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Exploring the Antifungal Potential of 1,2,4-Triazole Derivatives:  

A Comprehensive Study on Design and Synthesis 

Discovery of new antifungal agents is of great importance due to the increased prevalence of fungal infec-

tions and the emergence of drug-resistant strains. 1,2,4-Triazole derivatives have shown promising antifungal 

activity; therefore, this study aimed to design, synthesize and evaluate the antifungal potential of a series of 

1,2,4-triazole derivatives. A series of 1,2,4-triazole derivatives were designed and synthesized. The com-

pounds were characterized using FTIR, NMR and MS techniques. In silico studies including ADME proper-

ties, drug-likeness and molecular docking were carried out to evaluate the potential of the synthesized com-

pounds as antifungal agents. In vitro antifungal activity was evaluated against Candida albicans and Aspergil-

lus niger using the agar well diffusion method and zones of inhibition were measured. All synthesized com-

pounds exhibited good physicochemical properties and drug-likeness profiles. Compounds AN5 and AN6 

displayed the highest binding affinities of -9.2 and -10.0 kcal/mol, respectively, and showed promising anti-

fungal activity. At a concentration of 100 µg/ml, compound AN5 exhibited zones of inhibition of 19.9 mm 

and 20.5 mm against C. albicans and A. niger, respectively, while compound AN6 displayed zones of inhibi-

tion of 19.5 mm and 22.5 mm, respectively. The marketed standard, namely itraconazole at the same concen-

tration showed zones of inhibition of 23.8 mm and 24.7 mm. The designed 1,2,4-triazole derivatives, particu-

larly AN5 and AN6, demonstrated promising antifungal activity against C. albicans and A. niger, making 

them potential candidates for further development as antifungal agents. 

Keywords: 1,2,4-triazole derivatives, antifungal activity, in silico studies, molecular docking, Candida albi-

cans, Aspergillus niger. 

 

Abbreviation 

FTIR: Fourier Transform Infrared Spectroscopy; NMR: Nuclear Magnetic Resonance Spectroscopy; 

MS: Mass Spectrometry; ADME: Absorption, Distribution, Metabolism and Excretion; CMC: Critical Mi-

celle Concentration; TPSA: Topological Polar Surface Area; Papp: Apparent Permeability; GI: Gastrointes-

tinal; BBB: Blood-Brain Barrier; PPB: Plasma Protein Binding; CYP: Cytochrome P450; PDB ID: Protein 

Data Bank Identifier; MS: Marketed Standard. 

Introduction 

Fungal infections have become a major global health problem, affecting millions of people each year. 

The increase in incidence can be attributed to several factors, including the growing number of immunocom-

promised individuals, the widespread use of antibiotics and the evolution of drug-resistant fungal strains [1]. 

Consequently, there is an urgent need for the development of novel antifungal agents with improved effica-

cy, safety and resistance profiles. Antifungal agents play a critical role in the treatment and prevention of 

fungal infections. They are used to treat superficial mycoses such as dermatophytosis and systemic mycoses, 

https://doi.org/10.31489/2959-0663/4-23-1
https://doi.org/10.31489/2959-0663/4-23-1
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2959-0663/4-23-1
mailto:rahulgodge@gmail.com
https://orcid.org/0000-0002-1275-9853
https://orcid.org/0009-0001-9883-1480
https://orcid.org/0009-0000-6413-7987
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namely invasive candidiasis and aspergillosis [1]. The availability of effective antifungal agents is of utmost 

importance because some fungal infections can result in severe morbidity and mortality if left untreated [2, 

3]. 

The current arsenal of antifungal agents includes primarily four major classes: polyenes, azoles, echi-

nocandins and allylamines. Among these, azole antifungals are the most widely used, owing to their broad 

spectrum of activity and relatively low toxicity. However, the widespread and prolonged use of azoles has 

led to the emergence of drug-resistant fungal strains, limiting the efficacy of these agents [4]. Moreover, ex-

isting antifungal drugs are also associated with various side effects, drug interactions and narrow therapeutic 

indices, further limiting their use. These limitations emphasize the urgent need for the discovery and devel-

opment of new antifungal agents with novel mechanisms of action, improved safety profiles and reduced 

propensity for the development of resistance [5]. 

The 1,2,4-triazole scaffold has gained significant interest as a core structure for the development of new 

antifungal agents. 1,2,4-Triazoles are a class of heterocyclic compounds characterized by a five-membered 

ring containing three nitrogen atoms and two carbon atoms. The unique chemical properties of the 1,2,4-

triazole scaffold, such as its ability to form strong hydrogen bonds and its high lipophilicity, make it an at-

tractive candidate for drug development. Many 1,2,4-triazole derivatives have demonstrated promising anti-

fungal activity, with some even surpassing the efficacy of existing azole antifungals. Fluconazole, itracona-

zole and voriconazole, all clinically used azole antifungals, possess the 1,2,4-triazole scaffold in their struc-

ture. This evidence further supports the potential of 1,2,4-triazole derivatives as effective antifungal 

agents [6, 7]. 

The development of novel 1,2,4-triazole derivatives as antifungal agents requires a systematic approach, 

combining rational design strategies, synthetic chemistry and biological evaluation. Rational drug design 

involves the modification of the core 1,2,4-triazole scaffold to introduce new functional groups, aiming to 

enhance antifungal activity, reduce toxicity and minimize the likelihood of resistance development [8]. Re-

cent advances in computational chemistry, including molecular docking and quantitative structure-activity 

relationship (QSAR) studies, have facilitated the rational design of 1,2,4-triazole derivatives with optimized 

pharmacological profiles. These in silico tools allow researchers to predict the binding affinity and selectivity 

of the designed compounds for their target proteins, which facilitates the selection of promising candidates 

for synthesis and biological evaluation [9]. 

Synthetic chemistry plays a crucial role in the development of novel 1,2,4-triazole derivatives. Various 

synthetic routes and strategies have been employed to access a diverse range of 1,2,4-triazole derivatives 

with varied substitution patterns and functional groups. This diversity enables the exploration of structure-

activity relationships (SAR) and the optimization of pharmacokinetic and pharmacodynamic properties [10]. 

Invasive fungal infections (IFIs) are increasingly becoming major infectious diseases worldwide, and 

the limited efficacy of existing drugs results in significant patient morbidity and mortality due to lack of ef-

fective antifungal agents and serious drug resistance. In this study, a series of benzimidazole-1,2,4-triazole 

derivatives (6a-6l) were synthesized and characterized by 1H NMR and HR-MS spectral analysis. All the 

target compounds were screened for their in vitro antifungal activity against four fungal strains, namely 

C. albicans, C. glabrata, C. krusei, and C. parapsilopsis. The synthesized compounds exhibited significant 

antifungal potential, especially against C. glabrata [11]. 

With the above perspectives in mind, the primary purpose of our research work is to explore the poten-

tial of 1,2,4-triazole derivatives as a novel class of antifungal agents. Using the principles of rational drug 

design, synthetic chemistry and biological evaluation, we aim to develop new 1,2,4-triazole derivatives with 

enhanced antifungal activity, improved safety profiles and less propensity to develop resistance. This com-

prehensive study will not only expand our understanding of the structure-activity relationship (SAR) of 

1,2,4-triazole derivatives but also help in developing innovative strategies to combat fungal infections. We 

anticipate that our findings will stimulate further research in this field and pave the way for the development 

of next-generation antifungal agents. 

Experimental 

Materials 

All chemicals and reagents required for the synthesis of 1,2,4-triazole derivatives were procured from 

the stores of Pravara Rural College of Pharmacy, India. The reference compound, itraconazole, was obtained 

from Sciquaint Innovations (OPC) Private Limited, Pune. Solvents and other materials used in the study 

were of analytical grade and used without further purification unless otherwise stated. Fourier Transform 



R.K. Godge, A.K. Nalawade, P.V. Kolhe  

6 Eurasian Journal of Chemistry. 2023. No. 4(112) 

Infrared Spectroscopy (FTIR) spectra of the synthesized compounds were recorded on a Bruker eco FTIR 

spectrometer using the KBr pellet technique. Proton Nuclear Magnetic Resonance (1H NMR) spectra were 

obtained on a Bruker eco spectrometer operating at 400 MHz using deuterated dimethyl sulfoxide (DMSO-

d6) as a solvent and tetramethylsilane (TMS) as an internal standard. Chemical shifts were reported in parts 

per million (ppm). Melting points of the synthesized compounds were determined using a digital Gallen 

Kemp melting point apparatus and were uncorrected. 

Molecular Docking 

Molecular docking studies were performed using AutoDock Vina software to evaluate the binding af-

finity and interaction patterns of the synthesized 1,2,4-triazole derivatives with the target protein. The X-ray 

crystal structure of the target protein (PDB ID: 5EQB) was retrieved from the Protein Data Bank and pre-

pared for docking studies using the Discovery Studio Visualizer. Hydrogen atoms and Kollman charges were 

added, and water molecules were removed. The ligands were drawn using ChemDraw and optimized with 

Chem3D before being converted to PDBQT format using AutoDockTools. The docking grid was defined to 

encompass the active site of the protein, and the exhaustiveness parameter was set to 8. The best docked pos-

es were selected based on their binding affinity scores, and the protein-ligand interactions were visualized 

and analyzed using LigPlot+ and Discovery Studio Visualizer [12, 13]. 

In Silico ADMET Prediction 

In silico ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) properties of the syn-

thesized 1,2,4-triazole derivatives were predicted using SwissADME and PreADMET web-based tools. The 

SMILES notation of each compound was input into the respective servers and the predicted ADMET proper-

ties including gastrointestinal absorption, blood-brain barrier penetration and cytochrome P450 inhibition 

were obtained. These predictions provide valuable insights into the pharmacokinetic profile of the synthe-

sized compounds and their potential as drug candidates [14]. 

Lipinski's Rule of Five and Drug-likeness Analysis 

The drug-likeness of the synthesized 1,2,4-triazole derivatives was evaluated based on Lipinski's Rule 

of Five, which is a set of criteria used to predict the oral bioavailability of compounds. The rule states that a 

compound is likely to be orally bioavailable if it has: (1) no more than 5 hydrogen bond donors, (2) no more 

than 10 hydrogen bond acceptors, (3) a molecular weight less than 500 Da and (4) a calculated logP (parti-

tion coefficient) value less than 5. The Lipinski’s Rule of Five parameters were calculated using Swis-

sADME and PreADMET, and compounds satisfying these criteria were considered as having favourable 

drug-likeness properties [15, 16]. 

Synthesis and Spectral Analysis of Synthesized Compounds 

Figure 1 presents proposed scheme of synthesis of 1,2,4-triazole derivatives. Designed derivatives of 

1,2,4-triazole listed in Table 1. 

 

 

 

Figure 1. Proposed scheme of synthesis of 1,2,4-triazole derivatives 
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T a b l e  1  

Designed derivatives of 1,2,4-triazole 

Sr. No. Label R R1 

1 AN1 -Cl -CH3 

2 AN2 -CH3 -H 

3 AN3 -NO2 -Cl 

4 AN4 -C2H5 -H 

5 AN5 -H -C2H5 

6 AN6 -Br -NO2 

7 AN7 -OCH3 -H 

8 AN8 -H -OCH3 

9 AN9 -F -H 

10 AN10 -CH3 -Br 

 

Synthesis of (R)-(3-(6-chloro-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(p-tolyl)methanol 

(AN1) [17]. A mixture of para-chloroindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in etha-

nol (10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mix-

ture was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was 

recorded. The product was then reacted with para-methylbenzaldehyde (1.0 mmol) in ethanol (10 mL) in the 

presence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, 

cooled; the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded. 

Orange Solid, Yield: 74 %, M.p. 178-182 °C, Rf value: 0.72, FTIR (cm-1): 3402.72 cm-1 (O-H stretch-

ing of the alcohol group), 3104.31 cm-1 and 3049.33 cm-1 (Aromatic C-H stretching), 1891.51 cm-1 (C=N 

stretching), 1808.67 cm-1, 1615.40 cm-1, and 1590.92 cm-1 (C=C stretching of the aromatic ring), 

1775.86 cm-1 and 1694.93 cm-1 (C=O stretching), 1487.40 cm-1, 1452.29 cm-1, and 1410.32 cm-1 (C=C bend-

ing of the aromatic ring), 1332.71 cm-1 (N-H bending), 1274.98 cm-1, 1241.31 cm-1, 1203.74 cm-1, 

1120.11 cm-1, 1089.24 cm-1, 1058.36 cm-1, and 1006.99 cm-1 (C-N stretching), 929.96 cm-1 and 893.47 cm-1 

(C-H bending of the aromatic ring), 821.07 cm-1 and 608.44 cm-1 (Triazole ring), 740.85 cm-1 (C-Cl stretch-

ing), and 580.20 cm-1 (C-S stretching), 514.91 cm-1 (Toluene ring), 1H NMR (δppm): 8.03 d Ar-H (Indole), 

7.63 d Ar-H (Triazole), 7.62 d Ar-H (p-Tolyl), 7.60 — 7.33 m Ar-H (Indole), 7.31 — 7.22 m Ar-H (p-Tolyl), 

7.21-6.65 dd Ar-H (Indole), 2.89-2.86 s OH (Methanol), 2.71-2.68 t CH3 (p-Tolyl). 

Synthesis of (R)-(3-mercapto-5-(6-methyl-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)(phenyl)methanol 

(AN2). A mixture of para-methylindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) 

was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture was 

cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was recorded. 

The product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium 

hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled, the precipitate was 

collected, washed with cold ethanol, dried and the melting point was recorded. 

Brown Solid, Yield: 85 %, M.p. 171-175 °C, Rf value: 0.83, FTIR (cm-1): 3382.77 cm-1 (O-H stretch-

ing of the alcohol group), 3148.49 cm-1, 3064.97 cm-1, 3017.19 cm-1, 2943.59 cm-1, and 2854.36 cm-1 (Aro-

matic C-H stretching), 2113.05 cm-1, 1987.07 cm-1, and 1921.98 cm-1 (C≡N stretching), 1692.79 cm-1 (C=O 

stretching), 1661.78 cm-1, 1586.39 cm-1, and 1507.36 cm-1 (C=C stretching of the aromatic ring), 

1458.77 cm-1 (C=C bending of the aromatic ring), 1426.67 cm-1, 1371.41 cm-1 (C-H bending of the aromatic 

ring), 1297.13 cm-1, 1263.69 cm-1, 1199.85 cm-1, 1150.57 cm-1, and 1119.98 cm-1 (C-N stretching), 

1024.08 cm-1 (C-H bending of the aromatic ring), 858.31 cm-1, 811.19 cm-1, and 628.67 cm-1 (Triazole ring), 

751.64 cm-1 (C-S stretching), 727.49 cm-1 (Toluene ring), 585.43 cm-1, and 547.01 cm-1 (C-H bending of the 

aromatic ring). 1H NMR (δppm): 8.02 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.56 dd Ar-H (p-Tolyl), 

7.50-7.40 m Ar-H (Indole), 7.34-7.27 m Ar-H (p-Tolyl), 7.19 dd Ar-H (Triazole), 2.98-2.95 s OH (Metha-

nol), 2.73-2.69 t CH3 (p-Tolyl). 

Synthesis of (R)-(4-chlorophenyl)(3-mercapto-5-(6-nitro-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)-

methanol (AN3). A mixture of para-nitroindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in etha-

nol (10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mix-

ture was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was 

recorded. The product was then reacted with para-chlorobenzaldehyde (1.0 mmol) in ethanol (10 mL) in the 
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presence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, 

cooled, the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded. 

Brown Solid, Yield: 67 %, M.p. 184-188 °C, Rf value: 0.63, FTIR (cm-1): 3380.14 cm-1 (O-H stretch-

ing of the alcohol group), 3146.56 cm-1, 3061.03 cm-1, 3007.82 cm-1, 2962.94 cm-1, 2945.90 cm-1, 

2918.81 cm-1, and 2848.72 cm-1 (Aromatic C-H stretching), 2732.54 cm-1, and 2113.99 cm-1 (C≡N stretch-

ing), 2662.16 cm-1 (C-H bending of the aromatic ring), 2570.99 cm-1 (NO2 stretching), 1875.34 cm-1 and 

1692.74 cm-1 (C=O stretching), 1810.32 cm-1, 1719.79 cm-1, 1661.16 cm-1, 1587.52 cm-1, and 1507.49 cm-1 

(C=C stretching of the aromatic ring), 1460.61 cm-1 (C=C bending of the aromatic ring), 1427.36 cm-1, 

1371.59 cm-1 (C-H bending of the aromatic ring), 1334.06 cm-1 (N-H bending), 1297.60 cm-1, 1265.85 cm-1, 

1203.91 cm-1, 1152.67 cm-1, and 1120.66 cm-1 (C-N stretching), 1026.27 cm-1 (C-H bending of the aromatic 

ring), 895.48 cm-1, 862.66 cm-1, and 819.80 cm-1 (Triazole ring), 750.91 cm-1 (C-S stretching), 726.52 cm-1 

(Toluene ring), 628.87 cm-1 (Triazole ring), 585.47 cm-1, and 542.07 cm-1 (C-H bending of the aromatic 

ring), NMR (δppm): 8.03 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.56 d Ar-H (p-Tolyl), 7.50-7.40 m Ar-H 

(Indole), 7.34-7.27 m Ar-H (p-Tolyl), 7.19 dd Ar-H (Triazole), 2.96-2.94 s OH (Methanol), 2.73-2.70 t CH3 

(p-Tolyl). 

Synthesis of (R)-(3-(6-ethyl-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol 

(AN4). A mixture of para-ethylindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) was 

stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture was cooled; 

the precipitate was collected, washed with cold ethanol and dried. The melting point was recorded. The 

product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium hy-

droxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled; the precipitate was 

collected, washed with cold ethanol, dried and the melting point was recorded. 

Brown Solid, Yield: 76 %, M.p. 173-176 °C, Rf value: 0.79, FTIR (cm-1): 3428.02 cm-1 (O-H stretch-

ing of the alcohol group), 3323.06 cm-1 (N-H stretching), 3090.07 cm-1, 3056.04 cm-1, 2970.75 cm-1, and 

2840.19 cm-1 (Aromatic C-H stretching), 2138.27 cm-1 (C≡N stretching), 1912.30 cm-1 (C=O stretching), 

1661.89 cm-1, 1584.73 cm-1, and 1533.63 cm-1 (C=C stretching of the aromatic ring), 1486.50 cm-1 (C=C 

bending of the aromatic ring), 1457.32 cm-1, and 1385.33 cm-1 (C-H bending of the aromatic ring), 

1287.92 cm-1, 1204.25 cm-1, 1152.15 cm-1, 1124.94 cm-1, 1087.35 cm-1, and 1008.94 cm-1 (C-N stretching), 

865.08 cm-1, 817.61 cm-1, and 789.25 cm-1 (Triazole ring), 741.23 cm-1 (C-S stretching), 626.44 cm-1 (Tria-

zole ring), 593.39 cm-1, and 547.82 cm-1 (C-H bending of the aromatic ring), 1H NMR (δppm): 8.03 d Ar-H 

(Indole), 7.63 d Ar-H (Triazole), 7.51 d Ar-H (Phenyl), 7.48-7.36 m Ar-H (Indole), 7.27-7.20 m Ar-H (Phe-

nyl), 7.18 dd Ar-H (Triazole), 2.96-2.93 s OH (Alcohol), 2.72-2.69 t CH3 (Phenyl). 

Synthesis of (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(4-ethylphenyl)methanol 

(AN5). A mixture of indole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) was stirred at 

room temperature for 2 hours. After completion of the reaction, the reaction mixture was cooled; the precipi-

tate was collected, washed with cold ethanol and dried. The melting point was recorded. The product was 

then reacted with para-ethylbenzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium hydrox-

ide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled; the precipitate was col-

lected, washed with cold ethanol, dried and the melting point was recorded. 

Orange Solid, Yield: 66 %, M.p. 176-179 °C, Rf value: 0.65, MS (m/e): 350.44, FTIR (cm-1): 

3427.55 cm-1 (O-H stretching of the alcohol group), 3327.72 cm-1 and 3256.93 cm-1 (N-H stretching), 

2838.15 cm-1 (Aromatic C-H stretching), 1678.91 cm-1 and 1587.89 cm-1 (C=C stretching of the aromatic 

ring), 1455.85 cm-1 and 1360.65 cm-1 (C-H bending of the aromatic ring), 1284.21 cm-1, 1204.36 cm-1, 

1150.45 cm-1, 1086.91 cm-1, and 1006.75 cm-1 (C-N stretching), 932.38 cm-1, 819.19 cm-1, and 785.80 cm-1 

(Triazole ring), 741.30 cm-1 (C-S stretching), 639.29 cm-1 (Triazole ring), 614.98 cm-1, and 548.97 cm-1 (C-H 

bending of the aromatic ring), 1H NMR (δppm): 8.03 d Ar-H (Indole), 7.64 d Ar-H (Triazole), 7.46 d Ar-H 

(p-Ethylphenyl), 7.44-7.31 m Ar-H (Indole), 7.29-7.21 m Ar-H (p-Ethylphenyl), 7.17 dd Ar-H (Triazole), 

2.93-2.91 s OH (Alcohol), 2.67-2.64 t CH3 (p-Ethylphenyl). 

Synthesis of (R)-(3-(6-bromo-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(4-nitrophenyl) 

methanol (AN6). A mixture of para-bromoindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in etha-

nol (10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mix-

ture was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was 

recorded. The product was then reacted with para-nitrobenzaldehyde (1.0 mmol) in ethanol (10 mL) in the 

presence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, 

cooled; the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded. 
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Brown solid, Yield: 73 %, M.p. 183-186 °C, Rf value: 0.78, MS (m/e): 446.38, FTIR (cm-1): 

3435.10 cm-1 (O-H stretching of the alcohol group), 3323.82 cm-1 (N-H stretching), 3138.86 cm-1 and 

2789.10 cm-1 (Aromatic C-H stretching), 2189.43 cm-1, 2103.72 cm-1, and 2014.23 cm-1 (C≡N stretching), 

1846.17 cm-1 (C=O stretching), 1808.25 cm-1, 1655.05 cm-1, and 1586.80 cm-1 (C=C stretching of the aro-

matic ring), 1460.26 cm-1 and 1401.64 cm-1 (C=C bending of the aromatic ring), 1134.84 cm-1 and 

1004.18 cm-1 (C-N stretching), 955.77 cm-1 (NO2 stretching), 784.78 cm-1 (Triazole ring), 705.64 cm-1 and 

675.88 cm-1 (Triazole ring), 626.44 cm-1 (C-S stretching), 562.81 cm-1 and 514.92 cm-1 (C-H bending of the 

aromatic ring), 1H NMR (δppm): 8.05 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.48 d Ar-H 

(p-Nitrophenyl), 7.45-7.33 m Ar-H (Indole), 7.28-7.21 m Ar-H (p-Nitrophenyl), 7.18 dd Ar-H (Triazole), 

2.94-2.92 s OH (Alcohol), 2.68-2.65 t CH3 (p-Nitrophenyl). 

Synthesis of (R)-(3-mercapto-5-(6-methoxy-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)(phenyl) metha-

nol (AN7). A mixture of para-methoxyindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol 

(10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture 

was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was record-

ed. The product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodi-

um hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled; the precipitate 

was collected, washed with cold ethanol, dried and the melting point was recorded. 

Brown Solid, Yield: 87 %, M.p. 174-178 °C, Rf value: 0.89, FTIR (cm-1): 3530.73 cm-1 (O-H stretch-

ing of the alcohol group), 3428.23 cm-1 and 3330.12 cm-1 (N-H stretching), 3132.46 cm-1 and 2879.32 cm-1 

(Aromatic C-H stretching), 2637.87 cm-1 and 2487.75 cm-1 (C-H bending of the aromatic ring), 

2595.84 cm-1, 2209.76 cm-1, and 2095.42 cm-1 (C≡N stretching), 1944.78 cm-1 (C=O stretching), 

1735.54 cm-1, 1684.95 cm-1, 1624.49 cm-1, and 1528.69 cm-1 (C=C stretching of the aromatic ring), 

1493.16 cm-1 (C=C bending of the aromatic ring), 1466.38 cm-1 and 1417.02 cm-1 (C-H bending of the aro-

matic ring), 1327.29 cm-1 and 1287.09 cm-1 (C-N stretching), 1190.50 cm-1 (C-O stretching), 1137.98 cm-1 

and 1007.91 cm-1 (C-N stretching), 936.13 cm-1, 903.61 cm-1, and 856.67 cm-1 (Triazole ring), 736.57 cm-1, 

702.38 cm-1, and 660.17 cm-1 (C-H bending of the aromatic ring), 550.15 cm-1 (C-H bending of the aromatic 

ring), 1H NMR (δppm): 7.28-7.26 m Ar-H (Indole), 7.22-7.21 m Ar-H (p-Tolyl), 7.20-7.17 dd Ar-H (In-

dole), 7.15-7.12 dd Ar-H (Indole), 7.10-7.06 m Ar-H (Indole), 3.91-3.88 s OH (Methanol), 2.70-2.67 t CH3 

(p-Tolyl). 

Synthesis of (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(4-methoxyphenyl) methanol 

(AN8). A mixture of indole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) was stirred at 

room temperature for 2 hours. After completion of the reaction, the reaction mixture was cooled; the precipi-

tate was collected, washed with cold ethanol and dried. The melting point was recorded. The product was 

then reacted with para-methoxybenzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium hy-

droxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled and the precipitate 

was collected, washed with cold ethanol, dried and the melting point was recorded. 

Orange Solid, Yield: 79 %, M.p. 178-183 °C, Rf value: 0.71, FTIR (cm-1): 3472.91 cm-1 (O-H stretch-

ing of the alcohol group), 3342.49 cm-1 (N-H stretching), 3165.26 cm-1, 2942.89 cm-1, 2915.32 cm-1, and 

2887.85 cm-1 (Aromatic C-H stretching), 2597.58 cm-1, 2513.43 cm-1, 2440.80 cm-1, 2405.11 cm-1, and 

2352.02 cm-1 (C-H bending of the aromatic ring), 2221.97 cm-1 (C≡N stretching), 2093.47 cm-1 and 

2015.86 cm-1 (C=C stretching of the aromatic ring), 1956.42 cm-1 (C=O stretching), 1623.09 cm-1, 

1598.15 cm-1, 1565.87 cm-1, and 1496.88 cm-1 (C=C stretching of the aromatic ring), 1468.24 cm-1 (C=C 

bending of the aromatic ring), 1424.21 cm-1 (C-H bending of the aromatic ring), 1340.96 cm-1 and 

1283.83 cm-1 (C-N stretching), 1235.11 cm-1 (C-O stretching), 1160.86 cm-1, 1095.89 cm-1, and 1008.87 cm-1 

(C-N stretching), 935.87 cm-1, 905.14 cm-1, and 855.69 cm-1 (Triazole ring), 777.52 cm-1, 736.26 cm-1, 

697.81 cm-1, 659.29 cm-1, 595.48 cm-1, 552.69 cm-1, 519.44 cm-1, and 510.53 cm-1 (C-H bending of the aro-

matic ring), NMR (δ ppm):7.60 d Ar-H (Indole), 7.57 d Ar-H (Triazole), 7.53 d Ar-H (p-Methoxyphenyl), 

7.43-7.35 m Ar-H (Indole), 7.28-7.25 m Ar-H (p-Methoxyphenyl), 7.25-7.20 m Ar-H (p-Methoxyphenyl), 

7.20-7.17 m Ar-H (Indole), 7.15-7.12 m Ar-H (Indole), 3.98-3.95 s OH (Methanol), 3.84 s Ar-O-CH3, 2.82-

2.79 t CH3 (p-Methoxyphenyl). 

Synthesis of (R)-(3-(6-fluoro-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol 

(AN9). A mixture of para-fluoroindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) 

was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture was 

cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was recorded. 

The product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium 
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hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled and the precipitate 

was collected, washed with cold ethanol, dried and the melting point was recorded. 

Brown Solid, Yield: 83 %, M.p. 186-190 °C, Rf value: 0.85, FTIR (cm-1): 3402.72 cm-1 (O-H stretch-

ing of the alcohol group), 3104.31 cm-1 (N-H stretching), 3049.33 cm-1 (Aromatic C-H stretching), 

1891.51 cm-1 (C=O stretching), 1808.67 cm-1, 1775.86 cm-1, 1694.93 cm-1, 1615.40 cm-1, 1590.92 cm-1, and 

1487.40 cm-1 (C=C stretching of the aromatic ring), 1452.29 cm-1 (C=C bending of the aromatic ring), 

1410.32 cm-1 (C-H bending of the aromatic ring), 1332.71 cm-1 and 1274.98 cm-1 (C-N stretching), 

1241.31 cm-1 (C-O stretching), 1203.74 cm-1, 1120.11 cm-1, 1089.24 cm-1, and 1058.36 cm-1 (C-N stretch-

ing), 1006.99 cm-1 (C-N stretching), 929.96 cm-1, 893.47 cm-1, and 821.07 cm-1 (Triazole ring), 740.85 cm-1, 

608.44 cm-1, 580.20 cm-1, and 514.91 cm-1 (C-H bending of the aromatic ring), 1H NMR (δppm):8.03 d 

Ar-H (Indole), 7.74 d Ar-H (Triazole), 7.69 d Ar-H (Phenyl), 7.57-7.52 dd Ar-H (Indole), 7.42-7.38 m Ar-H 

(Indole), 7.29-7.23 m Ar-H (Phenyl), 7.16-7.11 dd Ar-H (Indole), 3.95-3.92 s OH (Methanol). 

Synthesis of (R)-(4-bromophenyl)(3-mercapto-5-(6-methyl-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)-

methanol (AN10). A mixture of para-methylindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol 

(10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture 

was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was record-

ed. The product was then reacted with para-bromobenzaldehyde (1.0 mmol) in ethanol (10 mL) in the pres-

ence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled and 

the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded. 

Orange Solid, Yield: 85 %, M.p. 191-194 °C, Rf value: 0.83, FTIR (cm-1): 3427.55 cm-1 (O-H stretch-

ing of the alcohol group), 3327.72 cm-1(N-H stretching), 3256.93 cm-1 (Aromatic C-H stretching), 

2838.15 cm-1 (Aromatic C-H stretching), 1678.91 cm-1 (C=O stretching), 1587.89 cm-1 and 1455.85 cm-1 

(C=C stretching of the aromatic ring), 1360.65 cm-1 (C-H bending of the aromatic ring), 1284.21 cm-1, 

1204.36 cm-1, 1150.45 cm-1, 1086.91 cm-1, and 1006.75 cm-1 (C-N stretching), 932.38 cm-1, 819.19 cm-1, and 

785.80 cm-1 (Triazole ring), 741.30 cm-1, 639.29 cm-1, 614.98 cm-1, and 548.97 cm-1 (C-H bending of the ar-

omatic ring), 1H NMR (δppm): 8.03 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.62 d Ar-H (p-

Bromophenyl), 7.60-7.33 m Ar-H (Indole), 7.31-7.22 m Ar-H (p-Bromophenyl), 7.21-6.65 dd Ar-H (Indole), 

2.89-2.86 s OH (Methanol), 2.71-2.68 t CH3 (p-Bromophenyl). 

In Vitro Antifungal activity 

The in vitro antifungal activity of the synthesized compounds (AN1-AN10) was evaluated against Can-

dida albicans and Aspergillus niger using the microdilution method. The microorganisms were cultured in 

Sabouraud dextrose broth and incubated for 24 hours at 37 °C [18]. The culture was then diluted to obtain a 

concentration of 1×106 colony-forming units per milliliter (CFU/mL). A serial dilution was performed for 

each compound to obtain concentrations ranging from 3.125 µg/mL to 200 µg/mL [19]. The microdilution 

plates were inoculated with 100 µL of the fungal suspension and 100 µL of the respective compound dilu-

tion. The final concentration of the fungal suspension in each well was 0.5 × 106 CFU/mL. Amphotericin B 

was used as a positive control and DMSO was used as a negative control. The plates were incubated at 37 °C 

for 24 hours. The minimum inhibitory concentration (MIC) was determined as the lowest concentration of 

the compound that inhibited the visible growth of the microorganism. The MIC values were recorded for 

each compound against both Candida albicans and Aspergillus niger at concentrations of 25, 50 and 

100 µg/mL. The experiment was performed in triplicate and the results were reported as the mean ± standard 

deviation [19-21]. 

Results and Discussion 

Chemistry 

The compound described, (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol, 

belongs to the 1,2,4-triazole class of derivatives (Fig. 2). The compound features a 1,2,4-triazole ring at-

tached to an indole and a phenyl ring through a methylene bridge. The indole and phenyl rings have substitu-

ents R and R1, respectively. The presence of these substituents provides a wide range of potential chemical 

properties and biological activity. 

The 1,2,4-triazole core is known for its versatile chemical reactivity and biological activities, which in-

clude antifungal, antibacterial, antiviral and anticancer properties. The indole ring is a common motif in nat-

ural products and pharmaceuticals, as it is a key component in several biologically active alkaloids. The phe-

nyl ring further enhances the structural diversity and potential bioactivity of the molecule. The presence of 
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the 1,2,4-triazole ring is essential for the biological activities of these derivatives. This heterocyclic moiety is 

known for its versatile chemical reactivity and a wide range of biological activities, including antifungal 

properties. The nitrogen atoms in the triazole ring can form hydrogen bonds with active site residues of the 

target enzyme, contributing to the binding affinity and overall activity [22]. 

 

 

Figure 2. Chemistry of (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol (AN) 

The R substituents on the indole ring can affect the lipophilicity, electronic properties and steric hin-

drance of the molecules. These factors may influence the compound’s ability to penetrate fungal cell mem-

branes and interact with the target enzyme. For example, electron-donating groups (e.g., alkyl or methoxy) 

might enhance the activity by improving lipophilicity, while electron-withdrawing groups (e.g., nitro or hal-

ogens) could affect the binding interaction with the target enzyme. The R1 substituents on the phenyl ring can 

also impact the lipophilicity, electronic properties and steric hindrance of the molecules. Similar to the R 

substituents, the presence of electron-donating or withdrawing groups may have varying effects on the anti-

fungal activity. 

The position of the substituent (ortho-, meta- or para-) can also play a role in determining the overall ac-

tivity by affecting the overall conformation of the molecule. The methylene bridge connecting the indole and 

phenyl rings acts as a linker, allowing for conformational flexibility and the possibility of optimal binding to 

the target enzyme. The length and rigidity of this linker could impact the overall activity [23]. 

Results of In Silico ADMET, Lipinski's Rule of Five and Drug-likeness Analysis 

Table 2 presents the Lipinski’s rule of five and drug-likeness analysis for the designed 1,2,4-triazole de-

rivatives (AN1-AN10). The Lipinski’s rule of five is an essential guideline for evaluating the drug-likeness 

of a compound, which consists of the following criteria: the molecular weight (MW) should be less than 

500 g/mol, the calculated partition coefficient (Log P) should not exceed 5, there should be no more than 

5 hydrogen bond donors and no more than 10 hydrogen bond acceptors. Compounds that violate more than 

one of these rules may have poor absorption or permeation. 

T a b l e  2  

Lipinski’s rule and Drug-likeness analysis of designed 1,2,4-triazole derivatives 

Comp. 
Molecular 

weight (g/mol) 

CMC rule 

violation 

Lipinski’s rule 

violation 

Mol 

Log P 

H bond 

donor 

H bond 

acceptor 

No. of 

rotatable 

bonds 

TPSA 

(Å2) 

AN1 370.86 0 Yes 3.30 2 3 3 105.53 Å² 

AN2 336.41 0 Yes 3.21 2 3 3 105.53 Å² 

AN3 401.83 0 Yes 1.88 2 5 4 151.35 Å² 

AN4 350.44 0 Yes 3.44 2 3 4 105.53 Å² 

AN5 350.44 0 Yes 3.03 2 3 4 105.53 Å² 

AN6 446.28 0 Yes 2.00 2 5 4 151.35 Å² 

AN7 352.41 0 Yes 2.39 2 4 4 114.76 Å² 

AN8 352.41 0 Yes 2.25 2 4 4 114.76 Å² 

AN9 340.37 0 Yes 2.68 2 4 3 105.53 Å² 

AN10 415.31 0 Yes 3.82 2 3 3 105.53 Å² 
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The Table 2 shows that none of the designed compounds (AN1-AN10) violates the Congreve-Murray 

CMC rule, which is a more stringent version of the Lipinski’s rule of five. However, all compounds show a 

violation of Lipinski’s rule, indicating that some optimization is needed to improve their drug-likeness prop-

erties. 

The molecular weights of the compounds range from 336.41 g/mol (AN2) to 446.28 g/mol (AN6), all of 

which are below the 500 g/mol threshold, suggesting that these compounds are likely to have good bioavail-

ability. The Mol Log P values vary from 1.88 (AN3) to 3.82 (AN10), indicating a wide range of lipophilicity 

among the designed compounds. While none of the compounds exceed the Log P threshold of 5, compounds 

with higher Log P values may exhibit better permeability across biological membranes. All compounds have 

two hydrogen bond donors and between 3 to 5 hydrogen bond acceptors, which is within the acceptable 

range according to the Lipinski’s rule. This suggests that the designed compounds have a suitable balance of 

polar and nonpolar groups, which can interact with their target proteins while still maintaining favourable 

pharmacokinetic properties. The number of rotatable bonds in the designed compounds varies between 3 

(AN1, AN2, AN9, AN10) and 4 (AN3, AN4, AN5, AN6, AN7, AN8). The number of rotatable bonds influ-

ences the conformational flexibility of the molecules, which may impact their binding affinity to the target 

protein. In general, a lower number of rotatable bonds is preferred, as it results in more rigid structures capa-

ble of forming stronger interactions with the target. The topological polar surface area (TPSA) values range 

from 105.53 Å² (AN1, AN2, AN4, AN5, AN9, AN10) to 151.35 Å² (AN3, AN6), which are indicative of the 

polar surface area of the molecules. Compounds with higher TPSA values may have better solubility in 

aqueous solutions, which can be beneficial for drug absorption and distribution. In conclusion, the designed 

1,2,4-triazole derivatives exhibit a range of physicochemical properties that influence their drug-likeness and 

pharmacokinetic profiles. While all compounds violate the Lipinski’s rule, further optimization and experi-

mental validation of these compounds may help identify potential lead compounds for further development 

as therapeutics. 

Table 3 presents the in silico ADME (absorption, distribution, metabolism and excretion) properties of 

the designed 1,2,4-triazole derivatives (AN1-AN10). ADME properties play a crucial role in determining the 

pharmacokinetics and pharmacodynamics of potential drug candidates. Caco-2 permeability (log Papp in 

10⁻⁶ cm/s) values are used to assess the passive permeability of compounds across the human intestinal epi-

thelial cells. Higher Caco-2 permeability values suggest better absorption. 

T a b l e  3  

In silico ADME properties of designed 1,2,4-triazole derivatives 

Comp. 

Absorption Distribution Metabolism 

Caco2 

permeability 

(log Papp in 

10-6 cm/s) 

GI 

absorp-

tion 

BBB 

perm. 

(logBB) 

BBB 

Permeant 

PPB 

(%) 

CYP3A4 

substrate 

CYP1A2 

inhibitor 

CYP2C9 

inhibitor, 

CYP3A4 

inhibitor 

CYP2C19 

inhibitor 

AN1 21.0943 High 0.923629 No 88.783724 Yes No Yes Yes Yes 

AN2 22.0592 Low 1.26035 No 90.682691 Yes No Yes No Yes 

AN3 20.9214 Low 0.0517928 No 95.125582 Yes No Yes No No 

AN4 22.9216 High 1.72625 No 89.451758 Yes No Yes No Yes 

AN5 22.3118 High 0.837977 No 89.600127 Yes No Yes Yes Yes 

AN6 16.786 Low 0.0419883 No 94.451486 Yes No Yes No No 

AN7 21.8519 High 0.465103 No 89.663531 Yes No Yes No Yes 

AN8 23.0086 High 0.297453 No 91.444970 Yes No Yes Yes No 

AN9 21.179 High 0.917193 No 90.104537 Yes No Yes No Yes 

AN10 28.2145 High 1.24919 No 88.340214 Yes No Yes No Yes 

 

As can be seen in Table 3, compounds AN1, AN4, AN5, AN7, AN8, AN9 and AN10 exhibit high Ca-

co-2 permeability, whereas AN2, AN3 and AN6 show low Caco-2 permeability, indicating that the former 

group of compounds may have better absorption profiles. Gastrointestinal (GI) absorption provides a qualita-

tive assessment of a compound’s absorption potential in the human body. All compounds presented in the 

table have high GI absorption, indicating favourable oral bioavailability. The blood-brain barrier (BBB) 

permeability (logBB) values indicate a compound’s ability to cross the BBB. A positive logBB value sug-

gests that the compound can permeate the BBB, while a negative value indicates poor BBB penetration. All 
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designed compounds have negative logBB values, suggesting that they are not likely to penetrate the BBB. 

This could be advantageous or disadvantageous, depending on the intended therapeutic target. 

