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Synthesis of Cucurbit[6]uril Using 1-Hydroxyethylidene-1,1-Diphosphonic Acid  

as a “Green Catalyst” 

Glycoluril (2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione) and its derivatives have a special place in chemis-

try of heterocyclic compounds. The macrocyclic derivatives of glycoluril, namely cucurbit[n]urils have re-

cently attracted the greatest interest due to their unique properties. Cucurbit[n]urils are usually synthesized by 

the condensation reaction of glycoluril with paraformaldehyde using strong mineral acids as a catalyst. In this 

work, 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) was used for the first time as a catalyst for “Green 

chemistry” in the synthesis of cucurbit[6]uril in an aqueous medium. The reaction of glycoluril and paraform-

aldehyde in a ratio of 1: 2 with two equivalents of 1-hydroxyethylidene-1,1-diphosphonic acid as a catalyst 

was carried out, in which the hexamer of cucurbituril (n = 6) was obtained in 25 % yield. The clathrate of cu-

curbit[6]uril with acetone was obtained by treating the cucurbituril hexamer with acetone. The reaction of 

glycoluril with paraformaldehyde in the presence of HEDP can be used as a competitive method for the syn-

thesis of cucurbit[6]uril. The structures of the obtained compounds were proven by NMR and IR spectrosco-

py methods. The phase composition of isolated crystals of cucurbit[6]uril hydrate was analyzed by the pow-

der X-ray diffraction (XRD). 

Keywords: cucurbit[6]uril, 1-hydroxyethylidene-1,1-diphosphonic acid, glycoluril, paraformaldehyde, NMR, 

“Green” catalyst, oligomer, “guest-host” interactions. 

 

Introduction 

2,4,6,8-Tetraazabicyclo[3.3.0.]octane-3,7-dione (glycoluril) 1 (Scheme 1) and its derivatives are the 

most interesting objects among bicyclic bisureas, which have a special place in the chemistry of heterocyclic 

compounds [1]. It has been reflected in the creation of valuable substances in various fields of human activi-

ty such as disinfectants [2, 3], medicines [4, 5], polymer stabilizers [6], and other important substances and 

materials based on these compounds. Geometrical features of glycoluril 1 determined the possibility of syn-

thesis and investigation of macromolecular and supramolecular compounds on its basis [7‒21]. Cucur-

bit[n]urils (CB[n]) are the main representatives of this type of compounds [9‒21]. Macrocycles CB[n] have 

a narrowed hydrophobic cavity, which is outlined by two identical polar portals of carbonyl groups (Fig. 1 

[16]). Hexamer cucurbit[6]uril CB[6] is the major reaction product due to the favorable deformation and 

abundance of hydrogen bonds [17‒21]. 

In recent years, cucurbit[n]urils have attracted the significant interest due to their unique properties 

[11]. It is known [11, 16–21], that cucurbit[n]urils CB[n] are usually synthesized by the condensation reac-

tion of glycoluril 1 with formaldehyde or paraformaldehyde in solutions of strong mineral acids at tempera-

tures above 50 °C for a day or more. The use of organic acids in the synthesis of cucurbit[n]urils CB[n] is 

limited only by the use of methanesulfonic acid [21]. 

 

https://doi.org/10.31489/2022Ch4/4-22-3
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CB[5] CB[6] CB[7] CB[8] CB[10] 

Figure 1. Cucurbit[n]urils, CB[n], n = 5, 6, 7, 8, 10. 

More recently, in a number of works [22–25] it was shown that 1-hydroxyethylidene-1,1-diphosphonic 

acid (HEDP) proved to be a convenient “green” catalyst in heterocyclization reactions. 1-Hydroxyethylidene 

diphosphonic acid (HEDP) is known for its anti-corrosion properties. It is used as a retardant in concrete, 

scale and corrosion inhibition in circulating cool water system, oil field and low-pressure boilers in fields 

such as electric power, chemical industry, metallurgy, fertilizer, etc [26]. The HEDP substance decomposes 

at a temperature of about 250 °C, and decomposes in aqueous solutions at 140 °C [26]. In natural water bod-

ies, HEDP rapidly decomposes under the action of ultraviolet light, and the decomposition products are used 

as fertilizers [27]. 

In this work, we first carried out the synthesis of cucurbit[6]uril CB[6] in the presence of HEDP as a 

“green” catalyst (Scheme 1). 
 

 

Scheme 1. The synthesis of cucurbit[6]uril CB[6] in the presence of HEDP 

Experimental 

NMR spectra were recorded on a Bruker AVANCE III HD spectrometer (Bruker Corporation, Germa-

ny) with an operating frequency of 400 and 100 MHz for 1H and 13C nuclei respectively, in solutions of 

DMSO-d6 and F3CSO3H. The internal standard was tetramethylsilane (TMS). 

IR spectra were recorded on a Nicolet 6700 IR spectrometer, Thermo Fisher Scientific. The samples 

were studied by the method of disturbed total internal reflection in the spectral range from 400 to 4000 cm–1. 

Powder X-ray diffraction for substance CB[6] was recorded on a Shimadzu XRD 7000 diffractometer 

using Cu Kα radiation at λ = 1.54053 Å. Reflections were collected from 5 to 50 in 2Ɵ with a step of 0.014, 

a rate of 20 deg / min and a step time of 21.49 s at 17 °C. 

Synthesis of cucurbit[6]uril hydrate CB[6] using HEDP. Glycoluril 1 (21.4 g, 0.15 mol), HEDP 

(61.8 g, 0.30 mol) and 120 ml of water were added to a 250 mL round-bottomed flask equipped with a mag-

netic stir bar. The mixture was heated to 50 °C and then paraformaldehyde (9 g, 0.30 mol) was slowly added, 

allowing the solution to stir well. The viscous solution was allowed to stir for 30 min more until the solution 

set as a gel, which then was heated to 100 oC resulting in a rapid dissolution of the gel. The reaction mass 

was refluxed for 20 h at 100 oC. Then it was allowed to cool down to room temperature. The resulting pre-

cipitate was filtered off and washed with boiling water, after which it was dissolved in boiling 37 % HCl ac-

id. The resulting solution was cooled and left at 0 °C for a week for crystallization. The colorless hexagonal 

crystals of cucurbit[6]uril hydrate CB[6] with high purity were formed on the vessel walls. Substance CB[6] 

is white powder with a yield of CB[6] 6.3 g (25 %). T. of decomp. is more than 400 °C. IR spectrum, υ, 

cm−1: 3441 (Н2O), 2927 (CН), 1712 (C = O). 1Н NMR (400 MHz, F3CSO3H/D2O): δ = 5.82 (s. 12H, CН), 
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5.58 (d. J = 16.4, 12H, CН2), 4.63 (d. J = 16.6, 12H, CН2). 13C NMR (101 MHz, F3CSO3H/D2O): δ = 160.21 

(C=O), 72.71 (CН), 52.04 (CН2). 

The obtained CB[6] powder was treated with hot acetone, where the clathrate of hydrate of the cucur-

bit[6]uril with acetone CB[6]A [19] was obtained in a yield of 6.1 g (23 %). The substance CB[6]A is practi-

cally insoluble in concentrated boiling acids HCl, H2SO4 and hardly soluble in F3CSO3H. T. of decomp. is 

more than 400 °C. IR spectrum, υ, cm−1: 3503 (Н2O), 2998 (CН3), 2933 (CН), 1730 (C=O). 1Н NMR 

(400 MHz, F3CSO3H/D2O): δ = 5.81 (d. J = 5.6, 12H, CН), 5.56 (d. J = 13.9, 12H, CН2), 4.61 (d. J = 14.5, 

12H, CН2), 2.67 (s, 3H, CН3). 13C NMR (101 MHz, F3CSO3H/D2O): δ = 198.49 (C=Oacetone), 160.11 (C=O), 

72.68 (CН), 51.87 (CН2), 29.97 (CН3 acetone). 

Results and Discussion 

The reaction (Scheme 1) of glycoluril 1 and paraformaldehyde in a ratio of 1:2 was carried out with the 

traditional procedure [19], but HEDP was used as a catalyst in two equivalents relative to substrate 1. It was 

suggested [28] that HEDP promoted more efficient transfer of glycoluril 1 into solution, which significantly 

accelerated the condensation reaction. In the process of carrying out the synthesis of CB[6] upon heating, the 

reaction mass was homogenized after 5 minutes. Then, after 20 minutes of reaction, a precipitate formed. 

These are intermediate oligomers 2a‒c of the cucurbit[6]uril CB[6] synthesis [18], the proposed structures of 

which are shown in Scheme 2. 

 

Scheme 2. Formation of cucurbit[6]uril CB[n] by stepwise oligomerization 

The reaction mixture was heated for 20 hours and then left to stand in a cold place overnight to crystal-

lize the precipitate, which was isolated and washed with hot water. When the washing solution was cooled, 

precipitates of intermediate oligomers 2a‒c precipitated. According to the NMR results of the reaction mix-

ture, glycoluril 1 reacted completely. 

In the 1H NMR spectrum (DMSO-d6) of oligomers 2a‒c, there are multiplets of the main signals of the 

structure, namely chemical shifts of NH-groups are found at δ 7.68–7.99 ppm, signals of protons of the me-

thine group CH–CH are resonated at δ 5.26–5.60 ppm, and the chemical shifts of the protons of the meth-

ylene N-CH2-N groups are at δ 4.24–4.90 ppm (Fig. 2, а). 
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а) 1H NMR spectrum of oligomers 2a‒c b) 13C NMR spectrum of oligomers 2a‒c 

Figure 2. The NMR spectra of oligomers 2a‒c in DMSO-d6 

In the 13C NMR spectrum (DMSO-d6) of oligomers 2a‒c, chemical shifts are observed at δ 

51.8‒52.3 ppm, δ 64.7‒70.6 ppm and δ 155.2‒158.3 ppm, which refer to carbon atoms of N-CH2-N, CH-CH 

and C=O, respectively (Fig. 2, b). In the IR spectrum of oligomers 2a‒c there are characteristic absorption 

bands indicating the linearity of the structure of the obtained substances, namely the band at 3231 cm–1 cor-

responds to NH-groups and the band at 1673 cm–1 corresponds to amide C=O-groups. 

The formation of acyclic structures 2a‒c shows that HEDP acts as a trigger for the formation of a linear 

platform for further thermodynamically cyclization to cucurbit[n]urils CB[n] in an aqueous medium. The 

obtained cucurbit[6]uril CB[6] and non-cyclized oligomers with a high molecular weight are equally insolu-

ble in water, which makes it difficult to isolate CB[6] from the aqueous medium. In the IR spectrum of the 

final precipitate, characteristic absorption bands of C=O-groups of non-cyclized oligomers (1675 cm‒1) and 

C=O-groups of cucurbit[6]uril CB[6] (1714 cm‒1) are observed. The characteristic absorption band of C=O-

groups of cucurbit[6]uril CB[6] is shifted to short-wavelength region due to the resonance of the negative 

charge of the carbamide group of the cavity of cucurbit[6]uril CB[6]. 

Isolation and purification of cucurbit[6]uril CB[6] was carried out in accordance with the procedure 

[19]. The separated precipitate was dissolved in boiling 37 % acid HCl and left in the cold place. After a 

week, colorless hexagonal crystals of cucurbit[6]uril CB[6] hydrate were obtained. 

Due to the low solubility of cucurbit[6]uril CB[6], NMR spectra were recorded in a trifluoromethane-

sulfonic acid solution (Fig. 3a, b). 

 

  
a) 1H NMR spectrum of CB[6] b) 1H NMR spectrum of CB[6] 

Figure 3. The NMR spectra of CB[6] in F3CSO3H 

The recorded NMR spectra of the substance CB[6] (Fig. 3a, b), in general, are identical to those previ-

ously recorded in the solvent DCl [18, 19]. 

We additionally analyzed the phase composition of the isolated crystals of cucurbit[6]uril hydrate 

CB[6] by the powder X-ray diffraction (XRD) (Fig. 4). XRD analysis showed that the type of crystal lattice 

and phase composition of crystals of cucurbit[6]uril hydrate CB[6] obtained in the presence of HEDP was 

(ppm) (ppm) 

(ppm) (ppm) 
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identical to crystals of cucurbit[6]uril hydrate CB[6]*4.66 H2O [19], which were synthesized in the presence 

of HCl acid as a catalyst. 
 

 

Figure 4. XRD of powder crystals of the isolated hydrate cucurbit[6]uril CB[6] structure (red line)  

and the corresponding theoretical picture of hydrate cucurbit[6]uril, (black line) 

The clathrate of cucurbit[6]uril with acetone CB[6]A was obtained by treating the substance CB[6] 

with hot acetone. Substance CB[6]A is insoluble in concentrated acids HCl, H2SO4 and slightly soluble in 

F3CSO3H acid. The structure of CB[6]A was investigated by IR- and NMR spectroscopy (Fig. 5а, b). 

 

  
a) 1H NMR spectrum of CB[6]A b) 1H NMR spectrum of CB[6]A 

Figure 5. The NMR spectra of CB[6]А in F3CSO3H 

Previously, a similar clathrate [19], was described using X-ray diffraction analysis, the structure of 

which was a composition of one CB[6] per one acetone and eight water molecules. In our case, according to 

NMR data, the ratio of CB[6] and acetone molecules was also 1:1 in the clathrate. In the NMR spectra 

(Fig. 5a, b) of the clathrate CB[6]A, in addition to the main chemical shifts of cucurbit[6]uril CB[6], there 

are chemical shifts of acetone. 

“Guest-host” interactions in cucurbit[n]uril chemistry have been studied in detail [11], and ion-dipole 

and dipole-dipole interactions are considered as the main driving forces for binding various guests (acetone) 

with CB[6]. Dipole-dipole interactions are shown in NMR spectra, where in the 13C NMR spectrum the peak 

of the C=O group of acetone is shielding by an average of 8 ppm (Fig. 5b), and in the 1H NMR spectrum the 

chemical shift of the CH3-groups of acetone is deshielding by an average of 0.3 ppm (Fig. 5a), relative to 

chemical shifts of a free acetone molecule. 

Conclusions 

Thus, HEDP has been first used in the synthesis of cucurbit[6]uril as a catalyst for “green chemistry” in 

an aqueous medium. It has been shown that HEDP not only forms linear structures, but also cyclizes oligo-

mers into cucurbit[n]urils, where the most probable and stable hexamer of cucurbituril (n = 6) is obtained in 

25 % yield. 

(ppm) (ppm) 
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The reaction of glycoluril with paraformaldehyde in the presence of HEDP can be used as a competitive 

method for the synthesis of cucurbit[6]uril. The advantages of using HEDP are in the “green” synthesis con-

ditions and in the rapidity of the formation of the crystal structure of cucurbit[6]uril CB[6] hydrate, however, 

at the purification stage it is necessary to use mineral acids to separate linear products with similar solubility 

in water. 
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С.Ю. Паншина, А.А. Бакибаев, А.Н. Гусляков, В.С. Малков 

Кукурбит[6]урилдің синтезі 1-гидроксиэтан-1,1-дифосфон қышқылын  

«жасыл катализатор» ретінде пайдалану  

Гетероциклді қосылыстар химиясында гликолурил (2,4,6,8-тетрааазабицикло[3.3.0]октан-3,7-дион) 

және оның туындылары ерекше орын алады. Атап айтқанда, гликолурилдің макроциклді туындылары, 

кукурбит[n]урилдер, өзінің бірегей қасиеттеріне байланысты соңғы уақытта үлкен қызығушылық 

тудырды. Кукурбит[n]урилдер әдетте катализатор ретінде күшті минералды қышқылдарды пайдалана 

отырып, гликолурилдің параформальдегидпен конденсациялану реакциясы арқылы синтезделеді. 

