and MPTTP were 74.43% and 78.55%, 

respectively. These values are achieved at Cinh≈0.10 g·dm–3 for ATCA and 2.00 g·dm–3 for 

MPTTP. Any results for higher concentrations of ATCA could not be obtained due to limited 

solubility. 

Compositions based on these substances showed significantly higher values of the 

protection degree, not less than 93%. The highest degree of protection (97.47%) was 

obtained for IC1 at Cinh=2.00 g·dm–3. For IC2, the maximum degree of protection was 

95.57% at Cinh=2.00 g·dm–3 and remained almost unchanged at Cinh=1.00 g·dm–3. 

Table 4. Results of the weight loss measurements of mild steel plates in 24% HCl solutions with various 

inhibitors. 

Inhibitor 
Concentration of 

inhibitor, Cinh, g·dm–3 

Corrosion rate,  

k, g·m2·hour–1 

Inhibition 

coefficient, γ, % 

Protection 

degree, Z, % 

None – 16.90 – – 

ATCA ~0.10 4.32 3.91 74.43 

MPTTP 

0.10 9.19 1.84 45.61 

0.50 7.29 2.32 56.84 

1.00 7.24 2.33 57.12 

2.00 3.62 4.66 78.55 

IC1 

0.10 0.94 17.95 94.43 

0.50 1.15 14.58 93.14 

1.00 0.77 21.79 95.41 

2.00 0.42 39.53 97.47 

IC2 

0.10 1.16 14.58 93.14 

0.50 0.99 17.12 94.16 

1.00 0.79 21.46 95.34 

2.00 0.75 22.57 95.57 

3.2. Potentiodynamic polarization measurements 

At the next stage, potentiodynamic measurements were carried out to obtain complete anodic 

and cathodic polarization curves and estimate the corrosion current density (icor) in an HCl 

solution with additives of substances at concentrations similar to paragraph 3.1. 

The addition of ATCA at Cinh ≈ 0.10 g·dm–3 leads to a slight (up to 13 mV) shift of Ecor 

in the positive direction (Table 5) and is accompanied by a decrease in the current density in 

the cathode section of the polarization curve (Figure 4a). Anodic curve sites for the control 
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experiment and in the presence of ATCA are indistinguishable. Thus, only a slight protective 

effect due to the suppression of the cathodic hydrogen reduction process can be assumed. 

The calculated value of icor is less than for measurement without additive, but the degree of 

protection does not exceed 13.2% (Table 5). 

For MPTTP, a continuous shift of Ecor in the positive direction is observed with 

increasing concentration. The maximum difference was obtained at Cinh≈2.00 g·dm–3 and it 

is +56 mV. The current density in the anodic and cathodic segments of the polarization 

curves decreases with increasing Cinh relative to the blank experiment (Figure 4b). This 

indicates an increase in the inhibitive effect. Thus, the cathodic and anodic partial processes 

are suppressed [23]. The degree of protection increases from 64.7% to 95.4% in the studied 

concentration range. 

 
Figure 4. Anodic (1–5) and cathodic (1´–5´) polarization curves of mild steel electrode in 

24% HCl solutions and ATCA (a), MPTTP (b), IC1 (c) and IC2 (d) at Cinh, g·dm–3: 1, 1´ – 

0.00; 2, 2´ – 0.10; 3, 3´ – 0.50; 4, 4´ – 1.00; 5, 5´ – 2.00. 

Ecor was only slightly different from the blank experiment when compositions IC1 or 

IC2 were added into the acidic solution. With an increase in Cinh of IC1, a decrease in current 

densities in the anodic and cathodic sections of the polarization curves was noted (Figure 4c). 
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In this case, the relative decrease in the cathode sections was more pronounced. In this case, 

the relative decrease for the cathodic sections was more significant. In this regard, a mixed 

mechanism of inhibition with a predominance of the cathodic process can be assumed. The 

highest degree of protection was obtained at Cinh=2.00 g·dm–3 and amounted to 98.1%. For 

IC2, the nature of the change in the polarization curves was close to that of IC1 (Figure 4d). 

The degree of protection was also >98%. 

Thus, the anticorrosive properties obtained on the basis of both weight-loss and 

potentiodynamic measurements showed the same trends. Mixed inhibitory compositions had 

a higher inhibitive effect compared with the individual substances ATCA and MPTTP. The 

observed difference between the protection degrees obtained by weight-loss and 

potentiodynamic methods is most likely due to the different duration of the experiments. The 

weight-loss experiments gave an average corrosion rate over a period of 7 days, while the 

electrochemical determination of the corrosion rate was made immediately half an hour after 

the electrode was immersed in the solution. 

Table 5. Electrochemical characteristics of mild steel electrode in 24% HCl solutions with corresponding 

inhibitors. 