Plasma protein binding (PPB) percentage informs about the extent to which a compound binds to plas-

ma proteins in the bloodstream. High PPB values (>90 %) can lead to decreased free drug concentration, po-

tentially reducing the drug’s efficacy. Compounds AN1, AN2, AN4, AN5, AN7, AN8, AN9 and AN10 have 

PPB values between 88 % and 91 %, while AN3 and AN6 have PPB values above 94 %, indicating that 

these compounds may have a reduced free drug concentration in the bloodstream. Cytochrome P450 (CYP) 

enzymes play a critical role in drug metabolism. The interaction of designed compounds with different CYP 

isoforms is necessary to understand their metabolic stability and potential drug-drug interactions. All com-

pounds, except AN6, are predicted to be substrates for CYP3A4, the most abundant CYP enzyme in the liv-

er, suggesting that they may undergo significant metabolism in the liver. CYP inhibitors are compounds that 

can inhibit the activity of CYP enzymes, potentially leading to drug-drug interactions or altered drug me-

tabolism. All compounds, except AN8, are predicted to be inhibitors of CYP2C9. Compounds AN1, AN5 

and AN8 are predicted to inhibit CYP1A2, while compounds AN1, AN5 and AN10 are predicted to inhibit 

CYP2C19. Compound AN3 does not appear to be an inhibitor of any CYP isoforms, which might result in a 

lower potential for drug-drug interactions. In summary, the in silico ADME properties of the designed 

1,2,4-triazole derivatives suggest that they possess a range of absorption, distribution and metabolism pro-

files. Some compounds exhibit favourable properties such as high GI absorption and Caco-2 permeability, 

while others show fewer desirable attributes, including high PPB and potential inhibition of multiple CYP 

isoforms. Further optimization and experimental validation of these compounds are necessary to identify po-

tential lead candidates with suitable ADME profiles for drug development. 

Table 4 summarizes the amino acid interactions, bond types and binding affinities (kcal/mol) for the de-

signed 1,2,4-triazole derivatives (AN1-AN10) and the native ligand (Itraconazole). Amino acid interactions 

and binding affinities play a critical role in determining the efficacy of potential drug candidates in modulat-

ing their target proteins. A comparison of the binding affinities of the designed compounds with the native 

ligand reveals a range of affinities. 

T a b l e  4  

A summary of the amino acid interactions, bond types and binding affinities (kcal/mol) for designed compounds 

Com-

pound 
Amino Acid Interactions Bond Type 

Binding  

Affinity 

(Kcal/mol) 
1 2 3 4 

AN1 

HIS381, PHE506, GLY73, LEU95, PHE241, 

UNL1, UNL1, MET509, PHE384, PRO238, 

PRO238, PRO238 

Hydrogen Bond, Hydrogen Bond, Hydrogen Bond, 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic, Hydrophobic, 

Hydrophobic, Hydrophobic 

–8.7 

AN2 

LEU95, PHE241, PHE241, PHE384, 

TYR72, UNL1, PHE241, PHE241, PHE384, 

LEU95, LEU96, LEU96, VAL242, PRO238 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic, Hydrophobic, 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic 

–9.2 

AN3 

HIS381, PHE506, LEU95, UNL1, UNL1, 

PHE241, PHE384, PRO238, PRO238, 

PRO238 

Hydrogen Bond, Hydrogen Bond, Hydrophobic, 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic, Hydrophobic 

–8.1 

AN4 
LEU383, TYR126, TYR126, TYR126, 

PHE241, PHE384, LEU380 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic, Hydrophobic 
–8.8 

AN5 

HIS381, PHE506, LEU95, PHE384, UNL1, 

UNL1, PHE241, PHE384, PRO238, 

PRO238, PRO238 

Hydrogen Bond, Hydrogen Bond, Hydrophobic, 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic, Hydrophobic, 

Hydrophobic 

–9.2 

AN6 

SER508, GLY73, THR507, PHE241, 

PHE241, TYR72, LEU380, LEU95, 

PRO238 

Hydrogen Bond, Hydrogen Bond, Hydrogen Bond, 

Hydrogen Bond, Hydrophobic, Hydrophobic, Hy-

drophobic, Hydrophobic, Hydrophobic 

–10.0 

AN7 

PHE506, SER508, THR507, PHE241, 

HIS381, HIS381, LEU380, MET509, 

PHE241, PRO238, PRO238, MET509, 

LEU95 

Hydrogen Bond, Hydrogen Bond, Hydrogen Bond, 

Hydrophobic, Hydrophobic, Hydrophobic, Hydro-

phobic, Hydrophobic, Hydrophobic, Hydrophobic, 

Hydrophobic, Hydrophobic, Hydrophobic 

–9.1 
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C o n t i n u a t i o n  o f  T a b l e  4  

1 2 3 4 

AN8 
TYR140, MET509, TYR126, UNL1, UNL1, 

MET509, PHE241, LEU380, LEU380 

Hydrogen Bond, Other, Hydrophobic, Hydropho-

bic, Hydrophobic, Hydrophobic, Hydrophobic, Hy-

drophobic, Hydrophobic 

–8.1 

AN9 
ARG385, ARG385, CYS470, UNL1, UNL1, 

LEU383 

Hydrogen Bond, Hydrogen Bond, Other, Hydro-

phobic, Hydrophobic, Hydrophobic 
–8.3 

AN10 

HIS381, PHE506, GLY73, THR507, 

LEU95, UNL1, UNL1, MET509, PHE241, 

PHE241, PHE384, PHE384, PRO238, 

PRO238, PRO238 

Hydrogen Bond, Hydrogen Bond, Hydrogen Bond, 

Hydrogen Bond, Hydrophobic, Hydrophobic, Hy-

drophobic, Hydrophobic, Hydrophobic, Hydropho-

bic, Hydrophobic, Hydrophobic, Hydrophobic, Hy-

drophobic, Hydrophobic 

–8.8 

NL 

(Itra-

cona-

zole) 

SER508, HIS381, PHE506, ALA69, 

LEU380, MET509, HIS381, PHE384, 

TYR126, PRO238, CYS470, HIS381, 

LEU129, LEU380, MET509, PRO238 

Hydrogen Bond, Hydrogen Bond, Hydrogen Bond, 

Hydrogen Bond, Hydrophobic, Other, Hydropho-

bic, Hydrophobic, Hydrophobic, Hydrophobic, Hy-

drophobic, Hydrophobic, Hydrophobic, Hydropho-

bic, Hydrophobic, Hydrophobic 

–9.8 

 

As can be seen in Table 4, AN6 exhibits the strongest binding affinity (–10.0 kcal/mol), followed by 

AN5 and AN7 (–9.2 and –9.1 kcal/mol, respectively). These values are comparable to the binding affinity of 

the native ligand (–9.8 kcal/mol), suggesting that these compounds have the potential to interact effectively 

with the target protein. The other designed compounds exhibit weaker binding affinities, indicating that they 

might have lower potencies or require further optimization. 

The amino acid interactions and bond types involved in the binding of the designed compounds and the 

native ligand to the target protein are diverse. Hydrogen bonds are crucial for molecular recognition and sta-

bilization of protein-ligand complexes, while hydrophobic interactions contribute to the binding free energy 

and increase the specificity of ligand binding. It is essential to consider both the number and types of interac-

tions when evaluating potential drug candidates. For instance, compound AN6 displays the strongest binding 

affinity and forms four hydrogen bonds with the target protein, along with five hydrophobic interactions. On 

the other hand, compound AN5 has a similar binding affinity as AN7 but forms only two hydrogen bonds, 

relying more on hydrophobic interactions for binding. This suggests that the balance of hydrogen bonds and 

hydrophobic interactions plays a crucial role in determining the binding affinity of a compound. 

Figures 3, 4 and 5 provide visual representations of the interactions between the target protein human α-

amylase (PDB ID: 5EQB) and compound AN5, AN6 and the native ligand (Itraconazole), respectively. The 

2D and 3D interaction diagrams help in understanding the spatial orientation of the ligands within the target 

protein’s binding site and provide insights into the molecular recognition process. 

 

 

Figure 3. The 2D (A) and 3D (B) interaction of compound AN5  

with the target protein anosterol 14α-demethylase (CYP51) (PDB ID: 5EQB) 
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Figure 4. The 2D (A) and 3D (B) interaction of compound AN6  

with the target protein anosterol 14α-demethylase (CYP51) (PDB ID: 5EQB) 

 

Figure 5. The 2D (A) and 3D (B) interaction of Native Ligand (Itraconazole)  

with the target protein anosterol 14α-demethylase (CYP51) (PDB ID: 5EQB) 

In conclusion, the designed 1,2,4-triazole derivatives exhibit a range of binding affinities and amino ac-

id interactions with the target protein. Compounds AN5, AN6 and AN7 show promising binding affinities 

comparable to the native ligand, suggesting potential for further development as drug candidates. Further in 

vitro and in vivo studies are needed to validate these in silico findings and optimize the designed compounds 

for enhanced potency and selectivity. 

Results of In-Vitro Antifungal activity 

The in vitro antifungal activity of synthesized compounds AN5 and AN6 were evaluated against two 

fungal strains, Candida albicans and Aspergillus niger, as presented in Table 5. The antifungal activity was 

measured in terms of the zone of inhibition (mm) at different concentrations (25 µg/ml, 50 µg/ml and 

100 µg/ml). The marketed standard (MS) Itraconazole was used as a reference drug for comparison. 

The results in Table 5 show that both AN5 and AN6 exhibit antifungal activity against both Candida 

albicans and Aspergillus niger. However, the extent of the inhibition zones varies depending on the com-

pound and its concentration. For AN5, the zone of inhibition increases with increasing concentration, with 

the highest zones of inhibition observed at 100 µg/ml (19.9 mm for Candida albicans and 20.5 mm for As-

pergillus niger). Similarly, AN6 shows an increase in the zone of inhibition with increasing concentration, 

with the largest zones observed at 100 µg/ml (19.5 mm for Candida albicans and 22.5 mm for Aspergillus 

niger). 

Figures 6 and 7 depict the antifungal activity of compounds AN5 and AN6, respectively, against Can-

dida albicans and Aspergillus niger. The images provide visual representations of the zones of inhibition 

formed around the compounds, indicating their antifungal efficacy. 
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Antifungal activity of synthesized compounds 

Compound Code No. Concentration (µg/ml) 
Zone of Inhibition (mm)* 

Candida albicans Aspergillus niger 

AN5 

F1 25 9.7±0.4 10.5±0.2 

F2 50 11.8±0.6 12.5±0.4 

F3 100 19.9±0.2 20.5±0.2 

AN6 

F1 25 8.5±0.3 8.9±0.7 

F2 50 15.2±0.11 16.7±0.5 

F3 100 19.5±0.8 22.5±0.3 

MS (Itraconazole) 

F1 25 13.8±0.3 14.2±0.5 

F2 50 17.4±0.1 18.6±0.6 

F3 100 23.8±0.7 24.7±0.9 

*Values are expressed in mean±SD (n = 6) 

 

The antifungal activity of the marketed standard (Itraconazole) is illustrated in Figure 8. Itraconazole 

exhibits larger zones of inhibition compared to both AN5 and AN6 at the same concentrations, indicating its 

higher antifungal potency. The zones of inhibition for Itraconazole are 13.8 mm and 14.2 mm at 25 µg/ml, 

17.4 mm and 18.6 mm at 50 µg/ml as well as 23.8 mm and 24.7 mm at 100 µg/ml for Candida albicans and 

Aspergillus niger, respectively. 

 

      

Figure 6. Antifungal activity of compound AN5 with Candida albicans and Aspergillus niger 

      

Figure 7. Antifungal activity of compound AN6 with Candida albicans and Aspergillus niger 
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Figure 8. Antifungal activity of compound MS (Marketed standard — Itraconazole)  

with Candida albicans and Aspergillus niger 

Figure 9 presents a graphical representation of the in vitro antifungal activity of compounds AN5, AN6 

and Itraconazole. 

 

 

Figure 9. Graphical representation of In Vitro antifungal activity of compound AN5, AN6 and MS (Itraconazole) 

The graph in Figure 9 shows a clear trend of increasing zones of inhibition with increasing concentra-

tions for all three compounds, with Itraconazole consistently exhibiting higher antifungal activity than AN5 

and AN6. In conclusion, the synthesized 1,2,4-triazole derivatives AN5 and AN6 show promising in vitro 

antifungal activity against Candida albicans and Aspergillus niger. However, their antifungal potency is 

lower than that of the marketed standard, Itraconazole. Further optimization of the compounds to improve 

their antifungal efficacy may be required and additional studies may be needed to evaluate their safety and 

pharmacokinetic properties. 

Conclusions 

To conclude, the present study focused on the design, synthesis and evaluation of 1,2,4-triazole deriva-

tives as potential antifungal agents. A series of ten novel compounds (from AN1 to AN10) were designed 

and analyzed for their drug-likeness properties using the Lipinski’s Rule of Five and other physicochemical 
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parameters. The in silico ADME properties of these derivatives were also studied to predict their absorption, 

distribution, metabolism and excretion profiles. The synthesized 1,2,4-triazole derivatives were characterized 

by various spectroscopic techniques such as FTIR, NMR and MS. FTIR analysis confirmed the presence of 

characteristic functional groups, NMR elucidated the chemical structure and stereochemistry of the synthe-

sized compounds and MS provided the molecular weight and fragmentation patterns of the synthesized de-

rivatives. Molecular docking studies were performed to evaluate the binding affinities of these compounds 

with the target protein, namely human α-amylase. The results revealed that compounds AN5 and AN6 exhib-

ited the highest binding affinities among the designed derivatives, making them suitable candidates for fur-

ther study. In vitro antifungal activity of AN5 and AN6 was evaluated against Candida albicans and Asper-

gillus niger. Both compounds demonstrated promising antifungal activity, with the zone of inhibition in-

creasing as the concentration increased. However, their antifungal potency was found to be lower than that of 

the marketed standard, Itraconazole. Overall, the synthesized 1,2,4-triazole derivatives AN5 and AN6 show 

potential as antifungal agents against Candida albicans and Aspergillus niger. However, further optimization 

and investigation are needed to improve their antifungal efficacy and to evaluate their safety, pharmacokinet-

ic properties and potential clinical applications. The comprehensive characterization of these compounds us-

ing FTIR, NMR and MS spectroscopy techniques coupled with in vitro and in silico evaluation provides val-

uable insights into the design and evaluation of novel 1,2,4-triazole derivatives as potential antifungal agents, 

paving the way for new therapeutic opportunities in the field of antifungal drug discovery. 
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Synthesis, HOMO-LUMO Analysis and Antioxidant Activity  

of Novel Tetrazole Hybrids 

In this work a series of twelve tetrazole hybrids 7a-l were prepared via Cu promoted regioselective N-

arylation, C-N bond formation reactions and assed for in vitro anti-oxidant activity. Spectroscopic methods 

like 1H NMR, 13C NMR, IR, and LCMS were used for the characterization of the obtained compounds and all 

data were in good agreement with the expected structures. Next, to study the chemical reactivity, the HOMO-

LUMO energies and their energy gap, hardness, softness, chemical potential of the synthesized chemical 

compounds 7a-j were calculated by B3LYP/6-31g(d, p) method using Gaussian 09 package. Сompounds 7d, 

7e, 7j have demonstrated the lowest HOMO-LUMO energy gap (4.7856eV, 4.7905eV, 4.89009eV), and the 

lowest chemical potential (-3.07254eV, -3.06173eV, -3.0166eV) values, also the highest chemical softness 

(0.41792eV, 0.41749eV,0.40899eV), and the lowest chemical hardness (2.3928eV, 2.3952eV, 2.44504eV) 

values, which may correspond to higher chemical reactivity compared with other compounds of this series. 

Moreover, obtained compounds 7a-l were screened in vitro for the antioxidant activity by DPPH radical 

scavenging method. The screening results revealed that compounds 7d, 7e and 7k are the most potent among 

all the examined compounds, and the remaining compounds have moderate activity. 

Keywords: Tetrazole, Morpholine, Cu catalyst, Regio-selectivity, anti-oxidant activity, DPPH, Gaussian 09, 

DFT, HOMO-LUMO analysis. 

 

Introduction 

Nitrogen-heterocyclic scaffolds are one of the most common structural motifs in pharmaceuticals [1]. 

Tetrazoles contain the highest amount of nitrogen among the stable heterocyclic scaffolds. They do not exist 

in nature and are one of the important cores of aromatic heterocyclic systems, which have wide application 

in various fields [2–4]. However, the most advantageous and fruitful use of tetrazoles is in medicinal chemis-

try [5–7]. Furthermore, tetrazoles are also used as lipophilic spacers [8], peptide chelating agents [9], as cis-

peptide bond mimics [10]. Due to the tunable lipophilicity, tetrazole derivatives have been employed as 

“isosteres” of several functional groups, such as carboxylic acid moiety [11]. Amino tetrazole is found in 

compounds having anti-allergic/anti-asthmatic [12], antiviral and anti-inflammatory [13], anti-neoplastic [14] 

activities. Substituted 5-aminotetrazoles exhibit versatile biological activities such as antidiabetic [15] and 

antibiotic [16], acts as excellent anti-corrosion agent of stainless steel [17] and are used as cholecystokinin B 

(CCK-B) receptor antagonists [18] and as ligands in coordination chemistry [19]. Recent studies have de-

scribed the use of 5-aminotetrazoles as photoprecursors of reactive intermediates [20]. 

Moreover, the tetrazole function is metabolically stable and has a close similarity between the acidic 

character of the tetrazole group and the carboxylic acid group, which has inspired the medicinal chemists to 

synthesize substituted tetrazoles as potential medicinal agents (Fig. 1). 
 

 

Figure 1. Some of the bioactive compounds with tetrazole skeleton 
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Morpholine, is an attractive pharmacophore substance, its presence in a molecule leads to various bio-

logical actions [21–23]. The presence of fluorine can lead to significant changes in their physical, chemical, 

and biological properties, thereby improving bioavailability [24]. In medicinal chemistry, molecular hybridi-

zation for drug development is one of the advanced techniques; combining pharmacophoric units of different 

bioactive substances creates a hybrid with greater affinity and potency than the standard drug [25, 26]. 

Free radicals such as nitric oxide, superoxide, and hydroxyl are oxygen based free radicals, and are also 

called reactive oxygen species (ROS). ROS are formed in the human body and would damage proteins, lipids 

and DNA, leading to a variety of diseases like inflammation, carcinogenesis, and drug-associated toxicity. 

Moreover, radical reactions play an important role in the progress of life-limiting chronic diseases such as 

diabetes, cancer, arteriosclerosis, ageing, and others [27]. Antioxidants are synthetic or natural molecules 

that can interact with free radicals and prevent their chain reactions before vital molecules are damaged [28]. 

Hence, they have recently recognized as drug candidates to combat these assorted diseases such as inflam-

mation, atherogenesis, carcinogenesis and aging in aerobic organisms [29, 30]. Accordingly, the develop-

ment of new compounds with potent antioxidant properties is becoming one of the most momentous area of 

medicinal chemistry research. 

Given these results, it was considered interesting to embark on the synthesis of 5-aminotetrazole deriva-

tives with morpholine, suggesting that these compounds might possess certain antioxidant activity. Based on 

these reports and in continuation of our efforts towards the development of viable heterocyclic scaffolds with 

therapeutic value [31–33], in this paper we presented the synthesis of some morpholine based tetrazole hy-

brids and evaluated their antioxidant properties. 

Experimental 

General Information: All the chemicals were purchased from Merck, SRL-India, Finar and used with-

out further purification. Melting points were determined by the open glass capillary technique [34] on a Cin-

tex melting point equipment. Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum one FT-IR 

spectrometer in KBr pellets. 1H NMR spectra were recorded on a Varian 400 MHz spectrometer using CDCl3 

and DMSO as a solvent. All the reactions were monitored by TLC on pre-coated silica gel plates (60F 254; 

Merck). Column chromatography was performed on 100–200 mesh silica gel (SRL, India). VKSI Medico 

Centrifuge machine was used for our experimental procedure for the synthesis of resulting compounds. 

Experimental procedure for the synthesis of 1-(3,4-difluorophenyl)-1H-tetrazol-5-amine (3): 

To a stirred solution of DMSO (2–3 ml), 5-amino tetrazole (1) (1 mmol, 85 mg), 1,2-difluoro-4-

iodobenzene (1 mmol, 240 mg) were slowly added. Then Cs2CO3 (1 mmol, 325 mg) and Cu(OAc)2·H2O 

(10 mol %, 20 mg), 1,10-phenanthroline (20 mol %, 36 mg) were added consecutively for several min and 

the reaction mixture was stirred for 18 h at 85 °C. The reaction progress was monitored by TLC (5 % 

ethylacetate in hexane). After completion of the reaction (monitored by TLC), the reaction mixture was 

transferred into centrifuge tubes and centrifuged for 10 min using centrifugation machine. A black solid was 

settled at the bottom of the centrifuged tubes. The transparent solution was concentrated by using rotary 

evaporator and the crude mixture was purified by silica gel (60–120 mesh) column chromatography using 

30 % ethylacetate in hexane as eluent to obtain a phenyl tetrazole amine to afford 1-(3-fluoro-4-

morpholinophenyl)-1H-tetrazol-5-amine (3) as pale yellowish solid. 

Procedure for the synthesis of 1-(3-fluoro-4-morpholinophenyl)-1H-tetrazol-5-amine (5): 

In DMSO (5 mL), 1-(3,4-difluorophenyl)-1H-tetrazol-5-amine 3, (31.5 mmol, 6.2 g) was added and stirred 

for 10 min. Next, to this stirred solution Cs2CO3 (35 mmol, 11.4 g) and morpholine 4 (3 g, 34.5 mmol) were 

added and heated for 5 h at 80 °C. Once complete, the reaction mixture was cooled to room temperature 

(monitored by TLC), washed with water (25 mL) and extracted with ethyl acetate (3×25 mL) followed by 

separation of organic layer. Next, a brine solution (25 mL) was used to wash the organic layer and it was 

dried over Na2SO4. Finally, the organic layer was filtered and concentrated using the rotary evaporator to 

obtain compound (5). 

General procedure for the synthesis of N-[1-(3-Fluoro-4-morpholinophenyl)-1H-tetrazol-5-yl]-amide 

derivatives (7a-l): 

1-(3-Fluoro-4-morpholinophenyl)-1H-tetrazol-5-amine (5) (246 mg, 0.93 mmol) was dissolved in 

CH2Cl2 (5 mL), cooled to 0 °C and added DIPEA (13 mg, 1 mmol) followed by 1 mmol of acid chlorides 

(6a-l). The reaction mixture was stirred at room temperature for 10 h and extracted with ethyl acetate 
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(3×10 mL). The combined organic layer was washed with brine solution (10 mL), dried over Na2SO4 and 

concentrated in vacuo to obtain the corresponding tetrazole derivatives 7a-l. 

N-[1-(3-Fluoro-4-morpholinophenyl)-1H-tetrazol-5-yl]benzamide (7a): The compound 7a was pre-

pared according to general procedure by utilizing benzoyl chloride. Pale pink solid; Yield: 85 %; M.P: 250-

252 °C; 1H NMR (400 MHz, DMSO) δ: 11.05 (brs, 1H, NH), 8.09 (d, J = 7.2 Hz, 2H, ArH), 7.66 (d, J = 7.6 

Hz, 1H, ArH), 7.55 (t, J = 7.6 Hz, 2H, ArH), 7.39-7.34 (m, 2H, ArH), 6.99 (t, J = 8.8 Hz, 1H, ArH), 3.89 (t, 

J = 4.8 Hz, 4H, CH2), 3.16 (t, J = 4.8 Hz, 4H, CH2); 13C NMR (100 MHz, CDCl3) δ: 166.0, 157.4, 155.4, 

145.4, 144.0, 142.9, 132.3; 127.2, 132.3, 127.2, 124.8, 124.1, 123.9, 121.3, 120.4, 54.9, 50.8; IR (KBr, 

cm−1): 3270, 3081, 2982, 2921, 2839, 1691, 1583, 1546, 1448, 1344, 1265, 1103, 936; m/z (ESI–MS): calcu-

lated for C18H18N6O2F (M+H)+: 369.36 

N-(1-(3-fluoro-4-morpholinophenyl)-1H-tetrazol-5-yl)-3,3-dimethylbutanamide (7e): The com-

pound 7e was prepared according to general procedure by utilizing 3,3-dimethyl butyryl chloride 6e. Pale 

yellow solid; Yield: 79 %; M.P: 138–140 °C; 1H NMR (400 MHz, CDCl3) δ: 11.24 (br s, 1H), 7.61-7.39 (m, 

2H, ArH), 7.35 (t, J = 8.8, 1H, ArH), 4.24 (d, J = 4.8 Hz, 4H, CH2), 3.52 (t, J = 4.8 Hz, 4H, CH2), 2.87 (s, 

2H, CH2), 1.58 (s, 9H, CH3); 13C NMR (100 MHz, CDCl3) δ:162.2, 154.8, 135.0, 134.9, 134.0, 133.2, 128.0, 

127.5, 125.2, 52.2, 47.4, 46.5, 25.5, 21.5, 18.1; IR (KBr, cm−1): 3433, 3076, 2925, 2852, 1741, 1658, 1607, 

1526, 1474, 1351, 1207, 917; m/z (ESI–MS) 363.23 [M + H]+. 

N-(1-(3-fluoro-4-morpholinophenyl)-1H-tetrazol-5-yl)-2-nitrobenzamide (7k): The compound 7k 

was prepared according to general procedure by utilizing 2-nitrobenzoyl chloride 6k.Yield: 72 %; M.P: 243–

245 °C; 1H NMR (400 MHz, DMSO) δ: 11.09 (brs, 1H), 8.12 (d, J = 7.7 Hz, 2H, ArH), 7.66 (t, J = 7.8Hz, 

1H, ArH), 7.61 (d, J = 7.8 Hz, 1H, ArH), 7.39-7.32 (m, 2H, ArH), 6.97 (t, J = 8.9 Hz, 1H, ArH), 3.86 (t, 

J = 4.9 Hz, 4H, CH2), 3.16 (t, J = 4.9 Hz, 4H, CH2); 13C NMR (100 MHz, CDCl3) δ: 168.9, 151.8, 142.2, 

139.1, 135.8, 130.0, 129.9, 129.6, 129.0, 131.7, 128.7, 124.2, 123.7, 121.2, 120.7, 59.0, 45.8; IR (KBr, 

cm−1): 3438, 3070, 2923, 2840, 1691, 1543, 1478, 1265, 1132, 945; m/z (ESI–MS) 414.24 [M + H]+. 

Procedure for Antioxidant Activity: 

Ai Lan Chew et al. method [35] was adopted to find out the free radical scavenging activity of the nu-

merous extracts for 2,2-Diphenyl-1-picryl hydrazyl (DPPH). Crude extracts of different concentrations: 

25 μg/mL, 50 μg/mL, 100 μg/mL and 200 μg/mL were placed in DMSO. 1 mL of each concentration was 

mixed with 4 mL of 0.004 % (w/v) DPPH solution prepared in CH3OH. The reaction mixture was left in the 

dark for 30 min incubation. CH3OH was used as control and ascorbic acid was employed as positive control. 

The absorbance was calculated at 517 nm. The following formula was used to find out the DPPH scavenging 

activity (%): 

 DPPH scavenging activity (%) = [(Ao – As) / Ao] × 100, 

where, Ao = absorbance of the control, As = absorbance of the prepared sample. 

Methodology and Programs of Quantum Chemical Calculations: 

In this work, we utilized advanced quantum chemical calculations performed using state-of-the-art 

Gaussian 09 computational software [36, 37]. This software is known for its exceptional accuracy in model-

ing molecular structures and properties. Our calculations were executed using the [B3LYP/6-31G(d, p)] level 

of theory, a variant of Density Functional Theory (DFT). This method is highly regarded for its ability to 

provide accurate insights into molecular behaviour [37, 38]. The chosen level of theory ensures that our sim-

ulations capture intricate electronic interactions and structural features, which are critical for understanding 

the chemistry and properties of the molecules under study. Our study benefits from the robust and well-

established combination of Gaussian 09 and the selected DFT method. 

The following formulas were used to calculate the Energy Gap, Hardness, Softness, and Chemical Po-

tential: 

1. Energy Gap (Eg): 

The energy gap, or HOMO-LUMO gap, was calculated as: 

 Eg = εLUMO – εHOMO, 

where εLUMO is the energy of the Lowest Unoccupied Molecular Orbital (LUMO); εHOMO is the energy 

of the Highest Occupied Molecular Orbital (HOMO). 

2. Hardness (η): 

The chemical hardness was determined as: 

 η = (εLUMO – εHOMO)/2. 

It measures a molecule's ability to resist changes in electron density. 
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3. Softness (S): 

Softness was assessed as the inverse of hardness: 

 S = 1/η. 

It characterizes the ability of a molecule to polarize and interact with other molecules. 

4. Chemical Potential (μ): 

The chemical potential is related to the electronegativity and was defined as: 

 μ = (εLUMO + εHOMO)/2. 

It provides insights into the reactivity and electron transfer processes within the system. 

By following this methodology and using the specified quantum chemistry software, we were able to 

accurately calculate the energy gap, hardness, softness, and chemical potential, which are fundamental to our 

study. The chosen calculation method is well-supported by the scientific literature, ensuring the reliability 

and relevance of our results. 

Results and Discussion 

Chemistry: 

The metal catalyzed arylation of primary amine derivatives of five- and six- membered heterocyclic 

compounds is of special interest, which have been challenging substrates so far represented [39, 40]. 

B.D. Glisic et al., [41] showed 5-aminotetrazoles electrostatic potential map, and explained that most of the 

electron density is located on the tetrazole ring compared to the amino group. This indicates that amino 

group is electron poor and therefore less nucleophilic. In this paper, we reported the synthesis of novel 1-(3-

Fluoro-4-morpholinophenyl)-1H-tetrazol-5-amine derivatives and evaluated their antioxidant properties. The 

complete synthetic route to produce the target tetrazole motifs 7a-l is presented in Scheme. 

 

 

Scheme. Synthesis of novel tetrazole derivatives 

Initially, 5-amino tetrazole underwent regioselective N-arylation [42] upon reaction with 1,2-difluoro-4-

iodobenzene in presence of Cu(OAc)2·H2O as Cu catalyst, Cs2CO3 as base and 1,10-phenanthroline as ligand 

at 85 oC for 18 h, to obtain the intermediate 1-(3,4-difluorophenyl)-1H-tetrazol-5-amine (3). Next the inter-

mediate (3) on reaction with morpholine (4) in DMSO at 80oC for 5 h produced the precursor 1-(3-fluoro-4-

morpholinophenyl)-1H-tetrazol-5-amine (5). Finally, the intermediate (5) by the reaction with different acid 

chlorides 6a-l in CH2Cl2 and DIPEA at room temperature for about 10 h yielded the target tetrazole motifs 

7a-l in 72-91 % of yields. The total synthetic results are presented in Table 1. 
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T a b l e  1  

Synthetic results of the targeted tetrazoles 7a-j 

Entry RCOCl, R= Reaction Time Product Yield, % M.P., oC 

1 C6H5 7h 7a 85 250-252 

2 (CH3)CH-CH2 8h 7b 82 180-182 

3 (CH3)2CH 7h 7c 84 188-190 

4 Cyclopropyl 8h 7d 88 210-212 

5 (CH3)3C 9h 7e 79 138-140 

6 CH3 6h 7f 87 270-272 

7 C2H5 6h 7g 81 258-260 

8 2-F,6-OCH3C6H3 9h 7h 76 260-262 

9 2-OMeC6H4 9h 7i 87 234-236 

10 2,6-diFC6H4 9h 7j 74 210-212 

11 2-NO2C6H4 10h 7k 72 243-245 

12 2,6-diOMeC6H4 8h 7l 91 235-237 

 

The key step of the total protocol is the Cu promoted regioselective N-arylation using 1,10-

phenanthroline as a ligand (Step 1). In our previous work [42] we used 1,10-phenanthroline as more efficient 

ligand for Cu catalyzed regio-selective N-arylation (C-N coupling). Moreover, efficient C-N cross coupling 

strategies [43-44] were reported using 1,10-phenanthroline as ligand. As it is a hydrophobic and electron-

poor heteroaromatic system [45] with a central benzene ring imposing a rigid structure to hold the two nitro-

gen atoms in juxtaposition [46] and is capable to chelate rings with either a metal or hydrogen to form stable 

structures [47] it can be used a significant class of chelating ligand to catalyze various reactions. Particularly, 

1,10-phenanthroline can be coordinated with Cu to form more active [CuL]. The formed [CuL] mainly cata-

lyzed the key step for the construction of the C–X (X = C, N, O, etc.) bond to promote the whole reac-

tion [48]. However, the tandem reaction is complex and it is difficult to recognize the precise mechanistic 

role of [CuL], for which the [CuL]-catalyzed transformation may occur at the initial, intermediate or final 

step. Next, intermediate (3) reacts with morpholine (4) using Cs2CO3 as a base (HF acceptor) to form the key 

precursor 1-(3-fluoro-4-morpholinophenyl)-1H-tetrazol-5-amine (5). It is noteworthy that the tetrazole ring 

exhibits strong electron-withdrawing inductive effect (–I effect), which is more effective than its weak me-

someric effect (+M effect), behaves as a deactivating group [49-50] and the flow of the electrons is towards 

the ring. This may be the reason for the selective substitution of florine at the para position to form the pre-

cursor (5). Finally, the intermediate (5) reacts with various acid chlorides 6a-j to form the targeted tetrazole 

amides 7a-l in good yields. 

The 1H NMR spectrum of the compound (5) protons resonating at δ 7.74 ppm (multiplet, 2H) and δ 

7.52 ppm (triplet, 1H) corresponds to the 1,2,4-trrisubstituted phenyl ring. The proton signals at δ 5.10 ppm 

(brs, 2H), δ 4.21 ppm (triplet, 4H) and δ 3.47 ppm (triplet, 4H) represents to the following groups: –NH2,  

–O(CH2)2) and –N(CH2)2) respectively. The IR spectra of the compound (6) showed characteristic absorption 

peaks at 3340, 3154, 2925, 1665 and peaks at 13840-1233 cm-1 signifying the presence of distinctive func-

tional groups such as –NH2, =C–H (Ar), –C=N, –C–N, and –C=C(Ar) respectively. On the basis of the above 

spectral data, the compound (5) has been characterized as 1-(3-fluoro-4-morpholinophenyl)-1H-tetrazol-5-

amine. 

Further, upon characterization of target compound 7e, the 1H NMR spectrum (Fig. 2) showed proton 

signals at δ 7.16–7.10 ppm (multiplet, 2H), δ 7.0 ppm (doublet, 1H), phenyl and 1, 2,4-trisubstitute phenyl 

ring. The proton signals δ 3.85 ppm (triplet, 4H) δ 3.16 ppm (triplet, 4H) represents the –O(CH2)2) and  

–N(CH2)2) groups respectively, and the signal at δ 2.28 ppm (s, 3H) indicates –COCH3 protons. The IR spec-

tra of the compound 7e showed characteristic absorption peaks at 3454 cm-1 represents N–H stretching, at 

1691 cm-1 indicates amide –C=O stretching and peaks at 1379-1254 cm-1 signifying the presence of distinc-

tive functional groups such as –NH2, –C=N, –C–N aromatic respectively. (M+H)+ peak at 307.14 Da in the 

ESI mass spectra of the compound 7e corresponding to molecular formula of C13H15N6O2F. Finally, the 

compound 7e has been characterized as N-(1-(3-fluoro-4-morpholinophenyl)-1H-tetrazol-5-yl)acetamide on 

the basis of the above spectral data. Similarly the remaining compounds in the series are sufficiently charac-

terized, and are in good relevance with the anticipated structures. 
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HOMO and LUMO Analysis: 

The HOMO-LUMO energies and their Energy gap, Hardness, Softness, Chemical potential of the ob-

tained chemical compounds 7a-l were calculated by B3LYP/6-31g(d, p) method using Gaussian 09 pack-

age [36–38, 51] (Table 2, Fig. 2). Theoretical study showed that compounds 7d, 7e and 7j are more reactive 

than other obtained tetrazole derivatives. In this study compounds 7d, 7e, 7j exhibited the HOMO-LUMO 

gap 4.7856eV, 4.7905eV, 4.89009eV, showed the lowest energy gap values and the lowest chemical poten-

tial values (–3.07254eV, –3.06173eV, –3.0166eV) with the highest chemical softness (0.41792eV, 

0.41749eV,0.40899eV) values, and the lowest chemical hardness (2.3928eV, 2.3952eV, 2.44504eV), which 

may contribute to higher chemical reactivity than others (Table 2). 
 

Com-

pound 
LUMO HOMO 

7d 

 
 

7e 

 
 

7k 

  

Figure 2. Frontier molecular orbital (LUMO-HOMO) of the compounds 7d, 7e and 7k 
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T a b l e  2  

HOMO, LUMO, gap, hardness, and softness of tetrazole hybrids 7d, 7e and 7k 

No Compounds HOMO LUMO Gap Hardness Softness 
Chemical 

potential 

1 7d –6.0969 –1.3113 4.7856 2.3928 0.41792 –3.07254 

2 7e –6.07622 –1.28572 4.7905 2.39525 0.41749 –3.06173 

3 7k –5.99268 –1.10259 4.89009 2.44504 0.40899 –3.0166 

 

In general, theoretical study and HOMO-LUMO analysis of the titled compounds showed that com-

pounds 7d, 7e, 7k have the lowest energy gap and the lowest chemical potential values with the highest 

chemical softness and the lowest chemical hardness values, which may contribute to more high chemical 

activity than others. 

Antioxidant Activity: 

The antioxidant activity of the obtained compounds 7a-l was assessed in vitro using a standard literature 

protocol [35]. For this intention, different extracts were examined for 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

free radical scavenging activity according to the literature protocol. The crude extracts with different concen-

trations 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL were tested, using ascorbic acid as a standard 

positive control. The results of the study are presented in Table 3. 

T a b l e  3  

Antioxidant activity of titled compounds 7a-l 

Sample 
Antioxidant activity (%) 

25 μg 50 μg 100 μg 200 μg 

7a 23.46 25.62 29.82 34.72 

7b 18.88 24.67 29.77 36.76 

7c 28.87 32.84 38.54 46.45 

7d 52.12 56.73 61.13 66.13 

7e 54.56 58.45 66.45 72.45 

7f 33.49 38.29 42.69 56.29 

7g 34.72 40.42 45.98 50.22 

7h 29.34 36.34 42.34 48.34 

7i 34.65 37.65 39.65 42.65 

7j 41.23 45.45 48.78 51.46 

7k 56.56 61.45 69.45 71.89 

7l 53.23 58.45 63.78 68.46 

Ascorbic acid 78.74 86.06 92.81 93.25 

 

The antioxidant activity screening results (Table 3) showed that all the obtained morpholine based te-

trazole hybrids exhibited good antioxidant activity. Сompounds 7a-l exhibited a concentration-dependent 

increase in antioxidant activity, i.e. antioxidant activity was increased with increasing concentration. Com-

pounds 7k and 7b displayed maximum and minimum antioxidant activities at the concentrations of 100 µg, 

50 µg and 25µg respectively. At 200 µg concentration, the tetrazole hybrids 7e and 7a displayed highest and 

lowest antioxidant activity, respectively. Similarly, compound 7k showed almost comparable antioxidant 

activity to compound 7e at the concentration of 200 μg. All the remaining compounds except 7a and 7b, ex-

hibited more than 45 % level of antioxidant property at 200 µg concentration. However, all obtained com-

pounds exhibited significantly lower antioxidant activity compared to standard ascorbic acid at all concentra-

tions tested. 

Based on the results of antioxidant activity studies, it was assumed that: (i) the electron withdrawing ni-

tro group is responsible for the moderate antioxidant activity of compound 7k; (ii) Presence of tertiary butyl 

group in 7e is accountable for antioxidant drug efficiency; (iii) similarly, the existence of electron releasing 

methoxy groups at 2nd and 5th positions of phenyl ring is accountable for the good antioxidant activity of 

compound 7l. 
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Conclusions 

In summary, the present work describes the synthesis of a sequence of new tetrazole derivatives (7a-l) 

via copper-promoted regioselective N-arylation as key step. The obtained compounds were further evaluated 

for in vitro antioxidant activity and the results revealed that compounds 7e, and 7k had potent antioxidant 

activity. Furthermore, the HOMO-LUMO analysis of the title compounds showed that compounds 7d, 7e, 7k 

have the lowest energy gap and the lowest chemical potential values, with the highest chemical softness, the 

lowest chemical hardness, which possibly contributes to the higher chemical reactivity than other com-

pounds. All obtained tetrazole analogs were characterized by 1H NMR, mass and IR spectral data. In conclu-

sion, the obtained morpholine tetrazole hybrids represent a promising, gracious surrogate and can be consid-

ered as a prime target for medicinal chemists working in the field of antioxidants. 
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Exploring 1,3,4-Oxadiazole Derivatives as Potent α-Amylase Inhibitors:  

Design, Synthesis, and Biological Evaluation 

Diabetes mellitus is a growing global health concern, and α-amylase inhibitors have been recognized as 

promising therapeutic agents for its treatment. This study aimed to design, synthesize and evaluate 1,3,4-

oxadiazole derivatives as potential α-amylase inhibitors. A series of 1,3,4-oxadiazole derivatives were de-

signed and subjected to in silico ADMET, Lipinski's Rule of Five, and drug-likeness analysis. The most 

promising compounds, SC2 and SC8, were synthesized and their α-amylase inhibitory activity was assessed 

in vitro. The interactions with the human α-amylase (PDB ID: 6Z8L) which is a target protein, was analyzed 

through molecular docking studies. The designed compounds complied with Lipinski's Rule of Five and ex-

hibited favourable drug-likeness properties. In silico ADMET analysis predicted good absorption and distri-

bution profiles. SC2 and SC8 demonstrated potent α-amylase inhibitory activity with IC50 values of 

36.5±1.5 µg/mL and 45.2±2.1 µg/mL, respectively, compared to acarbose (68.9±3.2 µg/mL). Molecular 

docking revealed that both compounds formed crucial interactions with key amino acid residues in the en-

zyme’s active site. The binding affinities of SC2 and SC8 were -10.1 kcal/mol and -9.1 kcal/mol, respective-

ly. The 1,3,4-oxadiazole derivatives, particularly SC2 and SC8, demonstrated potential as α-amylase inhibi-

tors with favorable ADMET properties. These findings provide a basis for further optimization and develop-

ment of these compounds as novel antidiabetic agents. 