Жақында бірқатар зерттеулер 1-гидроксиэтан-1,1-дифосфон қышқылының (ОЭДФ) гетероциклизация 

реакцияларында ыңғайлы «жасыл» катализатор екенін дәлелдеді. Бұл жұмыста сулы ортадағы «жасыл 

химия» катализаторы ретінде кукурбит[6]урил синтезінде 1-гидроксиэтан-1,1-дифосфон қышқылы 

алғаш рет қолданылған. Гликолурил мен параформальдегидтің катализатор ретінде екі эквивалентті 1-

гидроксиэтан-1,1-дифосфон қышқылымен 1:2 қатынасында реакциясы жүргізілді, мұнда 25 % 

шығымда кукурбитурил гексамер (n = 6) алынды. ОЭДФ қатысуымен гликолурилдің 

параформальдегидпен реакциясы кукурбит[6]урил синтезі үшін бәсекегеқабілетті әдіс ретінде 

пайдаланылуы мүмкін. Оқшауланған кукурбит[6]урил гексамеры ацетонмен өңделіп, «Қонақ-

қожайын» әрекеттесуі арқылы қосылыс алынды. Алынған қосылыстардың құрылымы ЯМР және ИҚ 

спектроскопиясы арқылы дәлелденді. Кукурбит[6]урил гидратының оқшауланған кристалдарының 

фазалық құрамы ұнтақ рентгендік дифракциямен (РФТ) сипатталды. РФТ талдауы кристалдық тордың 

түрі мен 1-гидроксиэтан-1,1-дифосфон қышқы қатысуымен алынған кукурбит[6]урил гидрат 

кристалдарының фазалық құрамы классикалық әдістермен синтезделген кукурбит[6]урил гидратының 

кристалдарымен бірдей екенін көрсетті. 

Кілт сөздер: кукурбит[6]урил, 1-гидроксиэтан-1,1-дифосфон қышқылы, гликолурил, параформаль-

дегид, ЯМР, «жасыл» катализатор, олигомер, «Қонақ-қожайын» әрекеттесуі. 
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С.Ю. Паншина, А.А. Бакибаев, А.Н. Гусляков, В.С. Мальков 

Синтез кукурбит[6]урила с использованием 1-гидроксиэтан-1,1-дифосфоновой 

кислоты в качестве «зеленого» катализатора 

В химии гетероциклических соединений особое место занимают гликолурил (2,4,6,8-тетраааза-

бицикло[3.3.0]октан-3,7-дион) и его производные. Особенно в последнее время наибольший интерес 

вызывают макроциклические производные гликолурила — кукурбит[n]урилы, что связано с их уни-

кальными свойствами. Кукурбит[n]урилы обычно синтезируют реакцией конденсации гликолурила с 

параформальдегидом с использованием сильных минеральных кислот в качестве катализатора. Со-

всем недавно в ряде работ было показано, что 1-гидроксиэтан-1,1-дифосфоновая кислота (ОЭДФ) ока-

залась удобным «зеленым» катализатором в реакциях гетероциклизации. В настоящей работе нами 

впервые была использована 1-гидроксиэтан-1,1-дифосфоновая кислота в синтезе кукурбит[6]урила в 

качестве катализатора «зеленой» химии в водной среде. Проведена реакция гликолурила и парафор-

мальдегида в соотношении 1:2 с двумя эквивалентами 1-гидроксиэтан-1,1-дифосфоновой кислоты в 

качестве катализатора, где гексамер кукурбитурила (n = 6) получен с выходом 25 %. Реакцию глико-

лурила с параформальдегидом в присутствии ОЭДФ можно использовать как конкурентный метод 

синтеза кукурбит[6]урила. Выделенный гексамер кукурбит[6]урила обрабатывали ацетоном, с полу-

чением соединения по типу взаимодействия «гость–хозяин». Строение полученных соединений дока-

зано методами ЯМР и ИК-спектроскопии. Фазовый состав выделенных кристаллов кукур-

бит[6]урилгидрата охарактеризован методом порошковой рентгенографии (РФА). РФА анализ пока-

зал, что тип кристаллической решетки и фазовый состав кристаллов гидрата кукурбит[6]урила, полу-

ченных в присутствии ОЭДФ, идентичны кристаллам гидрата кукурбит[6]урила, синтезируемым 

классическими методами. 

Ключевые слова: кукурбит[6]урил; 1-гидроксиэтан-1,1-дифосфоновая кислота; гликолурил; парафор-

мальдегид; ЯМР; «зеленый» катализатор, олигомер, взаимодействия «гость–хозяин». 
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Temperature and Salt Responsivity of Anionic, Cationic and Amphoteric Nanogels 

Based on N-Isopropylacrylamide, 2-Acrylamido-2-Methyl-1-Propanesulfonic Acid 

Sodium Salt and (3-Acrylamidopropyl) Trimethylammonium Chloride 

Three different nanogels possessing anionic, cationic and amphoteric character were synthesized via conven-

tional redox initiated free radical copolymerization of N-isopropylacrylamide (NIPAM), 2-acrylamido-2-

methyl-1-propanesulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium chloride 

(APTAC). The negatively charged [NIPAM]:[AMPS] = 90:10 mol.%, positively charged [NIPAM]:[APTAC] = 

= 90:10 mol.%, and charge-balanced amphoteric nanogels [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% ab-

breviated as NIPAM90-AMPS10, NIPAM90-APTAC10, and NIPAM90-APTAC5-AMPS5, respectively, were 

characterized by FTIR spectroscopy, TGA, UV-Vis spectroscopy and DLS measurements. The temperature 

and salt responsive properties of nanogels in aqueous and aqueous-salt solutions were studied in the tempera-

ture range of 25–60 °C and ionic strength (µ) of 0.001–1.0 M NaCl. Anionic NIPAM90-AMPS10 and cationic 

NIPAM90-APTAC10 nanogels, exhibit a pronounced polyelectrolyte effect in aqueous-salt solution due to 

screening of the negative or positive charges by low-molecular-weight salt. Whereas the charge-balanced 

amphoteric nanogel NIPAM90-APTAC5-AMPS5 exhibits an antipolyelectrolyte effect due to the screening of 

electrostatic attraction between opposite charges by low-molecular-weight salt. The difference between the 

temperature-dependent behaviors of anionic, cationic and amphoteric nanogels is explained by shrinking 

(polyelectrolyte effect) and expanding (antipolyelectrolyte effect) of macromolecular chains in aqueous-salt 

solutions. 

Keywords: polyampholyte nanogels, poly-N-isopropylacrylamide, ionic monomers, volume phase transition 

temperature, amphoteric nanogel, anionic nanogel, cationic nanogel. 

 

Introduction 

Nanogels are three-dimensional structures that have the properties of both nanomaterials and hydro-

gels [1]. The main advantages of nanogels are their small size (from 1 to 100 nm), high degree of swelling in 

water, high stability, biodegradability, adjustable toxicity, stimuli-sensitivity etc. [2–6]. 

Thermoresponsive nanogels respond to changes in ambient temperature. The temperature at which the 

nanogel acquires the largest and sharpest change in hydrodynamic diameter due to swelling/deswelling is 

called the volume phase transition temperature (VPTT). Nanogel swells in water at temperatures below 

VPTT, and shrinks at temperatures above VPTT [7, 8]. Hydrophobic fragments attached as side chains in the 

main chain impart thermoresponsive properties to the nanogel [1]. For example, Judah et. al. synthesized 

nanogels based on NIPAM, N-hydroxyethylacrylamide and N-acryloyl-l-proline by high dilution radical 

polymerization using DMSO as a solvent. The temperature-responsive properties have been studied in vari-

ous buffer media and their dependence on the chemical structure of the polymer network has been proven. A 

slight change in the chemical structure of the side chains of monomers from branched isopropyl groups to 

linear propyl groups leads to a decrease in the VPTT value by about 10oC [9]. 

The most common thermoresponsive polymer is poly-N-isopropylacrylamide (PNIPAM), which con-

tains in structure hydrophilic amide and hydrophobic isopropyl groups [10]. NIPAM-based nanogels can be 

modified by incorporating various comonomers and cross-linking agents, which can reduce or increase 

VPTT [11]. Copolymerization of NIPAM and various ionic monomers makes it possible to obtain ther-

moresponsive nanogels with increased VPTT [12, 13]. It is possible to control the VPTT and use the result-

ing nanogels for controlled drug release by modifying a PNIPAM-based nanogel with different amounts of 

https://doi.org/10.31489/2022Ch4/4-22-15
http://creativecommons.org/licenses/by-nc-nd/4.0/
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acrylic acid (AAc) [14]. The PNIPAM-co-AAc nanogels showed two volume phase transitions and the 

VPTT increased with AAc content. 

The authors [15] describe the synthesis of thermoresponsive nanogels based on NIPAM and allylacetic 

acid (AAA) by radical polymerization. The DLS data at various pH values demonstrate that the phase transi-

tion temperature of the microgel shifts towards higher temperatures with an increase in the amount of 

comonomer AAA. 

Zhou et. al. synthesized nanogels based on NIPAM and strongly ionic 2-acrylamido-2-methyl-1-

propanesulfonic acid sodium salt (AMPS) by precipitation polymerization in the presence of Fe3O4. The re-

sulting nanogels have thermoresponsive and paramagnetic properties, which allows them to be used as draw 

agents in forward osmosis [16]. 

In general, despite the progress in the field of synthesis and study of stimuli-responsive polymers, in-

formation on comparative study of thermo- and salt responsive polyelectrolyte and polyampholyte nanogels 

is limited. This article describes the synthesis and characterization of anionic, cationic and amphoteric nano-

gels based on N-isopropylacrylamide (NIPAM), (3-acrylamidopropyl) trimethylammonium chloride 

(APTAC) and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS). The volume phase transi-

tion behavior of nanogels was studied in aqueous and aqueous-salt solutions depending on the charge of ion-

ic monomers. 

Experimental 

Materials 

The following chemicals were used: N-isopropylacrylamide (NIPAM, 97 % purity), 2-acrylamido-2-

methylpropanesulfonic acid sodium salt (AMPS, 50 wt.%) and (3-acrylamidopropyl) trimethylammonium 

chloride (APTAC, 75 wt.%) as monomers; ammonium persulfate (APS, 98 % purity) and sodium metabisul-

fite (SMBS, 97 % purity) as redox initiator; sodium dodecyl sulfate (SDS, 99 % purity) as surfactant; N,N-

methylenebis(acrylamide) (MBAA, 99 % purity) as crosslinking agent; sodium chloride (NaCl) and dialysis 

tubing cellulose membrane (12–14 kDa) as further materials. All chemicals were purchased from Sigma-

Aldrich Chemical Co. and used as received. 

Methods 

Synthesis of nanogels based on NIPAM, APTAC and AMPS 

Nanogels NIPAM90-APTAC10, NIPAM90-AMPS10 and NIPAM90-APTAC5-AMPS5 were synthesized 

via conventional redox initiated free radical copolymerization. 

The required amounts of monomers (NIPAM, APTAC and (or) AMPS), MBAA and SDS, listed in Ta-

ble 1 were dissolved in deionized water with constant stirring. Further, the required amount of APS/SMBS 

redox system was added to the solution and stirred until complete dissolution. The solution with dissolved 

monomers, crosslinking agent, surfactant and redox system was transferred to a round bottom flask and heat-

ed on a water bath. Free radical copolymerization was carried out at 80 °C for 4 h in an inert atmosphere 

with constant stirring of the solution. The resulting solutions of nanogels of the indicated compositions were 

dialyzed against deionized water for 14 days to remove unreacted residues. 

T a b l e  1  

Ratios of NIPAM, APTAC and AMPS for nanogels synthesis 

Nanogel sample 
NIPAM,  

g 

APTAC,  

g 

AMPS,  

g 

APS, 

mg 

MBAA,  

g 

SMBS, 

mg 

SDS,  

g 

H2O, 

mL 

Yield, 

wt.% 

NIPAM90-APTAC10 0.83 0.225 – 50 0.125 

10 

0.35 97 90 

NIPAM90-AMPS10 0.815 – 0.367 30 0.123 0.23 97.5 72 

NIPAM90-APTAC5-AMPS5 0.735 0.099 0.165 30 0.11 0.23 98.5 70 

 

FTIR spectroscopy. Chemical structure of nanogels was characterized using Cary 660 FTIR spectrosco-

py (Agilent, USA). Before measurements, nanogels were freeze-dried for 24 h until moisture was removed. 

The FTIR spectra were measured at room temperature within the 700–4000 cm−1 wavenumber range. 

TGA analysis. Thermogravimetric analysis of nanogels was carried out using LabSys Evo device (Seta-

ram, France) in the temperature range 25–500 °C (heating rate is 10 °Cmin-1) in an inert atmosphere. The 

maximum decomposition temperature of the nanogels was determined from the differential thermal analysis 

(DTA) curve. 
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VPTT determination for NIPAM90-APTAC10, NIPAM90-AMPS10 and NIPAM90-APTAC5-AMPS5 nanogels 

in aqueous and aqueous-salt solutions. The method for determining the volume phase transition temperature 

was described in our previous studies [17, 18]. Experiments were carried out at  = 700 nm at a nanogel con-

centration of 0.1 wt.%, in the temperature range of 25–60 °C (0.5 °Cmin–1 heating rate). The VPTT of 

NIPAM90-AMPS10, NIPAM90-APTAC10 and NIPAM90-APTAC5-AMPS5 nanogels in NaCl solutions with 

 = 0.001; 0.01; 0.1; 0.5 and 1 M corresponds to the minimum points on the DTA curves. 

DLS measurements. Dynamic Light Scattering (DLS) data were obtained using Zetasizer Nano ZS 90 

(Malvern, UK) with a 633 nm laser beam. The mean hydrodynamic radius (Rh) was measured in a 0.1 wt.% 

solution of nanogels in the temperature range from 25 to 60 °C with an interval of 5 °C and at µ = 0.001; 0.1 

and 1 M NaCl. 

Results and Discussion 

Synthesis and characterization of NIPAM90-AMPS10, NIPAM90-APTAC10 and NIPAM90-APTAC5-AMPS5 

nanogels 

The NIPAM90-AMPS10, NIPAM90-APTAC10 and NIPAM90-APTAC5-AMPS5 nanogels were synthe-

sized via conventional redox initiated free radical copolymerization (Scheme 1). 

 

 

Scheme 1. Nanogels synthesized by free radical copolymerization of NIPAM, APTAC and AMPS monomers  

in the presence of MBAA 

The NIPAM90-AMPS10 and NIPAM90-APTAC10 nanogels contain either anionic or cationic monomers; 

NIPAM90-AMPS10 is negatively charged, while NIPAM90-APTAC10 is positively charged. The NIPAM90-

APTAC5-AMPS5 nanogel has an equal molar ratio of cationic (APTAC) and anionic (AMPS) monomers, 

therefore, it belongs to charge-balanced nanogel. 