Inhibitor 

Concentration of 

inhibitor,  

Cinh, g∙dm–3 

Open circuit 

potential,  

Ecor, V 

Polarization 

resistance, 

Rp, Ω∙cm2 

Corrosion 

current density,  

icor, mA∙cm–2 

Protection 

degree,  

Zi, % 

without – –0.191±0.006 4.2±0.5 6.80±0.30 – 

ATCA ≈0.10 –0.178±0.002 5.1±0.3 5.90±1.20 13.2 

MPTTP 

0.10 –0.188±0.012 16.1±1.2 2.40±0.30 64.7 

0.50 –0.180±0.009 43.0±4 1.10±0.15 83.8 

1.00 –0.160±0.014 47.0±3 1.03±0.19 84.9 

2.00 –0.135±0.006 134.0±18 0.28±0.06 95.9 

IC1 

0.10 –0.187±0.013 58.0±7 0.84±0.07 87.6 

0.50 –0.190±0.017 63.0±9 0.56±0.09 91.7 

1.00 –0.190±0.008 141.0±16 0.31±0.05 95.4 

2.00 –0.169±0.009 269.0±24 0.13±0.03 98.1 

IC2 

0.10 –0.193±0.012 38.0±6 1.15±0.14 83.1 

0.50 –0.186±0.008 115.0±11 0.36±0.06 94.7 

1.00 –0.186±0.010 152.0±18 0.15±0.03 97.8 

2.00 –0.175±0.004 296.0±13 0.11±0.02 98.1 
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3.3. Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy was used to confirm the results of 

potentiodynamic measurements and to obtain additional information about the mechanism 

of the protective action of the analyzed substances and compositions. Analyzing the obtained 

results for MPTTP, we used the Mansfeld equivalent circuit (Figure 5a). In all other cases, 

when the Nyquist plots had a simpler form that has been widely described in the literature, 

a simplified circuit (Figure 5b) was used [24–26]. 

 
Figure 5. An equivalent Mansfeld circuit (a) and a simplified version (b) for describing the 

experimental results of EIS for the studied inhibitors (RΩ – ohmic resistance, CPE1, CPE2 – 

constant phase element of the electrochemical reaction No. 1 and 2; Rp1, Rp2 – polarization 

resistance of the electrochemical reaction N 1 and 2). 

The Nyquist plot for the blank measurement without any additives (Figure 6a,1) had 

the shape of a deformed semicircle. The diameter of the semicircles increased in the 

comparison to the blank experiment with the addition of ATCA (Figure 6a), IC1 (Figure 6c), 

and IC2 (Figure 6d), as well as with concentration increasing of each additive. The Nyquist 

plots in the solution with addition of MPTTP (Figure 6b) consisted of two semicircles. 

The low-frequency semicircles for all measurements were strongly flattened. It is 

assumed that a certain layer was formed on the electrode surface, which increases the 

resistance Rp1 with increasing concentration. This layer created an obstacle to the 

electrochemical process in the low-frequency region, the resistance of which Rp2 is also 

increased with increasing concentration. The simplification of the secondary semicircle 

(Figure 6b) was probably caused by the diffuse structure of the electric double layer. Such a 

process can occur, for example, in the pores of the adsorption layer. 

The inhibition efficiency (ηinh) was calculated by comparing the Rp values for the blank 

experiment and in the presence of the additive as follows: 

p(blank)

inh
p

η 1 100
R

R

 
 
 
 

= −  .  

In case of the Mansfeld circuit, Rp was taken as the sum (Rp1+Rp2). 

The values of the EIS equivalent circuit elements of a steel electrode in 24% HCl 

solution without additive and in the presence of various concentrations of inhibitors are 

presented in Table 6. The results obtained are consistent with the proposed protection 

mechanism. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. The Nyquist diagrams of mild steel electrode in 24% HCl solutions in the presence 

ATCA (a), MPTTP (b), IC1 (c) and IC2 (d) at Cinh, g·dm–3: 0.10 (2), 0.50 (3), 1.00 (4) and 

2.00 (5) (without an inhibitor – 1). 
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Table 6. Equivalent circuit elements and degree of protection of mild steel electrode in 24% HCl solutions with different inhibitors. 