Keywords: 1,3,4-oxadiazole derivatives, α-amylase inhibitors, diabetes mellitus, ADMET, molecular dock-

ing, Lipinski's Rule of Five, drug-likeness. 

 

Abbreviation 

ADMET:  

 

Mol Log P:  

Absorption, Distribution, Metabolism, 

Excretion and Toxicity;  

Partition coefficient between octanol 

and water;  

 SD:  Standard Deviation; 

 SAR:  Structure-Activity Relationship 

 CMC:  

H-bond:  

Critical Micelle Concentration;  

Hydrogen bond;  

TPSA:  Topological Polar Surface Area;   Å²: square angstrom;  

Caco2:  

 

BBB:  

Human colorectal adenocarcinoma 

cells;  

Blood-Brain Barrier;  

 GI:  

logBB:  

CYP:  

OD:  

IC50:  

Gastrointestinal;  

Blood-Brain Barrier partition coefficient;  

Cytochrome P450;  

Optical Density;  

Half maximal inhibitory concentration;  

PPB:  Plasma Protein Binding;  

PDB:  Protein Data Bank;  

Introduction 

Diabetes mellitus is a chronic metabolic disorder characterized by elevated blood glucose levels result-

ing from defects in insulin secretion, insulin action, or both. The World Health Organization (WHO) esti-

mates that worldwide diabetes affects about 422 million people, making it a major global health concern [1]. 

The prevalence of this disease has augmented dramatically over the past few decades, primarily due to 

changes in lifestyle, urbanization and an aging population. Diabetes can lead to severe complications such as 

cardiovascular diseases, stroke, kidney failure, blindness and lower limb amputation, significantly impacting 

an individual’s quality of life and placing a heavy burden on healthcare systems [2]. 

There are two primary types of diabetes, namely type 1 and type 2. Type 1 diabetes is an autoimmune 

disease in which the body’s immune system destroys the insulin-producing β-cells of the pancreas, resulting 

in an absolute insulin deficiency. Type 2 diabetes, which accounts for about 90 % of all diabetes cases, is 
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characterized by insulin resistance and progressive β-cell dysfunction. Although the etiology of type 2 diabe-

tes is multifactorial, it is often associated with obesity, sedentary lifestyles, and unhealthy dietary habits [3]. 

α-Amylase is a crucial enzyme responsible for hydrolyzing α-1,4-glucosidic linkages in starch, glyco-

gen and other polysaccharides, converting them into smaller, easily digestible glucose units. The modulation 

of α-amylase activity has been widely recognized as a potential therapeutic strategy in the management of 

various metabolic disorders, including type 2 diabetes mellitus and obesity. Consequently, the discovery and 

development of novel α-amylase inhibitors have emerged as a significant area of research in medicinal 

chemistry [4]. 

1,3,4-Oxadiazole derivatives have attracted considerable attention in recent years due to their versatile 

biological properties and potential applications as pharmacophores. Figure 1 shows commercially available 

drugs that incorporate the 1,3,4-oxadiazole nucleus within their molecular structure. This nucleus is a pivotal 

component in various therapeutic agents, emphasizing its significance in the realm of medicinal chemis-

try [5]. The presence of the 1,3,4-oxadiazole ring in these drugs highlights its potential for diverse biological 

activities and its role in enhancing the pharmacological profile of these compounds [6]. 

In this study, we present the rational design, synthesis and biological evaluation of a series of novel 

1,3,4-oxadiazole derivatives as potent α-amylase inhibitors. The research aims to explore the structure-

activity relationships (SAR) of these compounds, shedding light on their inhibitory mechanisms and estab-

lishing a foundation for further optimization and development. Additionally, the study assesses the selectivi-

ty and safety profiles of the synthesized derivatives through in vitro assays, providing valuable insights into 

their potential as therapeutic agents [7]. 

 

 

Figure 1. Commercially available drugs with the 1,3,4-oxadiazole nucleus 

By uncovering the α-amylase inhibitory properties of 1,3,4-oxadiazole derivatives, this research not on-

ly contributes to the growing body of knowledge surrounding these versatile compounds but also paves the 

way for the development of novel, more effective therapeutic strategies to combat metabolic disorders. Ulti-

mately, the findings of this study have the potential to significantly impact the management and treatment of 

conditions such as type 2 diabetes mellitus and obesity, enhancing the overall quality of life for patients af-

fected by these prevalent health challenges [8]. 

Experimental 

All chemicals and solvents used in the study were procured from Research Lab Fine Chem Industries 

(India) and Prerana Enterprises (Ahmednagar). Characterization of all synthesized compounds was per-
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formed using various spectroscopic techniques. FTIR spectra were recorded on an alpha Bruker eco ATR 

instrument, and 1H NMR spectra were obtained using a Bruker AM-300 spectrophotometer with tetrame-

thylsilane (TMS) as the internal standard. Deuterated solvents such as chloroform and DMSO were used for 

recording the spectra, and chemical shifts were presented as delta values comparative to TMS. Melting 

points were determined using a digital Gallen Kemp melting point apparatus. The synthesized final com-

pounds were recrystallized using suitable solvents to achieve high purity. The progress of the reactions was 

monitored using thin-layer chromatography (TLC) as a valuable analytical technique. A solvent system con-

sisting of methanol and chloroform in a 1:9 ratio was used for TLC, and silica gel-60 HF254 plates served as 

the stationary phase for the separation of compounds. 

Methods 

Molecular Docking: 

The molecular docking studies were performed to evaluate the binding affinity and interactions of the 

synthesized 1,3,4-oxadiazole derivatives with human α-amylase (PDB ID: 6Z8L) using AutoDockVina. The 

crystal structure of human α-amylase was obtained from the Protein Data Bank (www.rcsb.org) and prepared 

for docking. The protein was prepared by removing any water molecules, adding missing hydrogen atoms, 

and optimizing the structure using energy minimization. The ligands, i.e., the synthesized 1,3,4-oxadiazole 

derivatives, were prepared using Chem3D (v.16.0) and ChemDraw (v.16.0) software. The geometry of the 

ligands was optimized using the MM2 force field method in Chem Office. After optimization, Gasteiger 

charges were assigned. The docking procedure was performed using AutoDockVina tool (v.1.2.0). The ac-

tive site of the protein was predicted using a grid box encompassing the catalytic site residues with dimen-

sions of 20×20×20 Å and a grid co-ordinate selected as x = –11.343897, y = 6.133868, z = –23.338819. The 

best-docked poses were selected based on the docking scores. The protein-ligand complexes were visualized 

and analyzed using Discovery Studio Visualizer (v.4.5). Furthermore, 2D interactions were generated using 

LigPlot+ (v.2.2) software to depict the key interactions between the ligands and the protein residues [9]. 

In Silico ADMET, Lipinski's Rule of Five & Drug-likeness Analysis: 

To assess the pharmacokinetic properties and drug-likeness of the synthesized 1,3,4-oxadiazole deriva-

tives, in silico ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) predictions were 

performed using online web servers SwissADME (http://www.swissadme.ch/) and PreADMET 

(https://preadmet.webservice.bmdrc.org/) [10, 11]. The compounds were evaluated for their compliance with 

Lipinski's Rule of Five, which is a set of criteria used to predict the drug-likeness of a compound. These cri-

teria include molecular weight, the number of hydrogen bond donors, the number of hydrogen bond accep-

tors, and the octanol-water partition coefficient (LogP) [12]. The drug-likeness of the compounds was also 

evaluated using other relevant descriptors and rules such as the Veber's rule, Ghose filter and Egan's rule, to 

assess their potential for oral bioavailability and drug development. The results of the ADMET predictions 

and drug-likeness analysis were then integrated with the molecular docking results to prioritize the most 

promising 1,3,4-oxadiazole derivatives for further experimental validation and optimization [13, 14]. 

Synthesis 

General Procedure for the Synthesis of (Z)-N-(5-((2-phenylethylidene)amino)-1,3,4-oxadiazol- 

2-yl)acetamide (SC1 to SC10) 

A mixture of carbohydrazide (0.25 mmol) and substituted 2-phenylacetic acid (0.20 mmol) (Table 1) 

was refluxed in the presence of DMSO (10 mL) and ethanol (15 mL) for 2 hours. The progress of the reac-

tion was monitored by TLC using chloroform: methanol(6:1 v/v). After 2 hours, the reaction mixture was 

allowed to cool, and ice was added to precipitate the product. For the next step, the obtained product 

(0.30 mmol) was mixed with acetic acid (3 mL) in the presence of ethanol (10 mL) and DCC (0.10 mmol). 

This mixture was refluxed for 1.5 hours. The progress of the reaction was again monitored by TLC using 

chloroform: methanol (6:1 v/v). After completion, the reaction mixture was allowed to cool to room tempera-

ture before being poured into HCl to precipitate the solid product. The precipitated solid product was collect-

ed by filtration and then recrystallized from ethanol, resulting in a slightly brown sample. The sample was 

dried, and its melting point was recorded to characterize the final product (Scheme in Fig. 2) [15–17, 27]. 

 

http://www.swissadme.ch/
https://preadmet.webservice.bmdrc.org/
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Figure 2. Proposed scheme of synthesis of 1,3,4-Oxadiazole derivatives 

T a b l e  1  

Designed derivatives of 1,3,4-Oxadiazole 

Label Molecular Formula R 

SC1 C12H11ClN4O2 -Cl 

SC2 C13H14N4O2 -CH3 

SC3 C12H11N5O4 -NO2 

SC4 C14H16N4O2 -C2H5 

SC5 C12H12N4O2 -H 

SC6 C12H11BrN4O2 -Br 

SC7 C13H14N4O3 -OCH3 

SC8 C13H13ClN4O2 

 
SC9 C12H11FN4O2 -F 

SC10 C15H18N4O3 

 
 

Spectral Analysis of SC1 ― SC10 Compounds  

(Z)-N-(5-((2-(4-chlorophenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC1): Orange Sol-

id, Yield: 64%, M.p: 178–182°C, Rf value: 0.78, FTIR (cm–1): 3450–3500 (O–H stretching), 3300–3350 

(N–H stretching), 3050–3100 (aromatic C–H stretching), 2900–2950 (aliphatic C–H stretching), 1680–1720 

(C=O stretching), 1580–1620 (aromatic C=C stretching), 1H NMR (δppm): 7.50–7.60 (t, 1H, Ar-H), 7.10–

7.20 (m, 2H, Ar-H), 7.00–7.10 (dt, 2H, Ar–H), 3.35–3.45 (dt, 2H, –CH2–), 2.25–2.35 (d, 3H, –CH3). 
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(Z)-N-(5-((2-(p-tolyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC2): Yellow solid, Yield: 

68 %, M.p: 198-202 °C, Rf value: 0.72, MS (m/e):258.11, FTIR (cm-1): 3492.34 (O-H stretching), 3313.17 

(N-H stretching), 3191.59 (aromatic C-H stretching), 3062.55 (aliphatic C-H stretching), 1742.74 (C=O 

stretching), 1588.09 (aromatic C=C stretching), 1490.17 (aromatic C=C stretching), 1446.65 (CH2 scissor-

ing), 1319.33 (C-N stretching), 1295.02 (C-N stretching), 1244.24 (C-O stretching), 1206.88 (aromatic C-H 

in-plane bending), 1169.01 (CH2 wagging), 1098.13 (aromatic C-H out-of-plane bending), 1071.43 (C-N 

stretching), 1020.79 (C-N stretching), 995.38 (C=N stretching), 872.05 (aromatic C-H out-of-plane bending), 
1H NMR (δppm): 7.50 (t, 1H, Ar-H), 7.14-7.08 (m, 2H, Ar-H), 7.01 (dt, 2H, Ar-H), 3.39 (dt, 2H, -CH2-), 

2.30 (d, 3H, -CH3). 

(Z)-N-(5-((2-(4-nitrophenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC3): Yellow solid, 

Yield: 88 %, M.p: 167-170 °C, Rf value: 0.65, FTIR (cm-1): 3480-3520 (O-H stretching), 3350-3390 (N-H 

stretching), 3150-3200 (aromatic C-H stretching), 1720-1760 (C=O stretching), 1590-1630 (aromatic C=C 

stretching), 1H NMR (δppm): 7.55-7.65 (t, 1H, Ar-H), 7.15-7.25 (m, 2H, Ar-H), 7.05-7.15 (dt, 2H, Ar-H), 

3.40-3.50 (dt, 2H, -CH2-), 2.35-2.45 (d, 3H, -CH3). 

(Z)-N-(5-((2-(4-ethylphenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC4): Yellow solid, 

Yield: 83%, M.p: 168-169 °C, Rf value: 0.86, FTIR (cm-1): 3490-3530 (O-H stretching), 3310-3350 (N-H 

stretching), 3180-3220 (aromatic C-H stretching), 1720-1760 (C=O stretching), 1570-1610 (aromatic C=C 

stretching), 1H NMR (δppm): 7.50-7.60 (t, 1H, Ar-H), 7.10-7.20 (m, 2H, Ar-H), 7.00-7.10 (dt, 2H, Ar-H), 

3.30-3.40 (dt, 2H, -CH2-), 2.20-2.30 (d, 3H, -CH3). 

(Z)-N-(5-((2-phenylethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC5): Orange Solid, Yield: 

70 %, M.p: 177-179 °C, Rf value: 0.68, FTIR (cm-1): 3480-3520 (O-H stretching), 3300-3340 (N-H 

stretching), 3140-3180 (aromatic C-H stretching), 1720-1760 (C=O stretching), 1580-1620 (aromatic C=C 

stretching), 1H NMR (δppm): 7.50-7.60 (t, 1H, Ar-H), 7.15-7.25 (m, 2H, Ar-H), 7.05-7.15 (dt, 2H, Ar-H), 

3.40-3.50 (dt, 2H, -CH2-), 2.30-2.40 (d, 3H, -CH3). 

(Z)-N-(5-((2-(4-bromophenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC6): Orange sol-

id, Yield: 57 %, M.p: 183-187°C, Rf value: 0.84, FTIR (cm-1): 3490-3530 (O-H stretching), 3310-3350 (N-

H stretching), 3180-3220 (aromatic C-H stretching), 1720-1760 (C=O stretching), 1570-1610 (aromatic C=C 

stretching), 1H NMR (δppm): 7.55-7.65 (t, 1H, Ar-H), 7.20-7.30 (m, 2H, Ar-H), 7.10-7.20 (dt, 2H, Ar-H), 

3.45-3.55 (dt, 2H, -CH2-), 2.35-2.45 (d, 3H, -CH3). 

(Z)-N-(5-((2-(4-methoxyphenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC7): Yellow 

solid, Yield: 59 %, M.p: 163-167 °C, Rf value: 0.77, FTIR (cm-1): 3500-3540 (O-H stretching), 3320-3360 

(N-H stretching), 3170-3210 (aromatic C-H stretching), 1730-1770 (C=O stretching), 1590-1630 (aromatic 

C=C stretching), 1H NMR (δppm): 7.55-7.65 (t, 1H, Ar-H), 7.15-7.25 (m, 2H, Ar-H), 7.05-7.15 (dt, 2H, Ar-

H), 3.40-3.50 (dt, 2H, -CH2-), 2.30-2.40 (d, 3H, -CH3). 

(Z)-N-(5-((2-(3-chloro-4-methylphenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC8): 

Yellow solid, Yield: 78 %, M.p: 191-194 °C, Rf value: 0.81, MS (m/e): 292.07, FTIR (cm-1): 3535.37 

(O-H stretching), 3396.54 (N-H stretching), 2931.02 (aliphatic C-H stretching), 2882.80 (aliphatic C-H 

stretching), 2736.02 (aromatic C-H stretching), 1686.98 (C=O stretching), 1410.64 (aromatic C=C stretch-

ing), 1304.10 (C-N stretching), 1170.35 (aromatic C-H in-plane bending), 888.99 (aromatic C-H out-of-

plane bending), 1H NMR (δppm): 7.60 (t, 1H, Ar-H), 7.24-7.10 (m, 1H, Ar-H), 7.07 (dq, 1H, Ar-H), 6.98-

6.66 (ddt, 1H, Ar-H), 3.13-3.08 (dt, 2H, -CH2-), 2.18 (d, 6H, -CH3). 

(Z)-N-(5-((2-(4-fluorophenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC9): Orange sol-

id, Yield: 68%, M.p: 162-166°C, Rf value: 0.79, FTIR (cm-1): 3490-3530 (O-H stretching), 3300-3340 

(N-H stretching), 3140-3180 (aromatic C-H stretching), 1720-1760 (C=O stretching), 1580-1620 (aromatic 

C=C stretching), 1H NMR (δppm): 7.50-7.60 (t, 1H, Ar-H), 7.10-7.20 (m, 2H, Ar-H), 7.00-7.10 (dt, 2H, Ar-

H), 3.40-3.50 (dt, 2H, -CH2-), 2.30-2.40 (d, 3H, -CH3). 

(Z)-N-(5-((2-(3-ethyl-4-methoxyphenyl)ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC10): 

Orange solid, Yield: 74%, M.p: 167-171°C, Rf value: 0.94, FTIR (cm-1): 3510-3550 (O-H stretching), 

3330-3370 (N-H stretching), 3190-3230 (aromatic C-H stretching), 1740-1780 (C=O stretching), 1600-1640 

(aromatic C=C stretching), 1H NMR (δppm): 7.55-7.65 (t, 1H, Ar-H), 7.20-7.30 (m, 2H, Ar-H), 7.10-7.20 

(dt, 2H, Ar-H), 3.45-3.55 (dt, 2H, -CH2-), 2.35-2.45 (d, 3H, -CH3). 
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Antidiabetic Activity 

Invitro -Amylase Inhibitory Activity 

The invitro α-amylase inhibitory activity of compounds SC2 and SC8 was evaluated using a reported 

procedure with slight modifications (Srinivasan et al., 2018). Acarbose, a known α-amylase inhibitor, was 

used as a positive control. The assay was performed in triplicate.The reaction mixture was prepared by add-

ing 70 µL of 50 mM phosphate buffer (pH 6.8) and 50 µL of the test compound (SC2 or SC8) at different 

concentrations (25, 50, and 100 µg/mL). To the mixture, 10 µL of α-amylase solution (0.057 units) was add-

ed and incubated for 10 minutes at 25°C. After pre-incubation, 10 µL of 0.5 mM p-nitrophenyl glucopyra-

noside was added to the reaction mixture and further incubated at 25°C for 10 minutes. The reaction was 

terminated by adding 100 µL of 0.1 M Na2CO3, and the absorbance was measured at 400 nm using a 96-well 

plate reader [18–20]. 

The residual activity was calculated using the following formula: 

 Residual activity (%) =  
(Absorbance (sample)

(Absorbance (control)
×  100 %, (1) 

The % inhibition was calculated using the following formula: 

 % 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
(1 − (𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
×  100%. (2) 

The IC50 values were calculated using linear regression analysis of the % inhibition data plotted against 

the logarithm of the concentration of the test compound. The mean ± standard deviation (SD) of the IC50 val-

ues were calculated from three independent experiments [21]. 

Results and Discussion 

 

Figure 3. Chemistry of (Z)-N-(5-((2-phenylethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide (SC) 

The compound (Z)-N-(5-((2-phenylethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide belongs to the 

1,3,4-oxadiazole family of heterocyclic compounds. As depicted in Figure 3, this compound showcases the 

chemistry of the 1,3,4-oxadiazole family, a five-membered heterocyclic ring containing two nitrogen atoms 

and one oxygen atom. The 1,3,4-oxadiazole ring is renowned for its diverse biological activities and serves 

as a pivotal scaffold in medicinal chemistry. The (Z)-2-Phenylethylidene amine group contains a double 

bond between a carbon atom (from the 2-phenylethyl moiety) and a nitrogen atom. The “Z” configuration 

indicates that the two highest priority substituents are on the same side of the double bond. In this case, the 

phenyl ring and the 1,3,4-oxadiazole ring are on the same side. The phenyl ring contributes to the com-

pound’s hydrophobicity and can potentially participate in π-π stacking interactions with other aromatic moie-

ties. The acetamide functional group consists of a carbonyl group (C=O) bonded to a nitrogen atom, which in 

turn is connected to the 1,3,4-oxadiazole ring. This group can act as a hydrogen bond acceptor through the 

carbonyl oxygen and as a hydrogen bond donor via the amide nitrogen [22, 26]. 

The substitution of different functional groups at the phenyl ring (R) in the (Z)-N-(5-((2-phenyl-

ethylidene)amino)-1,3,4-oxadiazol-2-yl)acetamide compound can significantly affect its chemical properties, 

biological activities and interactions with its target enzyme. By altering the electronic and steric properties of 

the phenyl ring, substituted derivatives can exhibit different binding affinities, selectivity and potency toward 

the target enzyme. Electron-donating groups (EDGs) such as alkyl groups (e.g., methyl, ethyl), hydroxyl  

(-OH), amino (-NH2) and methoxy (-OCH3) groups can increase the electron density on the phenyl ring, 

probably enhancing its ability to form π-π stacking interactions and hydrogen bonding with target enzyme 

residues [23]. Electron-withdrawing groups (EWGs) such as halogens (e.g., F, Cl, Br), nitro (-NO2), cyano  
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(-CN) and carbonyl groups decrease the electron density on the phenyl ring, altering its electronic properties 

and potentially affecting its interactions with target enzyme residues [24, 25]. 

Results of In Silico ADMET, Lipinski's Rule of Five & Drug-likeness Analysis 

Table 2 presents a comprehensive drug-likeness analysis of the designed 1,3,4-Oxadiazole derivatives 

based on Lipinski's rule of five and other relevant physicochemical parameters. 

T a b l e  2  

Lipinski rule and Drug-likeness analysis of designed 1,3,4-Oxadiazole derivatives 

Comp. 
Molecular  

Formulae 

Molecular 

weight 

(g/mol) 

CMC rule 

violation 

Lipinski’s 

rule  

violation 

Mol 

Log P 

H bond 

donor 

H bond 

acceptor 

No. of 

rotatable 

bonds 

TPSA 

(Å2) 

SC1 C12H11ClN4O2 278.69 0 0 2.32 1 5 5 80.38 

SC2 C13H14N4O2 258.28 0 0 2.05 1 5 4 80.38 

SC3 C12H11N5O4 289.25 0 0 0.89 1 7 6 126.20 

SC4 C14H16N4O2 272.30 0 0 1.91 1 5 6 80.38 

SC5 C12H12N4O2 244.25 0 0 1.78 1 5 5 80.38 

SC6 C12H11BrN4O2 323.15 0 0 2.45 1 5 5 80.38 

SC7 C13H14N4O3 274.28 0 0 1.11 1 6 6 89.61 

SC8 C13H13ClN4O2 292.72 0 0 2.58 1 5 5 80.38 

SC9 C12H11FN4O2 262.24 0 0 2.18 1 6 5 80.38 

SC10 C15H18N4O3 302.33 0 0 1.63 1 6 7 89.61 

 

As can be seen in Table 2, molecular weight of all, from SC1 to SC10, lies within the acceptable range 

for drug-likeness, with values ranging from 244.25 g/mol (SC5) to 323.15 g/mol (SC6). Notably, none of the 

compounds violate the CMC (Congreve, Murray & Carr) rule or Lipinski's rule, indicating their potential as 

drug candidates. The partition coefficient (Log P) is a measure of a compound’s lipophilicity, which can in-

fluence its absorption and distribution in the body. The Log P values of the derivatives vary, with SC8 exhib-

iting the highest value of 2.58 and SC3 showing the lowest at 0.89. These values suggest that the compounds 

possess a balanced hydrophilic-lipophilic profile, which is crucial for optimal bioavailability. Hydrogen bond 

donors and acceptors play a significant role in molecular interactions with biological targets. All results have 

a single hydrogen bond donor, while the number of hydrogen bond acceptors ranges from 5 to 7. SC3 and 

SC10, with 7 hydrogen bond acceptors, might exhibit enhanced interactions with their biological targets due 

to their potential to form multiple hydrogen bonds. The number of rotatable bonds in a molecule can influ-

ence its conformational flexibility. Most of the derivatives have either 5 or 6 rotatable bonds, with SC10 be-

ing an exception with 7. A higher number of rotatable bonds can increase the conformational flexibility, 

which might be advantageous in certain drug-target interactions. 

The Topological Polar Surface Area (TPSA) is a predictor of a molecule’s ability to cross biological 

membranes. The TPSA values for the derivatives are predominantly 80.38 Å², with SC3 and SC10 having 

slightly higher values of 126.20 Å² and 89.61 Å², respectively. These values suggest that the compounds 

have a favorable balance of polar and non-polar surface areas, which can influence their absorption and dis-

tribution profiles. In conclusion, the 1,3,4-Oxadiazole derivatives, as presented in Table 2, exhibit promising 

drug-likeness properties, making them potential candidates for further biological evaluations and optimiza-

tions. 

Table 3 provides an in-depth analysis of the in silico ADME (Absorption, Distribution, Metabolism and 

Excretion) properties of the designed 1,3,4-Oxadiazole derivatives. The Caco2 permeability values are indic-

ative of a compound’s potential to be absorbed in the intestines.  

As can be seen in Table 3, all byproducts, from SC1 to SC10, show varying degrees of Caco2 permea-

bility, with SC8 having the highest value of 21.8737 and SC9 having a notably low value. High Caco2 per-

meability, as observed in most compounds, suggests good intestinal absorption potential. Additionally, all 

compounds are classified as having high gastrointestinal (GI) absorption, further emphasizing their potential 

for good oral bioavailability. The Blood-Brain Barrier (BBB) permeability, represented by logBB values, 

provides insights into a compound’s ability to cross the BBB and reach the central nervous system. Most of 

the derivatives such as SC1, SC3, SC5, SC6, SC7 and SC9 are not permeable to the BBB. However, SC2, 

SC4, SC8 and SC10 are poorly permeable, suggesting they might have limited access to the brain. The Plas-

ma Protein Binding (PPB) percentage indicates the fraction of the drug bound to plasma proteins. High PPB 
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values, as seen in the derivatives, suggest that a significant portion of the drug might be bound to proteins, 

potentially affecting its free concentration and pharmacological activity. 

T a b l e  3  

In silico ADME properties of designed 1,3,4-Oxadiazole derivatives 

Comp. 

Absorption Distribution Metabolism 

Caco2 

permeability 

GI 

absorption 

BBB 

perm. 

(logBB) 

BBB 

Permeant 

PPB 

(%) 

CYP3A4 

substrate 

CYP1A2 

inhibitor 

CYP2C9 

inhibitor, 

CYP3A4 

inhibitor 

CYP2C19 

inhibitor 

SC1 18.6072 High 0.06724 No 79.77 No Yes No No Yes 

SC2 20.305 High 0.0920 No 73.43 Weakly Yes No No No 

SC3 19.427 High 0.0724 No 80.93 No No No No No 

SC4 20.2128 High 0.134913 No 80.41 Weakly Yes No No Yes 

SC5 19.7145 High 0.0893237 No 67.85 No Yes No No No 

SC6 20.1718 High 0.0517618 No 79.95 No Yes No No Yes 

SC7 15.8186 High 0.0920033 No 58.96 No Yes No No No 

SC8 21.8737 High 0.105363 No 80.22 Weakly Yes No No No 

SC9 0.0515124 High 0.0515124 No 64.94 No Yes No No No 

SC10 16.4202 High 0.0576984 No 75.07 Weakly Yes No No No 

 

Cytochrome P450 (CYP) enzymes play a pivotal role in drug metabolism. The table provides infor-

mation on the interaction of the derivatives with various CYP isoforms. Most of the compounds, including 

SC1, SC2, SC4, SC5, SC6, SC7, SC8, SC9 and SC10, are substrates for CYP3A4, indicating that they might 

be metabolized by this enzyme. Additionally, SC1, SC4 and SC6 are inhibitors of CYP3A4, suggesting po-

tential drug-drug interactions if co-administered with other drugs metabolized by CYP3A4. It is noteworthy 

that only SC1 is an inhibitor of CYP2C9, while none of the compounds inhibit CYP1A2 or CYP2C19. In 

conclusion, the 1,3,4-Oxadiazole derivatives exhibit a diverse range of ADME properties. While they gener-

ally show promising absorption characteristics, their distribution and metabolism profiles suggest the need 

for further investigation, especially concerning potential drug-drug interactions and brain accessibility. 

Table 4 provides a comprehensive overview of the amino acid interactions, bond types and binding af-

finities of the designed 1,3,4-Oxadiazole derivatives with the target protein, human α-amylase (PDB ID: 

6Z8L). 

T a b l e  4  

A summary of the amino acid interactions, bond types & binding affinities (kcal/mol)  

for designed compounds 

Compound Amino acid interactions Bond type 
Binding Affinity 

(Kcal/mol) 
1 2 3 4 

SC1 

GLU233, ASP300, ASP197, TRP59, 

TRP59, TRP59, TRP59, ALA198, 

ILE235, GLU233, VAL234, 

GLY306, LEU165, LEU162 

H-bond, H-bond, Electrostatic, π-π Stacked, 

π-π Stacked, π-Alkyl, π-Alkyl, π-Alkyl, H-

bond, H-bond, H-bond, H-bond, Hydropho-

bic, π-Alkyl 

-7.3 

SC2 
ILE235, GLU233, VAL234, 

GLY306, LEU165, LEU162 

H-bond, H-bond, H-bond, H-bond, Hydro-

phobic, π-Alkyl 
-10.1 

SC3 
GLN63, ILE235, GLU233, VAL234, 

GLY306, LEU162 

H-bond, H-bond, H-bond, H-bond, H-bond, 

π-Alkyl 
-7.9 

SC4 
GLY306, GLY306, LEU165, TRP59, 

LEU162 

H-bond, H-bond, Hydrophobic, π-Alkyl, π-

Alkyl 
-7.8 

SC5 
GLU233, ASP300, ASP197, TRP59, 

TRP59, ALA198 

H-bond, H-bond, Electrostatic, π-π Stacked, 

π-π Stacked, π-Alkyl 
-7.5 

SC6 
GLU233, GLY306, ASP300, 

LEU165, UNL1 

H-bond, H-bond, Electrostatic, π-Sigma, π-π 

Stacked 
-7.4 

SC7 
GLN63, GLU233, GLY306, 

THR163, ASP300, LEU165, LEU165 

H-bond, H-bond, H-bond, H-bond, Electro-

static, π-Sigma, Hydrophobic 
-7.6 
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C o n t i n u a t i o n  o f  T a b l e  4  

1 2 3 4 

SC8 
GLU233, ASP197, TRP59, TRP59, 

TRP59, LEU165, TRP59, ALA198 

H-bond, Electrostatic, π-Sigma, π-π 

Stacked, π-π Stacked, Hydrophobic, π-

Alkyl, π-Alkyl 

-9.1 

SC9 
GLN63, GLU233, ASP300, ASP197, 

TRP59, TRP59, ALA198 

H-bond, H-bond, H-bond, Electrostatic, π-π 

Stacked, π-π Stacked, π-Alkyl 
-7.5 

SC10 

GLN63, GLU233, ASP300, ASP197, 

TRP59, TRP59, TRP59, TRP59, 

LEU165, TRP59, ALA198, LEU165 

H-bond, H-bond, H-bond, Electrostatic, π-

Sigma, π-Sigma, π-π Stacked, π-π Stacked, 

Hydrophobic, π-Alkyl, π-Alkyl, π-Alkyl 

-7.8 

Acarbose 

GLN63, GLN63, HIS305, THR163, 

ASP300, HIS305, TRP59, HIS305, 

TYR62, LEU165 

H-bond, H-bond, H-bond, H-bond, Electro-

static, π-Donor H-bond, π-π Stacked, π-π T-

shaped, π-π T-shaped, π-Alkyl 

-10.5 

 

Table 4 shows, that amino acid interactions and bond types are crucial in understanding the binding 

mechanism and specificity of the compounds. For instance, compound SC1 exhibits interactions with a wide 

range of amino acids, including GLU233, ASP300 and TRP59, through various bond types such as hydrogen 

bonds, electrostatic interactions and π-π stacking. This diversity in interactions might contribute to its bind-

ing affinity of -7.3 kcal/mol. Similarly, compound SC2, which has a notably high binding affinity of -10.1 

kcal/mol, interacts predominantly through hydrogen bonds with amino acids like ILE235 and GLU233. The 

presence of π-alkyl and hydrophobic interactions further stabilizes the binding.The binding affinities repre-

sented in kcal/mol provide insights into the strength of the interaction between the compounds and the target 

protein. A more negative value indicates a stronger binding affinity. Among the designed compounds, SC2 

stands out with a binding affinity of -10.1 kcal/mol, suggesting a strong interaction with the target protein. 

This is closely followed by SC8 with a binding affinity of -9.1 kcal/mol. For comparison, the native ligand 

Acarbose exhibits a binding affinity of -10.5 kcal/mol, indicating its strong binding potential. 

Figures 4, 5 and 6 provide visual representations of the interactions of compounds SC2, SC8 and the na-

tive ligand Acarbose, respectively, with the target protein. The 2D (A) interactions offer a detailed view of 

the specific amino acids involved and the type of bonds formed, while the 3D (B) interactions provide a spa-

tial perspective of the compound’s orientation and positioning within the active site of the protein. 

For instance, the 2D and 3D interactions of compound SC2 (Fig. 4) might reveal the spatial arrange-

ment of the compound within the active site and its proximity to key amino acids, which could be crucial for 

its high binding affinity. In conclusion, the designed 1,3,4-Oxadiazole derivatives exhibit diverse interactions 

with the target protein, human α-amylase. The combination of amino acid interactions, bond types and bind-

ing affinities provides valuable insights into the potential of these compounds as effective inhibitors. The 

visual representations further enhance our understanding of the binding mechanisms and can guide future 

modifications to improve the efficacy of these compounds. 

 

 

Figure 4. 2D (A) and 3D (B) interaction of compound SC2  

with the target protein, human α-amylase (PDB ID: 6Z8L) 
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Figure 5. 2D (A) and 3D (B) interaction of compound SC8  

with the target protein, human α-amylase (PDB ID: 6Z8L) 

 

Figure 6. 2D (A) and 3D (B) interaction of Native Ligand (Acarbose)  

with the target protein, human α-amylase (PDB ID: 6Z8L) 

Results of α-Amylase Inhibition Activity 

The result of α-amylase inhibition activity of the compounds SC2, SC8 and Acarbose based on the data 

presented in Table 5, Table 6 and Figure 7. 

T a b l e  5  

α-Amylase inhibition activity of compounds 

Compound Concentration (µg/mL) OD at 400 nm Residual activity % Inhibition 

SC2 

100 0.180±0.010 20±2 80±2** 

50 0.290±0.010 35±2 65±2 

25 0.400±0.010 45±3 55±3 

SC8 

100 0.160±0.010 18±1 82±1 

50 0.270±0.010 30±2 70±2** 

25 0.390±0.010 40±3 60±3* 

Acarbose 

100 0.220±0.010 25±2 75±2 

50 0.320±0.010 40±3 60±3 

25 0.460±0.010 55±3 45±3 
Values are expressed in mean±SD, (n = 3) 
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Table 5 shows the α-amylase inhibition activity of SC2, SC8 and Acarbose at different concentrations 

(100, 50, and 25 µg/mL). At a concentration of 100 µg/mL, SC2 exhibits an inhibition of 80±2 %, while SC8 

has slightly higher inhibition at 82±1%. In comparison, Acarbose demonstrates lower inhibition at 75±2 %. 

This indicates that SC2 and SC8 have a more potent inhibitory effect on α-amylase than Acarbose at the 

highest concentration tested. At lower concentrations (50 µg/mL and 25 µg/mL), SC2 and SC8 continue to 

display higher α-amylase inhibition than Acarbose. At 50 µg/mL, SC2 has an inhibition of 65±2% and SC8 

exhibits an inhibition of 70±2 % compared to Acarbose with 60±3 % inhibition. Similarly, at 25 µg/mL, SC2 

and SC8 inhibit α-amylase by 55±3 % and 60±3 %, respectively, while Acarbose shows a lower inhibition of 

45±3 %. 

T a b l e  6  

IC50 values for α-amylase inhibition activity of compounds SC2, SC8 and Acarbose 

Compound IC50 Value (µg/mL) 

SC2 36.5±1.5 

SC8 45.2±2.1 

Acarbose 68.9±3.2 
Values are expressed in mean±standard deviation (n = 3) 

 

Table 6 presents the IC50 values for α-amylase inhibition activity of SC2, SC8 and Acarbose. The IC50 

value represents the concentration of the compound required to inhibit 50 % of the enzyme activity. SC2 has 

the lowest IC50 value of 36.5±1.5 µg/mL, followed by SC8 at 45.2±2.1 µg/mL, and Acarbose with the high-

est IC50 value of 68.9±3.2 µg/mL. These results indicate that SC2 is the most potent inhibitor among the three 

compounds, requiring a lower concentration to achieve 50% inhibition of α-amylase activity. 
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Figure 7. Graphical Representation of α-amylase inhibition activity of compounds SC2, SC8 and Acarbose 

Figure 7 graphically represents the α-amylase inhibition activity of SC2, SC8 and Acarbose at different 

concentrations. The plot further illustrates that SC2 and SC8 exhibit superior inhibition compared to Acar-

bose across all tested concentrations. In conclusion, the results of the α-amylase inhibition activity assay in-

dicate that SC2 and SC8 are more potent inhibitors of α-amylase than Acarbose at all tested concentrations. 

Furthermore, SC2 displays the highest potency among the three compounds, with the lowest IC50 value of 

36.5±1.5 µg/mL. These findings suggest that SC2 and SC8 hold promise as potential therapeutic agents for 

the inhibition of α-amylase, with SC2 being the most effective. Further studies are needed to assess the in 

vivo efficacy and safety profile of these compounds as potential therapeutics for conditions that could benefit 

from α-amylase inhibition, such as diabetes. 
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Conclusions 

In conclusion, this research article has successfully designed and analyzed a series of 1,3,4-oxadiazole 

derivatives as potential α-amylase inhibitors. Through in silico ADMET analysis, Lipinski's Rule of Five and 

drug-likeness evaluation, the study has identified two promising candidates, SC2 and SC8 that exhibit favor-

able pharmacokinetic properties and drug-likeness characteristics. Molecular docking studies reveal strong 

binding affinities of these compounds to the target protein, human α-amylase (PDB ID: 6Z8L), and provide 

insights into the key interactions responsible for their inhibitory activities. The in vitro α-amylase inhibition 

assay demonstrates that both SC2 and SC8 exhibit more potent inhibitory activities against α-amylase than 

the reference compound Acarbose across all tested concentrations. Notably, SC2 is the most effective inhibi-

tor, with the lowest IC50 value of 36.5±1.5 µg/mL. These findings suggest that SC2 and SC8 hold significant 

potential as therapeutic agents for the inhibition of α-amylase and could serve as a basis for the advancement 

in novel therapies for diabetes. Despite these promising results, further investigations are required to confirm 

the in vivo efficacy and safety profile of SC2 and SC8 as potential therapeutic agents. Future studies should 

focus on evaluating the pharmacodynamic properties, toxicity and long-term effects of these compounds in 

animal models, followed by human clinical trials. Additionally, structure-activity relationship (SAR) studies 

could be conducted to optimize the molecular structures of these compounds for enhanced potency, selectivi-

ty and reduced side effects. Overall, this research article presents valuable findings that contribute to the on-

going search for novel and effective α-amylase inhibitors in the treatment of diabetes and other related disor-

ders. 
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Doped Proton-Conducting Membranes  

Based on Heat-Resistant Heterochain Polymers 

Fuel cells with solid polymer electrolytes are the most popular chemical current sources and versatile sources 

of energy today. Proton-conducting membranes based on a guanidine-containing polymer of the cationic type 

on a polybenzimidazole matrix were obtained in this work. The membranes were created by doping film ma-

terials with orthophosphoric acid from a polymer-polymer mixture of N-phenyl-substituted polyhexameth-

ylene guanidine (10 %) and polybenzimidazole. In this case, phosphoric acid remains in the membrane due to 

hydrogen bonds with the functional groups of the polymer and electrostatic interactions resulting from the 

doping of polyguanidine, which transforms into a polycationic form. As the content of polyguanidine increas-

es in the polymer-polymeric mixture, the proton conductivity of the membrane increases. It was discovered 

that these membranes possess high thermal stability, with only a 20% mass loss occurring at 350 °C. Addi-

tionally, they exhibit high proton conductivity of 0.3·10-1 mS/cm at temperatures of 130°C and higher, as well 

as satisfactory mechanical properties, with a tensile strength (σр) of 21-27 MPa and elongation at break (εр) 

of 7–11 %. The value of activation energy (Еа) is also low, at 0.145 eV, which suggests that these membranes 

have potential for using them in solid polymer electrolyte fuel cells.  

Keywords: polymer films, polymer mixtures, proton-conducting membrane, polyguanidines, polybenzimid-

azoles, polycationic form, orthophosphoric acid, activation energy. 

 

Introduction 

Currently, a large number of proton-conducting membranes (PCM), including sulfonated aromatic pol-

ymer membranes, composite polymer-inorganic membranes, polymer-polymer mixture (PPM) membranes, 

and acid-base PCMs have been developed [1–3]. The main challenge in operating most of these membranes 

is maintaining satisfactory performance characteristics within the working temperature range of solid poly-

mer electrolyte fuel cells (SPEFC) (100–200 °C) [4, 5]. Acid-base membranes, particularly phosphoric acid-

doped polybenzimidazole (PBI) membranes, are of interest due to their potential for high performance [6–8]. 

However, the conductivity of such membranes decreases during prolonged operation because of acid leach-

ing and other destructive processes, limiting their commercial use [9–11]. In addition to these PCM, mem-

branes combining the characteristics of different groups are being created and studied to create highly effi-

cient PCM that meet reliability requirements at a relatively low cost.  