FTIR analysis of the NIPAM90-AMPS10, NIPAM90-APTAC10 and NIPAM90-APTAC5-AMPS5 nanogels 

Figure 1 shows the FTIR spectra of the NIPAM90-APTAC10, NIPAM90-AMPS10 and NIPAM90-

APTAC5-AMPS5 nanogels. The broad absorption band in the region of 3290–3500 cm–1 corresponds to the 

secondary and tertiary amine groups, and the absorption bands in the region of 2800–3000 cm–1 correspond 

to the asymmetric and symmetric vibrations of CH groups. Intensive peaks at  =1640 and 1540 cm–1 belong 

to N-substituted groups (amide I and amide II). The S=O groups containing in AMPS fragments are detected 

at  =1040 cm-1.  
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Figure 1. FTIR spectra of the NIPAM90-APTAC10, NIPAM90-AMPS10 and NIPAM90-APTAC5-AMPS5 nanogels 

TGA and DTA data of the NIPAM90-AMPS10, NIPAM90-APTAC10 and NIPAM90-APTAC5-AMPS5 nano-

gels 

Figure 2 shows the thermogravimetric and differential thermal analysis data for nanogels from which 3 

regions can be defined.  

 

  

Figure 2. (a) TGA and (b) DTA curves of (1) NIPAM90-AMPS10; (2) NIPAM90-APTAC10;  

(3) NIPAM90-APTAC5-AMPS5 nanogels 

The sample mass is lost at >100 °C, probably due to the evaporation of physically adsorbed moisture. 

The weight loss between 250–300 °C is probably due to the decomposition of NIPAM fragments. Complete 

thermal decomposition of nanogels occurs in the temperature range of 410–420 °C. The thermal stability of 

nanogels changes in the following order: NIPAM90-APTAC5-AMPS5 > NIPAM90-AMPS10 > NIPAM90-

APTAC10. This demonstrates that the charge-balanced nanogel is more stable than the anionic and cationic 

ones. 
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Volume Phase Transition Behavior (VPTB) of NIPAM90-AMPS10 and NIPAM90-APTAC10 nanogels in 

aqueous and aqueous-salt solutions 

Figures 3, 4 show the effect of temperature and salt additive on the phase behavior of the anionic 

NIPAM90-AMPS10 and cationic NIPAM90-APTAC10 nanogels. Since the NIPAM90-AMPS10 and NIPAM90-

APTAC10 nanogels are anionic and cationic polyelectrolytes, the addition of a salt leads to the screening of 

electrostatic repulsion between uniformly charged groups respectively. As a result, the macromolecular 

chains tend to shrink. However, there are no changes in the phase behavior of the NIPAM90-AMPS10 nanogel 

and the transmittance remain constant at ionic strengths µ = 0.001–0.01 M. Only starting from µ = 0.1 M 

NaCl the polyelectrolyte effect is suppressed and the value of VPTT is equal to 42.1 °C (Fig. 3, Table 2). As 

a further increase in the ionic strength to µ = 0.5 and 1 M NaCl, the VPTT values of NIPAM90-AMPS10 de-

crease and amount to 36.2 and 31.3 °C, respectively. The VPTT value at µ = 1 M is less than the LCST of 

pure PNIPAM, which is ~33 °C. It is likely that, at high NaCl concentrations, the screening of electrostatic 

repulsion between negatively charged AMPS groups is so effective that the phase behavior and solubility of 

NIPAM90-AMPS10 nanogel is determined by NIPAM90 fragments. In case of NIPAM90-APTAC10 nanogel 

the ionic strength in the range of µ = 0.001–0.1 M NaCl does not significantly change the phase behavior of 

the NIPAM90-APTAC10 nanogel and the values of VPTT are equal to 46.4, 47.7, and 45.2 °C, respectively 

(Fig. 4, Table 2). Even further increase of the ionic strength up to µ = 0.5 and 1 M slightly changes the solu-

bility and phase behavior of the NIPAM90-APTAC10 nanogel. This is probably due to the stronger polyelec-

trolyte character of NIPAM90-APTAC10 nanogel compared to NIPAM90-AMPS10 and its less salt-sensitivity. 

An increase in temperature enhances inter- and intramolecular hydrophobic interactions between NIPAM90 

fragments, thereby causing a shift in the VPTT towards lower temperatures, that are equal to 41.8 and 

35.9 °C, respectively. 
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Figure 3. Effect of temperature and ionic strength (µ)  

on transmittance of NIPAM90-AMPS10 nanogel 

Figure 4. Effect of temperature and ionic strength (µ)  

on transmittance of NIPAM90-APTAC10 nanogel 

T a b l e  2  

The effect of the ionic strength on the volume phase transition temperature of NIPAM90-AMPS10,  

NIPAM90-APTAC10 and NIPAM90-APTAC5-AMPS5 nanogels 

Nanogel 

Ionic strength, µ, mol·L-1 (NaCl) 

0 0.001 0.01 0.1 0.5 1.0 

Volume phase transition temperature, VPTT, oС 

NIPAM90-AMPS10 – – – 42.1 36.2 31.3 

NIPAM90-APTAC10 48 46.4 47.7 45.2 41.8 35.9 

NIPAM90-APTAC5-AMPS5 40.4 39.2 40.4 47.8 45.1 38.3 
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Thus, NIPAM90-AMPS10 and NIPAM90-APTAC10 nanogels exhibit a strong polyelectrolyte effect and 

only at higher ionic strength µ > 0.1 M NaCl the polyelectrolyte effect is suppressed due to screening of the 

electrostatic repulsion between uniformly charged groups by low-molecular-weight electrolytes. 

Volume Phase Transition Behavior (VPTT) of charge-balanced NIPAM90-APTAC5-AMPS5 nanogel in 

aqueous-salt solutions 

Figure 5 shows the effect of temperature and ionic strength on the phase behavior of the charge-

balanced NIPAM90-APTAC5-AMPS5 nanogel. At ionic strengths equal to µ = 0.001 and 0.01, the phase tran-

sition temperatures are equal to 39.2 °C and 40.4 °C and shift towards higher temperatures, respectively. The 

reason for this phenomenon is the demonstration of the antipolyelectrolyte effect, in which there is a gradual 

destruction of ionic contacts between the APTAC and AMPS monomers due to the screening of the electro-

static attraction between oppositely charged fragments by low-molecular-weight salts. The antipolyelectro-

lyte effect is characterized by the unfolding (swelling) of macromolecules of charge-balanced polyampho-

lytes in a quasi-neutral state in a low-molecular-weight salt solution due to screening of the electrostatic at-

traction of oppositely charged fragments. 

A further increase in ionic strength shifts the VPTT to maximal value 47.8 °C at µ = 0.1 M. The VPTT 

values decrease to 45.1 and 38.3 °C at µ = 0.5 and 1 M respectively. At extremely high ionic strengths 

(µ = 0.5 and 1 M), the charged macromolecules approach neutrality due to a sufficient number of counteri-

ons, therefore, complete screening of opposite charges. In addition, probably there is a “salting out” effect of 

ionic groups, which leads to a decrease of VPTT. Under these conditions, NIPAM90 fragments determine the 

solubility and phase behavior of the charge-balanced NIPAM90-APTAC5-AMPS5 nanogel. 

It should be noted that at µ ˃ 0.1 M, a smaller change in the turbidity of the NIPAM90-APTAC5-AMPS5 

solution observed than when the nanogel is in solutions with a lower concentration of salt. This is due to the 

dependence of light scattering on the size, density of individual particles and the increase in temperature at 

which particles stick together, hence the change in transmittance. 
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Figure 5. Effect of temperature and ionic strength (µ) on transmittance  

of the nanogel NIPAM90-APTAC5-AMPS5 

Thus, the addition of a low-molecular-weight salt promotes an increase in the hydrophilicity of ionic 

groups of the charge-balanced NIPAM90-APTAC5-AMPS5 nanogel due to the antipolyelectrolyte effect, as 

well as an increase in the hydrophobicity of NIPAM due to enhancement of inter- and intramolecular hydro-

phobic interactions. An increase in temperature reduces the quality of water in relation to NIPAM90 frag-

ments, causing phase separation. 

The mean hydrodynamic radius (Rh) of NIPAM90-AMPS10 and NIPAM90-APTAC10 nanogels in aqueous-

salt solutions 

The mean hydrodynamic radius was measured in a 0.1 wt.% solution of NIPAM90-AMPS10 and 

NIPAM90-APTAC10 nanogels in the temperature range from 25 to 50 °C with an interval of 5 °C in deionized 

water and in NaCl solutions with µ = 0.001; 0.1 and 1 M. 

The dependence of the average hydrodynamic particle size of the NIPAM90-AMPS10 nanogel on tem-

perature and ionic strength is shown in Figure 6. It was previously described that the ionic strength equal to 

µ = 0.001 M does not affect the phase behavior of the nanogel, the transmittance remains constant (Fig. 3). 

Therefore, an increase of temperature does not affect the nanogel particle size, in the temperature range of 
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25–50 °C in 0.001 M NaCl solution Rh is ~10–20(±1) nm (Fig. 6a). At µ = 0.1 M and temperatures of 25–

35 °C, there are particles with sizes of ~12(±0.5), 60(±1) and 100(±5) nm (Fig. 6b). The VPTT of the nano-

gel in a 0.1 M NaCl solution is 42.1 °C (Table 2); upon reaching 40 °C, in addition to particles with a size of 

~12(±0.5) nm, the aggregation of nanogel particles is observed and Rh increases up to 300(±5) nm. At 45 and 

50 °C, the Rh particle size is ~250(±2) and 300(±5) nm, respectively. 

At 25 °C and ionic strength µ = 1 M, the particle size is ~15(±1) nm (Fig. 6c). Raising the temperature 

to 30 °C causes the aggregation of nanoparticles and their size Rh is 240(±5) nm. The VPTT of the 

NIPAM90-AMPS10 nanogel in 1 M NaCl is 31.3 °C (Table 2), therefore, an increase in size up to ~550(±10) 

nm at 35–40 °C is observed. A further increase in temperature to 45–50 °C leads to a decrease in the particle 

size to 310–420(±5) nm; probably, the formed nanogel aggregates begin to shrink. 
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Figure 6. Effect of temperature and ionic strength (µ) on the mean hydrodynamic radius (Rh)  

of NIPAM90-AMPS10 at µ = (a) 0.001, (b) 0.1 and (c) 1.0 
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Figure 7. Effect of temperature and ionic strength (µ) on the mean hydrodynamic radius (Rh)  

of NIPAM90-APTAC10 at µ = (a) 0.001, (b) 0.1 and (c) 1.0 
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The effect of temperature and salt additive on the average hydrodynamic particle size of the NIPAM90-

APTAC10 nanogel is shown in Figure 7. At ionic strength µ = 0.001 and 0.1 M and in the temperature range 

of 25–35 °C, the particle size Rh is ~15(±2), 115(±5) nm (Fig. 7a, 7b). An increase of temperature to 40 °C 

leads to a decrease in the size of Rh particles to ~10(±0.5) and 60(±5) nm. At 45 and 50 °C, temperatures 

close to VPTT (Table 2), the particle size distribution becomes monomodal and have values ~ 95(±1) nm in 

0.001 M NaCl solution and ~ 60(±1) nm in 0.01 M. In solutions with ionic strength µ = 1 M at room temper-

ature, the Rh is ~10(±0.5) and 90(±0.5) nm (Fig. 7c). With a further increase in temperature from 30 to 50 °C, 

the average Rh values are in the range of 60–70 (±5) nm; therefore, at temperatures close to the VPTT, no 

significant changes in size occur. 

The mean hydrodynamic radius (Rh) of NIPAM90-APTAC5-AMPS5 nanogel in aqueous and aqueous-salt 

solutions 

The mean hydrodynamic size of NIPAM90-APTAC5-AMPS5 was measured in a 0.1 wt.% solution of 

nanogel in the temperature range from 25 to 50 °C with an interval of 5 °C in deionized water and in NaCl 

solutions with µ = 0.001; 0.1 and 1 M (Fig. 8). 

A particle size of ~ 18(±1) nm is observed in solution with an ionic strength of µ = 0.001 M at 25 °C 

(Fig. 8a). An increase in the ionic strength to µ = 0.1 and 1 M leads to the appearance of particles with sizes 

of ~10, 45 and 90 (±1) nm. Most likely, the appearance of large particles leads to the determination of the 

antipolyelectrolyte effect, due to unfolding of macromolecules and the aggregation of nanogel particles oc-

curs. 
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Figure 8. Effect of temperature and ionic strength (µ) on the mean hydrodynamic radius (Rh)  

of NIPAM90-APTAC5-AMPS5: µ = (a) 0.001, (b) 0.1 and (c) 1.0 

An increase in temperature promotes the aggregation of nanogels. Aggregates with Rh~560–600 

(±10) nm formed in 0.001 M NaCl solution at 35 and 40 °C. Under these conditions, the hydrophobicity of 

the NIPAM regions prevails over the antipolyelectrolyte effect. In a 0.1 M salt solution at 47.8 °C, a bulk 

phase transition observed (Fig. 8b). An increase of temperature directly proportionally affects the aggrega-

tion of nanogel particles, reaching a maximum at 45.1 °C. A further increase in temperature does not affect 

the size and structure of nanogel particles. As the ionic strength increases, the opposing AMPS and APTAC 

blocks electrostatically screened. A bulk phase transition observed by NIPAM fragments at µ = 1 M, since 

the antipolyelectrolyte effect is suppressed (Fig. 8c). The increase in nanogel particles size remained colloi-

dal stable above the VPTT. 
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Conclusions 

Polyelectrolyte NIPAM90-AMPS10, NIPAM90-APTAC10 and polyampholyte NIPAM90-APTAC5-AMPS5 

nanogels were obtained via conventional redox initiated free radical copolymerization with N,N-methylene-

bis(acrylamide) (MBAA) as a crosslinking agent. 

The effect of ionic monomers on the volume phase transition behavior of nanogels based on the results 

of UV-Vis and DLS measurements was studied. Negatively and positively charged nanogels NIPAM90-

AMPS10 and NIPAM90-APTAC10 demonstrate a volume phase transition at ionic strengths equal to or higher 

than 0.1 M NaCl due to the presence of polyelectrolyte effect. The volume phase transition temperature 

(VPTT) of the amphoteric nanogel NIPAM90-APTAC5-AMPS5 increases with the addition of salt, which can 

be explained by the antipolyelectrolyte effect. With an increase in ionic strength, the general hydrophobi-

zation of macromolecular chains occurs and, as a result, the VPTT of NIPAM90-APTAC5-AMPS5 decreases. 
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А.Е. Аязбаева, А.В. Шахворостов, С.Е. Құдайбергенов 

N-изопропилакриламид, 2-акриламидо-2-метил-1-пропансульфон қышқылы 

натрий тұзы және (3-акриламидопропил)триметиламмоний хлориді негізіндегі 

анионды, катионды және амфотерлі наногельдердің температураға  

және тұзға сезімталдығы 

N-изопропилакриламид (НИПАМ), 2-акриламидо-2-метилпропансульфонат натрий тұзы (АМПС) 

және 3-акриламидопропилтриметиламмоний хлориді (АПТАХ) негізінде бос радикалды сополимер-

леу арқылы аниондық, катиондық және амфотерлік сипаттағы үш түрлі наногельдер синтезделді. 