Inhibitor 

Concentration 

of inhibitor, 

Cinh, g/dm3 

Ohmic 

resistance, 

RΩ, Ω∙cm2 

Polarization 

resistance, Rp1, 

Ω∙cm2 

CPE1, µF·cm– 2 n1 

Polarization 

resistance, 

Rp2, Ω∙cm2 

CPE2, µF·cm– 2 n2 

Degree of 

protection 

ηi, % 

None – 0.41±0.03 2.33±0.01 0.0032±0.0003 0.636±0.012 – – – – 

ATCA  ~0.1 0.93±0.08 7.1±0.3 0.0018±0.0008 0.66±0.06 – – – 67.2 

MPTTP 

0.1 0.91±0.04 2.7±0.3 0.00052±0.00003 1.000 7.8±0.8 0.0062±0.0004 0.44±0.02 77.7 

0.5 0.93±0.08 12.6±0.4 0.00039±0.00009 1.000 8.9±0.9 0.0052±0.0005 0.75±0.02 89.2 

1.0 0.58±0.03 14.4±0.5 0.00011±0.00002 0.87±0.01 10.4±1.5 0.027±0.004 0.55±0.02 89.3 

2.0 0.45±0.06 19.7±1.6 0.00014±0.00002 0.83±0.01 17.4±1.6 0.041±0.005 0.59±0.02 93.7 

IC1 

0.1 0.28±0.04 26±6 0.00061±0.00008 0.672±0.009 – – – 91.0 

0.5 0.53±0.04 76±3 0.00029±0.00002 0.656±0.003 – – – 96.9 

1.0 0.22±0.03 276±26 0.00021±0.00005 0.60±0.03 – – – 99.2 

2.0 0.20±0.02 446±18 0.00022±0.00002 0.576±0.015 – – – 99.5 

IC2 

0.1 0.78±0.08 16±2 0.00066±0.00009 0.697±0.015 – – – 85.4 

0.5 0.40±0.03 110±3 0.00018±0.00004 0.644±0.015 – – – 97.9 

1.0 0.34±0.05 402±31 0.00021±0.00004 0.59±0.02 – – – 99.4 

2.0 0.20±0.01 410±16 0.00014±0.00002 0.633±0.004 – – – 99.4 
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In the presence of ATCA, the protective effect was 67.2%. For MPTTP, an increase in 

the degree of protection from 77.7 to 93.7% was observed with increasing concentrations in 

the studied concentration range. Compositions IC1 and IC2 showed higher protective 

properties, reaching values of the protection degree of 99.4–99.5% at Cinh=2.00 g/dm–3 

according to the results of potentiodynamic measurements, similar to the direct weight loss 

measurements. In general, the EIS results more closely matched the results of the direct 

gravimetric corrosion tests described above. 

3.4. Scanning electron microscopy (SEM) 

The SEM method was used to obtain microphotographs of the electrode surfaces after its 

exposure in the HCl solution without any additives and in the presence of the studied 

substances and compositions.  

After the electrode was exposed in the HCl solution without additives, a developed 

structure with peaks and troughs up to 10 μm in size was formed on the steel surface 

(Figure 7a). The addition of ATCA Cinh ≈ 0.10 g·dm–3 reduced the peak sizes, but traces of 

steel dissolution were present on the surface to the point where grooves from sanding paper 

were not identified (Figure 7b). 

When the substances MPTTP, IC1 and IC2 (Cinh=1.00 and 2.00 g·dm–3) are added to 

the solution, the appearance of the electrode surface practically does not change compared 

to the initial state of the surface (Figure 7 c–h): grooves from sanding paper are clearly 

visible. 

The 3–5 μm pits found on the microphotographs are not the result of corrosion 

processes that have occurred, but were present on the analyzed surfaces before the start of 

pickling. This result fully correlates with the data of polarization measurements, impedance 

spectroscopy, and direct corrosion tests. It shows the significant effectiveness of the 

developed steel acid corrosion inhibitors. 

The composition of the surface layer in the above pictured areas are presented in 

Table 7. All electrodes after exposure in the HCl solution showed Fe fraction decreased from 

92.80% to 57.71%–79.15%. No chlorine was detected on the electrode surface without an 

inhibitor. In the presence of inhibitors (except for IC2 Cinh=1.00 g·dm–3), the film had an 

insignificant inclusion of Cl atoms in an amount from 0.30% to 1.06%. An increase in the 

amount of C and O atoms was also found after exposure in acid solutions. The correlation 

between the protection degree and the changes in the proportion of elements composition 

detected on the steel surfaces has not been established. Nitrogen atoms were not detected, 

which suggests that the molecules of the studied substances were removed during the 

washing and drying of the electrodes before the X-ray microanalysis. 
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Table 7. Elemental surface composition (at. %) of the mild steel electrode. 