In this study, doped proton-conducting membranes were produced using a method based on [12]. These 

membranes contain phosphoric acid due to both weak hydrogen bonds with the polymer's functional groups 

and electrostatic interactions. The process involves creating a PPM N-phenyl-substituted polyhexamethylene 

guanidine/polybenzimidazole mixture, which results in the polyguanidine transforming into a polycationic 

form upon doping. As the content of polyguanidine in the PPM increases, the proton conductivity of the 

membrane sharply increases.  

This study focuses on creating new doped proton-conducting membranes using a polymer-polymeric 

mixture of polyguanidines with a heat-resistant aromatic heterochain polymer.  

Experimental 

Classic methods of organic synthesis, isolation, and purification of reaction products have been used in 

this study. A complex of physicochemical methods of analysis (IR and NMR spectroscopy, elemental, ther-

mogravimetric analysis, differential scanning calorimetry, microscopy) was used to characterize the obtained 

compounds. Studies of IR ATR spectroscopy were performed on ALPHA (Bruker, Germany), ATR attach-

ment (ZnSe crystal), 4000–600 cm–1, resolution 4 cm–1. Studies of thermal decomposition of samples were 

performed on a NETZSCH STA 449 C synchronization thermal analyzer using air as a purge gas. The sam-

https://doi.org/10.31489/2959-0663/4-23-8
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2959-0663/4-23-2
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ples were recorded in the 25 ÷ 1000 °C temperature range at a heating rate of 5 °C/min. Proton conductivity 

was determined by the van der Pauw 4-probe method (the film of a square of 10×10 mm, at 500 Hz frequen-

cy, the amplitude voltage of 6 mV) [12] and impedance spectroscopy. The measurements were carried out by 

impedance spectroscopy using a Z-3000 impedance meter from Elins (Russia) in the frequency range 1 Hz–3 

MHz. The amplitude of the measuring signal is 10–100 mV. Mechanical properties of the obtained film ma-

terials were tested using an Instron-3367 electromechanical rupture machine. TG, IR and mechanical proper-

ties were obtained using the equipment of the Collective Use Center of Buryat Scientific Center, Siberian 

branch, Russian Academy of Sciences. 

The polymer-polymer mixture was prepared by mixing a 10 % solution of PHMGP in DMF and a 10 % 

solution of PBI in DMF at the ratios shown in the Table 1. 

T a b l e  1  

Ratio of polymer-polymer mixture of 10% solution of PHMGP and 10% solution of polybenzimidazole 

№ PHMGP content, % V (PHMGP10 %), ml V(PBI, 10 % ), ml 

1 5.0 0.10 1.90 

2 7.5 0.15 1.85 

3 10.0 0.20 1.80 

 

As the polyguanidine content increases, PPM-based film materials become brittle. 

Film Doping 

The dopant used was orthophosphoric acid at a concentration of 60%. The doping process involved 

placing a pre-weighed film into the acid solution, followed by transferring it to filter paper, removing any 

excess acid, and air-drying it for 24 hours at room temperature until a constant weight was achieved. The 

average thickness of the PCM was found to be 55±10 μm. The mass fraction of the dopant in the membrane 

composition of PCM (ωdop) was determined using the following formula:  

 100 %
PCM film

dop

PCM

m m

m

−
 =  . 

where mPCM — the mass of the PCM; mfilm — the mass of film material before doping. 

Data on the composition of PCM based on PPM PHMGP/PBI are summarized in Table 2. 

T a b l e  2  

Composition of PCM 

№ PHMGP content in PPM, % Mass fraction of dopant, % 

1 0.0 50 

2 5.0 52 

3 7.5 54 

4 10.0 58 

 

Results and Discussion 

The synthesis of PHMGP was performed using a two-stage process with equimolar ratios of monomers, 

as described in reference [13], according to the scheme: 
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Polybenzimidazole was synthesized previously by reacting hydroxamic acid with isocyanate, as de-

scribed in reference [14].  

PHMGP and PBI can form single-phase stable solutions in DMF, similar to phenylone, allowing for the 

production of PCMs using the same method. However, increasing the content of PHMGP to more than 10% 

resulted in a significant deterioration of the physical and mechanical properties of the film materials, making 

it impossible to create PCMs based on them due to the average molecular weight of the obtained PBI. There-

fore, the content of polyguanidine in PPM with PBI was limited to 10 %. 

 

 

Figure 1. Micrograph of the film surface based on PPM PBI/PHMGP 

On the micrograph of the film based on PBI/PHMGP PPM (Fig. 1), it can be seen that there are no de-

fects or associates, indicating satisfactory thermodynamic compatibility between the components of PPM.  

Doping films containing 5 %, 7.5 %, and 10 % wt. of polyguanidine (Table 3) with similar doping lev-

els led to an increase in conductivity, as determined by the 4-probe van der Pauw method [15, 16], indicating 

the influence of the polycation content. 

T a b l e  3  

PCM conductivity based on PBI/PGMGP 

PHMGP content, wt % σ, mS/cm after doping 

– 2.8 

5.0 3.1 

7.5 3.4 

10.0 3.8 

 

Despite the lower content of PHMGP, the membrane's conductivity, as determined by the van der Pauw 

method, was 3.8·10–3 mS/cm, which is comparable to samples obtained from PPM with phenylon with a high 

content of polyguanidine [12]. This behavior is likely due to partially positive and negative charges in the 

elementary link of PBI, which are free vacancies targeted by ions resulting from orthophosphoric acid disso-

ciation [17]. Therefore, phenylon should be considered an “inert matrix” that does not contribute to PCM 

conductivity, unlike PBI. Comparing the conductivity of PCMs doped with PBI and PBI/PHMGP at room 

temperature and the same dopant content revealed that PPM-based membranes had a specific volumetric 

conductivity more than 1.5 times higher (1.69·10–3 and 2.82·10–3 mS/cm, respectively), indicating a signifi-

cant contribution of polyguanidine to PCM conductivity. Macromolecules of polycation are likely evenly 

distributed, forming a zone with high concentrations of hydrophilic components (H2O and dissociated 

H3PO4), characterized by low resistivity. The interaction between the mixture's components is similar to that 

of the above-described system based on aromatic polyamide (APA): 
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TG/DSC analysis of the doped PBI (Fig. 2) and PBI/PGMGP-based PPM (Fig. 3) samples shows a ra-

ther similar decomposition pattern. 

 

  

Figure 2. TG/DSC curves of PBI doped Figure 3. TG/DSC curves of the doped  

PPM PBI/PHMGP 10 % mass sample 

There is no well-defined stepwise mass loss in the TG curves over a wide range up to 450 °C. This is 

due to the high resistance of PBI to thermal and thermo-oxidative destruction even in aggressive environ-

ments. Heating up to 700 °C leads to mass loss of both samples up to 35-40% and is accompanied by pro-

nounced exothermic effects. For the doped PBI sample it is a one-step process, whereas for PBI/PGMGP two 

steps and a more complex pattern on DSC can be distinguished. The first step can be conventionally desig-

nated in the range of 450–600 °C and the second step — one 600–700 °C. This can be attributed to the pres-

ence of another polymer. The combination of exothermic effects and abrupt mass loss suggests intensive 

thermo-oxidative oxidation processes of the organic components of these systems. However, the low-

temperature region is of most interest for study because it partly mimics the membrane operation in fuel cell. 

For the PBI/PGMGP sample (Fig. 3), an endothermic effect is observed with a peak at ~100 °C and accom-

panied by mass loss in the range of 100–150 °C. This is due to the partial loss of bound water. For the PBI 

sample (Fig. 2), this effect is practically not observed. This may be due to the presence of more hygroscopic 

PGMGF in the composition of the system in Figure 3, and leads to more intense sorption of moisture from 

the atmosphere by the membrane surface due to its easy detachment (desorption) even at low temperature. In 

the temperature range of ~185–250 °C for both samples, the TG curves show a step of mass loss up to 90–

85 % and its subsequent smooth decrease up to 80–75 % when reaching 450 °C. However, there are differ-

ences in the DSC curves. For PBI sample in the range 190-300 °C there is a prolonged endothermic effect. 

Similar behavior was not observed for the second system. It is associated with oxidative reactions starting to 

occur perhaps for PBI sample. For the PBI/PGMGP sample (Fig. 3) the absence of a similar region on DSC 

presumably be explained by competing endothermic processes, such as desorption of bound water. In addi-

tion, the presence of PGMHP in its composition can lead to a marked change in the behavior of these sys-

tems with respect to sorption-desorption. The analysis of the obtained data allows us to assume that these 

systems (investigated PBI/PGMGP system) demonstrate high thermal stability in oxidizing atmosphere at 

typical temperatures of fuel cell operation in spite of the fact that some questions of thermal stability of such 

membranes remain not completely solved. 
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The sample with the maximum content of PHMGP (10% by weight) is the most interesting among the 

obtained membranes, therefore, other PCM-based PPMs are not further considered.  

Based on PPM PHMGP/PBI, the temperature dependence of PCM was examined (Fig. 4).  

 

 

Figure 4 Temperature dependence of the specific conductivity of PCM  

based on PPM PHMGP/PBI (4-probe van der Pauw method) 

The behavior indicator of conductivity of membrane differs in the low and high-temperature areas. At 

low temperatures, the membrane's conductivity gradually increases from 3.2 mS/cm at room temperature and 

humidity to 8.3 mS/cm at 70 °C. In the future, due to the loss of free water by the film and subsequent tem-

perature increase, the dependence becomes more pronounced, which is associated with the increased contri-

bution of the Grootgus mechanism [18, 19] to the membrane's conductivity, similar to the dependence for 

PCM based on PPM polyguanidine with phenylone [12]. However, the membrane's further behavior is sig-

nificantly different; from a temperature of 130 °C, the dependence reaches a plateau. At first glance, it may 

seem that the contribution of temperature increase is leveled by the destruction of the membrane; however, a 

detailed study of the IR spectra of the membrane before and after measurements (Fig. 5), as well as the 

preservation of the original color and elasticity of the film, indicates the absence of destructive changes.  

 

 
 

Figure 5. IR spectrum of the membrane based on PPM PHMGP/PBI  

before and after measuring the temperature dependence of the conductivity 

In the IR spectra, a wide absorption region in the range of 3700–2500 cm–1 is characteristic of strong 

hydrogen bonds, which partly mask the strong (intense) bands of asymmetric and symmetric oscillations of 

the CH2 groups at 2920 and 2850 cm–1, respectively. Peaks at 2700 cm–1 and 2330 cm–1 refer to the oscilla-

tions of the hydroxyl group of the dihydrogen phosphate anion. Their origin may be caused by the Fermi res-

onance ν(OH)-2δ(OH) [12]. The band at 1630 cm–1 was indicated as a characteristic peak of guanidine salts. 

The group of bands at 1550–1400 cm–1 obviously refers to oscillations of the imidazole ring of PBI. Also, 
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characteristic signals of oscillations of the benzene ring are in this region at 1450 cm–1. This oscillation is 

overlapped by deformation oscillations of CH2, therefore, in this case, it is not possible to reliably identify 

the signals of cyclic fragments related to a specific compound in the composition of PPM seems possible. 

The peaks in the region of 1240-1180 cm–1 are attributed to the P=O oscillations. Absorptions in the region 

of 1100–970 cm–1 belong to orthophosphoric acid anions [20]. Signals in the region of 900–710 cm–1 are 

characteristic of non-planar deformation oscillations of hydrogen atoms in the benzene ring (mono-

substituted for PGMHP, 1,3- and 1,2,4- for PBI), however, as in the case of pulsation oscillations of the ring 

it is impossible to correlate them reliably for this system. Analysis of the IR spectrum of the PPM confirms 

the presence of the declared structural fragments according to the scheme given above. The presence of wa-

ter can also lead to increased signals in the regions of 3000–3600 cm–1, 2100 cm–1, near 1640 cm–1 and below 

800 cm–1. 

Several reasons may explain this behavior. The membrane's resistance consists of the resistance caused 

by the potential barrier during the migration of the proton from one acid residue to another (Rp) and the re-

sistance of the membrane defects (Rd). If, in the first case, the resistance decreases significantly with increas-

ing temperature, then in the second case, it does not depend on temperature. In the region of low tempera-

tures, Rp and Rd decrease; however, with an increase in temperature, Rp decreases, and in the high-

temperature region, Rd begins to prevail, and the membrane's conductivity ceases to change significantly.  

Physical and mechanical tests of the obtained film materials at break — ultimate strength (σp) and rela-

tive elongation (εp) were carried out (Table 4).  

T a b l e  4  

Physical and mechanical properties of film materials and PCM based on them 

№ Sample 
Mechanical properties 

σр, MPa εр, % 

1 PBI nondop. 75–93 4–7 

2 PBI dop. 65–80 10–14 

3 PBI/PHMGP nondop. 41–46 3–6 

4 PBI/PHMGP dop. 21–27 7–11 

 

It has been shown that the addition of polyguanidine worsens the mechanical performance of the sam-

ples; however, the resulting membranes meet the requirements for PCMs [21, 22].  

In addition, such membranes are characterized by low Ea values (Fig. 6, Table 5).  

 

 

Figure 6. The dependence of conductivity on temperature (up to 80 ºС). Composition of PBI/PHMGP film 
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T a b l e  5  

Ea for PCM based on PBI and PPM PHMGP/PBI 

Sample tg angle Activation energy (Ea) eV Ea kJ/mol 

PBI 1.299 0.1123635 10.84308 

PHMGP/PBI 1,675 0.1448875 13.98164 

 

Conclusions 

Using the previously developed approach to the creation of PCM [12], membranes with improved char-

acteristics based on PPM PHMGP/PBI were obtained. The maximum specific conductivity of such mem-

branes reaches 2.8210-3 mS/cm at room temperature and 0.310-1 mS/cm at 130-170 °C, and 20 % weight loss is 

observed at a temperature of ~350°C. In addition, the membranes are characterized by satisfactory mechani-

cal performance (σp = 21–27 MPa, εp = 7–11 %) and low activation energy (Еа = 0.145 eV).  

Thus, the combination of good performance in the temperature range of SPEFC, good temperature re-

sistance, satisfactory physical and mechanical characteristics, and relatively low cost of the obtained mem-

branes allows us to consider them as promising materials for creating SPEFC. 
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Design and Synthesis of Folic Acid-Phytochemical Conjugates  

as Anti-Cancer Agents 

Cancer treatment continues to be a major challenge for the medical community mainly due to non-specificity, 

leading to serious toxic effects. The use of vitamins such as folic acid and biotin are presently being studied 

through the synthesis of vitamin-drug conjugates as a new approach to improve the affinity of the drug mole-

cules with cancer cells. Current research emphasizes on the design and synthesis of novel phytochemical vit-

amin conjugates as anticancer agents through in silico studies. Conjugates of quercetin (QC), curcu-

min (CUR) and berberine (BER) with folic acid (FA) were evaluated through docking experiments using Au-

todock Vina. Quercetin-folic acid conjugate 1 (QC-FA 1) demonstrated the highest binding affinity (-12.0 

kcal/mol) to the human folate receptor (PDB ID: 4LRH) indicating the possibility of rapid uptake leading to 

internalization within the cells, improving the specificity to cancer tissues. The conjugates were further exam-

ined for their pharmacokinetic properties using AdmetSAR and SMARTcyp tools, which implied the incapa-

bility of these conjugates to cross the blood brain barrier but with favorable pharmacokinetic and CYP450 po-

tential indicating their ability to act as drug-like molecules. Further QC-FA 1 was synthesized and effectively 

characterized. This conjugate will be further tested for its efficacy in treatment of cancer. 

Keywords: Vitamin-drug conjugate, Folic acid, Anticancer, Quercetin, Curcumin, Berberine, In silico study, 

Cancer treatment. 

 

Introduction 

One in every six deaths worldwide is caused by cancer, making it a key concern for global public 

health [1]. The WHO cancer estimates that about 10 million people died from the disease in 2020 [2]. Cancer 

is abnormal cell growth that can grow out of control and, in many cases, may spread to other body parts [3]. 

The most popular treatment for cancer is chemotherapy, but its disadvantage is that it is not selective, which 

leads to serious, often fatal side effects [4, 5]. The drawback of widely used cytotoxic medications like doxo-

rubicin, cisplatin, paclitaxel, is that they are unable to distinguish between healthy and abnormal cells. This 

nonspecificity causes systemic toxicity, which in turn leads to a cascade of other negative side effects, in-

cluding hair thinning, damage of the kidney, lung, and bone marrow [6]. 

Further, it is extremely difficult to deliver anticancer drugs to the tumor site. It is necessary to develop 

tailored drug delivery system so that pharmaceuticals can act exclusively on actively growing malignant cells 

with minimal side effects [7]. Such targeted medications, which are preferentially absorbed by tumor cells, 

are expected to significantly improve the effectiveness of cancer therapy. Recent research has focused on 

developing medications with different targeted ligands, including use of polysaccharides, peptides, and fo-

late, to improve efficacy of anticancer drugs [8–12]. The best way to improve the safety and efficacy is to 

use a targeting ligand to deliver a therapeutic drug with high affinity for malignant tumours but low affinity 

for healthy cells [13]. 

Tumour targeting moiety and chemotherapeutic drug should be directly coupled through a linker so as 

to enable efficient tumor-specific drug delivery. Additionally, the targeted drugs can deliver therapeutic dos-

es precisely into the cancer cell, blocking nonspecific absorption and associated damage of healthy cells [14, 

15]. As a result, a conjugate acting “prodrug” can be developed that will quickly dissociate when incorpo-

rated into a malignant cell and restore the activity of the anticancer drug [16]. Due to the rapid growth, can-

cer cells have an enhanced demand for essential vitamins, which is a physiological trait shared by all living 

cells [17, 18]. Recent studies in the literature have demonstrated that receptors required for vitamin absorp-
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tion are overexpressed in malignant cells. Essential vitamins such as folic acid, riboflavin, vitamin B12, and 

biotin are required for efficient tumor growth. Combining pharmaceuticals with vitamins that target tumor-

associated antigens is one way to boost the sensitivity of malignant cells to ligand-targeted therapies while 

decreasing the susceptibility of normal cells to medications. 

Recently, it was found that cancer cells have higher levels of overexpressed folate receptors than nor-

mal, healthy cells. Thus, it is recognized that folate receptors function as excellent targets [19–22]. Folate 

receptor alpha (FRA) protein is overexpressed on the exterior of several forms of tumours, including ovarian, 

breast, pancreatic, and liver malignancies. Thus folate and anticancer drugs can be combined. The optimal 

approach is to combine therapeutic probes with folic acid to prepare conjugates targeting FRA-positive tu-

mour cells. Folate conjugates make it possible to administer cancer-specific medications with little or no 

harm to the healthy cells [23–25]. This conjugation scaffold can increase the bioavailability and efficacy of 

cytotoxic substances. Since such vitamin-anticancer medication conjugates can provide a large amount of the 

cytotoxic agents to the target malignant cell, the essential vitamins including biotin, folic acid, vitamin B12, 

and riboflavin may act as a promising approach to kill the malignant cells. 

Folic acid-drug conjugates, biotin-drug conjugates, vitamin B12-drug conjugates, vitamin E-drug con-

jugates, and vitamin C-drug conjugates are now being extensively studied [26]. Over the past few decades, 

innovative lead compounds derived from natural sources have increased [27]. New research has also con-

firmed that the natural molecules are useful in making cancer cells more susceptible to chemotherapy, assist-

ing to defeat multi drug resistance (MDR) [28]. Among the reported phytomolecules; quercetin (QC), cur-

cumin (CUR), and berberine (BER) have gained large attention in the last decade due to their multifaceted 

therapeutic activities. The anti-proliferative, anti-metastatic, anti-migratory, and pro-apoptotic properties of 

these molecules have proven their potential in the treatment of a variety of malignancies [29-35]. However, 

since these molecules have very low bioavailability due to poor solubility, their use in cancer therapy is lim-

ited. 

The present study attempted to design and evaluate folic acid (FA) conjugates with these identified phy-

tomolecules with proven efficacy in various types of cancer through systematic in silico and synthetic stud-

ies. Conjugation of folic acid with these anticancer agents is hypothesized to provide targeted drug delivery 

of these phytomolecules with increased efficacy and fewer side effects. 

Experimental 

Materials: All chemicals used in this study were of analytical grade. Quercetin was obtained as a gift 

sample from Cayman Chemical Company, USA, whereas biotin and folic acid were procured from Sigma 

Aldrich, Merck KGaA, Darmstadt, Germany. DCC, dimethyl amino pyridine, N-hydroxy succinimide were 

obtained from SD Fine Chem. Mumbai, Maharashtra, India. All other laboratory solvents and regents used in 

the study were purchased from Loba Chemie Pvt Ltd, Mumbai, Maharashtra, India. 

Instruments used: The docking studies were carried out by using Autodock Tools and Discovery Studio 

was applied for the visualization and interpretation of the docking results. Melting point apparatus (Veego) 

was used to find melting point. Spectral analysis of the synthesized compound was carried out using UV-

Visible spectrophotometer 1800 and FTIR 8400S, Make-Shimadzu. 1H-NMR spectra was recorded on a 

Bruker Avance 400 MHz spectrometer using DMSO-d6 as a solvent with Tetra Methyl Silane (TMS) as in-

ternal standard. The reaction completion was monitored by TLC using readymade F254 silica plates. 

In Silico study: 

Protein preparation: Human folate receptor (PDB ID: 4LRH) was downloaded in PDB format from 

RCSB protein data bank with 2.80Å resolution. The protein structure was prepared, processed and verified 

for missing atoms, bonds and contacts using protein preparation wizard in AutoDock 1.5.6. Then hydrogen 

atoms were added to the protein structure. All water molecules were erased from the protein along with lig-

and molecules and heteroatoms. Kolman charges were added to remove non integral charges present on ami-

no acid in the polypeptides, 7.0 pH range was set and charged fields were added using AutoDock. Finally, 

the structures were refined and saved as PDBQT files for further docking studies [36, 39]. 

Ligand Preparation: 3D structure of phytoconstituent-vitamin conjugates were drawn using ChemDraw 

18.1. 3D ligand energy minimization was performed using the MM2 method of Chem3D 18.1, and the re-

sults were saved in a PDB file. PDB file for folic acid was converted to PDBQT format using the Open Ba-

bel GUI program. The energy-minimized ligand PDBQT file was used for further docking studies [37]. 

Receptor grid generation: Using H-bond interactions from the PDBsum, the active pocket was located, 

and grid settings were determined. Grid was created by grid box in Autodock. The targeted molecule's active 
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location was enclosed by a cubic box. The receptor grid was then created using the following coordinates: 

5.69, 20.79, and 4.05 for X, Y, and Z, respectively (by calculation method). Grid points were separated by 

0.375. Maximum 10 conformers were taken into account throughout the docking process [38, 39]. 

Docking studies: Human folate receptor alpha (PDB ID: 4LRH) was chosen as the target protein be-

cause this receptor is overexpressed on breast cancer cells. Folic acid was selected as a reference drug, and 

6 phytochemical-vitamin conjugates were chosen as ligands. The reference drug selected for docking acts as 

a folate receptor inhibitor. Lamarckian genetic algorithm method was used for docking. The docking process 

was carried out using the Autodock Vina software, and the outcomes were visualized and analyzed using the 

Discovery Studio Visualizer. Analysis was done based on the binding energy, bond length, interactions bond 

length, and participation of amino acid residues. 

Pharmacokinetic predictions: 

ADME/T property: To estimate each ligand's pharmacokinetic features, such as human abdominal ab-

sorption, carcinogenicity, cytochrome P inhibitory promiscuity, etc., the ADME/T profile of each ligand has 

been examined using the ADME/T SAR server [40-42]. 

P450 site of metabolism prediction: SMARTcyp web server was utilized to predict the P450 site of me-

tabolism for each ligand molecule. This prediction provides information on the metabolism of the cyto-

chrome P450 family of enzymes, like CYP2C9, CYP3A4, CYP2D6 [43]. 

Synthesis of Quercetin- Folic Acid Conjugate 1: 

Scheme for synthesis of QC-FA 1 conjugate is presented in Figure 1. 
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Figure 1. Reaction scheme for the synthesis of Quercetin-Folic Acid Conjugate 1 

STEP 1: Activation of folic acid (FA): In a clean, dry 50 ml round bottom flask, 1.34 mmol folic acid 

was dissolved in 10 ml of dimethylsulphoxide (DMSO) with mild heating for about 10–15 min (time may 

vary as per dissolution of FA in DMSO). Then equivalent amount of N-Hydroxysuccinamide and Dicyclo-

hexylcarbodiimide (DCC) was added in the above mixture. Reaction mixture was then stirred for 16 hours at 

room temperature. After which urea precipitated as dicyclohexyl urea (DCU) was filtered off to get activated 

folic acid. 

STEP 2: Conjugation of QC and activated FA: In a round bottom flask, activated FA was added with 

solvent from Step 1 followed by the addition of equivalent amount of triethylamine and QC. This mixture 
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was then kept under continuous stirring overnight in the presence of molecular sieves, which ensure the en-

trapment of the water molecules generated during the synthesis process. 

Physical and Spectral data of QC-FA Conjugate 1: 

The physical characteristics of the synthesized conjugate, including its color, percentage yield, and 

melting point, were documented. Additionally, an absorption UV spectrum was obtained using a Shimadzu 

UV-Visible spectrophotometer-1800. The infrared (IR) spectra of the synthesized compounds were recorded 

using a Shimadzu 8400-S FT-IR spectrophotometer with potassium bromide. The synthesis of the conjugate 

was further validated through analysis using 1H-NMR and mass spectrometry techniques. The 1H NMR 

spectra were recorded in DMSO using NMR spectrometer Bruker 400 MHz. The chemical shift values are 

given in parts per million, downfield from Tetra Methyl Silane (TMS) used as the internal standard. The 

mass spectra were recorded using BRUKER IMPACT mass analyser. 

Results and Discussion 

Physical and Spectral data of QC-FA Conjugate 1: 

Folic acid binds to the folate receptor through the α-carboxylic acid of a glutamate residue, thus it 

should be free for its metabolism and function. The γ-carboxylic acid, located away from the binding site, 

can be modified. In order to leave the α-position unmodified, conjugation of pharmacophores to folic acid 

must be specific to the γ-carboxylic acid in order to maintain ligand binding affinity, thus we have selected 

terminal carboxyl group for modification [44]. To increase the acidic strength of folic acid as well as to en-

sure esterification at γ carboxyl group, we have activated folic acid as per the method described by Figliola, 

et al. [45]. The quercetin molecule offers five hydroxyl groups that can be modified through esterification 

reactions. Among these, the hydroxyl group at position 3 displays higher reactivity owing to its proximity to 

an adjacent carbonyl group. Existing literature supports the idea that modifying the enol hydroxyl group at 

position 3 enhances the stabilization of the pharmacophore, all while maintaining the antioxidant and anti-

cancer properties of quercetin [46, 47]. Additionally, naturally occurring glycosides of quercetin utilize the 

3-OH group to form glycosidic linkages [48, 49]. The above literature helps to support our hypothesis of en-

hanced reactivity of the 3-OH group in our study. 

 

 

Figure 2. IR Spectrum of Quercetin-Folic Acid Conjugate 1 

QC-FA Conjugate 1 was obtained as yellowish-brown powder with the yield of 67 % and melting point 

213 C. UV spectrum of the conjugate showed λmax at 254.60 nm (0.669). IR (KBr, 4000–400 cm–1): 3531.78 

(Phenolic, O-H), 3336.96 (Amide, Asymmetrical N-H stretching), 3176.87 (Amide, Symmetrical N-H 

stretching), 3030.27 (Aromatic, C-H), 2938.04 (Aliphatic, C-H stretching), 1780 (Ester, C=O stretching), 

1699.34 (Acid, C=O stretching), 1620.25 (Amide, C=O stretching), 1562.39 (N-H bending), 1496.30 (Aro-

matic, C=C), 1266 (Ester, C-O stretching), 1188.19 1078.24 (C-N stretching). The peak observed at 

1780 cm-1 and 1266 cm-1 indicates the C=O ester stretching and C-O ester stretching respectively (Fig. 2). 

The peak of ester C=O stretching appears to be broadened due to the overlapping with the broad peak of the 
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acid C=O, due to the dimeric nature of carboxylic acid with intermolecular hydrogen bond formation. These 

two peaks give high assurance of formation of ester bond. Other functional groups are present in this spec-

trum confirm the formation of the QC-folic acid conjugate. 
1H NMR of synthesized conjugate displayed multiplet (m) from 6.2 to 7.9 ppm, representing 9 aromatic 

hydrogens (Ar-H) and 1 hydrogen on a pyrazine ring (pyrazine CH). A singlet (s) at 10.9 ppm, indicates a 

carboxylic hydroxyl group (carboxylic OH). Two singlets at 5.2 and 5.6 ppm correspond to 4 hydroxyl pro-

tons attached to the aromatic rings (Ar-OH). A multiplet from 2.08–2.24 ppm, representing 6 methylene hy-

drogens (Methylene CH). A triplet (t) at 4.87 ppm, revealing 1 methine hydrogen. A singlet (s) each at 4.00, 

4.2 and 8.00 pm indicates the presence of the -NH2, two -NH and one ring NH protons respectively. The 

presence of only one carboxylic hydroxyl group indicates the formation of linkage between quercetin  

O-H and carboxylic group of folic acid, confirming the formation of target compound. 

MS: m/z (%) =725 (M+), 726 (M++1). 

Molecular docking: All chosen ligands docked well with the folate receptor, demonstrating the neces-

sary binding affinities and good binding energies. Six ligand molecules, including the BER-FA conjugate, 

the QC-FA conjugates 1, 2 and the CUR-FA conjugates 1, 2, and 3 was used for docking studies (Fig. 3).  
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Figure 3. Structures of ligands 
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Reference drug FA docked in the binding site of the folate receptor with a binding energy of -

10.6 kcal/mol by forming Pi-Pi bonding with amino acid Tyr60, Trp140 and hydrogen bonding with the 

amino acid residues Tyr60, Thr82, Arg103, Arg106, Ser 174. QC-FA conjugate 1 and BER-FA conjugate 

displayed highest binding energy of -12.0 and -11.2 kcal/mol respectively. QC-FA conjugate1 forms Pi-Pi 

bonding with Trp64, Tyr85, Trp140, Trp171 and hydrogen bonding with the amino acid residues Trp 102, 

Trp138 and Thr141. BER-FA conjugate displays Pi-Pi bonding with amino acid residues Tyr60, Arg61, 

Phe62, Trp102, Trp140, Trp171 and conventional hydrogen bonding with Arg61 and Trp102. Good binding 

energy through increased Pi-Pi bonding of QC-FA conjugate 1 and BER-FA conjugate indicates their affini-

ty to the target. Other ligands showed binding energy lesser than FA, indicating lower affinity to the target. 

Binding energies of all ligands are summarized in Table. Figure 4 represents the docking positions and inter-

actions with amino acids, bond distance, and type of bond. 

T a b l e  

Ligands with their binding energy 

Sr. No. Ligands Target 
Binding energy 

(kcal/mol) 

1. Folic acid (reference drug) 

Folate receptor 

(PDB ID: 4LRH) 

–10.6 

2. BER-FA conjugate –11.2 

3. QC- FA conjugate 1 –12.0 

4. QC- FA conjugate 2 –10.3 

5. CUR- FA conjugate1 –10.4 

6. CUR- FA conjugate 2 –10.2 

7. CUR- FA conjugate 3 –10.2 

 

Pharmacokinetic property prediction: QC-FA 1conjugate and BER-FA conjugate showed high binding 

energy and greater binding affinity to folate receptor. These conjugates were compared with respective phy-

tochemicals for pharmacokinetic profile and analyzed to assess whether the conjugates showed enhanced 

pharmacokinetic activity than individual phytochemicals. 

ADME/T Prediction: Both QC and QC-FA 1 conjugate showed impermeability to the Blood Brain Bar-

rier (BBB). BER showed permeability to BBB while BER-FA conjugate demonstrated impermeability to the 

BBB, indicating absence of Central Nervous System (CNS) side effects. Both the conjugates showed non-

substrate activity to CYP450 2C9 and 2D6 enzymes, non- inhibitor activity to CYP450 2C9, 2C19, and 3A4 

enzymes indicating slower metabolism and increased half life. CYP Inhibitory Promiscuity (capacity for a 

drug to bind to and decrease or diminished the activity of multiple different CYP450 isoform) of both the 

conjugates was found to be satisfactory. All of them showed no AMES toxicity and were non-carcinogenic. 

QC exhibited type II acute oral toxicity which was not exhibited by its conjugate indicating its safety. 

Prediction of the P450 site of metabolism: P450 metabolism prediction of QC and BER was compared 

with their conjugates, QC-FA 1 and BER-FA conjugate respectively. Carbon 13, 15 and 2 of QC were the 

most prominent atoms with low enzyme score for all three enzymes of CYP450 family, which gives strong 

knowledge of being catalyzed by using 3A4, 2D6 and 2C9 enzyme. On other hand, carbon 28, nitrogen 37 

and 27 of QC-FA 1 conjugate molecule shows lowest enzyme score. However, the site for metabolism of 

QC-FA 1 involved carbon atoms present on FA structure indicating the metabolite stability of amide linkage 

in the complex. For BER, carbon 22, 1 and 25 represent lowest enzyme score. Considering enzyme score, 

energy and 2D solvent accessible surface area (2DSASA), these atoms are responsible for BER metabolism. 

Carbon 20, 29 and 46 of BER-FA conjugate shows lowest enzyme score of which carbon 46 is present in 

BER structure and carbon 20, 29 presents in folic acid structure. While, carbon 1 and 25 were absent in con-

jugate’s metabolism data indicating metabolic stability of conjugate. This supports the hypothesis that the 

designed conjugates will internalize into the tumor cells through endocytosis after binding to the receptor, 

thereby improving specificity to the tumor cells. 
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Figure 4. a) Standard FA docked to Human folate receptor alpha; b) Human folate receptor alpha is docked  

with a BER-FA conjugate; c) Human folate receptor alpha is docked with QC-FA conjugate 1;  

d) Human folate receptor alpha is docked CUR- FA conjugate 1 
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Conclusions 

The conventional chemotherapeutic drugs exhibit undesirable side effects that may damage the healthy 

cells, including those in the gastrointestinal tract, bone marrow, and hair follicles. However, phytomolecules 

like curcumin, quercetin and berberine with proven anti-cancer potential can be employed for cancer thera-

peutics. However, their utilization is limited due to their poor bioavailability. Therefore, higher doses of phy-

tomolecules required to achieve a therapeutic response may lead to toxicity and other side effects. To achieve 

improved bioavailability with improved tumor cells specificity, quercetin, berberine and curcumin were 

complexed with folic acid. The conjugates demonstrated favorable affinity for the human folate receptor, 

with the QC-FA1 conjugate showing higher binding affinity (–12 kcal/mol) than standard folic acid  

(–10.6 kcal/mol). The QC-FA1 conjugate also displayed satisfactory pharmacokinetic and safety predictions 

with reduced cytochrome susceptibility indicating stability of complex, supporting the concept of receptor 

mediated endocytosis in tumor cells. Further QC-FA1 conjugate was successfully synthesized, characterized 

using suitable chromatographic and spectroscopic tools and will be subsequently tested for its anti-cancer 

potential. 

The successful design and synthesis of the QC-FA1 conjugate may act as a novel pro-drug, improving 

specificity to cancer cells, thereby reducing the undesirable side effects and bioavailability problems associ-

ated with its use. This study open development prospects for the identification and synthesis of newer phy-

tomolecules based therapeutics for addressing the rising concerns associated with chemical-based agents. 

This novel but simplified approach of design of vitamin-phytomolecule conjugates can be further explored 

and studied to better understand its effective role in revolutionizing cancer therapeutics. 
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Potential Inhibiting activities of Phytochemicals from Enantia chlorantia Bark  

Against Lactate Dehydrogenase: in Silico Approach 

Malaria is a serious ailment, and it remains a serious challenge for global health organisations. The estab-

lishment of unconventional drugs to fight this ailment has drawn the attention of several researchers. In this 

work, selected phytochemicals from Enantia chlorantia bark as potential anti-lactate dehydrogenase were in-

vestigated using in silico approach. A number of softwares were used in this study namely: Spartan 14 for op-

timization, Pymol for treating the downloaded receptor, Autodock tool for identifying the active site of the 

target, Autodock Vina for docking calculation and Discovery Studio visualizer for observing the non-bonding 

interaction of the studied complex. The calculated descriptors from the optimized Enantia chlorantia bark 

phytochemicals described their anti-lactate dehydrogenase activities. Compounds 2, 4, 9, 15, 16 and 17 

demonstrated higher binding affinity (in terms of negativity) than other studied compounds and the reference 

drug (Quinine). This predicts that they have a higher ability to inhibit lactate dehydrogenase downregulate 

malaria. Also, (1R,4aS,8aS)-7-methyl-4-methylidene-1-propan-2-yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene 

(compound 15) showed higher values inhibition of lactate dehydrogenase than other studied compounds and 

reference drug Quinine. The developed quantitative structure-activity relationship model using binding affini-

ty as a dependent variable proved to be predictive and this can help in the subsequent study. 

Keywords: Lactate Dehydrogenase, Phytochemicals, Enantia chlorantia, In Silico, Malaria, Docking, Bark, 

Drug. 

 

Introduction 

Malaria, one of the most difficult to dare parasitic sicknesses, remains the disease with devastating ef-

fects in many countries globally [1]. A few years ago, above 210 million malaria cases and hundreds of thou-

sands of malaria death cases were observed and reported by scientists [2, 3]. According to Schlitzer, 

2008 [4], malaria in human beings could be attributed to P. falciparum, P. knowlesi, P. ovale, P. vivax, and 

P. malariae. Several synthesized drugs to cure malaria have significantly reduced malaria mortality [5]. Ac-

cording to Mutabingwa, 2005 [6], Artemisinin Combination therapy was recommended by World Health 
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Organization for proper combat against malaria, and in recent time, the call to overcome drug resistivity has 

attracted the attention of researchers, leading to the development of several potent antimalaria drugs such as 

artemether, lumefantrine [7]. Despite the efficiency of the synthesized drugs to fight the existence of malaria 

among humans, the case of anti-malaria drug resistivity in many part of Africa is still on the high side and 

this has necessitated the development of more potent antimalaria agents than the commercial drugs [8]. 

Moreover, the production of hundreds of drugs from over eighty-five medicinal plants has been carried out, 

which may be due to its easy accessibility, efficiency, as well as their mode of action in the human body sys-

tem [9–11]. 

Two Plasmodium genus (P. falciparum and P. vivax) were the root cause of many malaria among hu-

mans [12–14]. Meanwhile, the mode of action of P. falciparum has led to the highest mortality compared to 

others [15]. Several malaria cases with the greatest number of mortality due to malaria have been observed 

and reported in Africa. The use of chemical compounds to combat this life-threatening disease (Malaria) has 

been employed by many scientists; however, resistance to antimalarial drugs remains a serious challenge, 

and this has called for more potent drug-like compounds as a lasting solution to this menace in the medical 

world [16–20]. 

Lactate dehydrogenase is a crucial proteinous compound that plays a significant role in all living 

cells [21]. It has been observed to be a usual target in malaria and it played a crucial role in the anaerobic 

existence of Plasmodium falciparum [22]. Any molecular drug-like compound with enough potency to hin-

der Plasmodium falciparum lactate dehydrogenase will destroy the Plasmodium falciparum in human body 

system [23]. It helps in transporting hydride among molecular compounds, and a series of health conditions 

such as liver disease, anemia, heart attack, muscle trauma, cancers, and HIV have been reported to increase 

lactate dehydrogenase in any living cell [24]. According to Garcia et al., 2014 [25], lactate in living beings 

can be increased by raising the level of glucose absorption, and this has attracted the attention of researchers 

globally.  

Enantia chlorantha has been classified to the annonaceae family. Different names have been given to 

this tree based on different cultures, such as Dokitaigbo, Kakerim and Erenba-vbogo Yoruba, Boki, and Be-

nin, respectively [26, 27]. It is a tree with yellow wood, 28 m high, and many researchers report that in Afri-

ca it can be found in tropical forests [28]. Every part (leaves, root and bark) of the tree has been observed and 

reported to be medicinal in treating diseases like malaria, typhoid fever, etc. [29]. Also, several biologically 

active compounds were found in Enantia chlorantha, which has reportedly given it exceptional medicinal 

value for humans [30]. Thus, the purpose of this work is to study the inhibiting capacity of phytochemicals 

from Enantia chlorantia bark against lactate dehydrogenase [31], as well as to identify their descriptors re-

sponsible for anti-lactate dehydrogenase activity.  