Теріс зарядталған [НИПАМ]:[АМПС] = 90:10 моль.%, оң зарядталған [НИПАМ]:[АПТАХ] = 

= 90:10 моль.% және амфотерлік заряд теңестірілген [НИПАМ]:[АПТАХ]:[АМПС] = 90:5:5 моль.%, 

тиісінше NIPAM90-AMPS10, NIPAM90-APTAC10 және NIPAM90-APTAC5-AMPS5 деп қысқартылған 

наногельдері ИК спектроскопиясы, ТГА, УФ-көрінетін спектроскопиясы және ДЛС өлшемдерімен 

сипатталды. Наногельдердің су және тұз ерітінділеріндегі температура мен тұзға сезімталдық 

қасиеттері 25–60 °C температура диапазонында және иондық күші (µ) 0.001–1.0 М NaCl аралығында 

зерттелді. Аниондық NIPAM90-AMPS10 және катиондық NIPAM90-APTAC10 наногельдері төмен 

молекулалық салмақ тұзымен теріс немесе оң зарядты скринингке байланысты тұз ерітіндісінде айқын 

полиэлектролиттік әсер көрсетеді. Зарядпен теңестірілген амфотерлік наногель NIPAM90-APTAC5-

AMPS5 төмен молекулалық салмақты тұзбен қарама-қарсы зарядтар арасындағы электростатикалық 

тартылысты қорғауға байланысты антиполиэлектролит әсерін көрсетеді. Аниондық, катиондық және 

амфотерлік наногельдердің температураға тәуелді әрекетінің айырмашылығы тұз ерітінділеріндегі 

макромолекулярлық тізбектердің қысылуымен (полиэлектролиттік әсер) және кеңеюімен (антиполи-

электролиттік әсер) түсіндіріледі. 

Кілт сөздер: полиамфолит наногельдер, поли-N-изопропилакриламид, иондық мономерлер, көлемдік 

фазалық ауысу температурасы, амфотерлік наногель, анионды наногель, катионды наногель. 

 

 

А.Е. Аязбаева, А.В. Шахворостов, С.Е. Кудайбергенов 

Температурная и солевая чувствительность анионного, катионного  

и амфотерного наногелей на основе N-изопропилакриламида,  

натриевой соли 2-акриламидо-2-метил-1-пропансульфоновой кислоты  

и (3-акриламидопропил)триметиламмоний хлорида 

Три различных наногеля, обладающих анионным, катионным и амфотерным характером, были синте-

зированы с помощью обычной свободнорадикальной сополимеризации N-изопропилакриламида 

(НИПАМ), натриевой соли 2-акриламидо-2-метил-1-пропансульфоновой кислоты (АМПС) и (3-акрил-

амидопропила) триметиламмоний хлорида (АПТАХ). Отрицательно заряженный [НИПАМ]:[АМПС] = 

= 90:10 мол.%, положительно заряженный [НИПАМ]:[АПТАХ] = 90:10 мол.% и амфотерный со сба-

лансированным зарядом [НИПАМ]:[АПТАХ]:[АМПС] = 90:5:5 мол.% наногели, сокращенно 

NIPAM90-AMPS10, NIPAM90-APTAC10 и NIPAM90-APTAC5-AMPS5, соответственно, были охарактери-

зованы с помощью ИК-спектроскопии, ТГА, УФ-видимой спектроскопии и измерений ДЛС. Темпера-

турные и солечувствительные свойства наногелей в водных и водно-солевых растворах изучали в ин-

тервале температур 25–60 °С и ионной силы (µ) 0.001–1.0 М NaCl. Анионный НИПАМ90-АМПС10 и 

катионный НИПАМ90-АПТАХ10 наногели проявляют выраженный полиэлектролитный эффект в вод-

но-солевом растворе за счет экранирования отрицательного или положительного заряда низкомолеку-

лярной солью. В то время как заряд-сбалансированный амфотерный наногель NIPAM90-APTAC5-

AMPS5 проявляет антиполиэлектролитный эффект за счет экранирования электростатического притя-

жения между противоположными зарядами низкомолекулярной солью. Различие в температурно-

зависимом поведении анионного, катионного и амфотерного наногелей объясняется сжатием (поли-
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электролитный эффект) и расширением (антиполиэлектролитный эффект) макромолекулярных цепей 

в водно-солевых растворах. 

Ключевые слова: полиамфолитные наногели, поли-N-изопропилакриламид, ионные мономеры, темпе-

ратура объемно-фазового перехода, амфотерный наногель, анионный наногель, катионный наногель. 
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Synthesis and Antibacterial Activity of Hydrazones of Isonicotinic and Salicylic Acids 

Based on Acetyl Derivatives of Coumarin and Benzo[g][1,3,5]Oxadiazocine 

In recent decades, the efforts of many researchers in the sphere of organic chemistry, physics and pharmacol-

ogy have been focused on the search for new agents with pronounced antibacterial and especially antifungal 

activity. This is due to the widespread increase in the resistance of many bacterial strains and fungi to antibi-

otics and antifungal drugs available in medical practice. In this regard, the number of works related to the 

synthesis of new potential antibiotics from the most diverse class of organic derivatives, which either include 

known pharmacophore groups or represent a new structural class of compounds with unknown and unex-

plored activity, is increasing in the scientific literature. In this work, new previously undescribed hydrazones 

derivatives were obtained on the basis of physiologically active isonicotinic and salicylic acid hydroxides and 

laboratory-available acetyl-substituted heterocycles, namely 3-acetyl-2H-chromen-2-one 3,2-acetyl-3H-

benzo[f]chromen-3-one 4 and 2,6-methanobenzo[g][1,3,5]oxadiazocine 5. The obtained hydrazones structure 

is explicitly proved by IR and 1H, 13C NMR spectroscopy data. The synthesized six new hydrazones under-

went biological screening for antibacterial and antifungal activity on strains of microorganisms, namely 

gram-positive bacterium Staphylococcus aureus 209P, gram-negative bacterium Pectobacterium carotovorum 

VKM-B1247, and yeast-like fungus Candida albicans ATCC 10231. Screening revealed three compounds 

with antimicrobial activity and one promising compound — (E)-2-hydroxy-N’-(1-(2-oxochroman-3-

yl)ethylidene)benzohydrazide 9, which also exhibits antifungal activity along with antimicrobial activity. 

Keywords: hydrazides, isoniazid, salicylic acid hydrazide, coumarins, 3-acetyl-2H-chromen-2-one, 2-acetyl-

3H-benzo[f]chromen-3-one, 2,6-methanobenzo[g][1,3,5]oxadiazocine, hydrazones, antimicrobial activity. 

 

Introduction 

Over the years the attention of many researchers in the field of medicinal chemistry has been focused on 

the search and development of new antibacterial drugs. Due to the widespread uncontrolled use of various 

antibiotics in recent decades, there has been a significant increase in antimicrobial resistance against many 

viruses, bacteria and fungi [1–3]. 

According to the World Health Organization (WHO) antimicrobial resistance is among the ten major 

public health problems that are progressing worldwide [4, 5]. Antibiotics, antiviral, antifungal and antipara-

sitic agents are combined into one class of compounds called antimicrobials. The devastating consequences 

related to resistance are much more global than it seems. Threats to human health caused by both gram-

negative and gram-positive resistant strains of bacteria force scientists to investigate new classes of com-

pounds exhibiting antibacterial biological effects and new approaches to solving the antimicrobial resistance 

problem [6, 7]. 

It is known that hydrazides and their various derivatives, including hydrazones, have a wide range of 

biological activity [8–12]. Anti-tuberculosis drugs such as isoniazid (isonicotinic acid hydrazide) and ftivazid 

(vanillin isonicotinoyl hydrazone) are well known among this class of compounds [13]. Moreover hydra-

zones are worth noticing due to the presence of antibacterial and analgesic properties [14–16]. 

Isonicotinic acid hydrazide (tubazid, isoniazid) is especially noteworthy among them, which despite the 

presence of a huge number of new drugs used in the tuberculosis treatment practice [17], currently holds a 

leading place in the treatment of various forms of tuberculosis as a new dosage form (“Isonicotinoyl Hydra-

zine iron sulfate” or the trade name “Fenazid”), i.e. its complex with iron (II) sulfate [18]. Modification of 

https://doi.org/10.31489/2022Ch4/4-22-2
http://creativecommons.org/licenses/by-nc-nd/4.0/
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isoniazid in particular its hydrazone with vanillin (“Ftivazid”) (Fig. 1) led not only to a decrease in toxicity, 

but also to a better individual tolerance of the drug [19]. 

Salicylic acid hydrazide should also be noted among other hydrazides. Its derivatives such as Diflunisal 

[20] and Salsalate [21, 22] are used as antipyretic and anti-inflammatory agents [23]. In the case of Salsalate 

scientists investigated the possibility of its application in the treatment of diabetes [24, 25]. 

 

 

Figure 1. Derivatives of isonicotinic and salicylic acid used as pharmaceuticals 

Thus, we took well-known pharmacophores, namely hydrazides of isonicotinic and salicylic acids as the 

chemical modification basis in order to obtain new hydrazones with potential antimicrobial activity. 

Experimental 

Materials and Methods 

FTIR spectra were obtained with an Agilent Cary 630 spectrophotometer in a thin sample layer on a 

crystal attachment. 1H and 13C NMR spectra were recorded on a JNN-ECA Jeol 400 (400 and 100 MHz, re-

spectively) and Magritek spinsolve 80 carbon ultra (81 and 20 MHz, respectively) instruments using 

DMSO-d6, the internal standard was residual solvent signals (2.49 and 39.9 ppm for 1Н and 13C nuclei in 

DMSO-d6). 

The reactions progress and the products purity were monitored by TLC on Sorbfil plates and visualized 

using iodine vapor or UV light. 

Synthetic procedures 

(E)-N’-(1-(2-oxo-2H-chromen-3-yl)ethylidene)isonicotinohydrazide (8). The solution of 3 (1.88 g, 

10 mmol) and hydrazide 6 (1.37 g, 10 mmol) in 2-PrOH was heated at reflux for 10 h. The resulting yellow 

precipitate was filtered off. The yield was 60 %. Recrystallization from 2-PrOH gave yellow crystals, 

mp 237–240 °C. 
1H NMR (400 MHz, DMSO-d6),  ppm: 2.33 s (3 H, СН3), 7.35–7.44 m (3 H, H-6, H-7, H-8), 7.63 d 

(1H, J = 7.1, H-5), 7.75 d (2H, J = 2.2, H-3', H-5', Py), 7.82 s (1H, H-4), 8.73 d (2H, J = 2.7, H-2', H-6', Py), 

11.02 br. s (1H, NH). 

(E)-2-hydroxy-N’-(1-(2-oxo-2H-chromen-3-yl)ethylidene)benzohydrazide (9). The solution of 3 

(1.50 g, 8.0 mmol) and hydrazide 7 (1.22 g, 8.0 mmol) in 2-PrOH was heated at reflux for 10 h. The result-

ing orange precipitate was filtered off. The yield was 78 %. Recrystallization from 2-PrOH gave orange crys-

tals, mp 230–233 °C. 
1H NMR (400 MHz, DMSO-d6),  ppm: 2.28 s (3 H, СН3), 6.98 t (1 H, J = 7.3 Hz, H-5'), 7.03 d (1 H, 

J = 7.8 Hz, H-3'), 7.38–7.46 m (3H, H6, H-8, H-4'), 7.66 t (1H, J = 8.0 Hz, H-7), 7.89 d (1H, J = 7.8 Hz, 

Н-5), 7.98 d (1H, J = 7.3 Hz, Н-6'), 8.27 s (1H, Н-4), 11.38 br. s (1H, NH), 11.74 br. s (1H, OH). 

(E)-2-hydroxy-N'-(1-(2-oxo-3,4-dihydro-2H-benzo[h]chromen-3-yl)ethylidene)isonicotinohydrazi-

de (10). The solution of 4 (0.48 g, 2 mmol) and hydrazide 6 (0.27 g, 2 mmol) in 2-PrOH was heated at reflux 

for 10 h. The resulting dark orange precipitate was filtered off. The yield was 65 %. Recrystallization from 2-

PrOH gave orange crystals, mp 224–225 °C. 
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1H NMR (80 MHz, DMSO-d6),  ppm: 2.40 s (3H, СН3), 7.47 br. s (1H, H-5), 7.58 br. s (1H, H-6), 

7.67 br. s (1H, H-9), 7.75 br. t (1H, J = 7.5, H-8), 7.82 br. s (2H, H-3', H-5', Py), 8.21 d (1Н, J = 8.7 Hz, 

H-7), 8.56 d (1Н, J = 8.2, H-10), 8.72 br. s (2H, H-2', H-6', Py), 8.93 s (1 H, Н-1), 11.11 br. s (1H, NH). 

(E)-2-hydroxy-N'-(1-(2-oxo-3,4-dihydro-2H-benzo[h]chromen-3-yl)ethylidene)benzohydrazide (11). 

The solution of 4 (0.48 g, 2 mmol) and hydrazide 7 (0.30 g, 2 mmol) in 2-PrOH was heated at reflux for 

10 h. The resulting orange precipitate was filtered off. The yield was 80 %. Recrystallization from 2-PrOH 

gave orange crystals, mp 266–267 °C. 
1H NMR (400 MHz, DMSO-d6),  ppm: 2.34 s (3H, СН3), 6.99 t (1H, J = 7.1 Hz, H-5'), 7.04 d (1 H, 

J = 8.2 Hz, H-3'), 7.43 t (1H, J = 7.1 Hz, H-4'), 7.57 d (1H, J = 7.8, H-5), 7.64 d (1H, J = 7.8, H-6), 7.73 t 

(1H, J = 7.8, H-9), 7.75 t (1H, J = 7.8, H-8), 8.01 d (1H, J = 7.3 Hz, H-6'), 8.21 d (1Н, J = 8.7 Hz, H-7), 

8.57 d (1Н, J = 8.2 Hz, H-10), 8.91 s (1 H, Н-1), 11.44 br. s (1H, NH), 11.76 br. s (1H, OH). 

(E)-N’-[(1)-1-(2-methyl-4-thioxo-3,4,5,6-tetrahydro-2H-2,6-methanobenzo[g][1,3,5]oxadiazocin-11-

yl)ethylidene]isonicotinohydrazide (12). The solution of 5 (0.48 g, 2 mmol) and hydrazide 6 (0.30 g, 

2 mmol) in 2-PrOH was heated at reflux for 24 h. The resulting white precipitate was filtered off and washed 

with water. The yield was 82 %. Recrystallization from 2-PrOH with 1,4-dioxane gave white crystals, 

mp 248–250 °C. 
1H NMR (400 MHz, DMSO-d6),  ppm: 1.83 s (3H, СН3), 2.05 s (3H, N=C–СН3), 3.17 br. s (1H, 

H-11), 4.49 br. s (1 H, H-6), 6.83 d (1H, J = 8.2, H-10), 6.93 t (1H, J = 7.3, H-9), 7.17–7.24 m (2H, H-7, 

H-8), 7.72 d (2H, J = 2.2, H-3', H-5', Py), 8.73 br. s (2H, H-2', H-6', Py), 9.03 br. s (1H, 3-NH), 9.10 br. d 

(1H, J = 10.5 Hz, 5-NH), 10.97 br. s (1H, NH). 