Exposure conditions 
Element 

Fe C O Mn Cl 

before exposure 92.80 6.00 0.60 0.33 – 

after exposure without inhibitor 75.19 20.92 3.52 0.37 – 

after exposure with ATCA, Cinh≈0.10 g·dm–3 62.54 20.70 15.59 0.36 0.81 

after exposure with MPTTP, Cinh=1.00 g·dm–3 77.00 9.55 12.23 0.32 0.30 

after exposure with MPTTP, Cinh=2.00 g·dm–3 79.15 5.18 14.87 0.46 0.46 

after exposure with IC1, Cinh=1.00 g·dm–3 67.23 22.65 10.17 0.20 0.25 

after exposure with IC1, Cinh=2.00 g·dm–3 70.03 14.71 13.98 0.22 1.06 

after exposure with IC2, Cinh=1.00 g·dm–3 62.19 33.65 3.96 0.20 – 

after exposure with IC2, Cinh=2.00 g·dm–3 57.71 30.85 10.67 0.30 0.47 

3.5. Quantum-chemical calculations 

Calculation results of HOMO, LUMO, HOMO-LUMO (HLG) energies, ionization potential 

(IP), electron affinity (EA), electronegativity (χ), absolute hardness (η) and softness (σ) for 

the studied individual substances ATCA and MPTTP are shown in Table 8. 

Table 8. Optimized structures, calculated HOMO, LUMO energies, HOMO-LUMO gap (HLG), Ionization 

Potential (IP), Electron Affinity (EA), Electronegativity (χ), Absolute Hardness (η) and Softness (σ) in eV 

at B3LYP/6-311+G (d,p) level of theory. 

Inhibitor HOMO LUMO HLG IP EA χ η σ 

 
ATCA  

–6.432 –0.501 5.930 6.435 0.509 3.468 2.968 0.341 

 
MPTTP 

–6.207 –0.898 5.309 6.207 0.898 3.553 2.655 0.377 

For 2-alkyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ols, a 

decrease in the HLG value, an increase in the absolute softness of the inhibitor molecule, an 

increase in electron affinity are observed in comparison with 3-alkyl-5-amino-1H-1,2,4-

triazoles. That is, all the theoretical signs of improving the ability of the inhibitor molecule 
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to form bonds with the metal and increase the anticorrosive properties are observed. These 

results are in good agreement with the obtained experimental data. 

 
Figure 7. SEM micrographs of mild steel surface at ×1500 magnification (the captions are 

provided under the images). 
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It should be noted that in our earlier studies on the anticorrosion effect of 3-alkyl-5-

amino-1H-1,2,4-triazoles derivatives [27], it was shown that such substances have a low 

inhibition effect on steel corrosion in acidic solutions. Besides, we also showed that triazole 

mixtures based on vegetable oil processing wastes are also not highly effective inhibitors of 

hydrochloric acid corrosion of low-carbon steel and have a solubility of no more than 

0.10 g·dm–3. On the other hand, in this article, based on our recent experiments, it is shown 

that individually synthesized 2-methyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-

a]pyrimidine-7-ol MPTTP, as well as both developed compositions of inhibitors (IC1, IC2) 

are much more soluble in hydrochloric acid, and also exhibit significantly higher protective 

properties compared to the ATCA mixture. 

4. Conclusions 

A complex of full-scale, electrochemical, and physical methods showed a high protective 

effect of the synthesized compound (MPTTP) and a mixture of aminotriazoles ATCA, as 

well as compositions based on them (IC1, IC2) with the addition of cocamidopropyl betaine 

and cinnamic aldehyde in relation to low-carbon steel in solution 24 % HCl. 

The high protective effect found for the developed compositions is probably associated 

with the reaction of aminotriazoles with cinnamaldehyde during the preparation of the 

inhibitive compositions. Such reaction results in the formation of the corresponding 

derivatives of the 2-alkyl-5-phenyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol 

class similarly to the formation of MPTTP. 

The synthesized MPTTP was found to have a high protection degree of at least 93% at 

the concentration of 2.00 g·dm–3. This additionally explains the high protective effect of the 

IC1, IC2 compositions, which, accordingly to HPLC/MS data, also contain derivatives of 

the tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol class. 

IC1 composition, obtained using an amphoteric surfactant – cocamidopropyl betaine, 

cinnamaldehyde and a mixture of aminotriazoles ATCA, was the most effective among the 

other substances in inhibiting acid corrosion of mild steel. Its protection degree was at least 

95% at the concentration of at least 0.50 g·dm–3, while the corrosion rate was  

0.4–1.0 g/m2·hour. 

The chemical modification of alkylaminotriazole molecules by their condensation with 

cinnamaldehyde makes it possible to obtain a fundamentally new class of highly effective 

steel acid corrosion inhibitors – 5-aryl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a] pyrimidin-

7-ols. Moreover, along with a high inhibitory activity, these substances have a high solubility 

in HCl, which makes it possible to obtain homogeneous solutions of inhibited mineral acids 

based on them. This opens up broad prospects for the convenient use of such derivatives at 

real industrial facilities. 
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