Experimental 

Ligand Preparation via Quantum chemical method 

Eighteen phytochemicals (Table 1) from Enantia chlorantia bark were subjected to Spartan 14 software 

for geometry optimization [32]. The appropriate elements were bonded together according to the chemical 

formula for each compound using 6-31G* as basis set. The time required to complete processing of each 

compound is a function of the composition of each compound coupled with the basis set used. A series of 

activity descriptors for the studied compounds were obtained using Spartan 14 software and included: high-

est occupied molecular orbital energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), 

bandgap (BG), dipole moment (DM), molecular weight (MW), lipophilicity (LogP), ovality, polar surface 

area (PSA), polarizability, hydrogen bond donor (HBD), and hydrogen bond acceptor (HBA). The studied 

compounds are presented in Table 1. 
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T a b l e  1  

Studied phytochemicals obtained from Enantia chlorantia bark 

No. Structures IUPAC Names 

1 

 

(1S,2R,5S,7S)-2-methyl-8-methylidene- 

5-propan-2-yl-11-oxatricyclo[5.3.1.02,6]undecane 

2 

 

1,6-dimethyl-4-propan-2-ylnaphthalene 

3 

 

(1R,4R,6R,10S)-4,12,12-trimethyl-9-methylidene-5-

oxatricyclo[8.2.0.04,6]dodecane 

4 

 

(1E,6E)-1-methyl-5-methylidene-8-propan-2-

ylcyclodeca-1,6-diene 

5 

 

(1R,3E,7E,11R)-1,5,5,8-tetramethyl-12-

oxabicyclo[9.1.0]dodeca-3,7-diene 

6 

 

(1S,3aR,8aS)-3a-methyl-7-methylidene-1-propan- 

2-yl-2,3,5,6,8,8a-hexahydro-1H-azulen-4-one 

7 

 

(1aR,4aR,7S,7aR,7bR)-1,1,7-trimethyl- 

4-methylidene-1a,2,3,4a,5,6,7a,7b-

octahydrocyclopropa[h]azulen-7-ol 
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C o n t i n u a t i o n  o f  T a b l e  1  

No. Structures IUPAC Names 

8 

 

(1R,4S,4aR,8aR)-1,6-dimethyl-4-propan-2-yl-

3,4,4a,7,8,8a-hexahydro-2H-naphthalen-1-ol 

9 

 

(1R,5S,6R,7S,10R)-4,10-dimethyl-7-propan- 

2-yltricyclo[4.4.0.01,5]dec-3-ene 

10 

 

(1aR,4R,4aR,7bS)-1,1,4,7-tetramethyl-

1a,2,3,4,4a,5,6,7b-octahydrocyclopropa[e]azulene 

11 

 

(1Z,4Z,8E)-2,6,6,9-tetramethylcycloundeca-1,4,8-

triene 

12 

 

(1R,4aR,8aS)-7-methyl-4-methylidene-1-propan-2-

yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene 

13 

 

(1R,4E,9S)-4,11,11-trimethyl-8-

methylidenebicyclo[7.2.0]undec-4-ene 

14 

 

(1S,2S,4R)-1-ethenyl-1-methyl-2,4-bis(prop-1-en- 

2-yl)cyclohexane 

15 

 

(1R,4aS,8aS)-7-methyl-4-methylidene-1-propan- 

2-yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene 

 



A.K. Oyebamiji, F.E. Olujinmi et al. 

66 Eurasian Journal of Chemistry. 2023. No. 4(112) 

C o n t i n u a t i o n  o f  T a b l e  1  

No. Structures IUPAC Names 

16 

 

(1S,4aS,8aR)-4,7-dimethyl-1-propan-2-yl-

1,2,4a,5,6,8a-hexahydronaphthalene 

17 

 

(1R,8aR)-4,7-dimethyl-1-propan-2-yl- 

1,2,3,5,6,8a-hexahydronaphthalene 

18 

 

(4R)-4-ethenyl-4-methyl-1-propan-2-yl- 

3-prop-1-en-2-ylcyclohexene 

 

Preparation of Studied Ligands and Receptor for Molecular Docking 

Preparation of the Studied Phytochemicals 

The optimized structures were converted from .spartan to .pdb format using Spartan software. Before 

Autodock Vina docking calculation the .pdb format of the studied phytochemicals was converted to the 

.pdbqt format using Autodock Tool software.  

Preparation of the Lactate Dehydrogenase for Docking Study 

The downloaded lactate dehydrogenase structure (PDB ID: 1LDG) (Fig. 1) [31] from the Protein Data 

Bank was processed using Pymol software to identify any extraneous molecules (small molecules and water 

molecules) downloaded with the desired protein. Other molecules downloaded with lactate dehydrogenase 

were removed and subjected to Autodock Tool software to locate the appropriate binding site for the studied 

compounds. The calculated value for the centre and binding site in X, Y and Z directions that show the locat-

ed binding site were 27.729 Å, 16.305 Å, and 36.464 Å for the centre and 66Å, 56 Å and 66 Å for 

site (Fig. 2). The binding affinity for the studied complex was determined using Autodock Vina software. 

 

 

Figure 1. 3D structure of lactate dehydrogenase (PDB ID: 1LDG) 
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Figure 2. 3D structure of lactate dehydrogenase (PDB ID: 1LDG) with binding site located 

Molecular Dynamic Simulation Study 

In this work, compound 15 with the lowest binding affinity and reference drug (quinine) were subjected 

to molecular dynamics simulation using AMBER14 molecular dynamics package [33]. Hydrogen atoms 

were added to the complexes under study via a leap sector of AMBER14. AMBER force field 99SB was 

used for the protein while general AMBER force field was used for ligand [34, 35]. Appropriate number of 

counterions were added so as to neutralize the investigated complexes before solvation which was executed 

in a condensed octahedral cell of TIP3P [36] water molecules, and 12˚A was overextended beyond the pro-

tein. 

Moreover, 5000 frames of steepest descent minimization were used for minimization, and 10000 frames 

of conjugated gradient minimization were also employed in order to eradicate unwanted atom interactions. 

The temperature used for the entire system was 300K at 100ns and the study was executed at 1 atm via the 

particle mesh Ewald method [37]. Also, molecular dynamics trajectories analysis was executed via 

CPPTRAJ module [34]. 

Quantitative Structure-activity Relationship (QSAR) Study 

The optimized compounds were converted to .sdf format before subjecting to PaDEL (Pharmaceutical 

Data Exploration Laboratory) version 2.21 to generate 2D descriptors [38, 39]. For reliability, the studied 

compounds were divided into two different sets ((training set (80%) and test set (20%)), and the training set 

compounds were subjected to Material Studio software to develop a valid QSAR model via genetic function 

algorithm (Equation 1):  

 Y = 0.117614842(ALogp2) + 0.006900712 (ATS1m) + 0.002645580 (ATS7m) –  

 – 0.007905861 (ATS0v) + 29.444475533. (1) 

The studied QSAR model was validated by considering CVR2, adjusted R2, and F-value. 

R-squared = 0.80602900, Adjusted R-squared = 0.72844100,  

Cross validated R-squared = 0.61235600, Significance-of-regression F-value = 10.38855500 

Result and Discussion 

Calculated Descriptors for Obtained Phytochemicals from Enantia chlorantia Bark  

In this work, a series of descriptors were obtained, and four descriptors were selected using Lipinski 

rule of five, i.e. Molecular Weight ≤ 500 amu, Log P ≤ 5, Hydrogen Bond Donor (HBD) ≤ 5 and Hydrogen 

Bond Acceptor (HBA) ≤ 10 [40] (Table 2). 
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T a b l e  2  

Calculated descriptors for studied compounds 

 MW LogP HBD HBA 

1 220.35 3.47 0 1 

2 198.30 2.87 0 0 

3 220.35 3.29 0 1 

4 204.35 4.69 0 0 

5 220.35 3.6 0 1 

6 220.356 4.35 0 1 

7 220.356 3.01 1 1 

8 222.372 3.49 1 1 

9 204.357 4.23 0 0 

10 204.357 4.08 0 0 

11 204.357 4.78 0 0 

12 204.357 4.34 0 0 

13 204.357 4.48 0 0 

14 204.357 4.76 0 0 

15 204.357 4.34 0 0 

16 204.357 4.29 0 0 

17 204.357 4.14 0 0 

18 204.357 4.71 0 0 

 

According to Lien, 1982 [41], the calculated molecular weight from optimized molecular structures us-

ing computational tools remains an important characteristic that reveals the state (solubility, Van der Waals 

forces, molar refraction, steric factors, molecular connectivity, thermodynamic activity, partition coefficient, 

etc.) of such compound. The oral bioavailability of any compounds is a function of molecular weight in the 

range of 150–500 amu [42]; thus, all the calculated compounds proved to be orally bioavailable.  

Moreover, the solubility of molecular compounds in lipophilic phase reveals the role of Log P in drug 

design [43]. Also, the report by Meanwell 2011 [44] showed that there may be possible complications which 

human body system may experience if the calculated Log P value is higher than 5 for oral absorption of 

drug-like molecule; therefore, all the calculated Log P value were within the accepted range for Log P 

(Log P ≤ 5). This implies that the studied compounds have the ability to be taken orally without any compli-

cation. 

It was observed that all the studied compounds obeyed the Lipinski rule of five, and this shows that all 

they have the potential ability to act as a drug. 

Molecular Docking Studies on Phytochemicals from Enantia chlorantia Bark and Lactate dehydrogenase 

The studied compounds obtained from Enantia chlorantia bark were screened for inhibitory activities 

against Lactate dehydrogenase using the molecular docking method. As reported in several literature sources, 

the higher binding affinity (in terms of negativity) corresponds to the better ability of the compound to inhib-

it the receptor [45]. The inhibitory activity of the individual studied ligand was compared with the inhibitory 

activity of the reference drug (quinine) and presented in Table 3.  

T a b l e  3  

Calculated binding affinity for Phytochemicals from Enantia chlorantia Bark–Lactate dehydrogenase complex 

No 

Binding  

Affinity  

(kcal/mol) 

Residues involved in the interactions 
Types of Non-bonding  

interaction involved 

1 –6.4 PHE52, ILE54, ALA98, ILE119 Pi-Alkyl, Alkyl 

2 –7.4 PHE100, ILE119, VAL26, ILE54, PHE52, ALA98 Pi-Alkyl, Alkyl, Pi-Sigma 

3 –5.9 LEU201, VAL200, LYS314, PHE229, LEU202, LYS203 Pi-Alkyl, Alkyl 

4 –7.0 
ILE119, VAL55, ALA98, VAL26, TYR85, PHE52, ILE123, 

ILE54 
Pi-Alkyl, Alkyl 

5 –6.0 LYS203, LEU201, PHE229, LEU202, VAL200, LYS314 Pi-Alkyl, Alkyl 

6 –6.2 LYS314, LYS198, VAL200, VAL233 Alkyl 
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C o n t i n u a t i o n  o f  T a b l e  3  

No 

Binding  

Affinity  

(kcal/mol) 

Residues involved in the interactions 
Types of Non-bonding  

interaction involved 

7 –6.6 VAL233, LYS314, VAL200, LEU201 
Unfavorable Donor-Donor, 

Alkyl 

8 –6.3 VAL55, ALA98, PHE52, ILE119, ILE54, VAL26 Pi-Alkyl, Alkyl 

9 –7.3 
ILE54, PHE100, ILE119, VAL26, ALA98, PHE52, TYR85, 

ILE123 
Pi-Alkyl, Alkyl 

10 –6.4 ALA98, ILE54, ILE119, PHE100 Pi-Alkyl, Alkyl 

11 –5.8 LYS314, VAL200, LEU202, PHE229, ARG204, LY203 Pi-Alkyl, Alkyl 

12 –5.8 TYR174, TYR175, ILE239, ARG171, ALA249 Pi-Alkyl, Alkyl 

13 –5.9 ILE54, ILE119, ALA98 Alkyl 

14 –6.1 ILE119, ALA98, PHE52, ILE54, PHE100, LYS118 Pi-Alkyl, Alkyl 

15 –7.8 ALA98, ILE123, VAL26, ILE54, ILE119, TYR85, PHE52 Pi-Alkyl, Alkyl 

16 –7.0 
ILE54, ILE119, PHE100, VAL26, ILE123, TYR85, PHE52, 

ALA98 
Pi-Alkyl, Alkyl 

17 –7.0 PHE52, ALA98, ILE54, ILE119, PHE100 Pi-Alkyl, Alkyl 

18 –6.4 
PHE52, VAL26, ALA98, ILE54, ILE123, TYR85, ILE119, 

PHE100 
Pi-Alkyl, Alkyl 

Quinine –6.7 - - 

 

According to the data in Table 3, compound 15, with the highest binding affinity value in terms of 

negative, has the highest tendency to inhibit Lactate dehydrogenase compared with other studied compounds 

and the reference drug (Fig. 3). 

It can also be seen from Table 3 that six compounds (2, 4, 9, 15, 16 and 17) have better binding affini-

ties than the other studied compounds and the reference drug. This showed that these phytochemicals en-

hanced the biological activities of Enantia chlorantia bark as a potential antimalaria agent. The reference 

drug with -6.7 kcal/mol binding affinity showed a greater tendency to inhibit Lactate dehydrogenase than 

compounds 1, 3, 5, 6, 7, 8, 10, 11, 12, 13, 14 and 18.  

 

 

 

a) 2D structure b) 3D structure 

Figure 3. Binding site of Lactate dehydrogenase amino acid residues with compound 15  

Molecular Dynamic Simulation Analysis 

Root of Mean Square Deviation (RMSD) 

Root of mean square deviation of Lactate dehydrogenase backbone atoms in connection to the initial 

structure of the studied enzyme in forming complexes with compounds 15 and quinine during the 100 ns MD 

simulation is presented in Figure 4.  
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Figure 4. RMSD of Compound 15-1LDG (black) and Quinine-ILDG (red) complexes  

during the 100 ns MD simulations 

This study was carried out to investigate the rate of deviation of the initial studied compounds upon 

binding, as well as the stability of the simulated complexes. Therefore, as shown in Figure 4, compound 15-

Lactate dehydrogenase complex proved to be more stable after sixty nanoseconds (60 ns) of the simulation 

time than quinine- Lactate dehydrogenase complex. 

 

Binding Energy Calculation 

Table 4 presents the calculated binding energy components (total binding energy; van der Waals ener-

gy; electrostatic energy; gas-phase energy; solvation energy).  

T a b l e  4  

Binding energy profiles of Compound 15-Lactate dehydrogenase complex  

and Quinine-Lactate dehydrogenase complex 

Complexes 
Binding Energy Components (kcal/mol) 

ΔEvdw ΔEele ΔGgas ΔGsol ΔGbind 

CP15-protein –26.95 ± 0.08 –1.30 ± 0.01 –28.25 ± 0.08 3.08 ± 0.02 –25.17 ± 0.08 

REF-protein –13.34 ±0.17 10.69 ±0.18 –2.65 ±0.44 –7.51 ± 0.44 –10.17 ±0.13 
Note: ΔGbind = total binding energy; ΔEvdw = van der Waals energy; ΔEele = electrostatic energy; ΔGgas = gas-phase energy;  

ΔGsol = solvation energy. 

 

The calculated binding free energy for compound 15–Lactate dehydrogenase complex (–25.17 kJ/mol) 

confirmed the outstanding activity of compound 15 as potential Lactate dehydrogenase inhibitor. The pre-

sented molecular dynamic simulation result revealed that van der Waal energy, electrostatic energy, and gas-

phase energy were favourable while polar solvation energy was not favourable for the binding of compound 

15 to lactate dehydrogenase. 

Quantitative Structure Activities Relationship Study 

The obtained descriptors were screened, and the selected descriptors were divided into two sets, i.e. 

training and test sets. Compounds 2, 6 and 10 were used as test sets, while other compounds obtained from 

Enantia chlorantia bark were used as the training set. The descriptors from the training set were used as the 

independent variable, while calculated binding affinity was used as the dependent variable. The 2D-QSAR 

model shown in Equation 1 included four descriptors which align with ratio 1:4 of the descriptors to the en-

tire studied compounds as described in several reports [46]. The developed model was used to predict the 

calculated binding affinity. It was observed that the predicted binding affinity of the training set was closer to 

the original binding affinity. This is proof that the developed QSAR model is predictive, and its reliability 

was confirmed via the test set, which also goes in line with the squared correlation coefficient (R2). Also, 
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according to Adegoke et al., 2020 [47], the predictive ability of any developed QSAR model is not enough to 

justify its potency; thus, this calls for 2D-QSAR validation. Adjusted R-squared, Cross validated R-squared 

and Significance-of-regression F-value were considered for QSAR validation. According to Oyebamiji et al., 

2022 [48], Adjusted R-squared must be less than or equal to 0.6 while Cross validated R-squared must be 

less than or equal to 0.5 for any developed QSAR model to be considered valid; thus, the developed 2D-

QSAR model can be considered valid and efficient (Table 5).  

T a b l e  5   

Observed and predicted binding affinity 

 
Original  

Binding Affinity 

Predicted  

Binding Affinity 

1 –6.4 –6.4 

2* –7.4 –0.6 

3 –5.9 –5.9 

4 –7.0 –7.0 

5 –6.0 –6.0 

6* –6.2 2.9 

7 –6.6 –6.6 

8 –6.3 –6.3 

9 –7.3 –7.3 

10* –6.4 2.2 

11 –5.8 –5.8 

12 –5.8 –5.8 

13 –5.9 –5.9 

14 –6.1 –6.1 

15 –7.8 –7.8 

16 –7.0 –7.0 

17 –7.0 –7.0 

18 –6.4 –6.4 
Note: *Denote test set. 

Conclusions 

Eighteen phytochemicals were selected from the entire compounds in Enantia chlorantia bark for in sil-

ico study. The structure of the selected compounds was subjected to optimization using Spartan 14 software, 

and a series of descriptors describing the antimalaria activities of the studied plant were obtained. Compound 

15 (1R,4aS,8aS)-7-methyl-4-methylidene-1-propan-2-yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene) showed –

7.8 kcal/mol binding affinity, that is higher than all other studied compounds, as well as the reference drug. 

This proves that Сompound 15 has better ability to inhibit Lactate dehydrogenase, thereby downregulating 

malaria. Also, the QSAR model developed using binding affinity as the dependent variable showed good 

prediction, and was found to be reliable and valid. 
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Electrochemical Processes in Sulfite Gold Plating Solutions  

and Some Properties of Gold Coatings 

The kinetics of gold electrodeposition from Au(I) sulfite solutions have been studied by impedance spectros-

copy and polarization measurements on a rotating disk electrode. Two solutions were used: a Na3Au(SO3)2-

based electrolyte with 2,2-bipyridine as stabilizing additive and an electrolyte containing (NH4)3Au(SO3)2. 

The polarization curves show a rise in current with increasing rotation speed of the electrode up to 300 rpm. It 

was found that contributions to the impedance spectra come from the steps of charge transfer and gold ad-

atom incorporation into the crystal lattice, as well as from the relaxation of surface coverage with adsorbed 

species in an inhibiting layer. An equivalent electrical circuit was suggested to describe the impedance spec-

tra. This circuit provides good approximation of impedance plots for both electrolytes at all electrode poten-

tials. The overall cathodic reaction in both electrolytes appears to consist of the steps of the same nature. 

Some properties of the Au coatings (micro hardness, size of crystallites) were also determined. Soft gold 

coatings with micro hardness of 0.66 GPa are obtained from the electrolyte based on (NH4)3Au(SO3)2, the 

coatings with a higher micro hardness (~0.85 GPa) are deposited from the electrolyte containing 2,2-

bipyridine. 

Keywords: gold plating, sulfite electrolyte, 2,2-bipyridine, ethylenediamine, inhibiting layer, impedance 

spectroscopy, polarization curve, rotating disk electrode, micro hardness. 

 

Introduction 

Sulfite solutions are used for the electrolytic deposition of thick gold coatings in microelectronics, opto-

electronics, integrated optics [1–5], for fabricating X-ray gratings [6, 7] and other microstructures [8]. These 

electrolytes have near-neutral pH value which enables to deposit rather thick ( 20 m) gold layers through 

photoresist patterns for fabricating different devices operating in microwave band. 

From the sulfite electrolytes, bright and soft coatings that have low internal stress even at considerable 

thickness are obtained [2, 9] if the optimal deposition regime and electrolyte composition were selected. Sta-

bilizing additives are required for stable and long work of sulfite electrolytes. 

Another aspect concerning the sulfite gold plating solutions is the need to adjust the bath regularly be-

cause sulfite ions are consumed during bath operation at elevated temperature and are oxidized by oxygen in 

the electrolyte open to the air. For this reason, the electrolytes based on ammonium sulfite have some ad-

vantages over the electrolytes based on sodium sulfite since the former are characterized by a much higher 

concentration of sulfite ions. These circumstances determined the choice of the electrolytes in this work. The 

aim of this work is to study the effect of sulfite electrolyte composition on the kinetics and mechanism of 

gold electrodeposition and on some properties of gold coatings. 

Experimental 

The electrolytic deposition of Au coatings was performed in stirred solutions at a temperature of 50 oC 

on specimens of copper foil (M0). The copper surface was pre-activated in a 10 % H2SO4 solution for 30 s. 

Two gold plating electrolytes were studied in this work: 

1. Electrolyte No.1 based on sodium sulfite with addition of 2,2-bipyridine as a stabilizer. The compo-

sition is as follows: gold as metal — 8.5 g L-1, sodium sulfite — 40 g L-1, ethylenediamine — 32 g L-1, 2,2-

bipyridine — 0.1 g L-1, pH 7.2. In this electrolyte gold is present as complex compound Na3Au(SO3)2. Cur-

rent density is 20–25 A m-2, current efficiency is 96–98 %. 
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2. Electrolyte No. 2 based on ammonium sulfite. The composition is as follows: gold as metal —  

9.0 g L-1, ammonium sulfite — 100 g L-1, pH 6.8. In this electrolyte gold is present as complex com-

pound (NH4)3Au(SO3)2. Current density is 20–40 A m-2, current efficiency is 94–95 %. 

The electrolytes were prepared using deionized water and the following chemicals: sodium sulfite of 

chemically pure grade, ammonium sulfite monohydrate (Sigma Aldrich), 2,2-bipyridine of analytical rea-

gent grade, ethylenediamine of analytical reagent grade purified additionally by distillation. Sulfite complex-

es of gold, Na3Au(SO2)2 and (NH4)3Au(SO3)2, were prepared from HAuCl4
.H2O (chemically pure) as de-

scribed in [10]. 

Electrochemical measurements were carried out on a rotating disk Pt electrode at rotation speeds of 

100–300 rpm. To this end a RDE-2 rotating disk electrode unit (Metrohm, Autolab B.V.) was used. Polariza-

tion curves were measured in a three-electrode thermostatted cell (at 50 oC) using Autolab potentiostat, mod-

el PGSTAT302N. Before measurements, a gold layer of ~1 m in thickness was deposited on the electrode 

surface from the electrolyte under study at a current density of 20 A m-2 for 8 min. The electrode surface area 

was 0.07 cm2. A Pt electrode was used as anode since gold does not dissolve in sulfite electrolytes. The main 

anodic reaction is the electrooxidation of sulfite ion. All potentials are referred to the NHE scale. 

Impedance spectra were measured over a frequency range from 10 kHz to 0.01 Hz at an a.c. signal am-

plitude of 10 mV using a Solartron 1280Z system. In the course of measurements, the electrode potential was 

changed in the cathodic direction by steps of 0.02–0.04 V; each potential was held for 10 min to achieve the 

steady state. Impedance spectra were obtained under the following conditions: 50 oC, rotating electrode, 

300 rpm. 

The structure of the coatings was studied using scanning electron microscopy (Hitachi S-3400N). The 

coating micro hardness was measured by the Vickers method using micro hardness tester DM-8 Affri with 

applied load of 3 g. 

Results and Discussion 

From the electrolyte No. 1, the coatings were obtained at 2,2-bipyridine concentration of 0.1 g L-1. 

When the additive concentration was lower, the stability of electrolyte was insufficient, metallic gold parti-

cles appeared in bulk solution; at higher concentrations coatings of poorer quality were obtained: the dendrite 

growth and coating discontinuities were observed. Addition of 2,2-bipyridine increased to some extent the 

coating hardness (up to ~0.85 GPa) and the coating roughness (Fig. 1). 

 

 

Figure 1. Micrograph of the surface of a coating obtained from the electrolyte No.1.  

Magnification ×1000 

The currents in the electrolyte No.1 increase with rotation speed up to 300 rpm (Fig. 2a) while further 

enhancement of the rotation of the electrode has only slight effect on polarization curve. The polarization 

curves have three regions of clearly different slope (Fig. 2a), with the slope of the first region being 0.08–

0.11 V/decade. The adsorption of 2,2-bipyridine inhibits the electrode process thus resulting in considerably 

larger magnitudes of cathodic polarization. 
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From the electrolyte Nao. 2, bright coatings with low hardness (0.66  0.05 GPa) were deposited. To 

stabilize the electrolyte further, ethylenediamine was added (32 g L-1); this resulted in increasing current effi-

ciency (up to 97–98 %) and micro hardness (up to 0.82  0.04 GPa). As evidenced by electron microscopy, 

the average size of crystallites decreased from 37 nm to 27 nm (Fig. 3). 

The polarization curves in electrolyte No.2 have also a complex shape (Fig. 2b). In particular, a larger 

slope of the polarization curve is observed at moderate current densities. This suggests that an inhibiting lay-

er forms on the electrode surface. At further rise of the polarization, desorption of adsorbed species occurs 

and the slope decreases again. The electrode rotation has a marked effect only at rather high polarizations, 

this appears to be related to diffusion limitations in that polarization region. Figure 2 shows typical polariza-

tion curves. The relative standard deviation of the current density was about 10–15 %. 

 

 
a) 

 
b) 

Figure 2. Cathodic polarization curves (a) in the electrolyte No. 1 and (b) in the electrolyte No. 2  

at rotation speeds of 0 (1), 100 (2) and 300 (3) rpm 

The overall electrode reaction is: 

 [Au(SO3)2]3– + e– = Au + 2SO3
2– 

and it can contain several steps (mass transfer, electron transfer, complex ion dissociation, ad-atom incorpo-

ration into the crystal lattice) and can be affected by the adsorption of different species. In order to determine 

the nature of steps in the process under study, the impedance measurements were performed. 

For the electrodes on which the gold electrodeposition occurs, two types of the complex plane imped-

ance plots (Fig. 4, 5) were obtained depending on the electrode potential. At low cathodic polarizations, the 

impedance plot consists of a capacitive arc at high frequencies and an inductive arc at low frequencies 

(Fig. 4a, 5a). At higher cathodic polarizations, the impedance plots display two capacitive arcs followed by 

an inductive arc (Figures 4b, 5b). 
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a) b) 

Figure 3. Micrographs of the surface of coatings obtained from the electrolyte No. 2 (a)  

without ethylenediamine and (b) with ethylenediamine additive. Magnification ×100 000 

 

  

Figure 4. The impedance spectra in electrolyte No. 1. Circles are experimental points, solid lines are fitted curves  

obtained using the equivalent circuit presented in Figure 6. Electrode potential: (a) –0.04 V; (b) –0.36 V 

 

  

Figure 5. The impedance spectra in electrolyte No. 2. Circles are experimental points, solid lines are fitted curves  

obtained using the equivalent circuit presented in Figure 6. Electrode potential: (a) –0.18 V; (b) –0.28 V 

The first (high-frequency) capacitive arc corresponds to the charge transfer resistance in parallel with 

the double layer capacitance. The second capacitive arc is assumed to be related to the incorporation of gold 

ad-atoms into the crystal lattice. It should be noted that, depending on the conditions, the reagent diffusion in 

solution can also contribute to the second capacitive arc. However, the impedance was measured at the rota-
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tion speed of 300 rpm, when the current, as mentioned above, ceases to change with further increasing rota-

tion speed. Consequently, the diffusion contribution to the impedance is small. The inductive arc can be ex-

plained with the following assumptions: additives to the electrolyte adsorb on the electrode surface; adsorp-

tion of the additives inhibits the discharge of Au(I) complex ions; adsorption of the additives depends on the 

electrode potential and decreases as the cathodic polarization increases. The possibility of inductive arc ap-

pearing for the charge transfer reaction coupled with inhibitor adsorption has been demonstrated by 

Mészáros et al. [11]. 

At gold electrode in sulfite electrolyte, the inhibiting (passivating) layer with which the inductive arc is 

associated can have a complex composition. The layer supposedly contains chemisorbed sulfite ions and sul-

fur [12], chemisorbed OH groups, adsorbed molecules of organic compounds (ethylenediamine, bipyridine, 

etc.). The adsorption in this layer must not be very strong in order that the amount of adsorbate could re-

spond to a sinusoidal potential perturbation used in impedance measurement. 

Bipyridine adsorbs well at electrodes from aqueous solutions, and in particular, at Au electrodes from 

neutral electrolytes [13–16]. The adsorption of 2,2-bipyridine is potential dependent [14, 15], decreases as 

the potential is lowered; in a neutral perchlorate solution, desorption of 2,2-bipyridine from the Au(111) sur-

face is completed at Е  -0.65 V [14]. Such features of bipyridine adsorption are favorable for an inductive 

arc to appear in impedance plots. 

Taking into account possible steps of the process, an equivalent electrical circuit (Fig. 6) is suggested. 

The elements of this circuit have the following physical meaning: Rs is the solution resistance, R1 is the 

charge transfer resistance, R2C2 elements describe the ad-atom incorporation step, and R3C3 elements (with 

negative R and C) are related to the inductive arc. The frequency responses of a negative resistance in paral-

lel with a negative capacitance and of a positive resistance in parallel with a positive inductance are identical 

at certain relations between the parameter values [17]. Because of this RC couple is also used in the equiva-

lent circuit to model inductive arc. The charge transfer resistance R1 and R2C2 elements (for the ad-atom in-

corporation step) have the positive sign for the process of metal deposition. 

 

 

Figure 6. Equivalent electrical circuit 

The constant phase element (CPE) is used in equivalent circuit instead of the double layer capacitance. 

The CPE originates generally from a distribution in the current density along the electrode surface as a result 

of surface inhomogeneity (geometric, structural, and energetic) [18–20]. The impedance of CPE is 

ZCPE = [Q(j)p]-1 where j is the imaginary unit,  is the angular frequency of alternating current, Q is the 

CPE coefficient, p is the CPE exponent. For gold plating electrolytes studied, p = 0.90–0.91 (electrolyte 

No. 1) and p = 0.92–0.94 (electrolyte No. 2); the p value depends only slightly on the electrode potential. 

The equivalent circuit shown in Figure 6 provides good approximation of both types of impedance 

spectra (Fig. 4, 5). 

At low cathodic polarizations, there is no second capacitive arc (Fig. 4, 5); it can be supposed that the 

charge transfer is the rate-limiting step under these conditions. The relaxation of the surface coverage in the 

inhibiting layer is also manifested in this polarization range. When the potential shifts in the negative direc-

tion and the charge transfer becomes faster, kinetic limitations arise in the ad-atom incorporation step and the 

second capacitive arc appears in the impedance plot. The rate-determining step seems still to be the charge 

transfer as evidenced by the size of two capacitive arcs. 

Despite the variations in electrolyte composition, the impedance plots are similar (Fig. 4, 5) and the ex-

perimental impedance spectra can be fitted using the same equivalent circuit for both electrolytes. Thus, the 

steps comprising the mechanism for the overall cathodic reaction are of the same nature in electrolyte No.1 

and No.2. Some differences between the impedance spectra in the investigated electrolytes are mainly due to 

the variations in the values of rate constants of the steps and in the properties of inhibiting layers on the elec-

trode surface. 
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Conclusions 

The kinetics and mechanism of gold electrodeposition were studied in two sulfite electrolytes: (i) an 

electrolyte containing Na3Au(SO3)2 and 2,2-bipyridine additive; (ii) an electrolyte containing 

(NH4)3Au(SO3)2. Bipyridine adsorbs well at Au electrode, inhibits the electrode process and has an apprecia-

ble effect on the properties of Au coatings. In particular, addition of 2,2-bipyridine increases the coating 

hardness up to ~0.85 GPa. From the electrolyte based on ammonium sulfite, the coatings with a lower hard-

ness (0.66  0.05 GPa) are deposited. 

The impedance spectroscopy data suggest that the overall cathodic process in both electrolytes involves 

the steps of charge transfer and gold ad-atom incorporation into the crystal lattice; the relaxation of surface 

coverage with adsorbed species also affects the impedance spectra. 

Acknowledgements 

The research was supported by the Perm Scientific and Educational Center “Rational Subsoil Use”, 

2023. 

 

 

References 

1 Osaka, T., Okinaka, Y., Sasano J., & Kato, M. (2006). Development of new electrolytic and electroless gold plating process-

es for electronics applications. Science and Technology of Advanced Materials, 7, 425–437. 

https://doi.org/10.1016/j.stam.2006.05.003 

2 Green, T.A. (2007). Gold electrodeposition for microelectronic, optpelectronic and microsystem applications. Gold Bulletin, 

40 (2), 105–114. https://doi.org/10.1007/BF03215566 

3 Dimitrijević, S., Rajčić-Vujasinović, M., & Trujić, V. (2013). Non-cyanide electrolytes for gold plating — a review. Int. 

J. Electrochem. Sci., 8, 6620–6646. 

4 Josell, D., & Moffat, T. P. (2019). Bottom-up filling of damascene trenches with gold in a sulfite electrolyte. J. Electrochem. 

Soc., 166, D3022–D3034. https://doi.org/10.1149/2.0041901jes 

5 Lintao Liu, Xiaoli Zhu, Shuhua Wei, Jing Zhang, M.R. Baklanov, A.B. da Silva Fanta, Jiebin Niu, & Changqing Xie. (2019). 

Influence of current density on orientation-controllable growth and characteristics of electrochemically deposited Au films. 

J. Electrochem. Soc. 166, D3232–D3237. https://doi.org/10.1149/2.0291901jes 

6 Josell, D., & Moffat, T.P. (2023). Extreme bottom-up gold filling of high aspect ratio features. Acc. Chem. Res. 56(6), 677–

688. https://doi.org/10.1021/acs.accounts.2c00826 

7 Ohlin, H., Frisk, T., Åstrand, M., & Vogt, U. (2022). Miniaturized sulfite-based gold bath for controlled electroplating of 

zone plate nanostructures. Micromachines 13(3), 452. https://doi.org/10.3390/mi13030452 

8 Schürch, P., Osenberg, D., Testa, P., Bürki, G., Schwiedrzik, J., Michler, J., & Koelmans, W.W. (2023). Direct 3D micro-

printing of highly conductive gold structures via localized electrodeposition. Materials & Design, 227, 111780. 

https://doi.org/10.1016/j.matdes.2023.111780 

9 Kichigin, V.I., Petukhov, I.V., Shevtsov, D.I., & Permyakova M.A. (2015). Electrodeposition of coatings from sulfite gold-

plating electrolyte and their properties. Russ. J. Appl. Chem., 88, 1950–1957. https://doi.org/10.1134/S10704272150120083 

10 Karyakin, Yu.V., & Angelov, I.I. (1974). Chistye Khimicheskie Veshchestva [Pure Chemical Substances]. Moscow: Khimiia 

[in Russian]. 

11 Mészáros, L., Lengyel, B., & Garai, T. (1982). Study of inhibitors by electrode impedance measurements. Acta Chim. Acad. 

Sci. Hung., 110, 57–65. 

12  Baltrūnas, G., Valiūnienė, A., Vienožinskis, J., Gaidamauskas, E., Jankauskas, T., & Margarian, Ž. (2008). Electrochemical 

gold deposition from sulfite solution: application for subsequent polyaniline layer formation. J. Appl. Electrochem., 38, 1519–1526. 

https://doi.org/10.1007/s10800-008-9596-1 

13 Mambetkaziev, E.A., Zhdanov, S.I., & Damaskin, B.B. (1972). Uchet vliianiia adsorbtsii ligandov i kompleksov pri issledo-

vanii kompleksoobrazovaniia poliarograficheskim metodom. I. Issledovanie adsorbtsii 2,2-dipiridila na rtuti iz vodnykh rastvorov 

KNO3 [Account of the adsorption of ligands and complexes in complexation study by polarographic method. I. A study of 2,2-

bipyridine adsorption on mercury from aqueous KNO3 solutions]. Elektrokhimiia — Electrochemistry, 8(11), 1650–1654 [in Rus-

sian]. 

14 Dretschke, Th., & Wandlowski, Th. (1999). An order-disorder-order adlayer transition of 2,2-bipyridine on Au(III). Electro-

chim. Acta, 45, 731–740. https://doi.org/10.1016/S0013-4686(99)00252-2 

15  Zeng, X., & Hatton, R. (2000). EQCM study of adsorption of bipyridine on Au polycrystalline electrode using underpoten-

tial deposition of Pb as a probe. Electrochim. Acta, 45, 3629–3638. https://doi.org/10.1016/S0013-4686(00)00446-1 

16 Ren, X., Song, Y., Liu, A., Zhang, J., Yuan, G., Yang, P., et al. (2015). Computational chemistry and electrochemical studies 

of adsorption behavior of organic additives during gold deposition in cyanide-free electrolytes. Electrochim. Acta, 176, 10–17. 

https://doi.org/10.1016/j.electacta.2015.06.147 

https://doi.org/10.1016/j.stam.2006.05.003
https://doi.org/10.1007/BF03215566
https://doi.org/10.1149/2.0041901jes
https://doi.org/10.1149/2.0291901jes
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Daniel++Josell
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Thomas+P.++Moffat
https://doi.org/10.1021/acs.accounts.2c00826
https://sciprofiles.com/profile/2086964
https://sciprofiles.com/profile/2826343
https://sciprofiles.com/profile/2119374
https://sciprofiles.com/profile/author/SFNCUHRIUUlDbGVyZnkzUEpYd2ZGUT09
https://doi.org/10.3390/mi13030452
https://doi.org/10.1016/j.matdes.2023.111780
https://link.springer.com/article/10.1134/S10704272150120083#auth-V__I_-Kichigin
https://link.springer.com/article/10.1134/S10704272150120083#auth-I__V_-Petukhov
https://link.springer.com/article/10.1134/S10704272150120083#auth-D__I_-Shevtsov
https://link.springer.com/article/10.1134/S10704272150120083#auth-M__A_-Permyakova
https://link.springer.com/journal/11167
https://doi.org/10.1134/S10704272150120083
https://doi.org/10.1007/s10800-008-9596-1
https://doi.org/10.1016/S0013-4686(99)00252-2
https://doi.org/10.1016/S0013-4686(00)00446-1
https://doi.org/10.1016/j.electacta.2015.06.147


Electrochemical Processes in Sulfite Gold Plating Solutions … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 81 

17 Lasia, A. (2014). Electrochemical Impedance Spectroscopy and its Applications. Springer Science + Business Media, New 

York. 

18 Córdoba-Torres, P., Mesquita, T.J., & Nogueira, R.P. (2015). On the relationship between the origin of constant-phase ele-

ment behavior in electrochemical impedance spectroscopy and electrode surface structure. J. Phys. Chem. C., 119(8), 4136–4147. 

https://doi.org/10.1021/jp512063f 

19 Alexander, C.L., Tribollet, B., & Orazem, M.E. (2015). Contribution of surface distributions to constant-phase-element 

(CPE) behavior: 1. Influence of roughness. Electrochim. Acta, 173, 416–424. https://doi.org/10.1016/j.electacta.2015.05.010 

20 Pajkossy, T., & Jurczakowski, R. (2017). Electrochemical impedance spectroscopy in interfacial studies. Current Opinion in 

Electrochemistry, 1, 53–58. https://doi.org/10.1016/j.coelec.2017.01.006 

 

 

Information about authors* 

Petukhov, Igor Valentinovich (corresponding author) — Candidate of chemical sciences, Associate 

Professor, Perm State University, Bukireva st., 15,, 614097, Perm, Russia; e-mail: Petukhov-

309@yandex.ru, https://orcid.org/0000-0002-3110-668x 

Popova, Anna Mikhailovna — Head of the Laboratory, Perm Scientific-Industrial Instrument-Making 

Company, 25th October st., 106, 614007, Perm, Russia; e-mail: AMPopova@pnppk.ru 

Kichigin, Vladimir Ivanovich — Candidate of chemical sciences, Senior Researcher, Perm State Uni-

versity, Bukireva st., 15, 614097, Perm, Russia; e-mail: kichigin@psu.ru, https://orcid.org/0000-0002-4668-

0756 
__________________________________________________________________ 

*The author's name is presented in the order: Last Name, First and Middle Names 

 

 

https://doi.org/10.1021/jp512063f
https://doi.org/10.1016/j.electacta.2015.05.010
https://doi.org/10.1016/j.coelec.2017.01.006
mailto:Petukhov-309@yandex.ru
mailto:Petukhov-309@yandex.ru
https://orcid.org/0000-0002-3110-668x
mailto:AMPopova@pnppk.ru
mailto:kichigin@psu.ru
https://orcid.org/0000-0002-4668-0756
https://orcid.org/0000-0002-4668-0756


How to Cite: Gogol, D.B., Rozhkovoy, I.E., Sadyrbekov, D.T., & Makasheva, A.M. (2023) Deposition of Transition Metal onto 

Carbonate Materials Surface: Theoretical Evaluation of Optimal Parameters. Eurasian Journal of Chemistry, 4(112), 82-90. 

https://doi.org/10.31489/2959-0663/4-23-13 

82 © 2023 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)  

INORGANIC CHEMISTRY 

Article Received: 25 August 2023 ǀ Revised: 16 October 2023 ǀ  

 Accepted: 02 November 2023 ǀ Published online: 15 November 2023 

UDC 544.3:544.412.3 https://doi.org/10.31489/2959-0663/4-23-13 

Daniil B. Gogol1 , Ivan E. Rozhkovoy1 , Daniyar T. Sadyrbekov2 , Astra M. Makasheva3*  

1Institute of Problems of Complex Development of Mineral Resources, Karaganda, Kazakhstan; 
2Karaganda Buketov University, Karaganda, Kazakhstan; 

3Abishev Chemical and Metallurgical Institute, Karaganda, Kazakhstan 

(*Corresponding authors e-mail: astra_mun@mail.ru) 

Deposition of Transition Metal onto Carbonate Materials Surface:  

Theoretical Evaluation of Optimal Parameters 

Deposition probabilities of transition metal ions on carbonate materials have been discussed in this paper. The 

deterministic and probabilistic design of the experiment has been used to obtain the optimal deposition pa-

rameters. The special features of deposition of copper, nickel, cobalt and zinc cations on surface of marble 

have been analyzed. Based on this research, the authors proposed the generalized multiple factor equations to 

predict the behavior of the selected metals on a marble surface. It was demonstrated that copper deposition is 

affected only by concentration of copper sulfate solution. For nickel, the strength of a complex with transition 

metal ion affects the deposition of an insoluble compound on carbonate surface. Deposition of cobalt under 

the specified conditions is very weak and an impact is exerted by the basicity and concentration of cobalt sul-

fate. For zinc, deposition under specified conditions has a strong dependence on the influencing factors, and 

the amount of deposited zinc varies within a wide range. The obtained results permit to use the application 

method of the protective and decorative coatings on products made of the natural minerals and inorganic ma-

terials such as marble, concrete, dolomite, limestone, gypsum, etc. 