(E)-2-hydroxy-N’-[(1)-1-(2-methyl-4-thioxo-3,4,5,6-tetrahydro-2H-2,6-methanobenzo[g][1,3,5]oxa-

diazocin-11-yl)ethylidene]benzohydrazide (13). The solution of 5 (0.26 g, 1 mmol) and hydrazide 7 

(0.20 g, 1 mmol) in 2-PrOH was heated at reflux for 24 h. The resulting white precipitate was filtered off and 

washed with water. The yield was 73 %. Recrystallization from 2-PrOH gave white crystals, mp 230-232 °C. 
1H NMR (400 MHz, DMSO-d6),  ppm: 1.80 s (3H, СН3), 2.02 s (3H, N=C-СН3), 3.16 br. s (1H, 

H-11), 4.48 d (1 H, J = 3.2 Hz, H-6), 6.84 d (1H, J = 8.2, H-10), 6.91-6.97 m (2H, H-9, H-5'), 7.00 d (1 H, 

J = 8.2 Hz, H-3'), 7.18–7.23 m (2H, H-7, H-8), 7.40 t (1H, J = 7.3 Hz, H-4'), 7.94 d (1H, J = 7.3 Hz, H-6'), 

9.08 br. d (1H, J = 4.6 Hz, 5-NH), 9.14 br. s (1H, 3-NH), 11.14 br. s (1H, NH), 11.76 br.s (1H, OH). 

Results and Discussion 

Based on the initial aim and the literature review data, it was of great interest to combine several phar-

macophore groups in one molecule, namely isonicotinic and salicylic acid hydrazide and laboratory available 

acetyl-substituted heterocycles such as acetyl derivatives of coumarin 3, 4 (Scheme 1) and 

2,6-methanobenzo[g][1,3,5]oxadiazocine 5 (Scheme 2). The choice was also based on the absence of such 

derivatives in chemical databases. The Perkin reaction is the main method of synthesis of coumarins and 

their derivatives, in which 2-hydroxyaromatic aldehydes are used as initial compounds. 3-Acetyl-2H-

chromen-2-one 3 and 2-acetyl-3H-benzo[f]chromen-3-one 4 [26] were obtained with high yields by the reac-

tion of acetoacetic ester with the corresponding salicylic and 2-hydroxynaphthaldehyde and diethylamine as 

a catalyst (Scheme 1). 

 

 

Scheme 1 
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The obtained acetylcoumarins 3, 4 were identified by comparing their literature data on melting points 

and the 1H NMR spectra. The Biginelli reaction product, namely 2,6-methanobenzo[g][1,3,5]oxadiazocine 5 

was synthesized according to the method specified in the article [27] (Scheme 2). 

 

 

Scheme 2 

The structure of compound 5 was also identified by a comparative analysis of the melting point and 
1H NMR spectrum [27]. 

Listed acetyl-substituted heterocycles were chosen because many natural coumarins are biologically ac-

tive compounds (Fig. 2) with different effects on the organism, namely hepatoprotective, diuretic, analgesic, 

anti-microbial (Scoparone) [28]; antitumor, cardioprotective, neuroprotective (Isofraxidin) [29, 30], antide-

pressant [31], hepatoprotective [32] and antioxidant [33] (Scopoletin) ones; and also show photosensitizing 

and antitumor activity [34–37]. 

Many researchers refer derivatives of 2,6-methanobenzo[g][1,3,5]oxadiazocine to the analogues of the 

anti-cancer drug monastrol, which has the structure of pyrimidinethione [38] (Fig. 2), but with an oxygen 

linkage. Monastrol has revealed a completely new mechanism of anticancer effects due to its specific effect 

on mitosis, which makes it a unique precursor in the synthesis of a wide range of biologically active com-

pounds, in particular, pharmaceuticals. 

 

 

Figure 2. Chemical structure of biologically active derivatives of coumarin and monastrol 

The incorporation of another active pharmacophore group into the structure of a physiologically active 

substance is a widely used method for obtaining new biologically active compounds in medicinal chemistry. 

The combination of two or more pharmacophore groups in one molecule increases the likelihood of the syn-

thesized substance showing not only high biological activity, but also the presence of a new therapeutic po-

tential. 

Therefore, the introduction of pharmacophore groups into the structure of biologically active hydra-

zones can result in potentially increased biological activity. And in turn, the synthesis of coumarin deriva-

tives is also an urgent task for the researchers in terms of finding new compounds with a diverse effect on the 

human organism. 

The synthesis of hydrazones was carried out by boiling the initial hydrazides 6, 7 with acetyl derivatives 

3-5 in 2-PrOH in the presence of catalytic amounts of formic acid (Scheme 3). 

The obtained hydrazones 8-13 are yellowish crystals that are difficult to dissolve in common organic 

solvents. The structure of compounds 8-13 was confirmed by IR and NMR spectroscopy data. Thus, in the 
1H NMR spectrum of compound 9, methyl group protons were registered by a singlet at 2.28 ppm. There 

were also singlets of the OH-group proton at 11.74 ppm and NH-group proton at 11.38 ppm. 
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Scheme 3 

Biological studies 

All the biological tests were carried out in the Laboratory of Antimicrobial Resistance, Institute of En-

vironmental and Agricultural Biology (X-BIO) of University of Tyumen. 

Taking into account the enlisted data in the literature review on the potential antibacterial activity of 

hydrazone derivatives, we carried out some biological studies of the compounds 8–13. The antimicrobial 

activity of the synthesized samples was evaluated by diffusion into agar using the following strains of micro-

organisms: gram-positive bacterium — Staphylococcus aureus 209P, gram-negative bacterium — Pectobac-

terium carotovorum VKM-B1247 — (antibacterial activity) and yeast-like fungus — Candida albicans 

ATCC 10231 — (antifungal activity). 

Microorganisms Staphylococcus aureus 209 P and Pectobacterium carotovorum VKM-B 1247 were 

cultivated on a liquid nutrient solution Luria–Bertani (LB) containing: trypton — 10 g/l (“Diaem”, Russia), 

yeast extract ultrafiltered powder — 5 g/l (“Diaem”, Russia), sodium chloride (“Diaem”, Russia) — 5 g/l. 

Staphylococcus aureus 209 P and Pectobacterium carotovorum VKM-B 1247 were grown at 37 °C (pressure 

index: 150 rpm) and 28 °C (pressure index: 150 rpm), respectively. Yeast-like fungus Candida albicans 

ATTC 10231 was cultivated on a liquid nutrient solution YPD: peptone — 20 g/l (“Diaem”, Russia), yeast 

extract — 10 g/l (“Diaem”, Russia), glucose — 20 g/l (“Diaem”, Russia). Candida albicans ATCC 10231 

was grown at 37 °C (pressure index: 150 rpm). 

Samples with a volume of 10 mql (at a concentration of 10 mg/ml, 5 mg/ml, 1 mg/ml) were applied to 

the surface of a nutrient solution (0.75 % LB) inoculated with the corresponding test strain. Petri dishes were 

incubated for 24 h, namely Staphylococcus aureus 209P and Candida albicans ATCC 10231 at 37 oC, Pec-

tobacterium carotovorum VKM-B1247 at 28 oC. On the next day, the diameter of the microbial growth sup-

pression zones was measured. Screening results of the compounds 8-13 for antimicrobial activity are shown 

in Table 1. 

T a b l e  1  

Zones diameter of microorganisms’ growth suppression by compounds 8-13 

Compound 
Staphylococcus aureus Pectobacterium carotovorum Candida albicans 

10 mg/ml 5 mg/ml 1 mg/ml 10 mg/ml 5 mg/ml 1 mg/ml 10 mg/ml 5 mg/ml 1 mg/ml 

8 5 мм / +/– – – – – – – – – 

9 11 mm / ++ 9 mm/ ++ – 5 mm/ +/– – – 4 mm/ +/– – – 

10 – – – – – – – – – 

11 – – – – – – – – – 

12 5 mm / +/– 4 mm/ +/– – – – – – – – 

13 – – – – – – – – – 
Antimicrobial effect: ++ pronounced antimicrobial activity; +/– very weak antimicrobial activity; — no activity 
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Compound 9 exhibits the highest antimicrobial activity against a gram-positive microorganism — 

Staphylococcus aureus 209P at a concentration of 10 mg/ml. Compounds 8 and 12 showed a weak bacterio-

static effect at a concentration of 10 mg/ml. A low bacteriostatic effect against a gram-negative microorgan-

ism — Pectobacterium carotovorum VKM-B1247 and a yeast-free fungus — Candida albicans ATCC 

10231 was demonstrated by the compound 9 at a concentration of 10 mg/ml. 

Conclusions 

Thus, new derivatives of hydrazones, which had not been described in the literature before, were ob-

tained based on physiologically active hydrazides of isonicotinic and salicylic acids and acetyl-substituted 

heterocycles, namely 3-acetyl-2H-chromen-2-one 3, 2-acetyl-3H-benzo[f]chromen-3-one 4 and 2,6-metha-

nobenzo[g][1,3,5]oxadiazocine 5. Obtained hydrazones structure was explicitly proved by IR and 1H, 
13C NMR spectroscopy data. As a result of the carried out biological antibacterial and antifungal studies on 

strains of microorganisms, namely gram-positive bacterium — Staphylococcus aureus 209P, gram-negative 

bacterium — Pectobacterium carotovorum VKM-B1247, yeast-like fungus — Candida albicans ATCC 

10231, three compounds demonstrated antimicrobial activity and compound 9 was also a promising agent 

since it exhibited anti-fungal effect along with antimicrobial activity. 
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С.Д. Фазылов, Г.Ж. Кәріпова, Т.M. Сейлханов, И.В. Кулаков 

Кумарин мен бензо[g][1,3,5]оксадиазоцин ацетил туындылары негізінде 

изоникотин және салицил қышқылдары гидразондарының синтезі  

және бактерияғақарсы белсенділігі 

Соңғы онжылдықтарда көптеген органик-химиктер, дәрігерлер мен фармакологтардың көптеген 

зерттеушілерінің назары айқын бактерияғақарсы және әсіресе зеңгеқарсы белсенділігі бар жаңа 

заттарды табуға бағытталған. Бұл көптеген бактериялық штамдар мен саңырауқұлақтардың 

медициналық тәжірибеде бар антибиотиктер мен зеңгеқарсы препараттарға төзімділігінің кең 

таралуына байланысты. Осыған байланысты ғылыми әдебиеттерде белгілі фармакофорлық топтарды 

қамтитын немесе белгісіз және зерттелмеген белсенділігі бар қосылыстардың жаңа құрылымдық тобы 

болып табылатын органикалық туындылардың әр түрлі тобынан жаңа потенциалды антибиотиктерді 

синтездеуге байланысты жұмыстар саны артып келеді. Осы жұмыста изоникотин мен салицил 

қышқылдарының физиологиялық белсенді гидразидтері және зертханалық қолжетімді ацетилмен 

орынбасылған гетероциклдар негізінде әдебиетте сипатталмаған гидразондардың жаңа туындыла-

ры — 3-ацетил-2H-хромен-2-oн 3, 2-ацетил-3H-бензо[f]хромен-3-он 4 және 2,6-метанобензо[g][1,3,5]-

оксадиазоцин 5 алынды. Алынған гидразондардың құрылымы ИҚ- және ЯМР 1Н, 13С-спектроскопия 

деректерімен дәлелденді. Синтезделген жаңа 6 гидразон грамоң бактериялар Staphylococcus aureus 

209Р, грамтеріс бактериялар Рectobacterium carotovorum VKM-B1247, ашытқы тәрізді 

саңырауқұлақтар Candida albicans ATCC 10231 микроорганизмдер штамдарында бактерияғақарсы 

және зеңгеқарсы белсенділікке биологиялық скринингтен өтті. Скрининг нәтижесінде микробқақарсы 

белсенділігі бар 3 қосылыс және бір перспективалы қосылыс — (E)-2-гидрокси-N'-(1-(2-оксохроман-3-

ил)этилиден)бензогидразид 9 анықталды, ол микробқақарсы белсенділікпен қатар, зеңге қарсы 

белсенділікті де көрсетті. 

Кілт сөздер: гидразидтер, изониазид, салицил қышқылы гидразиді, кумариндер, 3-ацетил-2H-хромен-

2-он, 2-ацетил-3H-бензо[f]хромен-3-он, 2,6-метанобензо[g][1,3,5]оксадиазоцин, гидразондар, 

микробқақарсы белсенділік. 

 

Д.M. Тургуналиева, Д.С. Дилбарян, A.С. Васильченко, O.A. Нуркенов,  

С.Д. Фазылов, Г.Ж. Карипова, Т.M. Сейлханов, И.В. Кулаков 

Синтез и антибактериальная активность гидразонов изоникотиновой  

и салициловой кислот на основе ацетилпроизводных кумарина  

и бензо[g][1,3,5]оксадиазоцина 

В последние десятилетия усилия многих исследователей химиков-органиков, медиков и фармакологов 

сосредоточены на поиске новых средств с выраженной антибактериальной и, особенно, противогриб-

ковой активностью. Это связано с повсеместным ростом резистентности многих бактериальных 

штаммов и грибков к имеющимся в медицинской практике антибиотикам и противогрибковым препа-

ратам. В связи с этим в научной литературе увеличивается число работ, связанных с синтезом новых 

потенциальных антибиотиков из самого разнообразного класса органических производных, которые 

либо включают известные фармакофорные группы, либо представляют собой новый структурный 

класс соединений с неизвестной и неизученной активностью. В настоящей работе нами показано, что 

на основе физиологически активных гидразидов изоникотиновой и салициловой кислот и лабораторно 

доступных ацетилзамещенных гетероциклов — 3-ацетил-2H-хромен-2-он 3,2-ацетил-3H-

бензо[f]хромен-3-он 4 и 2,6-метанобензо[g][1,3,5]оксадиазоцин 5 были получены новые неописанные 

в литературе производные гидразонов. Структура полученных гидразонов однозначно доказана дан-

ными ИК- и ЯМР 1Н, 13С- спектроскопией. Синтезированные новые шесть гидразонов прошли биоло-

гический скрининг на антибактериальную и противогрибковую активность на штаммах микроорга-

низмов: грамположительной бактерии Staphylococcus aureus 209P, грамотрицательной бактерии 

Pectobacterium carotovorum VKM–B1247, дрожжеподобного гриба Candida albicans ATCC 10231. В 

результате скрининга было выявлено три соединения, обладающих антимикробной активностью, и 

одно перспективное соединение — (E)-2-гидрокси-N’-(1-(2-оксохроман-3-ил)этилиден)бензогидразид 

9, которое, наряду с антимикробной активностью, также проявляет и противогрибковую. 

Ключевые слова: гидразиды, изониазид, гидразид салициловой кислоты, кумарины, 3-ацетил-2H-

хромен-2-он, 2-ацетил-3H-бензо[f]хромен-3-он, 2,6-метанобензо[g][1,3,5]оксадиазоцин, гидразоны, 

антимикробная активность. 
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Mechanical and Thermal Properties of Biodegradable Composites  

Based on graft copolymer LLDPE-g-MA/Gelatin 

The uncontrolled development of morphology at the stage of formation of biodegradable compositions based 

on synthetic and natural polymers limits the possibility of achieving satisfactory physical and mechanical and 

operational characteristics. In the present work, to achieve finely dispersed mixture morphology, an approach 

was proposed for reactive mixing of functionalized polyethylene with gelatin to form a linear low density 

polyethylene-grafted-maleic anhydride and gelatin (LLDPE-g-MA/GEL) graft copolymer. Using the selective 

extraction of the mixture components, we determined amount of graft copolymer LLDPE-g-MA/GEL, free 

gelatin, mechanical and thermal properties, as well as biodegradability data. It was found that as the amount 

of maleic groups in the polyethylene macromolecule increased, the amount of graft copolymer increased, and 

an increase in the content of gelatin in the blend led to a noticeable increase in the elastic modulus, tensile 

strength, and a decrease in elongation at break. Due to the degradation of gelatin, the thermal stability of the 

composite (initial temperature) decreased with increasing gelatin content. The maximum rate of destruction 

of the graft copolymer in the temperature range of 400–500 ºC increased markedly with an increase in the 

content of gelatin. It was found that the rate of biodegradability would increase with an increase in the content 

of gelatin in the blend; the maximum level of degradation was observed during the first 10 days and was more 

than 50 %. It was found that the maximum degree of grafting LLDPE-g-MA and gelatin to each other de-

pended on the amount of maleic anhydride in the graft copolymer. The maximum degree of grafting was ob-

served to be higher with increasing amount of maleic anhydride in the composites. 