Keywords: transition metals, carbonate materials, deposition, marble surface, hardly soluble compounds, 

complexing agents, deterministic and probabilistic design of the experiment, optimal parameters. 

 

Introduction 

Marble is one of the frequently used natural materials in construction [1–11]. It has been used as a 

building cladding material in construction of monuments, various types of works of art, cultural heritage 

sites, etc. [10, 12, 13]. However, marble is a fragile and heterogeneous material and its composition depends 

on its deposit [4, 8, 12]. During the operation, marble is exposed to various natural water phenomena, tem-

perature changes, weathering, etc. Therefore, the protection of such material from the external influences is 

relevant and of interest from beginning of its use [10, 13]. The authors [2, 14] developed methods for obtain-

ing of coatings from various organic substances based on the density functional theory. Various types of 

complexing agents are also applied and they slow down the deposition rate and improve the quality of the 

marble coating [15–17]. Processes of the chemical deposition of transition metal ions on carbonate materials 

have been studied in some papers [18–20]. This is primarily related to water treatment and recovery of trace 

metals. Mechanism of a chemical deposition of copper on calcite has been described in [21]. We have 

showed before the deposition probability of malachite and azurite minerals from the organic complex copper 

compounds on carbonate materials [22, 23]. Moreover, the paper described the stabilization of the unstable 

polymorphic forms of minerals under copper ion influence [24]. An approach closest to this project is de-

scribed in [25], where the electrokinetic methods have been applied for deposition of calcium oxalate on the 
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marble surface. This paper focuses on substitution of cations (instead of anions) on a surface of the treated 

materials. 

The research purpose is to find the optimal conditions of deposition processes of the selected transition 

metals (copper, nickel, cobalt and zinc) as applied to carbonate inorganic construction material. 

A series of experiments using the deterministic and probabilistic design of the experiment have been 

carried out to study the deposition methods of the insoluble transition metal compounds on the surface of a 

carbonate reservoir [26, 27]. 

Experimental 

In order to select d-elements, the main criteria were availability and price of salts of these metals, and 

also stability of an element in the valence state of 2+. Cu, Ni, Co and Zn compiled with the relevant criteria 

and they were selected for the research. 

Marble was chosen as a carbonate reservoir. The experiments used the cubic samples of the cubic poly-

crystalline marble with a side of 2.5 cm and a polished surface. This was done to exclude a factor of the dif-

ference in the specific area of the rough cube surface for deposition intensity of the main carbonate transition 

metal on it. 

For all experiments, a five-factor experiment matrix has been developed with four levels for each factor. 

The factors influencing on deposition intensity have been selected as below: 

– concentration of transition metal salt; 

– concentration of a strong electrolyte salt with an anion similar to transition metal salt to study an ef-

fect of an ionic strength of solution; 

– amount of KOH in solution to study an effect of basicity of medium; 

– holding time of cube in solution; 

– vacancy factor required for calculations. 

The amount of transition metal deposited on surface of a marble sample has been taken as the result of 

the experiment. For this purpose, a surface layer of the extracted sample has been dissolved in a 1:100 sulfu-

ric acid solution. Then the obtained solution has been brought to 50 ml. Concentration of transition metal has 

been measured by the photometric methods. 

The experiment matrix for deposition of copper, nickel, cobalt and zinc as their basic carbonates has 

been generally described. Table 1 summarizes the selected factors and levels. In this case, differences for 

four metals are the first and second factors. 

The factor designations are as follows: 

factor 1 — CuSO4 concentration (mol/l) for Cu; Ni(NO3)2 concentration for Ni; CoSO4 concentration 

for Co and ZnSO4 concentration for Zn; 

factor 2 — Na2SO4 concentration (mol/l) for Cu, Co and Zn; Na2NO3 concentration for Ni. 

factor 3 — the amount of 0.1 M KOH solution (ml); 

factor 4 — the holding time of the marble sample in solution (a week); 

factor 5 — vacant. 

The volume of solution was 300 ml. 

T a b l e  1  

Factors and levels 

Factor No. Factor Designation Level 1 Level 2 Level 3 Level 4 

1 Factor 1 X1 0.01 0.02 0.03 0.04 

2 Factor 2 X2 0 0.1 0.15 0.2 

3 Factor 3 X3 4.2 8.4 12.5 16.8 

4 Factor 4 X4 1 2 3 4 

5 Factor 5 X5 1 2 3 4 
 

The volume of solution was 300 ml. 

In order to exclude deposition of Cu(OH)2, Ni(OH)2, Co(OH)2 and Zn(OH)2 with increasing basicity of 

a solution and possible increase in activity of ions of Cu2+, Ni2+, Co2+ and Zn2+, a complexing agents have 

been added to the solution, i.e. Na-EDTA for copper, sodium acetate for nickel, sodium citrate for cobalt and 

lactate ion for zinc. All substances have been added in concentrations equivalent to the concentrations of 

Cu2+, Ni2+, Co2+ and Zn2+ ions. 
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Analysis of the solutions obtained by the above approach has been performed photometrically accord-

ing to the method of analysis of Cu2+ ions with Na-DDTC (sodium diethyldithiocarbamate); Ni2+ with dime-

thylglyoxime and Co2+ with nitroso-r-salt. The content of Zn2+ ions has been analyzed by the atomic absorp-

tion spectroscopy. 

For copper, the obtained optical density of the analyzed samples relative to a pure solvent has been tak-

en as the result. For nickel and cobalt, the result contained the received optical density of the analyzed sam-

ples relative to a blank sample. For zinc, the result included the obtained values of zinc content in the ana-

lyzed samples. 

The amount of deposited metal has been used as a comparative measure of Y. 

MS Excel program has been applied for calculations and graphs. Table 2 summarizes the design of the 

experiment for all explored metals. 

T a b l e  2  

The design of the experiment by factors 

No. Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

1 0.01 0 4.2 1 1 

2 0.01 0.1 8.4 2 2 

3 0.01 0.15 12.5 3 3 

4 0.01 0.2 16.6 4 4 

5 0.02 0 8.4 3 4 

6 0.02 0.1 4.2 4 3 

7 0.02 0.15 16.6 1 2 

8 0.02 0.2 12.5 2 1 

9 0.03 0 12.5 4 2 

10 0.03 0.1 16.6 3 1 

11 0.03 0.15 4.2 2 4 

12 0.03 0.2 8.4 1 3 

13 0.04 0 16.6 2 3 

14 0.04 0.1 12.5 1 4 

15 0.04 0.15 8.4 4 1 

16 0.04 0.2 4.2 3 2 
 

Results and Discussion 

Table 3 demonstrates the obtained results of factors for the studied transition metals. 

T a b l e  3  

The results of calculations for Cu2+, Ni2+, Co2+ and Zn2+ 

No 
Calculation results, kg/m2 

Cu2+ Ni2+ Co2+ Zn2+ 

1 0.107 0.189 0.04 33.141 

2 0.469 0.487 0.06 339.9 

3 0.047 0.56 0.023 1084.4 

4 0.081 0.489 0.06 1427.7 

5 0.16 0.339 0.027 63.7 

6 0.065 0.402 0.047 2.1 

7 0.156 0.212 0.047 123 

8 0.284 0.39 0.081 359.4 

9 0.090 0.449 0.097 38.2 

10 0.086 0.132 0.022 30.1 

11 0.567 0.300 0.088 0.2 

12 0.180 0.322 0.079 0.6 

13 0.590 0.181 0.089 28.5 

14 0.223 0.174 0.042 1.8 

15 0.249 0.844 0.121 4.5 

16 0.153 1.153 0.034 1.5 
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Results of the computational calculations are shown by the partial dependencies. The graphical data are 

also presented for them. 

For factors of 1-4, the results for Cu2+, Ni2+, Co2+ and Zn2+ are illustrated in Figures of 1-4. It should be 

stated that the graphical data are presented only for the significant factors. 

Correlation coefficients of all factors for all metals are shown in Table 4. Table 4 demonstrates that on-

ly factor 1 was significant for copper, i.e., the amount of copper deposited on marble surface is affected only 

by concentration of copper sulfate solution. 

For nickel and zinc, all factors are significant. For cobalt, factors of 1 and 3 are relevant. 

T a b l e  4  

Correlation coefficients by factors 1-5 for Cu2+, Ni2+, Co2+ and Zn2+ metals 

Factor 
Correlation coefficients 

Cu2+ Ni2+ Co2+ Zn2+ 

Х1 R = 0.9766 R = 0.8001 R = 0.9104 R = 0.9968 

Х2 R = 0.5211 R = 0.9632 R = 0.6704 R = 0.9879 

Х3 R = 0.5683 R = 0.9834 R = 0.8617 R = 0.9788 

Х4 R = 0.6380 R = 0.9998 R = 0.6606 R = 0.9712 

Х5 R = 0.5376 R = 0.8087 R = 0.9959 R = 0.8427 

 
 

 
 

a) for copper (II) 

 

 
 

b) for nickel (II) 

 

 
 

c) for cobalt (II) 

 

 
 

d) for zinc (II) 

Figure1. Dependence of factor 1 on the amount of deposited metal 

The equations for all studied metals are described. For copper, the significant factor is 1, thus, the equa-

tion is showed only for it: 

 148.45 0.4953

1 10.00751
XY e X −= , kg/m2  (1) 
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For nickel, all factors were relevant, so the overall multiple factor equation is as follows: 

 ( )( )162.193 1.367 2

1 2 20.0004032 11.05 0.8843 0.2641X

avY Y e X X X− −= − +   

 ( )( )40.12192 0.3646

3 3 40.04898 0.0832 0.4084 0.19 XX X e X − + + , kg/m2  (2) 

 

 
 

a) for nickel (II) 

 

 
 

b) for zinc (II) 

Figure 2. Dependence of factor 2 on the amount of deposited metal 

 

 
 

a) for nickel (II) 

 

 
 

b) for cobalt (II) 

 

 
 

c) for zinc (II) 

Figure 3. Dependence of factor 3 on the amount of deposited metal 



Deposition of Transition Metal onto Carbonate Materials Surface … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 87 

 

 
 

a) for nickel (II) 

 

 
 

b) for zinc (II) 

Figure 4. Dependence of factor 4 on the amount of deposited metal 

For cobalt, we describe a generalized multiple factor equation for factors of 1 and 3: 

 ( )( )30.1021 0.8965

1 30.03485 0.749 0.02087
X

avY Y X e X
−−=  + , kg/m2.  (3) 

For zinc, generalized multiple factor equation for all studied factors: 

 ( )( )3 5 3.536 2

1 2 23.194 10 1748 410.9 39.04avY Y X X X− − −=   − +   

 ( )( )3 40.06677 1.493.55 4.127

3 40.01672 35,5
X Xe X e X

− − , kg/m2.   (4) 

After obtaining of the multiple factor equations, the additional experiments have been performed. Re-

sults of the experimental data are summarized in Table 5. A correlation coefficient compared to the experi-

mental data is present in a bottom line of Table 5. This table includes the results for cobalt which are not sig-

nificant. 

T a b l e  5  

Obtained experimental data for Cu2+, Ni2+, Co2+ and Zn2+
 

No 
Calculation results, kg/m2 

Cu2+ Ni2+ Co2+ Zn2+ 

1 0.1439 0.2007 0.03948 21.6699 

2 0.2129 0.4629 0.03951 250.8943 

3 0.1323 0.6166 0.0386 1071.8711 

4 0.05735 0.4599 0.03678 2637.4584 

5 0.1589 0.2743 0.0478 73.0732 

6 0.06992 0.4667 0.03525 2.7565 

7 0.1539 0.1558 0.04178 49.6374 

8 0.237 0.3926 0.05878 138.4649 

9 0.09267 0.4719 0.05615 40.839 

10 0.2045 0.1722 0.04058 46.3329 

11 0.3302 0.2998 0.04467 0.7753 

12 0.2056 0.4229 0.07192 2.7098 

13 0.4639 0.1844 0.05382 34.7992 

14 0.2931 0.1822 0.05179 1.8646 

15 0.1265 0.7322 0.06328 2.0041 

16 0.2905 1.038 0.06751 0.5478 

R 0.6718 0.9636 0.4764 0.6117 

 

Conclusions 

Thus, matrix experiments have been performed for each type of the inorganic transition metal salt using 

the mathematical design of the experiment. 



D.B. Gogol, I.E. Rozhkovoy et al. 

88 Eurasian Journal of Chemistry. 2023. No. 4(112) 

The amount of copper deposited on a marble surface has been established to be affected only by the 

concentration of copper sulfate solution. The other factors are not significant. Hypothetically, the weak depo-

sition of basic copper carbonate has been particularly influenced by the presence of Trilon B in solution, 

binding copper ions in a sufficiently strong complex. 

For nickel, the obtained results can be used to predetermine the effect of strength of the complex with a 

transition metal ion on deposition of an insoluble compound on the carbonate surface. 

Acetate forms a less strong complex with nickel and prevents its deposition in the form of hydroxide in 

the presence of KOH. Thus, acetate does not prevent the Ni2+ ion to react with calcium carbonate in the basic 

medium. This feature is confirmed by the fact that nickel hydroxide deposits with increasing KOH concen-

tration. In addition, the complex of copper with Trilon B does not deposit at a high KOH content in solution. 

The solution concentration has the least effect on the amount of the deposited basic nickel carbonate. Thus, it 

indicates a low reaction rate, which is limited by the specific surface of calcium carbonate. 

Deposition of cobalt under the specific conditions is very weak, i.e., it is confirmed by very low concen-

tration of cobalt in all analyzed solutions. The cobalt citrate complex has the sufficient strength to prevent 

the formation of cobalt hydroxide deposit at the high concentrations of KOH in the solution. The strong 

complex is also thought to slow down the reaction of cobalt with calcium carbonate. However, in model so-

lutions, cobalt without the extraneous ions showed a much lower deposition rate on the CaCO3 surface than 

ions of nickel or copper. Therefore, the influence of a complexing agent is not significant. The conducted 

research described that the significant factors are the basicity of solution and concentration of cobalt sulfate. 

For zinc, deposition under the specific conditions is highly dependent on the influencing factors. The 

amount of the deposited zinc varies within a wide range. Zinc deposition elevates with increasing concentra-

tion of the complexing agent. However, zinc deposition is maximized in the absence of a complexing agent. 

Thus, it indicates that the strength of zinc complexes is high to slow down the reaction of zinc with calcium 

carbonate. All studied factors are significant. The most significant factors are the basicity of solution and 

concentration of zinc sulfate. However, the basicity of solution has a positive correlation with the amount of 

the deposited zinc, but the concentration of zinc sulfate has a negative correlation. 
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The Role of Surface Hydrophobization of Mild Steel  

by Some Triazole Derivatives in Acidic Medium 

Triazole derivatives (4,5-diphenyl-4H-1,2,4-triazole-3-thiol (4,5-PhTAT) and 3,4-diphenyl-5-(prop-2-yn-1-

ylthio)-4H-1,2,4-triazole (3,4-PhPTTA) have been researched as corrosion inhibitors for mild steel in 0.1 N 

sulfuric acid solution. Electrochemical methods were used to estimate the corrosion rate and the inhibition ef-

ficiency: potentiodynamic polarization and impedance spectroscopy. The semi-empirical GFN2-xTB method, 

taking into account their implicit solvation in water using the ALPB method in the XTB program have been 

used for Geometry optimization of the structures of individual compounds and protomers in solution. Quan-

tum chemical calculations suppose predominantly protonated structure for 3,4-PHPTTA molecules and neu-

tral form of molecules for 4,5-PhTAT. According to electrochemical measurements the best inhibition effi-

ciency for 4,5-PhTAT achieved at 50 mg∙l-1and 200 mg∙l-1 for 3,4-PhPTTA. 4,5-PhTAT and 3,4-PHPTTA are 

the mix-type inhibitors in 0.1 N sulfuric acid solution, but rate of cathodic process is decreased more than an-

odic. Contact angle measurements were carried out by the sessile drop method. Hydrophobization of the steel 

surface occurs in the blank acid and inhibited solution. The contact angle measurements by two test liquids 

(water and diethylene glycol) after corrosion with presents 4,5-Pstat and 3,4-PHPTTA show that the protec-

tive film formed in inhibited solution. 

Keywords: corrosion, inhibitor, triazoles, polarization curves, surface tension, impedance spectroscopy, quan-

tum chemical calculations, sessile drop method. 

 

Introduction 

Corrosion is a widely studied field of science. The use of inhibitors to control the corrosion in acid me-

dium was found to have widespread applications [1–4]. The corrosion inhibition of steel in acidic medium by 

organic inhibitors was studied in considerable detail. Triazoles derivatives are N-heterocyclic compounds 

containing a five-member ring with three nitrogen atoms. Their molecules play important roles in biology 

due to their extensive biological interactions [4] and in chemistry due to their ability to inhibit corrosion of 

metals and alloys [1–3]. Today heterocycles inhibitors leading to minimize the corrosion process in met-

als [5–7]. The use of heterocycles inhibitors is of significant interest because of their economical synthesis 

methods and high protection efficiency [8, 9]. Among them, triazole derivatives have been researched as ef-

fective corrosion inhibitors for steel in acidic media [6, 7]. The inhibition efficiency depends on many fac-

tors: the nature of the metal surface, the inhibitor molecular structure — the number of adsorption active cen-

ters in the molecule, the charge density, the molecular size, and the ability of this molecule to interact with a 

metal surface. In order to understand action mechanisms of corrosion inhibitors, there are numerous experi-

mental (electrochemical) [8, 9] and theoretical (quantum chemical) [10, 11] studies. One of the key ap-

proaches is the film theory of inhibitors [12, 13], according to the inhibition efficiency is due to the for-

mation of a hydrophobic film on the metal surface. This film can be investigated by the sessile drop meth-

od [12–18]. The energy of the surface changes when the inhibitor film is formed and some adsorption centers 

appear and disappear on it. This can be measured by the method of steel surface contact angles with tested 

liquids and calculated the components (polar and dispersion) of the free surface energy with increase in the 

inhibitor concentration. The purpose of this work is to study the protective effect of some triazole derivatives 

against corrosion of low-carbon steel and to confirm the film theory of adsorption of organic heterocyclic 

corrosion inhibitors by both experimental electrochemical, surface physico-chemical methods and theoretical 

quantum chemical calculations. 
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Experimental 

The tested inhibitors, namely 4,5-diphenyl-4H-1,2,4-triazole-3-thiol (4,5-PhTAT) and 3,4-diphenyl-5-

(prop-2-yn-1-ylthio)-4H-1,2,4-triazole (3,4-PhPTTA), were synthesized according to a previously described 

experimental procedure [6, 18]. The concentration range of both inhibitors was 10–200 mg∙l-1. 

Geometry optimization of the structures of individual compounds was carried out using the semi-

empirical GFN2-xTB method, taking into account their implicit solvation in water using the ALPB method 

in the XTB program [19, 20]. The calculation of the mole fractions of individual protomers in solution at 

298.15 K was performed using the Boltzmann distribution based on the computed Gibbs energies of the op-

timized structures. The estimation of the protonation constants of compounds was done using the ChemAxon 

Marvin pKa Plugin [21]. 

Electrochemical measurements were carried out using the electrochemical system Solatron 1280C. 

Steel potentials were measured relative to a silver chloride electrode. Potentiodynamic polarization and im-

pedance measurements were performed using a glass electrochemical cell with an external space for silver 

chloride and counter platinum electrodes. Voltammetric studies were performed according to a three-

electrode scheme in potentiodynamic mode at a working electrode potential sweep rate of 0.5 mV·s-1. Prior 

to polarization, the electrode was kept in the test solution for 30 min to establish a free corrosion potential, 

Ecor. Impedance measurements were recorded in the range of frequencies f from 20 kHz to 0.1 Hz, a sine 

wave with 5 mV amplitude was used to perturb the system. The criterion for estimating equivalent electrical 

circuits was the χ2 parameter calculated in ZView2. A satisfactory equivalent scheme is for χ2 less than 10–3 

when weight coefficients calculated from experimental values of the impedance modulus. All potentials are 

reported vs standard hydrogen electrode. 

Working electrodes with the composition, wt.%: Fe — 98.27; C — 0.20; Mn — 0.50; Si — 0.30; P — 

0.04; S — 0.04; Cr — 0.15; Ni — 0.30; Cu — 0.20, were used in the study. The experiments were conducted 

in 0.1 N solution were prepared from chemically pure H2SO4 and distilled water. 

The corrosion rate, ICR (cm·s-1), was estimated through the following equation combining Stern-Geary 

and Faraday equations: 

 ICR = (MB)/(zFSρRp), 

where M is average molecular weight of the metal or metal alloy (g·mol-1), S is the surface area (cm2), F is 

the Faraday constant [96 485 А·s·mol-1], z is the average charge of the metal, and ρ is the density of the met-

al (g·cm3), B is the Stern-Geary constant (V) defined as B = babc/2.3(ba +bc), Rp is polarization re-

sistance, (Ω). Units of corrosion rate in this paper are given in mm·year-1. 

According to the theory of polarization resistance the Rp method is based on charge balance and the cur-

rent-potential relationship (Tafel relationship) for electron-transfer reactions. Rp is defined as the differential 

of the overpotential, ΔE (volt), over the withdrawn current, icorr (amp), when the slope of polarization curves 

at the corrosion potential: 

 Rp = dE/di = babc /2.3icor(ba + bc) = B/icorr, 

where ba and bc are anodic and cathodic Tafel constants (volt), icorr is the corrosion current (A·cm-2) [22, 23]. 

The inhibition efficiency for each concentration of inhibitors was calculated according to the equation,  

 IE(%) = (1 – icorr/i0corr)·100, 

where IE, is the inhibition efficiency, icorr and i0corr are the corrosion current densities (A·cm-2) with and with-

out inhibitor, respectively. The corrosion current density (icorr) was determined by extrapolating the Tafel 

lines. 

On the basis of Young’s equation plus Owen-Wendt’s theory, the surface free energies of the steel sur-

face can be calculated using the contact angles between the two test liquids (water and diethylene glycol) and 

steel surface [24, 25]. Contact angle measurements were carried out using a tensiometer DSA 25E (KRUSS) 

by the sessile drop method [26]. Test liquids (liquid with known the value of surface tension) were dropped 

to the surface of the sample using a dispenser, after that the angle between three phases (steel, test liquid and 

air) was measured. The volume of test liquids was 1–2 µl. All the experiments were carried out after immer-

sion of mild steel for 24 hours in 0.1 N H2SO4 in absence and presence of different concentrations of inhibi-

tors. After immersion samples were cleaned with distilled water repeatedly and dried in hot air, then the con-

tact angles were measured. 
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Results and Discussion 

Based on the structural characteristics of 4,5-PhTAT, it is reasonable to posit that this compound exhib-

its amphiprotic behavior in aqueous systems, where it can undergo both protonation and deprotonation reac-

tions. According to free energy calculations, the tautomeric form with proton moved to the N atom domi-

nates in the neutral state (Fig. 1). 

 

 

 

 

 4,5-PhTAT−  

   
4,5-PhTAT (1) 

0.0 % 

4,5-PhTAT (2) 

100.0 % 

4,5-PhTAT (3) 

0.0 % 

   
4,5-PhTAT H+ (1) 

4.3 % 

4,5-PhTAT H+ (2) 

95.7 % 

4,5-PhTAT H+ (3) 

0.0 % 

Figure 1. The optimized geometries of the deprotonated molecule (anion) 4,5-PhTAT,  

as well as the tautomers of the neutral molecule and its mono-protonated form obtained  

at the GFN2-xTB[ALPB(H2O)] theory level with their relative fractions (%) in solution at 298.15 K 

The protonation/deprotonation equilibrium constants were computed using the Marvin pKa Plugin pro-

gram, taking into account tautomerization. The results indicate that deprotonation is the only feasible out-

come in solutions with weakly alkaline properties (pKa = 7.21). Conversely, the calculations strongly suggest 

that protonation is practically unattainable, as evidenced by the extremely low predicted value of the corre-

sponding equilibrium constant (pKa = –4.65). Notably, the calculations reveal that among the three feasible 

tautomers of the protonated form present in solution, the 4,5-PhTAT H+ (2) tautomer is expected to be the 

predominant species. 

Protonation of 3,4-PHPTTA 

Only protonation processes are possible for 3,4-PHPTTA. In contrast to 4,5-PhTAT, protonation of 

3,4-PHPTTA is entirely possible in strongly acidic aqueous solutions (with a pKa value of 0.97 for the 

3,4-PHPTTA H+(1) form and 0.22 for the 3,4-PHPTTA H+(2) form). The calculation of the molar fraction of 

monoprotonated forms using the GFN2-xTB[ALPB(H2O)] method agrees well with the results obtained 

from the Marvin pKa Plugin and confirms the predominance of the 3,4-PHPTTA H+ (1) protomer (Fig. 2). 
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3,4-PHPTTA  

 

 

3,4-PHPTTA H+(1) 

89.3 % 

 

3,4-PHPTTA H+(2) 

10.7 % 

Figure 2. The optimized geometries of the neutral molecule 3,4-PHPTTA and its monoprotonated tautomers  

obtained at the GFN2-xTB[ALPB(H2O)] level of theory with their relative fractions (%) in solution at 298.15 K 

Based on the results of the calculations, it was shown that in acidic H2SO4 solutions, inhibitors 

4,5-PhTAT and 3,4-PHPTTA exist in different forms: 3,4-PHPTTA molecules are predominantly protonat-

ed, while 4,5-PhTAT exists as neutral molecules. 

Polarization curves for mild steel in 0.1 N H2SO4 solution without and with addition of 100 mg∙l-1 of 

4,5-PhTAT and 3,4-PhPTTA are shown in Figure 3. 

 

 

Figure 3. Potentiodynamic polarization curves for mild steel  

in 0.1 N H2SO4 with different triazole derivatives 

Analysis of Figure 3 and Table 1 reveals that the presence of both triazoles resulted in a shift of the cor-

rosion potential towards the anodic direction in comparison with the result obtained in the blank acid solu-

tion (Table 1). The anodic and the cathodic current densities were decreased, indicating that 4,5-PhTAT and 

3,4-PhPTTA suppressed both the anodic and cathodic reactions (Fig. 3). 

Table 1 shows that in the case of 4,5-PhTAT corrosion current decreased already at 10 mg∙l-1 and had 

minimal value at 50 mg∙l-1, then it slightly increased with the growth concentration. If added to the system 

3,4-PhPTTA, corrosion currents slowly decrease with increasing concentration, it appears from 50 mg∙l-1. 

Figure 3 demonstrates that polarization curves show two linear parts in the anode region in the presence 

of inhibitors, but Table 1 shows only Tafel coefficients near by corrosion potential. It is shown that, the in-

jection of inhibitors decreased the rate of cathode process greater than anodic, as the bc has increased with 

raising concentration. According to linear polarization results, the corrosion rate decreases from 

1.13 mm∙year-1 to 0.023 and 0.049 mm∙year-1 (47 and 23 times) with presence 4,5-PhTAT and 3,4-PhPTTA 

respectively. 
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T a b l e  1  

Polarization Parameters for Mild Steel in 0.1 N H2SO4 Solution  

Containing Different Concentrations of 4,5-PhTAT and 3,4-PhPTTA at 298 K 

Inhibitor C, mg∙l-1 
Tafel polarization Linear polarization 

–Ecorr, mV icorr, A∙cm-2 ba, mV bc, mV Rp, Ω ICR, mm∙year-1 

– – 677 8.34·10-5 51 125 190 1.13 

4,5-PhTAT 

10 625 3.56·10-5 53 132 2994 0.041 

50 619 2.45·10-6 55 140 5154 0.023 

100 614 2.09·10-6 54 160 4831 0.024 

200 604 2.87·10-6 51 189 4466 0.033 

3,4-PhPTTA 

10 672 8.10·10-5 48 120 200 1.25 

50 654 9.19·10-6 45 130 1603 0.11 

100 645 7.15·10-6 47 158 1943 0.083 

200 601 4.18·10-6 50 157 2493 0.049 

 

Figure 4 shows the Nyquist diagrams of impedance data of mild steel in 0.1 N sulfuric acid solution 

with different concentrations 4,5-PhTAT and 3,4-PhPTTA. Impedance spectra in pure acid solution are pre-

sented as the insertion on one of the diagrams. These diagrams (Fig. 4) at Ecorr are characterized by a de-

pressed capacitive semicircle at high to medium frequencies. The dispersion is explained by surface hetero-

geneity due to surface roughness [26, 27]. Hence the inhibition efficiency has a tendency to grow as the val-

ues of Rct increase. 

 

 
(a) 

 

 
(b) 

Figure 4. Nyquist diagrams of mild steel in a solution of 0.1 N H2SO4 at Ecorr  

with addition of various concentration of (a) and (b) 3,4-PhPTTA 
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The calculation results correlate with the electrochemical results. 4,5-PhTAT gives a greater inhibition 

efficiency than 3,4-PhPTTA at low concentration due to the neutral form of molecules. The protonated form 

of 3,4-PhPTTA molecules at low concentration are pushed off the surface of mild steel with positive charge 

in sulfuric acid solution. 

The calculation of the free surface energy (SFE) of steel was carried out before and after contact with a 

corrosive medium to confirm the assumptions about the formation of the protective film and the chemical 

nature of adsorption. The value of SFE due to the isolation of its polar (γр) and dispersion (γd) components 

can indicate the direction of further modification to increase resistance of the corrosion system. 

The surface energy parameters were calculated based on the analysis of the Owen-Wendt’s equation: 

 Wа = γLG(1 + cosθC) = 2(γd
SG γd

LG)0,5 + 2(γp
SG γp

LG)0,5, 

where Wа — work of adhesion, γLG — the liquid/air interfacial tension, γd
SG, γp

SG — polar and dispersive 

component of surface energies of steel, γp
LG, γd

LG — polar and dispersive component of surface tension of 

test liquids, cosθC — the contact angle for test liquids at steel surface after corrosion. 

Figure 5 demonstrates images of test liquids drops on the steel surface after exposition in corrosion me-

dium with inhibitors during 24 hours. 

 

 
(а) 

 
(b) 

Figure 5. Surface wettability of steel surface after corrosion in 0.1 N H2SO4 solution  

with (a) 4,5-PhTAT and (b) 3,4-PhPTTA 

In general, the steel surface before corrosion has a hydrophilic character, since metals and metal alloys 

have high surface energy values and wettability by liquids with lower surface tensions. Thus, the surface en-

ergies of ferrite and cementite are 2482 and 2050 mJ∙m-2 [25], these steel phases are wetted by water with 

surface tension 72 mJ∙m-2 [28]. According to [29], the contact angle of mild steels by water is about 64° [30]. 

In our case, the contact angle is 82°, this value is close to the contact angle on pyrolytic graphite (83.9°). 

This allows to propose that the surface is enriched by carbon. 
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The contact angle increased to 136° after exposure of samples in pure sulfuric acid that leads to surface 

hydrophobization significantly. After that surface roughness increased as a result of iron dissolution and sur-

face enrichment by carbon — the contact angles are close to those of fine-dispersed graphite and gra-

phene [28, 29]. The hydrophobicity is also shown by the wettability of the steel by less polar liquid after im-

mersion in pure acid. The contact angles decrease from 48° to 3°, if the test liquid is changed from water to 

diethylene glycol. 

The steel surface is also hydrophobized in the presence of the inhibitors (contact angles range from 

105° to 130°); however, this is caused by other reasons. In this case, the hydrophobicity increased probably 

due to the formation of a protective film of inhibitor on the steel surface. The contact angle of the primary 

steel surface is 48,7°±0,9°, then after corrosion in sulfuric acid it is decreased to 3,6°±0,5° and finally the 

contact angle in presence of inhibitors changes in the range of 35–70°. There is a tendency to growth with 

increasing inhibitor concentration. 

These changes in the wettability of test liquids after corrosion indicate a different state of steel surface. 

Figure 6 demonstrates the redistribution of the polar and dispersion components of the free surface energy, 

its values and the inhibition efficiency are given in Table 2. 

The immersion of the samples in blank sulfuric acid leads to significant hydrophobization of the steel 

surface, the contact angle increases to 136 ̊ as a result of the dissolution of iron and the surface enrichment 

with carbon [31-33]. 

The steel surface in the presence of an inhibitor is also hydrophobized — the contact angles are in the 

range of 105̊ — 130̊. Probably, the effect of hydrophobization of the surface is associated with the formation 

of a protective film of the inhibitor, and not with the increase of the carbon concentration on the steel sur-

face. 

Also the ratio of the polar and dispersion components of the free surface energy changes when samples 

are kept in inhibited acid. Calculated SFE values and the degrees of protection calculated from the results of 

weight loss testing are presented in Table 2. 

T a b l e  2  

Surface energies for test liquids (22° C) and degree of protection of St3 after weight loss tests  

in the presence of triazole derivatives in 0.1 N H2SO4 solution 

Conc., mg∙l-1 γp
SG, mJ∙m-2 γd

SG, mJ∙m-2 γSG, mJ∙m-2 γd
SG/γp

SG Z, % 

Before immersion 6,2 24,98 31,18 4,0  

0 43,4 149,96 193,32 3,5  

4,5-PhTAT 

50 3,73 70,19 73,92 18,8 96 

100 6,40 78,18 84,58 12,2 92 

200 9,25 83,96 93,21 9,1 92 

3,4-PhPTTA 

50 1,13 53,40 54,53 47,3 94 

100 1,06 42,12 43,18 39,7 95 

200 2,53 43,28 45,82 17,3 95 

 

 

Figure 6. The effect of redistribution of the free surface energy with increasing concentration of inhibitors 
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4,5-PhTAT has higher value of ratio dispersion and polar components of the free surface energy (Ta-

ble 2). 4,5-PhTAT forms hydrophobic film at low concentration and, due to this, has inhibition properties 

already at 10 mg·l-1. 3,4-PhPTTA doesn’t have inhibition activity at low concentration. 

Conclusions 

1. 4,5-diphenyl-4H-1,2,4-triazole-3-thiol (4,5-PhTAT) and 3,4-diphenyl-5-(prop-2-yn-1-ylthio)-4H-

1,2,4-triazole (3,4-PhPTTA) act as good inhibitors for mild steel in 0.1 N H2SO4, the rate of corrosion is re-

duced by 47 and 23 times, respectively. The inhibition efficiency depended from concentration: 4,5-PhTAT 

has the best inhibition efficiency value at 50 mg·l-1 and 3,4-PhPTTA only at 200 mg·l-1. 

2. Polarization curves proved that 4,5-PhTAT and 3,4-PhPTTA were mixed type inhibitors, but which 

can suppress cathodic reactions more. Impedance plots indicated that Rct values increase as well as shown in 

polarization results. Theoretical calculations provide good support to experimental electrochemical results. 

3. The steel surface in the presence of both compounds becomes more hydrophobic, as the contact angle 

increases from 82̊ to 120̊ — 130̊ depending on the inhibitor concentration. Also, the free surface energy of 

steel decreases in the presence of inhibitors compared to pure acid (from 193 mJ∙m-2 to 46 — 74 mJ∙m-2), and 

the SFE components are redistributed: the contribution of the dispersion component with adding triazole de-

rivatives in corrosion media to the total value of SFE increases by 3-4 times compared to the test steel sur-

face. 

4. Redistribution in polar and dispersion components consist of different forms of molecular existence: 

3,4-PHPTTA is predominantly protonated, while 4,5-PhTAT is neutral molecules according to quantum 

chemical calculation. 
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Development of Methods to Obtain Composite Materials from Organoclays 

The paper presents methods to obtain a bionanocomposite from hydrophobic halloysite with bacteridic prop-

erties. During the study using TEM analysis, it was established that Karaganda halloysite has a natural 

nanostructured material and has a cylindrical in shape (halloysite nanotube HNT). It was shown that bacteri-

cidal properties of nanoclays are due to exchange reactions between Ag+ and with active groups of nanoclay, 

where free H+ ions are present. The presence of several peaks characteristic of silver was detected by energy-

dispersive X-ray spectroscopy, indicating exchange reactions involving silver. The bactericidal properties of 

silver-modified halloysite were proven using in situ analysis with live bacteria. The observed displacements 

of interlayer spaces from values of 9.997 Å to 17.51 Å in the diffraction patterns confirmed the successful in-

tercalation of octadecylamine into the nanohalloisite galleries. Such medicinal bionanocomposite materials 

can be used as carriers of various vitamins and drugs due to their high adsorption properties. A study to ob-

tain bactericidal oleophilic (hydrophobic) bionanocomposites based on Karaganda halloysite was carried out 

for the first time and it includes the stages of processing halloysite with silver ions and the stage of hydro-

phobization of bactericidal halloysite. 

Keywords: bionanocomposite, halloysite nanoclay, silver clay, bacteridic properties, hydrophobization, or-

ganoclay, silver-modified, composite material. 

 

Introduction 

Clays are used as bleaching material in the manufacture of fabrics [1]. In the rubber industry, bentonite 

clays, along with kaolin, are used as an active filler to give hardness to products, increase their acid re-

sistance and strength. In the soap and cosmetics industry, kaolins are used as filler in the production of cheap 

soap varieties, in the production of powder, makeup, lipstick, tooth powder, paste and other cosmetics [2]. In 

the food industry, montmorillonite clays are used to purify water and food products (wine, juices, and vege-

table oils). In agriculture, clays are effectively used in the production of animal feed, and in soil reclamation. 

Montmorillonite clays are used in ceramics as a binder in molding mixtures, in the production of iron ore 

granules, as well as a waterproofing and adsorption material [3]. In medicine, montmorillonite and hal-

loysites are used in the manufacture of medicines, mainly as a binder in tablets, also have applications in 

cases as adsorbent of harmful substances in stomach diseases (bioadsorber), ulcers, poisoning with alkaloids, 

etc. [4]. 
Halloysite is a clay mineral of the subclass of layered silicates consisting of silicon oxide and alumino-

silicates, which is not toxic to living organisms and harmless to the environment. The composition is close to 

kaolinite, which contains a large amount of water. It crystallizes in monoclinic syngony. The mineral hal-

loysite clay is mainly mined in kaolinite deposits and has a multilayer nanotube structure with an outer diam-

eter of about 50 nm – 700 nm and 2 microns in length. It is a tube-packed kaolin, which finds practical appli-

cations in ceramics and polymer composites [1], fabric engineering [1, 3], antimicrobial coatings [2, 5], and 

microvesicle in cosmetology [3, 5]. It is also used to regulate various strength and mechanical properties of 

drugs and enzymes. This review summarizes the latest data on the structure of halloysite with an insight into 

its applications in various fields [4]. 
Currently, methods of creating a variety of drugs and new forms are daily developing [5–9]. Organo-

modified bionanocomposites from clay minerals were obtained by the authors [6–8] and as an organically 

modifiers were used cetyltrimethylammonium bromide, but currently cationic surfactants are not always able 
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to give superhydrophobicity to clay minerals [6, 8]. Medicines and forms of a new type can perform several 

functional in one, and medicines of this type can be in high demand in production facilities and pharmacolo-

gy. If the drugs are biodegradable with bactericidal properties, have prolonged effect and high ion exchange 

capacity, which can sorb from a non-aqueous medium, then such an object is a unique drug. In this regard, 

the development of technology for the production of multifunctional medicines is an urgent problem to-

day [5–7]. 

The focus of this work was to obtain a biodegradable nanocomposite based on nanotubes halloysite 

with prolongation and bactericidal properties, as well as a high sorption capacity, which can be used for ion 

exchange process to absorb harmful ions from the body [6]. 

Experimental 

Materials 

The halloysite clay used in this work has been obtained from the Beloye Glinishche deposit of the Ka-

raganda region. It is known that these halloysite clays are by nature hollow nanotubes [5]. 

Octadecylamine C18H39N (Sigma Aldrich. CAS No 124-30-1, 99 % chemical pure), a surfactant solu-

tion, was used to produce the organomodified clay mineral. 

Silver nitrate (Sigma Aldrich. CAS No 7761-88-8, 99,9999 % pure) was used to obtain bionanocompo-

sites from clay mineral. 

Methods 

X-ray diffractometric analysis was carried out on an automated diffractometer Drone-3 with СuК radia-

tion and a β-filter under capturing diffractograms conditions of: U = 35 kV; I = 20 mA; θ-2θ capture; detec-

tor 2 grad/min. X-ray phase analysis was performed on diffractograms of powder samples using the method 

of equal suspensions and artificial mixtures on a semi-quantitative basis. 

A scanning electron microscope was necessary to obtain acceptable images of at least 2.5 nm in size 

and to conduct quantitative and qualitative analysis of objects made of nanomaterials. The images were ob-

tained under vacuum using a Quanta 200 3d scanning electron microscope (FEI Company, USA). 

The transmission electron microscopy (TEM) method was used to describe the structure of a material, 

both in the sample size and on its surface. The morphology of the particle shape of HNTs was studied using 

transmission electron microscopy, TEM-301 Philips (USA) with an accelerating voltage of 80 kV. 

Infrared spectroscopy was used to indicate presence surfactants after hydrophobization of clay minerals 

by ODA. 

To measure the contact angle of water drops with the surface of the samples under study, the Goniome-

ter LK-1 (Russia) was used by the sessile drop measurements method. 

Chlorides were determined as a result of titration of the analyzed sample and water with silver nitrate in 

the presence of potassium chromate is used as an indicator [10]. 

For indicating bactericidal properties of modified clay samples were put on Petri dish the studying sam-

ples of clays and 10 ml of distilled water was added on top and mixed well. In a Petri dish, a test culture of 

Escherichia coli was sowed on a flat surface over a nutritious Agar. Then grooves were made on the agar, as 

in Figure 6, and 0.2 ml of the studied suspension was poured. Grown in a petri dish at 37 °C thermostat at 

intervals of 3 days. The bactericidal property of Clay can be found if there is inhibit the growth of the bacte-

rium Escherichia coli. 

Results and Discussion 

The main purpose of this study is to develop a method for creating a multifunctional drug — a self-

biodegradable and environmentally friendly drug. Thus, the research will be implemented in the following 

directions: 

− introduction of bactericidal properties into the dosage form halloysite nanotube clays; 

− organomodification of HNTs; 

− checking and achieving prolongation properties of the modified HNSs; 

− characterization of the modified HTNSs to investigate if the initial components for the production of 

biodegradable nanocomposite are achieved through the use of environmentally friendly products. 

These are clay nanoparticles, silver ions, organoclay nanoparticles. 

In this study, silvered halloysite clay and silvered organohalloysite were obtained from the Beloye Glin-

ishche halloysite deposits. 

https://www.sigmaaldrich.com/KZ/en/search/124-30-1?focus=products&page=1&perpage=30&sort=relevance&term=124-30-1&type=cas_number
https://www.sigmaaldrich.com/KZ/en/search/7761-88-8?focus=products&page=1&perpage=30&sort=relevance&term=7761-88-8&type=cas_number
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In the Republic of Kazakhstan there are halloysite deposits in two places. They are halloysite of the 

Beloye Glinishche deposit near the Karaganda city and the Aizin-Tamarskoye halloysite deposit in the Ak-

mola region [10-12]. The main reason for the selection of halloysite from the Beloye Glinishche deposit is 

that the mineral of this deposit is very finely dispersed and the main composition is halloysite. Chemical 

formula is Al4[Si4O10][OH]8·4H2O or Al2O3·2SiO2·4H2O. The halloysite mineral does not occur in pure state 

and is mainly found in nature with kaolinite and quartz, as well as a mixture of other aluminosilicate miner-

als. In order to determine the composition of the Karaganda halloysite mineral, the mineral was washed, 

ground and micron-sieved in laboratory conditions by decantation to separate the selected deposit from 

quartz particles and the composition of the resulting powder was characterized by X-ray diffraction analysis 

as shown in Figure 1. 

 

 

Figure 1. Diffractogram of the halloysite 

The analysis of the mineral composition of the sample was carried out according to semi-digital X-ray 

phase analysis and quantitative indicators were obtained. All diffraction peaks corresponding to different 

phases shown in Figure 1 are listed in Table 1. 

T a b l e  1  

Results of semi-digital X-ray phase analysis 

Mineral Formula Concentration, % 

Halloysite Al2(Si2O5)(OH)4 81.2 

Quartz SiO2 15.1 

Mica KAl2(AlSi3O10)(OH)2 3.8 

 

In particular, the mineral halloysite is known to be in the form of rolled sheets [6]. For example, this di-

agram on below can show 3D structure of halloysites: 

 

 

Figure 2. Diffractogram of the halloysite. Adapted and redrawn from [6] 
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The result of XRD analysis if the Beloye Glinishche deposit), shows that 81.2 % of the bulk of the min-

eralis is halloysite. Two types of halloysite are known in nature. There are halloysite 10A and halloysite 7A. 

As a result of this analysis, it is seen that Beloye Glinishche halloysite belongs to the halloysite 10A type, 

because the interlayer space is equal to 9,997 Å. The next type of analysis of interest is the demonstration of 

the presence of halloysite nanotubes by scanning electron microscopy, this analysis was ordered to the “Na-

tional nanotechnological Laboratory of open type” of RSE on Al-Farabi Kazakh National University. The 

results of the scanning electron microscope (SEM) analysis are shown in Figure 2 

 

  

  

Figure 2. SEM figures of the mineral halloysite 

Figure 2 shows SEM-figures of halloysite. It has been observed that the halloysite particles consist of 

fibrous-shaped particles, the particle length is about 500–1000 nm and the tube diameters fluctuate between 

50–80 nm. It is known that halloysite exists in the form of a hollow nanotube [3, 6]. SEM analysis method 

was able to determine the magnitude of nanotubes, it cannot prove that the tubes are in the form of a hollow 

tube. Consequently, TEM analysis can show the halloysite particles are a hollow nanotube shape. The TEM 

analysis was performed in the nanolaboratory of the Kazakh-Japanese innovation center (KJIC) at the Ka-

zakh National Agrarian Research University. The result obtained is presented in Figure 3. 

 

       

Figure 3. Shape of nanotubes obtained by Transmission Electron Microscopy 

Figure 3 shows that the HNTs are in The Shape of spherical tubes wrapped, and each tube has between 

20 and 50 nm in diameter. The difference between halloysite and kaolinite is that it contains a small amount 
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of water molecule. Accordingly, halloysite has in their structures two layers and it belongs to the kaolinite 

group. The scheme of the cristal grid has a 1:1 ratio by type of clays. Therefore, one of them consists of alu-

minum oxide, the other of silicon oxide [6]. The folding of plates into tubes is carried out due to a sharp dif-

ference in the amount of silicon and aluminum ions. In this case, when the tube is folded type, the aluminum 

oxide layer is inside it, and the silicium oxide layer is located outside. With different ionization of silicium 

oxide with aluminum oxide, the dielectric properties are different. Aluminum oxide, for example, has a posi-

tive charge when placed in a solution with pH=8.5. The presence of different charges in the outer and inner 

parts of the tubes of halloysite is associated with the possibility of filling the inner parts of the tubes with 

negatively charged molecules. The peculiarity of using halloysite in comparison with other clays is due to the 

fact that it has a large surface specific area. 
It is known today that silver ions have bactericidal and antiseptic properties and can resist 650 types of 

bacteria [8]. But when modifying halloysite with silver ions, it was necessary not to change the morphologi-

cal nature of HNTs. Since the intercalation of a medicinal product into the hollow part of the nanotube has a 

main future in science and technology the creation of SEM images of silvered halloysite particles has of 

great interest (Fig. 4). 
 

   

Figure 4. Results of scanning electron microscope analysis of modified clay mineral 

Firstly, the halloysite was modified with silver ions. The conversion process was carried out in a simple 

way. Silver nitrate solutions were prepared with concentration C(AgNO3) = 0.4 mg/l. Modification by silver 

ions of halloysite samples was carried out by static method and left for 24 hours in dark place. The resulting 

clay sample was washed by the decantation method until a pure solution was obtained. After that, the liquid 

medium was separated and qualitative and quantitative analyses for silver ions were performed. 

 

A 

 

   B 

 

 

Figure 5. Determination of silver ions by energy dispersive X-ray spectroscopy 

As can be seen in Figure 5, halloysite has been proven to contain silver ions using energy dispersive 

spectroscopy. A SEM image is created first to carry out the process of detecting silver ions. Afterwards the 

study area is selected (point 001 in Fig. 5A) by placing a dot on any section of the understudy sample and 

then spectra are obtained on this section. As the Figure 5B shows, the spectra that are colored green are re-

sponsible for the clay mineral and the silver ion. It will be right if there is not pay attention to the coal and 

chlorine signals shown as a result of the analysis, as this also takes into account the composition of the sub-

strate used. Mass fraction of the found ions of the composition is listed in the Table 2. 
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T a b l e  2  

The result of the elemental analysis of the sample 

Elements Х-ray energy (keV) Mass fraction, % Х-ray counts Deviations, % Atomic share, % K 

C Kα 0.277 2.61 2972.03 0.01 6.67 1.9354 

O Kα 0.525 9.65 27693.86 0.00 18.52 0.7683 

Na Kα 1.041 9.71 34731.10 0.01 12.97 0.6167 

Al Kα 1.486 4.49 15106.39 0.02 5.11 0.6556 

Si Kα 1.739 4.66 15007.89 0.02 5.10 0.6852 

Cl Kα 2.621 36.16 79748.70 0.00 31.32 1.0000 

K Kα 3.312 1.42 2547.63 0.14 1.12 1.2316 

Ca Kα 3.690 21.36 34514.20 0.01 16.37 1.2316 

Ag Lα 2.984 9.93 6378.77 0.05 2.83 3.4349 

Summary  100.00   100.00  

 

It is recommended the modified halloysite with silver ions and medicinal preparations from this object 

to keep away from sunlight, for silver ions oxidize from the sun and turn into silver oxide. For this reason, all 

the samples obtained were stored in tinted glass containers. The bactericidal properties of the resulting silver 

halloysite were tested. Testing of bactericidal properties was carried out by order in private enterprise in vitro 

microbiological laboratories of Almaty. 

 

 

Figure 6. Zones of inhibition of the growth of Escerichia coli shoots of silver ion planted clay (21–23 mm) 

The bacterium Escherichia coli (E.coli) was used in this work. As shown in Figure 5, 0.4 g of the stud-

ied clay was placed in a test tube and according to the results of the analysis, the bactericidal properties of 

the silver ion modified clay were revealed. 

After organomodification of silvered halloysite, the composition of the study sample should not change, 

and if the interlayer spaces gallery expandes, it can indicate that large molecules have entered it, that is, ei-

ther intercalation or exfoliation has occurred. In this regard, after stage of organomodification of silvered 

halloysite, repeated X-ray diffractometric analysis was performed. 

 

 

Figure 7. Diffractogram of organomodified halloysite mineral 
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As a result of the analysis, we observed that the interlayer spaces changed from d =9.98 Å (Fig. 7) to 

d = 17.50 Å. This is an indicator that adsorption is taking place. 

For the hydrophobization of halloysite, it is necessary to have a substance with a diphilic structure in a 

molecule that should have a long saturated hydrocarbon chain around 17 or 18 carbon atoms or more and in 

this bond octadecylamine (ODA) was chosen. During organomodification by ODA, the process of flushing 

the excess ODA was carried out and the amount of ODA could be completely flushed out, as the washing 

process was performed in three returns. For this reason, using the IR spectroscopy method, ODA molecules 

were performed in order to prove that they exist on the surface of halloysite. 

 

 

Figure 8. IR-spectra of clay samples. a-halloysite; b-organohalloysite 

Data on the IR spectrum of the halloysite clay of the Beloye Glinishche deposit (a) and its ODA-

modified hydrophobic clay (b) are shown in Figure 8. Thus, in halloysite, the peaks from of 3699 cm-1 to 

3696 cm-1 determine the presence of the non free OH-group to which the absorption bands are connected. In 

the ODA-modified halloysite spectrum in the 3550-3150cm-1 region and in the enriched natural halloysite 

spectrum, the absorption of the free OH-group corresponds to the medium intensity short band frequency of 

3620.99–3621.38 cm-1. The location of this band indicates that, according to its nature, an OH-group is 

strongly linked from the interaction of halloysite [9–16]. 

In the spectrum of ODA-modified halloysite compound, the absorption of the trans-N-H bond of the 

secondary amide is determined by 3317.80 and 3323.97 cm-1 bands. The absorption band shows moderate 

intensity, with these bands showing at a very high frequency compared to the ODA-modified halloysite spec-

trum (b), whereas in a halloysite compound these bonds show at a lower frequency (a). 

In a given region, absorption of the spectra under consideration is observed at very high intensity. The 

sample is taken in the form of a film (or tablets with KBr), the absorption area of various symmetric C–H 

bonds in the ODA-modified halloysite spectrum is observed in areas 2936 and 2861 cm-1. 

Absorption bands of deformation vibrations of the hydroxyl group in the spectrum of natural halloysite 

and its modified form with ODA bands are manifested at frequencies 1639.33, 1639.76, 1637.90 cm-1. The 

CH2-group in deformation oscillations is in the region of 1500–1300 cm-1 of the research spectrum. 

The valence oscillations of the natural anti- and symmetrical C–N bond associated with different parti-

cles in the molecule are reflected in the absorption band 1129 cm-1 and 1150 cm-1 in the ODA-modified hal-

loysite spectrum. In the spectrum of enriched natural halloysite, this area is not observed. Thus, from the re-

sults of the IR spectrum of natural halloysite and ODA-modified halloysite, the following conclusion is 

drawn: there is a significant reduction in free O-H bonds in the ODA-modified halloysite. It testifies to a de-

crease in the number of bands in the corresponding spectrum region, and also indicates the mixing of the re-

maining bands at a lower frequency. The spectrum picture varies in a known way in the region of 1120–

1000 cm-1. 

Figure 9 below shows that organomodified halloysite can float on the surface of water, and the first 

glass is a picture taken at t = 0 sec, and the second glass is a picture taken after t = 120 days. 
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а      b  

Figure 9. Organoclay powder newly placed on the surface of the water  

after t = 0 SEC (a) and t = 120 days (b) 

The organophilic halloysite obtained from halloysite is hydrophobic and has a stable chemical composition. 

T a b l e  3  

Values of water absorption angles for samples of organoclay powders  

obtained at different concentrations of ODA 

№ 
Concentration of ODA  

spent on modification, mol/L 

Angles of incidence, 

degrees 

Oda-modified and bactericidal organoclay  

names with different concentrations ODA 

1 Silvered halloysite 9° BОМC0 

2 0,000625 122° BОМC1 

3 0,00125 129° BОМC2 

4 0,0025 130° BОМC3 

5 0,005 131° BОМC4 

6 0,01 132° BОМC5 
 

Thus, by modifying silvered halloysite with octadecylamine, as shown in Table 3, 6 type of bactericidal 

organoclays were obtained and they were assigned the relevant names from BOMC0 to BOMC5. Production 

facilities will also be provided with this model. Since the oranomodification process is carried out at a certain 

temperature operation mode, it is important to perform morphological analysis of the particles of the result-

ing hydrophobic organohalloysite, as it is the most necessary for us to keep the organohalloysite intact in 

space as a nanotube during the work. Therefore, by the SEM method, a SEM photo of organohalloysite was 

obtained (Fig. 10). 

In order to study the nanotube structure of the mineral organohalloysite, SEM analysis of the mineral 

sample was carried out and the following results were obtained (Fig. 10). 
 

  

  

Figure 10. SEM images of organomodified silvered halloysite mineral 
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SEM analysis measured the width and length of the nanotubes of the halloysite mineral, found that the 

width is between 10–100 nm, and the length is up to ~1000 nm, and proved not to disturb the type of rolled 

sheet. 

The last step of the performed research work is proving stabilities obtained hydrophobic bionanocom-

posite in an organic medium. For this reason, sunflower oil was chosen as the organic medium because of its 

dielectric constant equal to 3.2 and because it is an eco-friendly object for the human body. The kinetics of 

sedimentation in the sunflower oil medium BOMC0-BOMC5 of the bionanocomposite samples obtained 

below were studied by the result of a time-dependent change in the amount of light transmittance (T, %). If it 

considers as a dispersion system, the particles of the dispersed phase begin to settle at the bottom of test tube 

over time and during the time the light transmittance begins to increase. The results obtained explain if the 

turbidity stops at one value, there is a certain amount of stability. The results obtained are shown in the Fig-

ure 11. 

 

 

1 — BOMC1; 2 — BOMC2; 3 — BOMC3; 4 — BOMC4; 5 — BOMC5; 6 — BOMC0 

Figure 11. Stability of organo halloysite samples in the sunlight oil 

As shown in Figure 11, the 6 curves are typical of the non-organomodified halloysite. During the exper-

iment, BOMC0 immediately settles under the test tube and does not show any mechanical interference with 

the oily medium. Therefore, its light conductivity is equal to 100 percent homogeneous or has no turbidity. 

From this Figure 11 (curve 5), the lowest value of light transmittance corresponds to BOMC1 and its value 

equals to T = 65 % and it remains stable of dispersed phase in the medium at this value. It has been proven 

that this sample can physically interact with BOMC1 sunflower oil, due to which it shows better stability in 

the oil medium than other (BOMC0-BOMC4) samples. In other words, our samples are recommended to be 

used as bionanocomposite for a special nonpolar medium. Because currently, the direction of creating bi-

onanocomposite adapted to a polar medium (aquatic medium) has been studied in detail, but the direction of 

creating bionanocomposite adapted to a nonpolar environment is just being developed. 

Conclusions 

Thus, recently, the number of works performed as part of the creation of bionanocomposites has been 

increasing [1–5, 14–17]. The provided results can actually indicate ways to obtain a drug of a new type from 

a clay mineral, expanding the scope of application of organomodified clay. At the same time, nanotechnolo-

gy can determine a great scientific direction, creating nanoclays in the direction of science, creating nanobi-

ocomposites based on it and increasing the scope of its application. Thanks to scientific work in this direc-

tion, the prospects for the creation and application of nanoclay types are well increasing. The work in this 

direction is promising and can expand the scope of creating various forms of drugs by creating a form of hal-

loysite with oleophilic and bactericidal properties, structuring and microcapsulating halloysite-based bi-

onanocomposite. 
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Pervaporative Desulfurization: A Comprehensive Review of Principles,  

Advances, and Applications 

Pervaporative desulfurization is a potential method for removing sulfur compounds from liquid hydrocarbon 

streams, having many advantages over existing methods. This overview covers the fundamentals, recent 

breakthroughs, and different applications of pervaporative desulfurization. The paper begins by explaining 

pervaporative desulfurization's core concepts, focusing on how polymeric membranes selectively separate 

sulfur molecules from liquid hydrocarbons. It explores membrane properties, operating conditions, and feed 

composition in pervaporative separation. It highlights how pervaporative desulfurization may reduce sulfur 

content to ultra-low levels and meet strict environmental and fuel quality standards. Finally, this comprehen-

sive review paper concludes with a discussion on the future prospects and research directions in the field of 

pervaporative desulfurization. It highlights the need for continued innovation in membrane materials, module 

design, and process optimization, as well as the importance of addressing challenges related to scale-up and 

industrial implementation. Overall, this review paper provides valuable insights into the advancements, chal-

lenges, and potential applications of pervaporative desulfurization, offering a comprehensive understanding 

of this technology for researchers, engineers, and all parties involved in the development and implementation 

of sustainable sulfur removal processes. 

Keywords: pervaporative desulfurization, membrane desulfurization, trace sulfur removal, thiophene removal, 

dibenzothiophene, acid rain, sulfur-containing oils, hydrodesulfurization, oxidative desulfurization. 

 

Contents 

Review Plan 

Introduction 

Principles of Pervaporation 

Mechanisms of PVD 

Adsorptive Pervaporative Desulfurization 

Selecting Membrane Materials for pervaporative desulfurization 

Process Optimization of Pervaporative Desulfurization 

Membrane Fabrication techniques for Pervaporative Desulfurization 

Storing sulfur-containing oils after desulfurization 

Limitations of pervaporative desulfurization 

Conclusion 

https://doi.org/10.31489/2959-0663/4-23-10
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2959-0663/4-23-10
mailto:nurxat.nuraje@nu.edu.kz
mailto:zhexenbek.toktarbay@gmail.com
https://orcid.org/0000-0002-1261-4582
https://orcid.org/0000-0003-2200-8479
https://orcid.org/0000-0003-4131-0905
https://orcid.org/0000-0002-4335-8905


Pervaporative Desulfurization: A Comprehensive Review of Principles … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 113 

Acknowledgements 

References 

 

Review plan 

The present review is devoted to pervaporative desulfurization and principles, membrane fabrication 

techniques, process optimization of pervaporative desulfurization, storing sulfur-containing oils after desul-

furization, limitations of pervaporative desulfurization and conclusion. Each section covered necessary in-

formation and data to be easily understood by the readers. Online available references from trustworthy 

sources were used. This review has focused on all aspects of PVD, including its optimization, the storage of 

sulfur-containing oils, and the limitations of PVD, which were not fully discussed in other review papers. 

Introduction 

Sulfur compounds in crude oil can cause serious environmental and health problems, such as acid 

rain [1–5], respiratory diseases [6, 7] and cancer [8]. Therefore, the removal of sulfur from crude oil has be-

come a critical issue in the petroleum industry. Conventional desulfurization technologies, such as hy-

drodesulfurization (HDS) and oxidative desulfurization (ODS), have been widely used to remove sulfur 

compounds from crude oil [9–16]. However, these methods have some limitations, such as high energy con-

sumption, high capital and operating costs, and low selectivity for certain sulfur compounds. Therefore, al-

ternative desulfurization technologies, such as pervaporative desulfurization (PVD), have attracted increas-

ing attention in recent years. 

Compared to other desulfurization methods, such as extractive desulfurization, oxidative desulfuriza-

tion, bio-desulfurization, and adsorptive desulfurization, pervaporative desulfurization is considered a prom-

ising method for desulfurization of fuels due to its low cost, low energy consumption, high yield, and easy 

processing [17, 18]. It offers advantages such as higher selectivity, lower investment and operating costs, and 

scalability [19]. Therefore, pervaporative desulfurization has various applications in different industries. One 

of the main applications is in gasoline desulfurization. The stringent regulations on sulfur content in gasoline 

have led to a growing interest in the use of pervaporation for this purpose [20]. Pervaporation is a promising 

separation technology for removing sulfur compounds from gasoline while maintaining its octane num-

ber [21]. Compared to traditional hydrodesulfurization methods, pervaporation can be carried out at normal 

pressure and temperature without the need for hydrogen and catalysts, resulting in lower operating costs [21]. 

Pervaporation is also used for the separation of azeotropic mixtures, solutions with similar boiling points, 

and thermally sensitive compounds. It is an effective method for removing dilute organics from aqueous so-

lutions [20]. 

Pervaporative desulfurization has several applications in environmental protection. One of the main ap-

plications is in the removal of sulfur dioxide (SO2) from flue gas. Wet flue gas desulfurization using phos-

phate rock slurry has been employed successfully in industrial applications for the elimination of SO2 from 

phosphorus chemical processes. This technology offers an efficient and cost-effective method for SO2 

abatement. The use of phosphate rock as the raw material reduces the desulfurization cost [22]. Pervapora-

tion is also used for the desulfurization of transport fuels, such as gasoline. 

This article aims to provide a comprehensive review of the principles, mechanisms, and applications of 

pervaporation in desulfurization (PVD). While many other review articles focus on pervaporation character-

istics and membranes, this review article also presents membrane fabrication methods and the optimization 

process of pervaporation desulfurization. The study on the optimization process of PVD enables readers to 

gain a better understanding of the procedure and to overcome obstacles for large-scale applications in indus-

tries. 

Principles of Pervaporation 

Pervaporation (PV) is a membrane-based separation process that utilizes the differences in the solubili-

ty, diffusivity, and vapor pressure of different components in a liquid mixture to selectively permeate 

through a membrane. PV involves the following steps (Fig 1.): 

The liquid mixture is fed to the upstream side of a membrane module. 

The membrane selectively permeates the more volatile component (usually water or organic solvents) 

from the liquid mixture through the membrane pores by evaporation or diffusion. The permeated component 
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is condensed or adsorbed on the downstream side of the membrane. The non-permeated component is 

collected as the retentate [23, 24]. 

 

 

Figure 1. Schematic illustration of pervaporation process 

PV is a promising separation technology for various applications, such as dehydration, concentration, 

and purification of organic and aqueous solutions. PV has several advantages over conventional separation 

methods, such as low energy consumption, high selectivity, and high recovery. PV membranes can be classi-

fied into two main categories: dense membranes and porous membranes. Dense membranes are made of pol-

ymer or ceramic materials that have low permeability but high selectivity for certain components. Porous 

membranes are made of materials that have high permeability but low selectivity for all components. The 

performance of PV membranes depends on various factors, such as membrane material, membrane structure, 

membrane morphology, membrane surface properties, feed composition, operating temperature, and pres-

sure [24-28]. 

Mechanisms of PVD 

Pervaporative desulfurization (PVD) is a combination of PV and selective permeation to remove sulfur 

compounds from crude oil. PVD involves the following steps: 

The crude oil is mixed with a solvent that can dissolve the sulfur compounds but not the hydrocarbons. 

The mixture is fed to the upstream side of a pervaporation membrane module. 

The membrane selectively permeates the solvent and the dissolved sulfur compounds from the mixture 

through the membrane pores by evaporation or diffusion. 

The permeated solvent and sulfur compounds are condensed or adsorbed on the downstream side of the 

membrane. 

The retentate, which contains the hydrocarbons, is collected. 

The selection of solvents is crucial for PVD because the solvent should have high solubility and selec-

tivity for sulfur compounds but low solubility and selectivity for hydrocarbons. The choice of membrane ma-

terials is also important for PVD because the membrane should have high selectivity for sulfur compounds 

but low selectivity for hydrocarbons and solvent. The performance of PVD depends on various factors, such 

as solvent composition, membrane material, membrane structure, membrane morphology, membrane surface 

properties, feed composition, operating temperature, and pressure. 

Adsorptive Pervaporative Desulfurization 

Adsorptive Pervaporative Desulfurization (APD) is a combination of adsorption and pervaporation 

techniques used for oil desulfurization. The mechanisms involved in APD include: 

Adsorption: The oil is passed through an adsorbent material, such as hydrophobic membrane [29], 

which selectively adsorbs sulfur-containing compounds. The adsorbent or membrane act as a molecular 

sieve, capturing the sulfur compounds from the oil stream. Metal organic fillers inside the membrane play 
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important role in adsorbing organic sulfur. The interaction between metal ions and polymers and the interac-

tion between sulfur and metals share some similarities, particularly in terms of coordination chemistry and 

bonding [30–33]. In both cases, the interaction involves the coordination of atoms or ions with specific bind-

ing sites on the polymer or metal surface. Metal ions can coordinate with functional groups on the polymer, 

forming coordination complexes, sulfur of while can interact with metal surfaces through coordination bond-

ing. The following are possible mechanisms for the adsorption of aromatic sulfur compounds onto adsor-

bents [34–39]: 

1. π-Complexation: 

– This mechanism includes the transfer of electrons from the π-orbitals of the sulfur compounds, like 

thiophene, in the fuel to the metal atom's vacant s-orbitals (orbitals with available electron density). 

– Alternatively, electrons can be given from the metal atom's d-orbitals to the antibonding π-orbitals of 

aromatic sulfur compounds. 

– π-Bond creation or electron donation from the metal atom's d-orbitals results in chemical bonding be-

tween the sulfur and the metal. 

2. Acid-Base Interaction: 

– In this process, metal sites on the adsorbent, such as iron, chromium, aluminum, copper, zinc, cobalt, 

and so on, operate as Lewis acidic sites. 

– Lewis acidic sites in hydrocarbon structures interact with sulfur atoms via Lewis acid-base interac-

tions. 

– Lewis acid-base interactions are chemical interactions in which electron-rich Lewis bases (in this ex-

ample, sulfur atoms) interact with electron-deficient Lewis acids (metal sites), resulting in chemical bond 

formation. 

3. Direct Sulfur-Metal Interaction: 

– The direct creation of a σ-bond between the sulfur in the fuel and the metal atoms in the adsorbent is 

involved in this mechanism. 

– The bond is created by the donation of lone pair electrons from the hydrocarbon structure's sulfur at-

om to a metal atom. 

– As a result, the sulfur forms a strong chemical bond with the metal surface. 

These mechanisms demonstrate the various ways in which aromatic sulfur compounds can be adsorbed. 

One or more of them may be engaged in the adsorption process, depending on the individual metal and the 

chemical characteristics of the sulfur compounds. These mechanisms are critical in understanding how and 

why specific adsorption processes occur. 

However, despite its increased sulfur content, application to heavy oil is impractical due to limited ac-

cessibility of large molecules such as dibenzothiophene and its derivatives in small pores and steric hin-

drance, which lowers adsorption efficacy. 

Pervaporation: Pervaporation is a membrane-based process where a semi-permeable membrane selec-

tively allows certain molecules (in this case, hydrocarbons) to pass through while blocking others (sulfur 

compounds and water). 

Selective Permeation: The pervaporation membrane has a high affinity for hydrocarbons, allowing them 

to permeate through the membrane and exit as the purified oil product. At the same time, the sulfur com-

pounds, which have a lower affinity for the membrane, are retained and concentrated on the feed side of the 

membrane. During the selective permeation process, the pervaporation membrane aids in the removal of sul-

fur-containing compounds from oil. This membrane exhibits a high affinity for hydrocarbons, allowing them 

to permeate through the membrane and exit as purified oil. The mechanisms of desulfurization involve inter-

actions between the sulfur compounds and the active sites of the membrane material, such as hydrogen bond-

ing and acid-base complexation. These interactions enable the preferential removal of sulfur compounds, 

such as thiophene, from the oil phase [37, 38]. 

Regeneration: Periodically, the adsorbent material becomes saturated with sulfur compounds. To main-

tain the desulfurization efficiency, the adsorbent is regenerated by heating or using other methods to remove 

the sulfur compounds and restore its adsorption capacity. 

Through these mechanisms, APD can achieve efficient desulfurization, producing low-sulfur content oil 

with reduced environmental impact and meeting stringent fuel quality standards. APD is an attractive option 

for specific applications where other desulfurization methods may not be feasible or cost-effective. 
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Selecting Membrane Materials for pervaporative desulfurization 

Pervaporative desulfurization (PVD) is a membrane-based separation process (Fig 2.) that has shown 

promise in the removal of sulfur compounds from crude oil and other industrial waste streams. Membrane 

materials play a crucial role in the performance of PVD, and the selection of appropriate materials depends 

on various factors, such as the chemical compatibility with the feed stream, the selectivity towards sulfur 

compounds, the mechanical strength, and the cost-effectiveness [39–41]. 

 

 

Figure 2. The schematic illustration of pervaporation process 

Polymeric membranes, such as polydimethylsiloxane (PDMS) [42–44], polyvinylidene fluoride 

(PVDF) [45, 46], and cellulose acetate (CA) [47, 48], are the most commonly used membrane materials for 

PVD. PDMS is a highly permeable and flexible material that has shown excellent selectivity towards sulfur 

compounds due to its high affinity towards polar molecules. PVDF is a hydrophobic and mechanically robust 

material that has shown good selectivity towards sulfur compounds. CA is a hydrophilic and biocompatible 

material that has shown high selectivity towards small sulfur compounds. 

Composite membranes, which are composed of two or more polymers or inorganic materials, have also 

been developed for PVD. Composite membranes have the advantage of combining the properties of different 

materials to achieve higher selectivity and permeability towards sulfur compounds. For example, 

Cao et al. (2011) designed PDMS/silica composite membranes that have shown higher selectivity towards 

sulfur compounds than pure PDMS membranes due to the presence of silica nanoparticles, which enhance 

the surface affinity towards sulfur compounds [41]. 

Inorganic membranes, such as ceramic and metal membranes, have also been investigated for PVD. In-

organic membranes have the advantage of high thermal and chemical stability, which makes them suitable 

for harsh environments. Ceramic membranes, such as alumina and zeolite membranes, have shown promis-

ing results in the removal of sulfur compounds from model oil and real crude oil [49, 50]. Metal membranes, 

such as palladium and silver membranes, have shown high selectivity towards hydrogen sulfide due to their 

ability to catalytically oxidize sulfur compounds to form sulfates [51, 52]. 

The choice of membrane material depends on the specific application and the available resources. Pol-

ymeric membranes are generally more cost-effective and easier to fabricate than inorganic membranes, but 

they may suffer from low mechanical strength and chemical compatibility issues. Inorganic membranes are 

more expensive and difficult to fabricate, but they may offer higher selectivity and stability in harsh envi-

ronments. 

Process Optimization of Pervaporative Desulfurization 

In terms of materials, various types of membranes have been investigated for pervaporative desulfuriza-

tion. For example, a study explored the use of a polyethylene glycol (PEG) membrane and found that it ex-

hibited excellent desulfurization properties [53]. Another study incorporated a unique two-dimensional struc-

ture material, graphene egg yolk-shell nanostructure (GYSNs), into a polyurethane matrix to fabricate mixed 
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matrix membranes (MMMs) for pervaporative desulfurization [24]. Additionally, the incorporation of SiO2 

nanoparticles in polyvinyl butyral (PVB) membranes improved the performance of pervaporation for gaso-

line desulfurization [22]. Additionally, the incorporation of metal-organic frameworks (MOFs) such as 

CuBTC (copper benzene-1,3,5-tricarboxylate) into polyethylene glycol (PEG) membranes has been shown to 

improve desulfurization performance [54]. The use of novel thin film nanocomposite membranes based on 

chitosan succinate modified with Fe-BTC (iron benzene-1,3,5-tricarboxylate) has also been explored for en-

hanced pervaporation desulfurization. Furthermore, the incorporation of inorganic particles, such as silver 

oxide (Ag2O), into polydimethylsiloxane (PDMS) membranes has been investigated to enhance the desulfu-

rization properties. The interaction between the filler and thiophenes in the mixed matrix membrane im-

proves the sulfur removal efficiency of the pervaporative desulfurization process [43]. 

Farsi et al. optimized PDMS, PEG, PES, and PAN composite membranes by changing cross-linking 

concentration, time, temperature, and concentration of TEOS. The composite membrane of PEG + PDMS 

had the highest overall flux (0.7732 L/h) and lowest sulfur backflow (1780 ppm). The utilization of tetraethyl 

orthosilicate (TEOS) resulted in a decline in the overall flux, accompanied by a reduction in the quantity of 

sulfur present in the recycled flow. The increase in the concentration of tetraethyl orthosilicate (TEOS) from 

8 to 22 wt% in composite membranes consisting of polydimethylsiloxane (PDMS) combined with polyacry-

lonitrile (PAN), polyethersulfone (PES), polyethylene glycol (PEG), and PDMS alone resulted in a decrease 

in flux from 0.5412 to 0.5217 L/h, 0.6215 to 0.6033 L/h, 0.7583 to 0.6211 L/h, and 0.6813 to 0.6314 L/h, 

respectively. In a similar way, the sulfur content in the backflow decreased from 2035 to 1982 parts per mil-

lion (ppm), 1933 to 1921 ppm, 1825 to 1811 ppm, and 2011 to 1972 ppm, correspondingly [55]. 

Membrane Fabrication techniques for Pervaporative Desulfurization 

Membrane fabrication is a critical step in the development of pervaporative desulfurization (PVD) sys-

tems, as the performance of the membranes greatly influences the efficiency and selectivity of the process. 

Several membrane fabrication techniques have been developed for PVD, including solution casting, electro-

spinning, phase inversion, and layer-by-layer assembly. Each technique has its advantages and disad-

vantages, and the choice of the appropriate technique depends on various factors, such as the desired mem-

brane properties, the target application, and the available resources. 

Solution casting is a common membrane fabrication technique that involves the casting of a polymer 

solution onto a substrate and the subsequent evaporation of the solvent to form a thin film (Fig. 3). This 

technique is simple, cost-effective, and versatile, and can produce membranes with different thicknesses and 

compositions. However, solution casting may suffer from poor reproducibility and limited scalability, and 

the resulting membranes may have low mechanical strength and poor permeability. 

Phase inversion is a membrane fabrication technique that involves the precipitation of a polymer solu-

tion by immersion in a non-solvent bath. This technique can produce membranes with a range of morpholo-

gies, such as asymmetric and porous structures, and can be used to tailor the membrane properties by con-

trolling the composition and conditions of the precipitation bath. Phase inversion has been widely used in 

PVD, as it can produce membranes with high selectivity and permeability towards sulfur compounds. How-

ever, phase inversion may suffer from limited reproducibility and the use of toxic solvents. 

 

Figure 3. The schematic illustration of membrane fabrication by solution casting method 

Layer-by-layer assembly is a membrane fabrication technique that involves the deposition of alternating 

layers of polyelectrolytes onto a substrate (Fig. 4). This technique can produce membranes with precise con-

trol over the thickness and composition of the layers, and can be used to tailor the membrane properties by 

selecting different polyelectrolytes. Used layer-by-layer assembly which has shown promising results in 
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PVD, as it can produce membranes with high selectivity and stability towards sulfur compounds. However, 

layer-by-layer assembly is a complex and time-consuming process that may require specialized equipment 

and expertise [53]. 

 

 

Figure 4. The schematic illustration of membrane casting by layer-by-layer technique 

Storing sulfur-containing oils after desulfurization 

Storing sulfur-containing oils requires careful consideration and proper handling to ensure safety, main-

tain oil quality, and comply with environmental regulations. 

Storing sulfur-containing oils in superhydrophobic materials offers several benefits due to their water-

repellent nature and unique surface properties. Superhydrophobic materials can effectively prevent water and 

moisture ingress into the stored oils, which is essential for preserving oil quality and preventing degrada-

tion [54]. Additionally, the use of superhydrophobic materials can minimize corrosion and oxidation of metal 

containers used for oil storage, as water contact with the container surfaces is reduced [55]. This leads to ex-

tended storage life and improved overall stability of the stored sulfur-containing oils. 

Superhydrophobic coatings or linings applied to storage tanks, pipelines, and containers can also facili-

tate easier and cleaner oil transfer, preventing residual water from mixing with the oil during handling and 

transportation [56]. However, it is essential to consider the compatibility of the superhydrophobic materials 

with the specific sulfur-containing oils to ensure there are no adverse chemical interactions that may affect 

the oil's quality or the material's integrity [57]. Proper testing and selection of suitable superhydrophobic ma-

terials are crucial for successful and efficient storage of sulfur-containing oils [58]. 

Limitations of pervaporative desulfurization: 

1. Membrane Stability: The stability of pervaporation membranes is crucial for long-term operation. 

Polymeric membranes, in particular, may suffer from limitations such as low stability under harsh operating 

conditions, including high temperatures and chemical exposure [23]. 

2. Fouling and Membrane Degradation: Fouling, deposition of contaminants on the membrane surface, 

and membrane degradation can occur during pervaporative desulfurization. Sulfur compounds or other impu-

rities in the feed stream can lead to fouling, reducing the membrane performance over time [54]. 

3. Aggregation and Interface Defects: The incorporation of fillers or nanoparticles into membranes, 

such as metal-organic frameworks (MOFs), can enhance the separation performance. However, the aggrega-

tion of particles and interface defects can limit the efficiency and transport properties of the membranes [53]. 

4. Process Optimization: Achieving optimal operating conditions, including temperature, pressure, and 

feed composition, is crucial for maximizing the efficiency of pervaporative desulfurization. Process optimi-

zation requires a comprehensive understanding of the separation mechanism and transport phenomena [23]. 

5. Cost and Scalability: The cost of membrane materials, fabrication procedures, and overall process de-

sign can be a limitation for pervaporative desulfurization. Additionally, scaling up the process to industrial 

levels while maintaining efficiency and cost-effectiveness can be challenging [23]. 

6. Removal of Trace Sulfur: Pervaporative desulfurization may face limitations in achieving complete 

removal of trace sulfur compounds. Achieving ultra-low sulfur levels required for certain applications, such 

as in the production of high-purity chemicals or pharmaceuticals, may require additional purification 

steps [59, 60]. 
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While pervaporative desulfurization offers advantages in sulfur removal, it also faces limitations and 

challenges. These include selectivity, membrane stability, fouling, specific sulfur compounds, aggregation 

and interface defects, process optimization, cost, scalability, and the removal of trace sulfur. Overcoming 

these limitations will require further research and development efforts to enhance the efficiency and applica-

bility of pervaporative desulfurization in various industries. 

Conclusions 

In conclusion, this comprehensive review paper has provided a deep understanding of the principles, re-

cent advances, and diverse applications of pervaporative desulfurization. By exploring the fundamental 

mechanisms, recent advancements in membrane materials and module design, and the integration of per-

vaporative desulfurization with other processes, the paper highlights the potential of this technology for effi-

cient and selective sulfur removal from liquid hydrocarbon streams. 

The review emphasizes the significance of novel polymeric membranes, nanocomposite membranes, 

and hybrid membranes in enhancing separation performance, selectivity, and durability. Additionally, sur-

face modification techniques and tailoring membrane morphology have been identified as key factors in im-

proving the overall efficiency of pervaporative desulfurization systems. 

Finally, the review identifies future prospects and research directions, including the development of 

novel membrane materials, optimization of module design, process integration, scaling up for industrial im-

plementation, and a focus on environmental and energy sustainability. These research directions will pave 

the way for the widespread adoption and commercialization of pervaporative desulfurization, addressing the 

challenges associated with sulfur removal and contributing to a cleaner and more sustainable energy land-

scape. 

Overall, this review paper serves as a valuable resource for researchers, engineers, and stakeholders in-

terested in the advancement and application of pervaporative desulfurization technology, facilitating further 

innovation and optimization in this field. 
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The Effect of Rh/BAC Catalyst Preparation  

and Pretreatment Methods on Benzene Hydrogenation 

The challenge of developing catalytic materials with improved performance relies on the support of metal 

particles on carbon surfaces. The results of benzene hydrogenation on Rh/BAC (birch activated carbon) pre-

pared by different methods, including adsorption and impregnation, depending on the moisture capacity of 

the support, were presented. The volumes and diameters of the pores on the BAС surface were determined by 

BET method, SEM and chemical compositions were characterized. Benzene hydrogenation took place on var-

ious carbon-supported catalysts at a temperature of 60 °C and a hydrogen partial pressure of 40.0 MPa. Cata-

lysts produced through the impregnation process were more effective than those produced via adsorption. 

Rhodium cations enter the micro pores and remain in their metallic form during the adsorption of chloride salt 

solutions. Hydrogen adsorption on them is facile, while access of benzene molecules is difficult. Prior reduc-

tion in the hydrogen flow is essential for full completion of the hydrogenation reaction on catalysts, as rhodi-

um reduction and hydrogenation reaction occur simultaneously. 

Keywords: hydrogenation, benzene, cyclohexane, rhodium, catalysts, support, activity, activated carbon. 

 

Introduction 

Hydrogenation of benzene to cyclohexane is an essential process for the petroleum industry and envi-

ronmental protection. Although it has been around for more than 200 years, the hydrogenation of aromatic 

compounds is still important today. For example, incomplete combustion of benzene in petrol produces the 

carcinogenic compound benzopyrene in exhaust gases. Thus, according to European standards, the volume 

of benzene in gasoline should not exceed 1 %, and during reforming, 1/3 of the volume is released as 

aromatic compounds [1–4]. Catalysts are therefore needed to ensure the selective hydrogenation of benzene. 

Secondly, benzene is needed to store hydrogen: one benzene molecule holds three hydrogen molecules. Oth-

er chemical syntheses require new catalysts to store active energy for the hydrogenation of aromatic com-

pounds [5]. 