Keywords: Biodegradation, gelatin, glycerin, polyethylene, maleic anhydride, polymer composite. 

 

Introduction 

The packaging industry needs biodegradable materials. Traditional synthetic polymers, in particular 

polyolefins, despite a good combination of production technology, the possibility of varying physical and 

mechanical characteristics and prices, pose significant problems for ecology and the environment. 

An analysis of the scientific literature indicates that the solution to this problem is seen in the use of bi-

opolymers, or their combination with synthetic polymers. These approaches, of course, have their limita-

tions, such as optimization of physical and mechanical characteristics (with accelerated natural biodegrada-

bility) and limited degradability, depending on the biopolymer/synthetic polymer ratio, respectively. The list 

of promising biopolymers includes proteins (soy and milk proteins, gelatin, etc.) and polysaccharides (chi-

tosan, carboxymethylcellulose, starch, etc.). Gelatin and starch occupy leading positions in the creation of 

packaging materials based on them due to their low cost [1–4]. The special structure of these biopolymers, 

that is, the presence of a dense network of hydrogen bonds between macromolecules, requires plasticization 

to transfer to a thermoplastic state. Many studies carried out in this direction [5–11] have shown the funda-

mental possibility of forming biodegradable high-quality films with satisfactory physical and mechanical 

properties. Generally accepted, gelatin is defined as the product obtained by the partial hydrolysis of collagen 

present in the skin, connective tissues and bones of animals [12, 13]. The structure of gelatin includes a cer-

tain sequence of hydrophilic amino acids (glycine, proline, hydroxyproline), when an aqueous solution of 

gelatin is cooled, a gel is formed with the restoration of the collagen triple helix. The most effective plasti-

cizers for gelatin are glycerol, sorbitol, polyethylene glycols, the variation of the content of which makes it 

possible to obtain films with a tensile strength in the range of one hundred MPa and more, an elastic modulus 

of hundreds of MPa with very low relative deformation. At the same time, the high sensitivity of gelatin to 

water, that is low barrier properties to water vapor (swelling, dissolution) hinder the scale of production and 

use [14–16]. 

From this point of view, interest in the creation of blends of gelatin with synthetic polymers continues 

unabated [17]. At the same time, it was noted that the usual mixing of gelatin with polyolefin in various rati-
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os gave very low biodegradability rates (up to 10 %). Optimization of the blend morphology by transferring 

gelatin to a thermoplastic state slightly increased this indicator, and record biodegradability rates were 

achieved when creating conditions for the formation of graft copolymers of polyethylene with gelatin (more 

than 80 %) [18]. 

In this work, the formation of such a structure was carried out by means of an additional stage; blends 

of gelatin with polyethylene were obtained on pre-irradiated polyethylene (60Со source, dose 3.4 kGy/h). Un-

fortunately, these studies lack the structural data of the polyethylene matrix and their inherent physico-

mechanical and thermal characteristics. Previously, we showed [19] the realization of such a possibility on 

maleated polyethylene. 

This approach was implemented via the formation of a graft copolymer throughout the entire volume of 

the sample, which ultimately resulted in the desired finely dispersed mixture morphology. In mixtures, de-

pending on the content of gelatin and the level of maleated polyethylene, along with the graft copolymer, the 

presence of free gelatin was detected. The latter, as a rule, aggregated with the gelatin fragment of the graft 

copolymer. It was of interest to reveal the relationship of structural elements with the physical, mechanical 

and temperature characteristics of the compositions. The results obtained indicated that mixtures with a fine-

ly dispersed morphology increased elastic-strength properties with satisfactory deformability. 

Materials and research methods 

Materials 

Linear low-density polyethylene (LLDPE, Shurtan Gas Chemical Complex of the Republic of Uzbeki-

stan) grade F-0320, d = 0.920 g/cm3, MFI = 2.5 g/10 min (at a load of 2.16 kg,) and edible gelatin (GEL) 

grade P-200 (State Standard 11293–2019, JSC “MOGELIT”, Belarus) were used without any purification. 

Maleic anhydride (MA, C4H2O3, analytical grade, colorless rhombic crystals, Mr = 98.06 g/mol) was distilled 

at Tbp = 84.0 °C/14 mm Hg, Tm = 60 °C, ρ60 = 1.3140 g/cm3. 

Preparation of thermoplastic gelatin 

To dissolve gelatin granules and make them thermoplastic, glycerin was added to distilled water and 

stirred until the same mixture was obtained. Gelatin was added to the resulting mixture and mixed again, 

then heated in an oven at 80 ºC for two hours. 

Functionalization 

Functionalization of LLDPE with maleic anhydride (LLDPE-g-MA) was carried out on a Brabender 

plastograph (Plasticorder Brabender OHGDUISBURG Germany), with a cam velocity of 98 rpm and at a 

temperature of 180 ± 5 °C [19]. The concentration of grafted maleic anhydride was varied in the range of 

0.5–5.0 wt%. 

Polymer blends based on LLDPE-g-MA and gelatin were obtained on a Brabender plastograph, for 

30 min, at 50 rpm and 180±5 °C by adding plasticized gelatin to the LLDPE-g-MA melt. 

The maximum grafting percentage of LLDPE-g-MA and gelatin was 114 %; the grafting percentage 

was calculated by extracting unreacted PE and gelatin with water and xylene. 

Grafting rate was calculated using the following formula: 

 Grafting % = (Wg – Wo) / Wo × 100,  (1) 

where Wo and Wg are the masses of the initial composite and after the complete removal of polyethylene and 

gelatin that did not participate in the reaction, respectively [18]. 

Bio-degradability test (Soil Degradation) 

The polymer compositions were tested for biodegradation in the form of films in a specially prepared 

soil (with a moisture content of at least 25 %). During the testing period, the soil moisture was maintained at 

30 %, and the samples were immersed to a depth of 15 cm. Soil samples were removed every 10 days for 

biodegradation testing, washed in ethanol, wiped and equilibrated in a desiccator for at least one day before 

weight was recorded. Sample weight loss (W) in % was determined depending on the number of days as fol-

lows: 

 W = (W0 – Wi) / Wo × 100.  (2) 

Weight loss in % after every 10 days (Wdi): 

 Wdi = (Wi – Wi-1) / Wi × 100,  (3) 

where W0 is the initial mass, g; Wi is the final weight every 10 days; Wi-1 is the initial weight every 10 days 

[18, 20]. 
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Physico-mechanical tests 

The tensile diagrams of the samples were determined on a SHIMADZU AG-X plus universal testing 

machine (JAPAN) in the uniaxial tensile mode with a set strain rate in accordance with the requirements es-

tablished by ASTM D 638-99 “Standard Test Method for the Strength Properties of Plastics”. 

For analysis, at least five samples of the studied material were used, made in the form of double-sided 

blades with a thickness of 2 mm. For measuring tensile module (E), 1 mm/min crosshead velocity was cho-

sen until 0.3 % deformation, after that crosshead velocity was increased immediately to 20 mm/min for fur-

ther exploring yield stress (σ) and deformation (ε). 

DSC and TGA measurements 

Thermal analyses DSC and TGA of polymer blends was carried out in a dynamic mode on a LINSEIS 

THERMAL ANALYSIS PT1600 [thermogravimetric analysis (TGA)] instrument (in air atmosphere) in the 

range from room temperature to 1000 °C, guided by the requirements established by the ASTM E 1131 

standard. The heating rate was 10 °C/min; the sample weight for analysis was from 2 to 100 mg. 

Results and Discussion 

The uniform distribution of the gelatin phase in the polyethylene matrix and their accessibility to mi-

croorganisms determine the biodegradation efficiency of such compositions [20]. The desired uniform distri-

bution is achievable by grafting gelatin onto the polyethylene macromolecules. The possibility of implement-

ing this reaction was shown by us [21] using a maleated linear copolymer of ethylene with butene-1 (MA 

content was 0.5–5 wt %) and in [18] on pre-irradiated polyethylene [22]. It should be noted that before ob-

taining blends of polyethylene with gelatin, the latter must be transferred to a thermoplastic state by plasticiz-

ing the optimal ratio of glycerol with water [23–25]. 

To determine the blends compositions at the selected polyethylene/gelatin ratios, the extraction experi-

ments were carried out using xylene and water to selectively dissolve the components, respectively. Due to 

the gelatin degradation under conditions of LLDPE dissolution in xylene at a temperature of 120 ºC, we ana-

lyzed only the extraction data in an aqueous medium. Taking into account that unreacted gelatin was extract-

ed under these conditions, we calculated the amount of polyethylene-gelatin graft copolymer (Table 1). 

T a b l e  1  

Amount of grafted LLDPE-g-MA/gelatin and unreacted gelatin 

 

As can be seen from the table, the amount of free gelatin varied between 1.8-24 % by weight when its 

content in the composition of the initial blend was 30–60 % wt., respectively, in relation to the content of PE. 

Based on these data, the grafting degree of gelatin to polyethylene was determined. Naturally, as the gelatin 

increased, the degree of grafting increased in the range of 42–114 % by weight. Blends formed in the pres-

ence of thermoplastic gelatin with the formation of a graft copolymer were homogeneous formations with a 

uniform distribution of components [19]. Increasing the gelatin concentration above equimolar with respect 

to the concentration of maleic groups in polyethylene resulted in the formation of an additional gelatin phase, 

which agglomerated with the gelatin end of the graft copolymer in the form of a dispersed phase. 
As expected, blends of gelatin with polyethylene containing 0.5 % wt. of maleic anhydride contained a 

markedly higher amount of unreacted gelatin, 7.6-39.5 % wt. On that case, the grafting degree for the same 

initial formulations was 39.6–90.8 % by weight. 

 

Samples 70/30 60/40 50/50 40/60 

Extraction Products % % % % 

LLDPE-g-MA(0.5 %)/GEL 

Pure gelatin % 7.6 10.8 20.5 39.5 

LLDPE-g-MA-g-GEL % 39.6 59.5 79.6 90.8 

LLDPE-g-MA(5 %)/GEL 

Pure gelatin % 1.8 8.5 13.7 24 

LLDPE-g-MA-g-GEL % 42 61 86.3 114 
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TGA and DSC measurements 

 

  
a b 

Figure 1. Thermogravimetric curves (a) and the first derivative of the TGA curves (b) of the film sample 

In mixtures, depending on the content of gelatin and the level of polyethylene maleization, along with 

the graft copolymer, the presence of free gelatin was detected. The latter, as a rule, aggregated with the gela-

tin fragment of the graft copolymer. 

The presence of these reaction products was noticeably manifested in the thermogravimetric character-

istics (Fig. 1). The initial degradation temperature (Ti) and the temperature of the maximum degradation rate 

(Tmax) for various compositions of mixtures and initial components are given in Table 2. 

T a b l e  2  

Thermal characteristics of LLDPE-g-MA/gelatin blends 

No. 
Sample name and 

component ratio (wt%) 

The temperature corresponding to the loss of mass is ºC Degree of 

crystallinity, 

% 
Initial degradation 

temperature Тi, ºC 

Maximum thermal decomposition rates (Tmax), ºC 

first stage second stage third stage 

1 LLDPE 186 

100–200 ºC 

m(mg)≤10 % 

275–400 ºC 

10≤m(mg)≤50 % 

400–500 ºC 

m(mg)≥50 % 

19.85 

2 LLDPE-g-MA (5 %) 242 18.15 

3 LLDPE-g-MA/GEL 70/30 233 14.85 

4 LLDPE-g-MA/GEL 60/40 223 13.32 

5 LLDPE-g-MA/GEL 50/50 190 12.02 

6 LLDPE-g-MA/GEL 40/60 201 10.4 

7 GELATIN 97 - 

 

The thermal decomposition of the LLDPE-g-MA/gelatin mixture on TGA curves consisted of three se-

quential stages. The first stage in the temperature range of 100–200 ºC was due to the loss of absorbed and 

bound water molecules (weight loss less than 10 % weight). The second stage, observed in the region of 

275–400 ºC (weight loss in the range of 10–50 wt%), corresponded to the breaking of peptide bonds in the 

gelatin macrochain [26]. Temperatures, depending on the expected rate of thermal decomposition of the 

gelatin phase, were found in the range of 250–280 ºC. A partial contribution to the consumption of the com-

position in this area included the beginning of LLDPE-g-MA dehydration, an increased rate of thermal de-

composition (third stage), which felt at a temperature of 450 ºC. The position of this peak was practically 

independent of the content of gelatin in the composition; as the content of gelatin increased, it increased sig-

nificantly at high temperatures (up to 7 oC). Summarizing the above TGA data, it can be noted that the for-

mation of a graft copolymer LLDPE-g-MA/gelatin led to the decrease in thermal stability in terms of Ti by 

10–40 ºC, depending on the content of gelatin 30–60 wt%, respectively. While the maximum rate of thermal 

decomposition of the graft copolymer (third stage) increase in the biopolymer content increased significantly 

(from –0.14 to –0.23 mg/K) due to degradation of the grafted gelatin. 
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a b 

Figure 2. A fragment of the DSC curve of PE (a) Fragments of the DSC curves of the studied compositions (b) 

Figure 2 a) shows a fragment of the DSC curve for a PE sample in the melting region. The endothermic 

peak is highlighted here (shaded part). The melting enthalpy ΔHm PE was determined, with the help of which 

it was possible to calculate the crystallinity degree of PE χc (%) as a percentage according to equation (4): 

 χc (%) = ΔHm / ΔHm0 × 100 %, (4) 

where ΔHm0 is the value of the melting enthalpy of a hypothetical fully crystalline PE, which is equal to 293 

J/g [27]. 

The values of χc (%) for the rest of the studied samples were calculated in a similar way. For this, frag-

ments of DSC curves were used, shown in Figure 2 b). This figure shows that the gelatin sample does not 

have an endothermic peak corresponding to the melting process, i.e. it does not crystallize. The calculations 

results of the crystallinity degree of all samples are presented in Table 2. 

Mechanical properties 

Interfacial adhesion is the determining parameter of the deformation process for the systems under con-

sideration with an elastic matrix and rigid inclusions (gelatinous phase). It should be noted that the studied 

LLDPE-g-MA/gelatin blends differ from classical two-phase blends [28–34] in the form of clearly separated 

continuous and dispersed phases. In our case, the dispersed phase consists of segregated domains of grafted 

gelatin macrochains with free unreacted gelatin. 

The general picture of the deformation process for blends proposed in [35] includes three stages, elastic 

(stage I — up to 1 % deformation), then slight delamination of the matrix from the surface of a rigid inclu-

sion until the appearance of dumbbell-shaped microvoids (stage II — reaching the yield point) and the last 

stage (III stage) can manifest itself in two forms, as the destruction of the sample due to the coalescence of 

microvoids, or the ordering of macromolecules in the direction of the applied stress (called orientational 

crystallization, recrystallization, cold — drawing). Exactly on that part, interfacial adhesion is determined, 

the strengthening of which is accompanied by an increase in the stress at the yield point and the level of de-

formation. 

Let’s consider the features of the curves σ-ε of the compositions studied (Fig. 3). 

The introduction of maleic groups into the polyethylene macromolecule did not introduce significant 

changes in the shape of the σ-ε curves; they contained all three stages of the deformation process. At the 

same time, the strengthening of intermolecular interactions, due to the presence of maleic functional groups 

(0.5–5 wt%.), resulted in a noticeable increase in the yield stress (from 8.5 MPa to 13.5 MPa), tensile 

strength at break (from 11 MPa to 14.5 MPa), modulus of elasticity (from 130 MPa to 220 MPa). 
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Figure 3. Mechanical properties of samples of different composition 

There are curves of deformation of the composition of polyethylene with gelatin (ratio 60/40 % wt.) 

based on polyethylene with a content of 0 %, 0.5 %, 5 % wt. MA groups were undergone significant chang-

es. On the σ-ε curves, the length of the orientational ordering stage noticeably decreased, that was, after 

reaching the yield stress, the colescence of microvoids around inhomogeneities led to a sequence of fibrilla-

tion and rapid destruction processes. This was most pronounced for conventional blends of polyethylene with 

gelatin and polyethylene with a content of 5 % by weight, maleic groups, the relative elongation at break of 

which was 48 % and 11.5 %, respectively. Accounting for 80 % deformability, maleinization of polyethylene 

at the level of 0.5 % wt. was also significantly inferior to the original polyethylene (600 %). Let’s consider 

the mechanical properties of the PE/gelatin composition by varying the content of gelatin based on polyeth-

ylene with different content of maleic groups (Table 3). 

T a b l e  3  

Physical and mechanical properties of composites 

No. Content of composites 
Tensile strength, 

MPa 

Elongation at break, 

% 

Young modulus, 

MPa 

LLDPE/GEL 

1 LLDPE 11±0.22 655±0.5 129.9±3.6 

2 70/30 7.03±0.31 125.6±11.3 237.79±10.12 

3 60/40 6.52±0.28 48±10.4 253.19±31.96 

4 50/50 3.8±0.26 26.8±6.6 179.8±31.12 

5 40/60 4.4±0.21 15.6±5.3 293.62±44.78 

LLDPE-g-MA(0.5 %)/GEL 

6 LLDPE-g-MA(0.5 %) 10.92±0.5 610.1±18.03 119.25±10.34 

7 70/30 16.20±0.33 122.71±10.58 286.46±3.64 

8 60/40 17.48±0.15 78.65±5.24 338.31±10.07 

9 50/50 17.68±0.91 54.88±2.96 278.41±12.33 

10 40/60 19.84±1.02 26.21±2.15 335.99±34.66 

LLDPE-g-MA(5 %)/GEL 

11 LLDPE-g-MA(5 %) 14.65±0.28 146.8±7,32 218.1±5.8 

12 70/30 17.41±1.9 12.40±1.84 481±10.98 

13 60/40 20.63±1.74 11.43±1.41 550±27.77 

14 50/50 24.02±3.24 10.21±1.29 676±8.07 

15 40/60 27.56±2.42 6.73±1.06 736.53±49.84 
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In conventional compositions (the absence of graft copolymers), due to the lack of interfacial adhesion, 

and hence the weak stress transfer at the PE/gelatin interface, as the gelatin content increased, a noticeable 

drop in σу, σbreak, and εbreak by more than 40 % was observed. 

On the contrary, the presence of graft copolymers segregated with free gelatin enhanced σy and σbreak by 

20-80 % (0.5 % wt. MA) and more than 100 % in polyethylene compositions with gelatin at content of 5 % 

wt. MA on a polyethylene macromolecule. 

At the same time, the relative elongation at break for the composition based on graft copolymers, due to 

the presence of inhomogeneities at the phase boundary, as well as for conventional PE/gelatin compositions, 

was significantly reduced. As can be seen from Table 3, for all three groups of the composition, as the gela-

tin content increased, despite the insignificant degree of crystallinity of the polyethylene phase (Table 2), it 

increased in comparison with the original polyethylene and maleated polyethylenes in the range of 130 %, 

180 %, and 240 %, respectively. This effect was due to the fact that the presence of hydrogen bonds in the 

structure of double helixes of crystalline sections of gelatin provided a high elastic modulus, more than 1000 

MPa [36, 37] compared to PE. Therefore, it can be observed that as the content of grafted gelatin increased, 

the elastic modulus increased for formulations with gelatin content of 60 % by weight from 300 MPa to more 

than 700 MPa. 

Based on the totality of all mechanical characteristics, compositions of polyethylene with gelatin with a 

content of 0.5 wt % MA in the polyethylene chain are of the greatest interest for applications. 

Biodegradation of polymer composites 

The biodegradability of LLDPE-g-MA/gelatin compositions is shown in Figure 3 as a function of resi-

dence time in soil. As is known, attacking agents of the biodegradation process are microorganisms such as 

actinomycetes, fungi and bacteria [18, 38]. Almost all compositions reached the level of maximum degrada-

tion on the 40th-50th day of testing. The level of degradation as the content of gelatin in the composition in-

creased (30 %, 40 %, 50 %, and 60 % by weight) was on the order of 20 %, 35 %, 48 %, 58 %, respectively. 

The highest degradation rate was observed for a mixture containing 60 wt%. gelatin, less than 10 days deg-

radation rate was 55 %. 

 

 

Figure 3. Weight loss of composites in the soil 

Thus, the carried out studies showed the fundamental possibility of creating highly efficient biode-

gradable systems with a wide range of possible elastic and elastic properties. The achieved performance was 

due to the optimal morphology of the mixture and satisfactory interfacial adhesion of the components be-

cause of the formation of grafted LLDPE-g-MA/gelatin copolymers and segregated domains of grafted 

fragments and free gelatin. 
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Conclusions 

The grafting of thermoplastic gelatin to maleated polyethylene promoted the formation of homogeneous 

compositions with a finer dispersion of the gelatin phase in the polyethylene matrix. Depending on the con-

tent of maleic groups in polyethylene and the content of gelatin in the blend, the grafting degree varied be-

tween 40–150 %. Three stages of thermal decomposition of the LLDPE-g-MA/gelatin composition associat-

ed with the presence of water molecules, degradation of the gelatin and polyethylene phases were identified. 

The presence of gelatin significantly shifted the onset temperature of decomposition towards low tempera-

tures (from 242 °С to 201 °С), while the temperature range of degradation of the polyethylene matrix did not 

undergo significant changes. The maximum rate of degradation of the graft copolymer in the temperature 

range of 400–500 °C with an increase in the content of gelatin noticeably increased from –0.14 to  

–0.23 mg/K. 

The presence of gelatin in the composition in the form of grafted chains, compared to conventional 

blends of polyethylene with gelatin, led to an increase in yield stress, stress at breaking and elastic modulus 

by 80 % and 240 %, respectively. This trend was the most pronounced for the composition of PE with the 

content of MA groups of 5 wt%. 

In terms of applications, polyethylene compositions with 0.5 wt. MA-groups exhibited good strength 

properties and modulus of elasticity in combination with satisfactory deformability. The resulting composi-

tions exhibited high biodegradability of up to 58 %, the level of maximum degradation was observed on the 

40-50th day. The weight loss rate was observed for the composition with a gelatin content of 60 wt%. 
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Н.Ф. Нормуродов, Қ.Н. Бердиназаров, М. Абдуразақов, Н.Р. Ашуров 

Полиэтилен және желатин негізіндегі биологиялық ыдырайтын  

композиттердің механикалық және термиялық қасиеттері 

Синтетикалық және табиғи полимерлер негізіндегі биологиялық ыдырайтын композициялардың 

қалыптасу сатысындағы морфологияның бақылаусыз дамуы қанағаттанарлық физикалық, механи-

калық және эксплуатациялық сипаттамаларға қол жеткізу мүмкіндігін шектейді. Жұмыста қоспаның 

ұсақдисперсті морфологиясына қол жеткізу үшін функционалды полиэтиленді желатинмен 

реакциялық араластырып, егілген малеин ангидриді мен желатинмен (LLDPE-g-MA/GEL) егілген 

төмен тығыздықтағы сызықтық полиэтилен сополимерін қалыптастыру тәсілі ұсынылған. Қоспаның 

құрамдас бөліктерін селективті алу әдісімен егілген LLDPE-mma/GEL сополимерінің мөлшері, бос 

желатин, механикалық және термиялық қасиеттері, сондай-ақ биологиялық ыдырау деректері 

анықталды. Полиэтиленнің макромолекуласындағы малеиндік топтардың мөлшері артқан сайын 

егілген сополимер мөлшері көбейетіні, ал қоспадағы желатин мөлшерінің артуы серпімділік модулінің 

айтарлықтай жоғарылауына, кернеудің бұзылуына және бұзылған кезде салыстырмалы ұзаруға 

әкелетіні анықталды. Желатиннің ыдырауына байланысты композиттің термиялық тұрақтылығы 

(бастапқы температура) желатин мөлшерінің жоғарылауымен төмендейді. 400–500 °С температура 

диапазонында трансплантат сополимерінің максималды бұзылу жылдамдығы желатин мөлшерінің 

жоғарылауымен айтарлықтай артады. Қоспадағы желатиннің жоғарылауымен биоыдыраудың 

жылдамдығы өседі, деградацияның максималды деңгейі алғашқы 10 күнде байқалады және 50%- дан 

асады. ПОЭМА мен желатинді бір-біріне егудің максималды дәрежесі егілген сополимердегі малеин 

ангидридінің мөлшеріне байланысты екендігі айқындалды. Композиттердегі малеин ангидридінің 

мөлшерінің жоғарылауымен егудің максималды дәрежесі жоғары болғаны байқалды. 

Kілт сөздер: биоыдырау, желатин, глицерин, полиэтилен, малеин ангидриді, полимерлі композит. 

 

Н.Ф. Нормуродов, К.Н. Бердиназаров, М. Абдуразаков, Н.Р. Ашуров 

Механические и термические свойства биоразлагаемых композитов  

на основе полиэтилена и желатина 

Неконтролируемое развитие морфологии на стадии формирования биоразлагаемых композиций на 

основе синтетических и природных полимеров ограничивает возможность достижения удовлетво-

рительных физико-механических и эксплуатационных характеристик. В настоящей работе для дости-

жения мелкодисперсной морфологии смеси был предложен подход к реакционному смешению функ-

ционализированного полиэтилена с желатином с образованием привитого сополимера линейного по-

лиэтилена низкой плотности с привитым малеиновым ангидридом и желатином (LLDPE-g-MA/GEL). 

Методом селективного извлечения компонентов смеси определяли количество привитого сополимера 

LLDPE-g-MA/GEL, свободного желатина, механические и термические свойства, а также данные по 

биоразлагаемости. Выявлено, что, по мере увеличения малеиновых групп в макромолекуле полиэти-

лена, количество привитого сополимера возрастет, увеличение содержания желатина в смеси приво-

дит к заметному увеличению модуля упругости, разрушающего напряжения и падению относительно-

го удлинения при разрушении. Ввиду деградации желатина термостабильность композита (начальная 

температура) при увеличении содержания желатина снижается. Максимальная скорость деструкции 

привитого сополимера в области температур 400–500 °С, по мере увеличения содержания желатина, 

заметно увеличивается. Обнаружено, что скорость биодеградируемости возрастет при увеличении со-

держания желатина в смеси, максимальный уровень деградации наблюдается в течение первых 10 

дней и составляет более 50 %. Установлено, что максимальная степень прививки ПЭМА и желатина 

друг к другу зависит от количества малеинового ангидрида в привитом сополимере. Замечено, что 

максимальная степень прививки была выше с увеличением количества малеинового ангидрида в ком-

позитах. 

Ключевые слова: биодеградация, желатин, глицерин, полиэтилен, малеиновый ангидрид, полимерный 

композит. 
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Design and Synthesis of Vitamin Drug Conjugate for its Probable Potential  

Against SARS-COV-2 Infections 

The novel corona virus infection had become a global epidemic due to its rapid spread. So, there is an urgent 

need to treat COVID-19 patients. The aim of this research was to hypothesize and examine vitamin drug con-

jugate as targeted moiety. The present scaffold may have potential role to fight against COVID-19 infection 

due to its antimicrobial, antioxidants and immunomodulatory activities. Here, we've highlighted the term Vit-

amin Drug Conjugate as possible therapy approach for SARS-COV-2 infection. As a result, we synthesize, 

characterized, and evaluated a Hydroxychloroquine — Folic Acid conjugate (HCQ-FA) by esterification 

mechanism to provide effective treatment against SARS-CoV-2 infection by enhancing therapeutic effect 

through synergistic mechanism, masking undesired side effects, and improving cellular internalization. By us-

ing prodrug, the efficacy and bioavailability of existing antiviral drugs could be improved. The structure of 

the conjugate was determined by spectroscopic data like IR, NMR, and mass spectra, which indicates that 

HCQ-FA conjugate formed by esteric conjugation. Molecular docking studies revealed that HCQ-FA conju-

gate shows good level of docking as well as binding interaction with main protease moiety. Molecular dy-

namic stimulation revealed that this conjugate shows good stability at the binding site of SARS main protease 

moiety and exhibits inhibitory activity against COVID-19 infection. 

Keywords: Vitamin drug conjugate, SARS-COV-2, Hydroxychloroquine, Folic acid, Molecular modelling, 

Molecular Dynamic stimulation. 

 

Introduction 

Coronavirus infection (COVID-19) has received a lot of attention around the world due to its quick 

transmission within humans and extremely high mortality [1]. The coronavirus outbreak that began in Wu-

han, China in December 2019 has become now a global disaster [2, 3]. The novel corona virus is also known 

as SARS-COV-2 and causes a contagious disease called COVID-19 [4, 5]. 

But there are currently no therapies for COVID-19 that have been approved by the FDA [6]. During the 

COVID-19 pandemic, significant efforts have been made to develop therapeutic methods for the treatment 

and prevention of SARS-CoV-2 infection, but still no drug therapy has proven effective against SARS-

COV-2 infection. But there is hope on the drugs such as hydroxychloroquine, remdesivir, favipiravir, lop-

inavir and ritonavir, which are used in the treatment guidelines in many hospitals around the world, and these 

drugs play a vital role in prevention a novel coronavirus infection [2, 7–8]. However, it was found that each 

antiviral drug alone is ineffective in the therapy of COVID-19 individuals, particularly in severe instances. 

Combination drug therapy is used to increase their effectiveness, which invariably result in adverse effects. 