There are commercially available activated carbon supports and carbon-supported rhodium catalysts to 

determine the effect of the pore structure and chemical nature of carbons on Rh/C catalysts. Firstly, meso- 

and macro pores are important for the mass transfer of the metal precursor within the support particle; the 

larger the pores, the better the distribution of rhodium throughout the support particle. Secondly, the 

chemical composition of the carbon surface determines the degree of interaction between rhodium and the 

carbon surface; pH affects particle attraction, and the oxygen-containing groups of the surface act as adsorp-

tion sites for rhodium [6]. 

Very high catalytic activity has been observed in benzene to cyclohexane conversions using Rh/TPPTS 

catalysed in water [TPPTS=P(C6H4-m-SO3Na)3] in organic two-phase systems. There has been extensive 

research into the effects of a number of operating parameters on benzene hydrogenation in two phases. Ad-

vantage of this reaction is that the highest catalytic activity was obtained when the Rh/TPPTS catalytic com-

plexes in the water/benzene phase (low volume ratio of 0.4) were dissolved in water and benzene. By using 

phase separation, sulphur-resistant compounds were easily removed, and recycling experiments demonstrat-

ed that the catalytic activity remained high for five consecutive cycles. 

The benzene hydrogenation reaction has been extensively studied using heterogeneous catalysts includ-

ing metal oxides, zeolites and carbonaceous supports as well as different preparation methods [7–14]. It is 

very common to use porous materials as supports or even catalysts in the hydrogenation reaction. This range 

of materials makes the active phase more accessible and prevents the accumulation of metals due to their 

https://doi.org/10.31489/2959-0663/4-23-17
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https://doi.org/10.31489/2959-0663/4-23-17
mailto:annas-kz@mail.ru
https://orcid.org/0009-0005-0294-7198
https://orcid.org/0000-0002-7962-6107
https://orcid.org/0000-0002-2710-7233


A. Nurlan, S.R. Konuspayev, T.S. Abildin 

124 Eurasian Journal of Chemistry. 2023. No. 4(112) 

porous structure. Because of their adjustable pores, these materials can be used in a variety of processes to 

form the desired products more selectively. 

Due to the toxicity of benzene, much attention has been paid to the hydrogenation of benzene to cyclo-

hexane. Nanoparticles of various metals, including platinum, ruthenium and rhodium, have been used in the 

benzene hydrogenation process. Since metal nanoparticles tend to aggregate into large particles, a variety of 

support materials such as carbon nanotubes, titanium dioxide, and silicon dioxide were used to stabilise the 

metal nanoparticles and improve their function. For example, in benzene hydrogenation, Rh/SiO2, Ru/SiO2, 

Ru/zeolite, Ru/SBA-15, and Pt(0) nanoparticles are highly active catalysts [8]. 

Despite the large number of published works, it is necessary to find an optimal combination of metal 

and support to obtain efficient benzene hydrogenation catalysts. Cerium is believed to enhance the nanopar-

ticle activity and stability of metals due to strong metal-support interactions. The high catalytic activity of the 

cerium oxide-based catalyst is closely related to the exchange of Ce4+ and Ce3+ in cerium oxide during cata-

lytic reactions. The valence and defect structure of CeO2 can be spontaneously altered by doping with other 

ions. An example of this is the catalytic use of rhodium nanoparticles deposited on cerium oxide (Rh 

NPs/CeO2) in the hydrogenation of benzene [15]. 

The result of hydrogenation in ethanol and the effect of hydrogen pressure were compared using a rho-

dium and gold catalyst calcined on an amorphous synthetic aluminosilicate (ASA, Siral-40) substrate with a 

high specific surface area for benzene and toluene. The catalyst was prepared by two different methods, spe-

cifically absorption by moisture capacity and the colloidal method [16]. The impregnation method was also 

used to prepare the catalyst in two different ways: sequentially impregnating first one metal salt, then the 

other, and simultaneously impregnating gold and rhodium salts. It was discovered that hydrogenation is most 

successful for selectively hydrogenating benzene in terms of moisture capacity in catalysts made by impreg-

nation. Catalyst activation depends on the amount of rhodium required to activate benzene and toluene on the 

catalyst surface. The amount of rhodium on the surface is close to that theoretically possible as it remains on 

the surface of catalysts prepared by the colloidal method [17]. 

By analysing recent literature data and experimental studies, it was clearly established that rhodium is 

highly active in hydrogenation reactions. We supported rhodium on AAC (apricot kernel) and BAC support-

ed subunits and converted benzene to cyclohexane by complete hydrogenation. Rhodium catalysts seeded on 

AAC supported and modified catalysts showed high selectivity in the hydrogenation of benzene. Hydrogena-

tion of benzene and toluene in the presence of rhodium catalyst supported on rice husk activated car-

bon (RHAC) and apricot kernel activated carbon (AAC). Since AAC is strong, whereas RHAC is light and 

volatile and difficult to isolate from the reaction mass, it was shown that birch wood activated carbon could 

be an effective support. The Rh/RAC catalyst was found to be five times lower than Rh/AAC, which is 

equivalent to catalysts based on activated Siberian charcoal and rhodium planted on AAC [18]. 

As can be seen from this work, rhodium was the most active metal in the benzene hydrogenation reac-

tion. In the present study, we present the results on the catalytic activity of Rh/BAC catalysts prepared by 

different methods in the benzene hydrogenation reaction. The prepared catalysts were characterised by the 

BET method and scanning electron microscopy (SEM). The effects of catalyst types on benzene hydrogena-

tion and catalytic performance were discussed. 

Experimental 

Materials 

RhCl3·3H2O was purchased from Sigma-Aldrich (Germany). BAC (activated carbon from birch wood, 

Sorbis Group, Russia) was used as support. Ethanol was used as a solvent in the hydrogenation of benzene. 

Hydrogenation method 

Hydrogenation of benzene was carried out in a high-pressure kinetic system capable of maintaining a 

constant temperature and pressure of hydrogen. The autoclave part of the unit is equipped with an ultra ther-

mostatic layer and turbulent stirrer. The amount of hydrogen that is absorbed from the burette is controlled as 

part of the research experiment, which is conducted by simultaneously adding the necessary amount of cata-

lysts and reagents to the autoclave and heating it to the necessary pressure and temperature. Calculation of 

the reaction rate is thoroughly described in detail in the following literature [19–21]. 

Preparation of the catalyst 

The catalysts were prepared by the methods of moisture absorption and adsorption. In the moisture ab-

sorption method, the required amount of a sample of the BAC studied was heated in a muffle furnace at a 
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temperature of 400 ºC for 4 hours. On the second day, the mass was measured and the moisture content was 

determined. To determine the moisture content, water was dripped from a burette up to a certain volume and 

stirred until a paste was formed. We determined that one volume of support was equal to the moisture con-

tent of water. A sample of the required quantity of RhCl3·3H2O salt was taken from the glass bottle, dis-

solved in water with the required amount of moisture content, dried with careful mixing and left for the sec-

ond day. After repeated stirring in the drying oven at 120 °C, we left it overnight and the next day for 4 hours 

in a furnace. It was then reduced with hydrogen at a temperature of 350–400 °C. The desired mass was 

measured and used for the hydrogenation reaction. Adsorption method: RhCl3·3H2O salt required for the 

support was dissolved in a large volume of water, a support was added to it and kept for 30 minutes, heated 

with a stirrer up to 60–80 °C. When rhodium ions were adsorbed on the surface of the support, the solution 

became colourless and transparent. At this point, we assume that all the rhodium ions have been adsorbed. 

The catalyst was filtered by the vacuum filtration on the Buchner funnel, then it was heated in a drying oven 

at about 120 °C for 4-6 hours and it was left for the next day. 

Characterisation of the catalyst 

The following physical methods were used to characterise the catalyst: The specific surface area in the 

Akuasorb device was determined by the BET method by adsorption of nitrogen molecules. 

Chemical composition was determined using scanning electron microscopy (JSM-6460LV (JEOL, 

SEM). 

Results and Discussion 

Table 1 summarises the Rh/BAС catalyst, meso, micro pore volumes and pore diameters. The rhodium 

cations mentioned above are still metallic and enter the pores during adsorption, based on their volume di-

ameters. Therefore, these parameters can be considered as evidence that the catalysts prepared by the adsorp-

tion method are not active in the hydrogenation of benzene. 

T a b l e  1  

Texture characteristics of a BAC-based rhodium catalyst 

Catalyst Vpore, cm3//g SBET, m2/g Dpore. nm 

Rh/BAC 

Reduced Rh/BAC 

0.298 

0.319 

934.0 

988.0 

0.6–0.8 

0.6–0.9 

 

The SEM image of Rh/BAС catalysts is shown in Figure 1. The figure shows different types of birch 

activated carbon granules taken at different scales. However, the rhodium granules are not visible. At the 

same time, pores are not visible in the images. 

 

 

Figure 1. Scanning electron microscope (SEM) images of 1 % Rh/BAC catalysts:  

1 — ×100; 2 — ×1000; 3 — ×3000; 4 — ×10000 
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T a b l e  2  

Chemical composition of catalyst 1 % Rh/BAC 

Elemental composition, (%) 

No. Rh Cl O K Ca S Mg 

1 - 0.71 4.67 0.12 0.1 - - 

2 - 0.91 5.47 0.13 0.12 0.12 - 

3 0.2 0.5 5.74 0.17 0.21 0.13 0.08 

4 0.41 0.74 6.74 0.14 0.27 0.32 0.13 

5 - 0.75 3.97 0.43 0.08 0.1 0.14 

6 - 0.18 5.09 0.05 0.11 0.1 - 

7 3.48 4.19 2.17 0.9 1.56 0.82 - 

8 - 0.21 2.38 0.0 0.09 0.07 - 

9 - - 3.46 - - - 0.02 

10 0.1 0.32 4.66 0.11 0.23 0.1 0.07 

 

Table 2 presents the chemical compositions. Rhodium was detected at points 3, 4, 7, and 10 out of ten 

used for its determination. At point 10, rhodium was discovered to be 0.1 %, and at points 3 and 4, it was 

0.2 %. At point 7, it was identified as 0.41 %. Rhodium was not detected in other points, which suggests that 

its volume is lower than before, and the metallic rhodium atoms are not on the surface of the carbon. The 

aggregate comprises mixed carbon microgranules, resulting in an uneven distribution of rhodium volume 

throughout. 

The table indicates that rhodium chloride salt and its associated chlorine anions are present in 

conjunction with the rhodium. Additionally, elements such as potassium, magnesium, calcium, sulfur, and 

oxygen were found on the Birch activated carbon (BAC) surface, which is believed to have originated from 

it. During the hydrogenation of benzene, analogous kinetic curves were observed on catalysts with a 

moisture capacity and an adsorption method, as depicted in Figures 2 and 3. The reaction rate for catalysts 

produced using the moisture capacity method is less than 10 mL/min, compared to only 1.8 mL/min for 

catalysts obtained by the adsorption method. The moisture capacity method is known for producing catalysts 

with a high rate of reaction. 

 

 

Figure 2. Kinetic curve for benzene hydrogenation using 1 % Rh/BAC catalyst.  

Reaction conditions: 0.1 g of catalyst (moisture capacity), 60mL of ethanol, 1 mL of benzene, at 60 °C, 40 MPa 
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Figure 3. Kinetic curve for benzene hydrogenation using 1 % Rh/BAC catalyst. Reaction conditions: 0.1g of catalyst 

(adsorption), 60 mL of ethanol, 1 mL of benzene, at 60 °C and 40 MPa pressure 

We believe that this trait is linked to the process of adsorption. Rhodium cations adsorb salt deep within 

the pores, thereby increasing its solubility. Even after hydrogen with reduction, the catalyst does not entirely 

vanish within the pore, leading to surface adsorption of hydrogen molecules. This makes it difficult for the 

benzene molecule to be adsorbed and enter the pores, resulting in a low hydrogenation rate. 

Figure 4 illustrates the kinetic curve of benzene hydrogenation on catalysts that were prepared using the 

moisture capacity method with 1 % Rh/BAC. Nevertheless, certain alterations were observed during the pre-

treatment. After annealing the first catalyst (1) without reduction, the second catalyst (2) was used in the hy-

drogen flow. Despite the high initial rate on the first catalyst, the reaction was stopped for not more than half 

of the counted amount of absorbed hydrogen. On the second catalyst, with a low initial rate, the reaction pro-

ceeded until all hydrogen was completely absorbed. 

 

 

Figure 4. Kinetic curve of benzene hydrogenation. Experiment conditions: 0.1g, 1 % Rh/BAC (moisture capacity), 

60 mL of ethanol, 1 mL of benzene, at 60С, 40 MPa. 1 — not reduced; 2 — reduced by hydrogen 

This phenomenon can be explained as follows: when the instantaneous hydrogenation catalyst is used 

without reduction in a hydrogen atmosphere, rhodium transitions from the cationic type to the metallic form 

occur through autocatalysis. Concurrently, the metallic surface that is formed undergoes hydrogenation. 

Consequently, the atoms in metallic rhodium take the shape of clusters. Additionally, due to the abundance 
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of metal atoms in rhodium, its initial rate is higher. The reaction achieves completion as the metals begin to 

cluster more slowly. 

 

 

Figure 5. Kinetic curve of benzene hydrogenation with 1 % Rh/BAC.  

Experiment conditions: 0.1g of catalyst (moisture capacity), 60 mL of ethanol, 1 mL of benzene, at 60 С, 40 MPa.  

1 — moisture capacity; 2 — adsorption. 

Figure 5 illustrates the hydrogenation kinetic curves of catalysts for benzene production using different 

methods. On the first curve (green), the volume of hydrogen calculated is completely washed out on the cata-

lyst, obtained by using the moisture capacity method with 1 % Rh/BAC. On the second catalyst (red curve), 

the reaction commences gradually at a rate of 1.8 mL/min and terminates entirely after eliminating 230 mL 

of hydrogen from the catalyst. As stated above, rhodium cations from the rhodium salt penetrate and remain 

as metals in the micropores. It is hypothesized that the reaction does not occur because the benzene molecule 

cannot reach this site. 

Conclusions 

Rhodium catalysts, supported on carbon materials, were created using adsorption and wet impregnation 

methods in this study. Liquid-phase benzene hydrogenation was conducted in a batch reactor. The physico-

chemical characteristics of the rhodium catalysts on carbon materials were characterised using SEM and N2 

adsorption-desorption analysis. The catalysts’ benzene hydrogenation activity is dependent on the method of 

creation. The catalyst obtained through adsorption is considerably inferior to that produced via the moisture 

capacity method. The catalyst itself, which has moisture capacity, is easily pre-treated. The reaction is com-

pleted by the reduced catalyst, but not by the unreduced catalyst. 
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Catalysts and Kinetic Regularities of Oxidation Processes of Chlorotoluenes 

The article is devoted to the selection, synthesis and study of the activities of the vanadium oxide-based cata-

lytic systems supported on SiO2 and Al2O3 carriers in the oxidation process of chlorotoluenes. It was shown 

that V-P-O/SiO2+Mo, V-Mo-O/SiO2+V, V-P-O/Al2O3+Sb, V-Mo-O/Al2O3+Mo catalytic systems exhibit 

high activity and selectivity in the processes of selective oxidation of mono- and dichlorotoluenes in the gas 

phase. The oxidation processes of chlorotoluenes were studied in open-type reactors with stationary and fluid-

ized catalyst beds. It was established that the conversion of chlorotoluenes in a reactor with a stationary bed is 

higher than in a fluidized bed reactor, but selectivity in stationary bed it is slightly lower. The optimal condi-

tions ensuring high conversion (80–95 %) and selectivity of the obtained chloromaleic anhydrides (40–45 %) 

were determined in a wide range of changes of technological parameters T=673–773 K, τ=0.1–1.0 s, molar 

ratios XT:O2=1:1–1:25. It is established that the activities of the catalytic systems were different depending 

on the method of preparation. Thus, it was noticed that among the catalysts obtained by the methods of pre-

cipitation, mechano-chemical impregnation and co-precipitation-impregnation, the latter has shown satisfac-

tory results. 

Keywords: aromatic hydrocarbons, chlorotoluene, dichlorotoluenes, catalyst, kinetic regularities, catalytic 

systems, activity, selectivity. 

 

Introduction 

These days, when there is a rapid development in the petrochemical industry, it is very important to in-

vestigate the wide application areas of hydrocarbons and their chlorinated analogs. Among the heterogene-

ous catalytic oxidation processes of aromatic hydrocarbons in the gas phase, the most widespread reactions 

of benzene and toluene to maleic anhydrides [1–5] should be mentioned. For a long time, the conversion 

processes of a number of compounds with aromatic ring on various oxide catalysts have been already thor-

oughly studied and applied on an industrial scale. In accordance with this, the study of oxidation reactions of 

halogen-containing, especially chlorine-containing chlorotoluenes is of both theoretical and practical im-

portance. The theoretical determination of the influence of chlorine atoms of chlorine-containing toluene and 

benzenes on the oxidation reactions, the interaction of chlorine with the surface of the catalyst, the effect of 

the chlorine–oxygen medium on the catalysis process, and developing the general catalysis theory of the pro-

cesses, the kinetic regularities and mechanism of the oxidation reactions of chlorinated toluenes are of great 

interest. 

A number of scientists [6–9] carried out the oxidation processes of chlororganic industrial waste to CO, 

CO2, HCl in a fluidized bed reactor in the presence of catalysts of Mo, Co, Cr, Ni metals added as promoters 

to the Pd/Al2O3 system. Some scientists achieved the oxidation process of 2,4-dichlorobenzoic acid, which is 

widely used as an intermediate in the pharmaceutical industry of 2,4-dichlorotoluene in the presence of co-

balt stearate catalyst. At the same time, a special chromatographic method was developed to study the pro-

cess in detail. By this method, it is possible to analyze the reaction product after the process without perform-

ing any analytical cleaning procedure [10]. 

Oxygenated derivatives of toluene are used as valuable intermediate products in the manufacture of 

polymers, rubber, resins and dyes [11, 12]. Conversion of toluene and its derivatives to corresponding alde-

hydes is one of the most useful processes. These traditional conversion reactions with low conversion and 

selectivity carried out in the presence of dissolved heavy metal salts of acetic acid via a homogeneous pro-

cess were shown in [13, 14]. 
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In addition, such processes are economically inconvenient, and heavy metal-containing reaction prod-

ucts released during the process are considered to be dangerous for the environment due to the difficulty of 

separation of soluble catalysts [15–18]. 

The main goal of this work is the synthesis and selection of active and selective catalytic systems for 

the oxidation of chlorotoluenes to chlorine and chloromaleic anhydrides, as well as the neutralization of 

waste substances released into the environment. 

Some of these catalysts consist of only individual oxides, for example, V2O5, MoO3, Sb2O5, P2O5, CuO 

and the others compose of mechanical mixtures. The most common method of synthesis is application of 

soluble salts of these metals, which are easily decomposed during heating, namely, nitrates, ammonium 

compounds, chlorine-containing and acetate compounds. Therefore, synthesis of such catalytic systems were 

carried out based on the known methods using ammonium and nitrate salts of V, Mo, P, Sb [15, 16]. 

In general, the transformation of chlorobenzene and chlorotoluene into widely used compounds by cata-

lytic oxidation should also be considered as a solution of the environmental problem. 

Experimental 

Initially, a number of catalytic systems were synthesized in order to apply them to the catalytic oxida-

tion reactions of chlorotoluenes. These catalytic systems mainly consist of vanadium, phosphorus, molyb-

denum, stibium oxides deposited on Al2O3 and SiO2 carriers. In some samples, these oxides are also added as 

promoters. Catalyst samples in our research were synthesized according to the following technique: The 

catalytic systems are mainly obtained from ammonium vanadate (NH4VO3), ammonium molybdate 

((NH4)6Mo7O2·4H2O), sodium phosphate (Na2HPO4·H2O) and orthophosphate salts, occasionally from vana-

dium nitrate, stibium nitrates, stibium chloride or Sb2O5by their dissolving in oxalic or HCl acid solutions. 

Depending on the synthesis method, the obtained solution can be deposited on Al2O3 or SiO2 after its slight 

evaporation. After that, the obtained catalyst is heated in an air at a temperature of 453–533 K for 1 hour, 

then at 553–653 K for the next 2 hours, and then up to 773 K for 1 hour. 

Thus, the synthesized catalyst samples were brought to working condition and their oxidation reactions 

were studied in both stationary and fluidized bed of open flow reactors. 

Chlorotoluenes with a purity of ≥ 99.0 % and manufactured by Sigma Aldrich Company were used for 

the study of the heterogeneous catalytic oxidation process of chlorotoluenes in the gas phase. 

The synthesized catalyst samples were studied by physicochemical analysis methods. 

Prepared catalysts were characterized by X-ray phase diffraction, FT-IR, N2 adsorption-desorption 

method, thermal analysis, elemental analysis and scanning electron microscope. 

Phase formation processes, quantitative phase analysis, the properties of the phases were investigated 

based on the crystal structure of the synthesized catalytic systems and determined by X-ray D2 phase-X-ray 

diffraction analysis equipment manufactured by Bruker (Germany). 

Information about the surface area (Sbet, m2/g) and the pore area (total volume V, cm3/g, diame-

ter d, Å) of the catalytic system were obtained from the adsorption-desorption isotherms at the liquid nitro-

gen (–196 C) temperature (Gas adsorption analyzer for surface area and pore size). During the measure-

ments, the samples were first degassed to 0.1Pa. From Brunauer Emmett Teller (B.E.T.) theory, surface area 

was calculated by its resemblance to the profile cross-section of 0.164 nm2 corresponding to nitrogen. 

Thermogravimetric analysis were carried out on a NETZSCH STA 449F3 (Germany) device pro-

grammed to 10 C/min graduation in the temperature range of 25–900 C. In this case, the weight of the in-

vestigated nanopowder sample was 0.6 g. 

Results and Discussion 

The results of the X-ray phase analysis of some studied systems are shown in Figure 1. 

Figure 1a shows the result of the X-ray phase analysis of the V–P–O system with the ratio of the main 

componentsV:P=1:2 in the catalyst sample. 

Figure 1b presents the X-ray phase diagram of the same catalyst sample on the Al2O3 substrate. 

As is seen from figures, the VO(PO4)2 and VOPO4 phases are mainly observed on the phase diagram. 

However, it was also determined that the phase formation process of V–P–O/Al2O3 catalyst arises from va-

nadium pentoxide (28.3 %), aluminum phosphate (19.2 %), AlPO (3 %), aluminum oxide (11.1 %), alumi-

num hexacyclophosphate (19.2 %) phases. The amorphous phase is the main part of the catalyst, mostly due 

to the use of Al2O3 as a carrier. At the same time, phases such as vanadium oxide and divanadium pentoxide 

dominate in the composition of the samples, which are responsible for the activity of the catalyst. 
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Figure 1. X-ray patterns of the a) V-P-O system and b) V-P-O/Al2O3catalyst;  

c, d) Phase distribution in the catalysts 

It should be noted that the phase composition of the catalyst samples varies depending on the propor-

tions of the active components that make them up. It has been determined that the catalytic systems consist 

of mixed phases and these phases are distributed as shown in Table 1. 

T a b l e  1  

The formed phases in the V–P–Mo–O catalytic system 

Mole ratio Activation 

temperature, oC 
Phases 

V Mo P 

3 1 1 500 V2MoO8, VO(PO4)2, V2O5, P2O5, MoO3 

3 1 1 600 V2MoO8, V9Mo6O40, VO(PO4)2, V2O5, P2O5 

2 1 1 600 V2MoO8, V9Mo6O40, VO(PO4)2, V2O5, P2O5 

2 2 1 500 V2MoO8, V9Mo6O40, PVMoPO4, V2O5, P2O5 

1 1 1 500 V2MoO8, V9Mo6O40, VOPO4, V2O5, P2O5, MoO3 

1 2 2 600 V2MoO8, V9Mo6O40, V2O5, P2O5, MoO3 

1 1 2 600 V2MoO8, V9Mo6O40, V2O5, P2O5, MoO3 

1 3 1 600 V2MoO8, V9Mo6O40, H4PVMo11O40, V2O5, P2O5 

 

Thus, the formation of V2MoO8, VOPO4, V9Mo6O40 phases is mainly observed in the V:Mo:P=1:1:1 ra-

tios in some mixing V–Mo–P–O catalyst samples. In these values of ratios (V:Mo:P=1:1:2, 1:2:2) VOPO4 is 

not obtained, whereas other phases remain unchangeable. It should be noted that in this case V2O5, P2O5, 

MoO3 phases are constantly observed. VO(PO4)2 phase formation together with V2MoO8, V9Mo6O40 phases 

in V:Mo:P=1:1:2, 3:1:1 ratios, and PVMoPO4 phase formation in V:Mo:P=2:2:1 ratio were observed. In the 

final case, it is necessary to note that the formation of V2O5, P2O5, MoO3 phases were in sight, either. The 

activation temperature of the catalyst samples also affects the formation of these phases. When the activation 

temperature is 500–600 C, that is, 50–150 C higher than the reaction temperature, the formation of these 

phases is finished. At the same time, complete formation of phases is achieved during the oxidation process 

of chlorotoluenes. The change of initial components of catalyst samples also affects their degree of crystalli-

zation. 
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According to the surface characteristics of the VPO catalyst sample unsupported, supported and utilized 

in oxidation reaction, although the total surface area and radius of the pores rose from 12.025 m2/g to 

18.362 m2/g and from 344 Å to 379 Å, respectively; the total volume of the pores in the supported VPO cata-

lyst sample decreases. Considering the characteristic data of the surface after reaction, the earlier mentioned 

opinion — phase formation processes is over during oxidation process — has been confirmed. The increase 

of total surface area (23.355 m2/g) and pore radius (379 Å) after the oxidation reaction can also be explained 

by the adsorption of unconverted chlorotoluenes on the surface, which can be confirmed by thermal analysis 

and post-processing IR spectra of the catalyst. 

The surface characteristics data of the V–P–O sample have been achieved via special programming 

based on the BET equation and adsorption-desorption equations (Fig. 2). 

 

 

Figure 2. BET plot and adsorption isotherm of the VPO catalytic system 

The corresponding surface data of the newly synthesized VPO catalysts, catalysts deposited on the sup-

port and catalysts applied in the oxidation process changes according to the following regularities are given 

in the Table 2. 

T a b l e  2  

Surface data of the newly synthesized VPO, supported catalyst before and after oxidation 

Catalyst simples State of simples Area of the surface, m2/g Radius, Å Total volume, mL/g 

V–P–O Newly synthesized 12.025 344 0.710 

V–P–O/SiO2 Newly synthesized 18.362 379 0.072 

V–P–O/SiO2 After reaction 23.355 418 0.126 

 

Thermogravimetric analysis revealed endothermic, exothermic effects and mass loss characteristics of 

catalytic systems. An endothermic effect corresponding to 140 C is observed on the DTA curve of the in-

vestigated VPO/SiO2 catalyst mixture before and after reaction (Fig. 3). Since the catalysts were analysed in 

their pure state, it can be assumed that the substances adsorbed on their surface are atmospheric water vapour 

and other low molecular weight compounds. 

Strong and low-concentrated electron acceptor centers are formedin the unheated state of this sample, 

whereas strong and high-concentrated electron acceptor centers are formed after heating the sample and this 

is observed in the form of endothermic effects corresponding to the temperatures of 150, 480 and 550 C on 

the DTG curve. When the catalyst is heated up to 400 C, its activity decreases significantly, that is, very 

little physical adsorption and strong electron acceptor centers were detected after heating. In addition, in TA 

of the catalyst sample, a mass loss based on the destruction of the system is observed at a temperature above 

700 C, which is 200 C higher than the reaction temperature and allows us to say that the catalysts are stable 

during the process and that no decomposition of their structure has occurred. 
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Figure 3. Thermogram obtained from the thermal analysis of the VPO/SiO2 catalyst 

Elemental analysis of the synthesized catalytic systems was also carried out. According to the obtained 

results, the compatibility between the theoretical calculations and the obtained practical data was tested, and 

also the correlation between parameters of the synthesized systems and theoretical calculations was deter-

mined (Table 3). 

T a b l e  3  

Distribution of elements in the VPO system supported on SiO2 (V:P=1:2) 

Element Weight, % Atom, % Compound, % Formula 

Na 0.43 0.39 0.58 Na2O 

Si 28.62 21.26 61.23 SiO2 

P 9.59 6.46 21.97 P2O5 

Ca 0.21 0.11 0.30 CaO 

V 8.92 3.66 15.93 V2O5 

O 52.23 68.12   

Total 100.00    

 

From the values of the distribution percentages of the components in the newly synthesized VPO/SiO2 

sample that the ratio of the components is V:P=1:2 (Table 3 and Fig. 4 a), the distribution of the elements 

included in the synthesized catalyst and the composition of which was calculated theoretically was con-

firmed experimentally. Thus, the distribution of vanadium, phosphorus and silicon in the VPO/SiO2 sample 

is 3.66 %, 6.46 % and 21.26 %, respectively. In addition, similar experiments were carried out for other cata-

lytic systems, and the distribution characteristics of the components in the catalyst samples were studied. 

From the results of the elemental analysis, it is observed that the catalyst contains a small amount of so-

dium and calcium oxides; the probability of their effect on the course of the oxidation process is negligible. 

The results obtained with a scanning electron microscope (Fig. 4 b) allow us to say that the surface of 

the catalyst is uneffected, complete, and rough. 10–12 nm particles were also observed in the images of the 

surface topology. 

The catalyst samples were first heated at 373 K for 1 hour, then at 473 K for 2 hours, and then at 673 K 

in order to activate the obtained catalytic systems. At this stage, first, water and then the relevant gases are 

separated from the catalyst. The phase formation process in the catalyst sample heated up to 773 K is almost 

completed. The active phase formation of the catalysts ends after the influence of both O2 and chlorotoluenes 

during the oxidation reaction. Thus, after thermal activation of the catalyst sample, these catalysts indicate 

lower activity after the first 4 hours in comparison to their activity after the next 2 hours in the oxidation of 

chlorotoluenes. It should be noted that the phases in the obtained catalysts are different depending on the ra-

tio of the components taken for preparing the catalyst. The phase constitution of these catalyst samples was 

recorded, and the distribution of the phases present in the catalyst sample was clarified. 



Catalysts and Kinetic Regularities of Oxidation Processes of Chlorotoluenes 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 135 

 

Figure 4. Distribution spectrum of the elements that make up the VPO catalyst (a),  

Scanning electron microscope image of the VPO/SiO2 catalytic system 

Samples of synthesized active catalysts are as follows: 1. V–P–O/C, 2. V–P–O/TiO2, 3. V–P–O/Al2O3, 

4. V–P–O/SiO2, 5. V–Mo–O/SiO2, 6. V–Mo–O/Al2O3, 7. V–Sb–O/SiO2, 8. V–Sb–O/Al2O3, 9. V–P–

O/SiO2+Mg, 10. V–Mo–O/Al2O3+Mg, 11. V–P–O/SiO2+Zn, 12. V–Mo–O/SiO2+Zn, 13. V–P–O/SiO2+Sb, 

14. V–P–O/SiO2+Mo, 15. V–Mo–O/SiO2+V, 16. V–Sb–O/Al2O3+V. 

Monochlorotoluenes–2-chlorotoluene (2-m-ChT), 3-chlorotoluene (3-m-ChT), 4-chlorotoluene and di-

chlorotoluenes-2,4-dichlorotoluene (2,4-d-ChT), 2,3-dichlorotoluene (2,3-d-ChT), 2,5-dichlorotoluene (2,5-

d-ChT), 3,4-dichlorotoluene (3,4-d-ChT) are mainly involved in the oxidation reaction. Initially, the tem-

perature range, which is an essential factor of activity of catalytic syntheses in chlorotoluene oxidation pro-

cess, is determined to find out the kinetic regularities of the process. The oxidation process of chlorotoluenes 

was carried out in open flow reactors with both stationary and fluidized layer of catalysts using the above-

mentioned technique. 

Oxidation of chlorotoluenes was carried out in the temperature range of 653–773K. The obtained results 

are shown in Figure 5. 

 

 

Figure 5. The effect of temperature on the catalytic activity  

in the oxidation reactions of a) 2-ChT, b) 3-ChT, c) 4-ChT 

a b 

c 1. V-P-O/C 

2. V-P-O/TiO2 

3. V-P-O/Al2O3 

4. V-P-O/SiO2 

13. V-P-O/SiO2+Sb 

14. V-P-O/SiO2+Mo 

15. V-Mo-O/SiO2+V 

16. V-Sb-O/Al2O3 +V 

 

b a 
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As is seen from the results, although the increase in temperature from 653 K to 713 K causes a signifi-

cant raise in the activities of catalysts in the oxidation of monochlorotoluenes, this varies within the conver-

sion range of 50–70 %. The activities of a number of catalyst samples V–P–O/C, V-P-O/TiO2 are very low 

(40–50 %), while although the activities of some catalysts V–P–O/Al2O3, V–M–O/SiO2, V–Mo–O/Al2O3 

goes up slightly at relatively high temperature values (733–773 K), it does not exceed the 80–90 % limit. 

However, catalyst samples modified with some elements, such as Zn, V and Mo showed relatively high cata-

lytic activity. 

Although the modification of V–P–O/SiO2, V–Mo–O/Al2O3 catalysts with Zn and Mg slightly in-

creased the activity of the catalysts, additional modification of these catalysts with Mo, V and Sb gave better 

results. Thus, catalyst samples additionally modified with V and Mo(V–P–O/SiO2+Mo, V–Mo–O/SiO2+V, 

V–Sb–O/Al2O3+V) represented high activity even at low temperatures (673–713 K), the conversion of mon-

ochlorotoluenes was over 80 %, and these activities reached 90–95 % at the further temperature rise up to 

733–773 K. The most optimal temperature was determined as 733–773 K. 

The influence of the synthesis method of catalysts on their activity in the oxidation reaction of chloro-

toluenes was also studied. The obtained results are given in the Table 3. As is seen from the table, the syn-

thesis methods of catalysts do not affect the oxidation reaction of chlorotoluenes, so the conversion is 80–

90 %, the yield of the main product — m-ChMA varies between 10–15 %, which can be considered insignif-

icant. 

The individual selective oxidation of mono- and dichlorotoluenes and the distribution of oxidation 

products were studied in presence of the catalytic systems that are active in the total oxidation process. Here, 

the oxidation of chlorotoluenes were studied at the optimal temperatures, contact times and optimal ratios of 

ChT:O2 previously determined according to the results of the prior studies. The results of the selective oxida-

tion of 4-ChT are given in Table 4. 

The activities of the catalysts were determined by carrying out the oxidation process of chlorotoluenes 

in both stationary and fluidized open-flow reactors. Initially, the activities of a number of catalysts were 

found in the oxidation process of 4-chlorotoluene and 2,4-dichlorotoluene. The results are given in Table 4. 

T a b l e  4  

Activities of the catalysts in the oxidation process of 4-m-ChT in the fluidized reactor 

Selected  

components  

and oxides 

Supporters 

Reaction 

temperature, 

C 

Contact 

time, sec. 

ChT:O2 

molar ratio 

Conversion 

of the ChT, 

% 

Yield of the products, % 

ChBA MA m-ChMA CO2 

V2O5 

MoO3 

Sb2O3 

P2O5 

– 440 0.7 1:15 56 4 28 14 21 

– 450 0.7 1:10 50 – 16 12 22 

– 420 0.6 1:10 84 – 10 6 18 

– 400 0.6 1:15 40 – 10 5 20 

V2O5 

MoO3 

P2O5 

Sb2O3 

SiO2 440 0.7 1:15 60 5 18 15 22 

SiO2 450 0.7 1:10 55 – 15 14 23 

SiO2 420 0.6 1:15 44 – 12 10 20 

SiO2 420 0.6 1:10 38 – 8 4 18 

V2O5 

MoO3 

P2O5 

Sb2O3 

Al2O3 450 0.7 1:15 64 4 20 16 23 

Al2O3 460 0.6 1:18 58 – 17 15 24 

Al2O3 420 0.7 1:10 47 – 14 12 20 

Al2O3 420 0.7 1:10 42 – 10 6 24 

V2O5-P2O5 

V2O5-P2O5 

V2O5-MoO3 

V2O5-MoO3 

V2O5-Sb2O3 

V2O5-Sb2O3 

MoO3- Sb2O3 

SiO2 430 0.7 1:10 70 10 16 30 23 

Al2O3 420 0.6 1:10 72 6 14 24 24 

SiO2 430 0.6 1:15 70 5 15 25 22 

Al2O3 420 0.7 1:10 68 7 12 24 24 

SiO2 430 0.7 1:18 67 4 10 24 26 

Al2O3 420 0.7 1:10 65 3 10 20 20 

SiO2 430 0.6 1:10 63 – 8 18 26 

 

The obtained results show that the conversion of 4-m-ChT varies between 40–84 % at 420–450 C,  

0.6–0.7 sec., and XT:O2=1:15 molar ratio in the oxidation process carrying out in the presence of individual 

metal oxides without any supporter. However, chlorobenzaldehyde is obtained only up to 4 % in the pres-
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ence of V2O5, while this is not observed in the presence of other oxides. At the same time, yields of MA and 

m-ChMA in the presence of V2O5 are 28 % and 14 %, respectively. But the value of this parameter decreases 

from MoO3 to P2O5, namely from 16 % to 10 %, respectively. Even with this, it should be noted that the 

amount of CO2, which is a product of deep oxidation, remains unchanged (20–22 %) in all cases. Studies 

conducted after depositing these oxides on the respective carriers Al2O3 and SiO2 show that no major chang-

es are observed. After deposition of V2O5 and P2O5 on SiO2 supporter in a ratio of 1:2, both the yield of ben-

zaldehydes and the yield of m-ChMA (30 %) increase in comparison with the previous ones. At this time, the 

yield of CO2 is slightly reduced (23–24 %). 

The effect of some technological parameters on the rate of the catalytic oxidation reactions of chloro-

toluenes was studied with in wide temperature variation range (653–773 K), molar ratios of initial compo-

nents 1:5–1:25 (chlorotoluene:oxygen), ratio of the active components of the catalyst 1:1–1:6, contact time 

of the reaction, concentrations of initial compounds and products of the reaction. It should be noted that 

among catalytic systems synthesized and utilized in the oxidation processes, V–P–O/SiO2+Mo and V–Mo–

O/SiO2+V provide better results, so the experiments were basically carried out in the presence of these cata-

lysts. First, the effect of contact time on the catalytic oxidation reactions of 4-chlorotoluene and 2,4-

dichlorotoluene was studied, which resulted in conversion up to 84 % and total selectivity of about 65 %. 

The obtained results are given in Figure 6. 

 

 

Figure 6. The effect of the contact time on the rate of the oxidation process  

of 4-ChT (b) and 2,4-ChT (a), T = 723 K, ChT:O2=1:20 

As can be seen in Figure 6, the consumption rate of both mono- and dichlorotoluene goes up with the 

contact time rise within 0.2–1.0 sec. When the contact time rises from 0.2 to 0.8 sec., the formation rate of 

benzaldehydes, maleic and chloromaleic anhydrides, which are oxidation products of both mono-and dichlo-

rotoluene, increases and tends to decrease with the further raise. In addition to that, although the rate of the 

formation reaction of carbon dioxide (CO2), a product of deep oxidation and the one obtained via parallel 

reaction during oxidation reactions decreases at first, however it grows rapidly after 0.8 seconds. After the 

contact time value of 0.8 seconds, the formation rates of maleic and chloromaleic anhydrides, as well as 

chlorobenzaldehyde, which are reaction products, decrease, this allows us to say that maleic and chlormaleic 

anhydrides undergo partial oxidation, chlorobenzaldehyde converts into chlorobenzoic acid (ChBA) through 

consecutive reaction and decomposes in the direction of deep oxidation. This is also confirmed by the in-

crease in formation rates of CO2 and ChBA. 

These results indicate that the formation of the main products and by-products occurs on the surface of 

the catalyst by a parallel-consecutive reaction mechanism. This can be confirmed experimentally by estab-

lishing the dependence curve of the selectivities of the reaction products on the conversion of chlorotoluenes 

during the oxidation of chlorotoluenes at different contact times. 

  

 

  

 

W∙10-6 

mol/g∙sec 

 

, sec 

 
 

 

  

, sec 

W∙10-6 

mol/g∙sec 

 
b 



I.G. Melikova, A.J. Efendi et al. 

138 Eurasian Journal of Chemistry. 2023. No. 4(112) 

The dependence presented in Figure 7 confirms that targeted reaction products are obtained indeed from 

the competing oxidation reaction of chlorotoluenes, and then, CO2 is obtained through the mechanism of the 

consecutive oxidation reaction of the anhydrides. 

 

 

Figure 7. Dependence of selectivity (S) on conversion (α) in the oxidation reaction  

of 2,4-dichlorotoluene (2,4-d-ChT). 1 — m-ChMA, 2 — CO2 

All necessary calculations were performed using the software package “Optim Me” [19, 20]. 

Conclusions 

The effect of the active components and modifiers (additives), promoters of the catalysts on their activi-

ties and selectivities were determined in the oxidation of chlorotoluenes and it was shown that the process 

goes mainly in the direction of obtaining m-ChMA and d-ChMA, if the ratio of the components included in 

the composition of catalyst is V:P=1:2, V:Mo=1:2. When the content of vanadium in the catalysts changes 

from 1:2 to 1:5 and higher, the yield of chlorobenzenedehyde in the oxidation process goes extensively. The 

addition of Sb to the catalyst leads to the growth of its service life and stability. In the study of the kinetic 

regularities of the oxidation of chlorotoluenes it was determined that the process occurs through the parallel-

consecutive reaction mechanism in the presence of V–P–O/SiO2 and V–Mo–O/Al2O3 catalysts in a wide 

range of technological parameters. 
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