As a result, there is an urgent need for treatment alternatives necessary to manage the COVID-19 epidemic 

with minimizing adverse effects [1, 9]. Another way to prevent this disease is by enhancing immunity, as it 

plays a critical role in fighting against SARS-COV-2 infection [6–7]. Apart from this many studies have ex-

plored that vitamins play a critical role against SARS-COV-2 infection through antioxidant, immunomodula-

tory and antimicrobial effects. According to new research, significantly higher dosages of nutrients including 

vitamins D, B, C, E, Zinc, and Omega-3 fatty acids may have a positive impact, potentially reducing SARS-

CoV-2 viral infection and duration of hospitalization. It has recently been found that deficiency of these vit-

amins is associated with COVID-19 progression and an increase in patient mortality [6–10]. So here we 

highlighted the emerging concept “Vitamin-Drug Conjugate” which could be potential therapeutic option to 

treat SARS-COV-2 infection. Although сoronavirus illness is being continuously increasing, there is current-
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ly no particular antiviral drug effective on COVID-19. So it is required to develop targeted drug delivery 

with minimal side effects. This requirement can be met by the development of a “Vitamin-Drug Conjugate” 

(targeted) [10–12]. 

To create a pharmacologically active novel chemical entity, a drug is coupled to the targeted moiety 

through a spacer during the synthesis of a vitamin-drug conjugate. Vitamin drug conjugates will be non-

toxic, specifically internalize into infected cells and release the medications without loss of activity, reduce 

toxic effects by remaining stable in blood circulation, and provide a target-specific delivery without harming 

normal cells, will help to minimize side effects [13, 14]. A vitamin-drug conjugate is one of the most promis-

ing methods for treating illnesses including cancer, tuberculosis, and a range of viral infections while also 

enhancing the therapeutic result. It selectively delivers medicine to the intended target [15–18]. 

Hydroxychloroquine and folic acid were used as raw materials to synthesize vitamin drug conjugates in 

this work. In addition, high-yield synthetic procedures for conjugate synthesis are presented in this paper, as 

well as detailed characterization information. Molecular modeling studies were also performed to compare 

the binding affinity of the supplied synthetic conjugate to the significant protease of SARS-COV-2. Molecu-

lar docking study was conducted to comprehend how Hydroxychloroquine Folic Acid Conjugate (HCQFA) 

binds to the main protease of SAR-CoV-2. We ran the molecular dynamic (MD) simulation to better under-

stand the complex's stability. According to docking experiments, the HCQ-FA compound effectively inhibits 

the primary protease of the SARS-COV-2 virus. The current prodrug strategy may also improve drug poten-

cy and bioavailability and offer efficient treatment for new coronaviruses [19]. 

Experimental 

Materials: All of the reactants used in this experiment were of analytical grade. Hydroxychloroquine 

sulphate was purchased from BLD Pharmatech Pvt. Ltd. Folic acid was purchased from Loba Chemie Pvt. 

Ltd. N-Hydroxy Succinimide (NHS) and 1-(3-Dimethylaminopropyl)ethyl carbodiimide HCl (EDC·HCl) 

were purchased from Sisco research laboratories Pvt. Ltd. and 4-Dimethylaminopyridine (DMAP) was pur-

chased from Research lab fine chem industries. 

Instruments used: Melting point was determined by using melting-boiling point apparatus (Veego). 

TLC was performed by sing Silica Gel plates F254 on Aluminium sheets to monitor the reaction process and 

assess the purity of the product. Spectroscopic data were recorded using following instruments. The Shimad-

zu FT-IR 8400S FTIR spectrophotometer was used to record FTIR spectra. Tetramethysilane served as an 

internal standard, and DMSO was used as the solvent to acquire nuclear magnetic resonance spectra. Mass 

spectra were captured using a Shimadzu LC-MS 8040 mass spectrometer. Schrodinger software was used to 

conduct docking studies. A 100 ns molecular dynamic (MD) simulation was run using the AMBER18 pro-

gramme. 

Methodology: 

Hydroxychloroquine-Folic Acid Conjugate (HCQ-FA Conjugate) 

HCQ-FA Conjugate were synthesized as per the synthetic route was shown in Scheme 1. An esterifica-

tion method was used to synthesize HCQ-FA conjugate where HCQ hydroxyl group reacts with carboxyl 

group of folic acid result into formation of esteric derivative. Briefly, FA and EDC, DMAP, NHS were uti-

lized to make activated folic acid and after that HCQ was added to generate HCQ-FA derivative. 

The mixture containing Folic acid (440mg) were dissolved in 5 ml of distilled water and EDC, DMAP 

and NHS were added in the FA:EDC:DMAP:NHS in molar ratio of 1:2:3:1 to generate activated folic acid. 

The carboxyl group of FA were activated by stirred the reaction mixture using magnetic stirrer for 2 hrs. at 

room temperature by keeping the dark environment. After that, in the solution of activated folic acid, 400 mg 

of HCQ was added and left the reaction mixture to react for next 24 hrs. at room temperature by keeping 

dark environment. The reaction mixture was continuously monitored by TLC. The reaction was terminated 

once folic acid and HCQ were no longer present in the reaction mixture, and the product was then isolated 

using column chromatography. The given separated solution was then filtered and evaporated at 40C in a 

rotary evaporator. The synthesized product's yield and Rf values were recorded. 

Physical and Spectral data values of HCQ-FA Conjugate: 

M.P. — 186–188 °C; IR (KBr, 4000–400 cm–1) 1737.92 C=O (ester), 1693 (C=O carboxylic), 3093  

(C-H stretch), 3338.89 (N-H stretch), 1417.73 (C-C stretch), 1291 (C-N), 2555 (O-H), 1635 (N-H); 1H NMR 

(DMSO, 500 MHz): δ (ppm) = 1H NMR δ = 6.5 to 8.5 (10H, Ar-H), 1.15 (t, 3H,), 1.17 (t, 3H), 1.37 (p, 2H), 

1.44 (q, 2H), 2.35 (t, 2H), 2.43 (t, 2H,), 4.35 (t, 2H,), 4.39 (d, 2H), 4.55 (q, 1H), 11.5 (s, 1H), 6.63 (s, 2H), 

Ms: m/z(%) =759.04 (M+). 
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Scheme 1. Synthetic route of Hydroxychloroquine-Folic Acid conjugate 

Molecular docking studies 

The Schrodinger suite's Glide module was used to perform extra-precision (XP) molecular docking on 

the compounds. A grid generating approach was used to determine the binding location prior to the docking 

studies. The already-bound ligand was used as a reference site for the grid generation using the Glide grid 

module. The experiment involving docking also made use of the created grid. To lessen the potential of non-

polar components on drug molecules, the van der Waals radii and scaling factor for the docking approach 

were set to 0.80 and 0.15, respectively. Throughout the entire docking protocol, the ligands were unrestrict-

ed. A maximum of five optimal postures for each ligand could be provided by post-docking minimization, 

which could then be included in the docking output file as reduced docked structures. The docking approach 

enables the drug molecules to be flexible. Each molecule's RMSD, docking score, glide score, and binding 

energy were noted. 

Molecular Dynamics (MD) Simulations 

In order to investigate the structural, energetic, and steric refinement of the docked complex, an all-

atom MD simulation lasting 100 ns was carried out using the AMBER18 software. A total of 24,515 water 

molecules were present in the system when the docked complexes were submerged in truncated TIP3P water 

octahedrons. To neutralize the system and reach an ionic strength of 0.1M (which mimics the physiological 

pH), enough Na+ and Cl– counterions were added. Using the PMEMD, the complete MD simulation experi-

ment was run on the Nvidia V100-SXM2-16GB Graphic Processing Unit. The Computational Shared Facili-

ty (CSF3) at the University of Manchester in the UK has a CUDA module installed. Simulations were car-

ried out utilizing the Langevin thermostat at 300 K, a Monte Carlo barostat at 1 atm, and volume exchange 

attempts every 100 fs. The integration step used was 2 fs. Using the SHAKE algorithm, covalent bonds, in-

cluding hydrogen, are restricted. An 8-cutoff was used for short-range nonbonded interactions, while the par-

ticle mesh Ewald approach was used to handle long-range electrostatics. For a total of 10 ns, equilibration 

involved cycles of NVT and NPT equilibration. A 100 ns production MD run was completed. CPPTRAJ was 
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used to assess the root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), and other 

interactions along the entire trajectory, obtaining configuration measurements every 4 ps. 

Results and Discussion 

Scheme 1 shows the synthesis process for the HCQ-FA conjugate. Melting point and TLC tests were 

performed on the synthesized conjugate to ensure that it was pure and homogeneous. The structures of HCQ-

FA Conjugate were ascertained through the use of IR, NMR, and mass spectrometry. Results from IR, NMR, 

and mass spectrometry were listed in the experiment section. In order to determine the conjugate's binding 

affinity to the SARS-COV-2 Main protease, molecular docking and MD stimulation studies were conducted. 

The results of MD stimulation of the HCQ-FA Conjugate and molecular docking investigations have also 

been presented in the experimental section. 

FTIR 

In the IR spectra of HCQ-FA, the primary peaks observed for C=O carboxylic acid 1693 cm–1, 

3093 cm–1 for C–H aromatic stretching, 3338.89 cm–1 for N-H stretching. The C-N and O-H stretching were 

observed at 1291 and 2555 cm–1. Peaks at 17237.92 cm–1 for C=O of ester which indicate the formation of 

HCQ-FA conjugate through the formation of esteric bond. The development of an esteric linkage is only 

seen in the IR spectra of HCQ-FA conjugate but not observed in other molecules. 

NMR 

HCQ-FA Conjugate shows 1H NMR at δ values, 4.35 (t, 2H,), 4.39 (d, 2H), 4.55 (q, 1H) respectively. 

The HCQ-FA Conjugates NMR spectra indicate peaks at the above-mentioned δ values, confirming the 

structure of the HCQ-FA Conjugate. Peaks in the 3-5 ppm range suggest the development of an esteric bond-

ing in the conjugate. 

Mass Spectroscopy: 

The structural conformation of HCQ-FA conjugate was determined using mass spectra. The molecular 

ion peak at 759.04 m/z in the mass spectra of HCQ-FA conjugate confirms the conjugation of HCQ with 

Vitamin Folic acid through the development of an esteric linkage and confirms the synthesis of the final 

product, i.e., HCQ-FA conjugate. 

Molecular modeling: 

Molecular docking study was performed to comprehend how Hydroxychloroquine Folic Acid Conju-

gate (HCQFA) binds to the main protease of SAR-CoV2. The inhibitor N3 was complexed with the main 

protease of SAR-CoV-2 in the crystal structure (PDB:6LU7). Water molecules and other crystallographic 

solvents were removed from the targe receptor during processing, and the protein was reduced according to 

the Glide protein preparation methodology. The HCQFA was docked using the extra precision (XP) tech-

nique, and the Grid generation was carried out using N3 as the reference ligand. In comparison to hy-

droxychloroquine (–6.3 Kcal/mol), the best docked pose had a dock score of –7.4 Kcal/mol (Fig. 1). Thus, it 

was established that the target protein binds more strongly when the HCQ-FA conjugate is formed. 

 

 

Figure 1. Docked complex of HCQFA with the SAR-CoV-2 main protease, the highlighted region  

shows the 3D image of protein ligand interactions and the 2D image sows the formation  

of various interaction between the ligand and receptor 



R.P. Bhole, P.M. Karche et al. 

50 Bulletin of the Karaganda University 

 

Figure 2. The figure 2a, c and 2b, d shows the initial and final conformations  

from the simulation of the protein-ligand complex for 100 ns 

The ligand was seen to create multiple hydrogen bonds with the receptor's active site residues. The most 

significant ones are displayed in the three-dimensional (3D) schematic of the ligand-receptor interaction, 

where hydrogen bonds are formed by the amino acids Thr190, Gln189, His164, His172, Phe140, and 

Asn142. 

We ran the MD simulation to better understand the stability of the complex. Figures 2a, 2b, and 2d 

show the simulation's initial and final conformations, respectively, while Figure 3 displays the findings from 

an examination of the complex's MD trajectory data. 

 

 

a — Protein RMSD; b — Protein RMSF; c — Ligand RMSD 

Figure 3. The trajectory analysis of the Protein-ligand complex 

According to the MD simulation, the receptor residues engage in a number of novel interactions with 

HCQFA throughout the simulation, including the creation of hydrogen bonds with Met165 and Ser144 (Fig. 

2a, c). The last frame of the MD simulation underwent examination, and it revealed the creation of hydrogen 

bonds with Arg188, His41, and His164. The conjugate's phenyl ring and the residue Gln180 interact through 

an arene (Fig. 2). With the use of CPPTRAJ and XMGRACE software, the MD trajectory was analyzed and 

graphs were created. The protein's RMSD points to a seamless transition and convergence between 1.5 and 

3.0 Å. The conjugate's phenyl ring and the residue Gln180 interact through an arene. Throughout the simula-

tion, the RMSF for the majority of the residues was below 2.0 Å additionally, it was discovered that the lig-

and experiences a conformational change that is reflected in its RMSD (Fig. 3c). At this time, the ligand's 
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RMSD varies between 1 and 5 and then rises sharply from 5 to 10 before stabilizing for the remainder of the 

simulation. All of these results point to good docking and even better stability over the majority of the MD 

simulation duration. 

Conclusions 

Hydroxychloroquine-Folic acid (HCQ-FA) conjugate was synthesized, characterized and evaluated. 

HCQ-FA conjugate may act as a novel approach against COVID-19 infection. HCQ-FA conjugate may ex-

hibit synergistic antiviral activity against COVID-19 infection, indicating that this combination therapy could 

be used to combat the COVID-19 outbreak. This HCQ-FA conjugate was developed and investigated as a 

novel prodrug method to address HCQ's non-specificity and toxicology problems. The efficacy and bioavail-

ability of the present antiviral drugs could be improved by using this prodrug method. Molecular docking 

studies demonstrated that HCQ-FA conjugate shows good docking score as well as greater binding towards 

target protein as compare to HCQ. MD stimulation revealed that this conjugate shows good stability at the 

binding site of SARS main protease moiety and exhibits inhibitory activity against COVID-19 infection. We 

concluded that this study could be useful for developing an effective therapeutic agent for SARS-COV-2 in-

fection due to the additive effect of HCQ-FA conjugate. It can exhibit excellent antiviral activity and also 

helps to modulate immune system by synergistic mechanism. 
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SARS-COV-2 инфекцияларына қарсы ықтимал әлеуеті бар  

витамин-дәрілік конъюгаттың дамуы және синтезі 

Жаңа коронавирустық инфекция тез таралуына байланысты жаһандық эпидемия мәртебесін алды. 

Осыған байланысты бүгінде COVID-19-мен ауыратын науқастарды тиімді емдеудің өзекті қажеттілігі 

туындап отыр. Зерттеудің мақсаты — мақсатты дәрі ретінде витаминді-дәрілік конъюгаттарды болжау 

және зерттеу. Мұндай конъюгаттың микробқақарсы, антиоксиданттық және иммуномодуляциялық 

белсенділігіне байланысты COVID-19 инфекциясымен күресуде айтарлықтай әлеуеті болуы мүмкін. 

Жұмыста SARS-CoV-2 инфекциясын емдеуге ықтимал тәсіл ретінде «дәрумен-дәрілік конъюгат» 

термині көрсетілген. Гидроксихлорохин-фолий қышқылы (ГХХ-ФҚ) конъюгаты этерификация 

механизмі арқылы синтезделді, синергетикалық механизм арқылы терапевтік әсерді күшейту, 

қажетсіз жанама әсерлерді жасыру және жасушалық интернализацияны жақсарту арқылы SARS-CoV-

2 инфекциясын тиімді емдеуді қамтамасыз ету үшін сипатталды және бағаланды. Қолданыстағы 

вирусқақарсы препараттардың тиімділігі мен биотиімділігін осындай алдын ала препаратпен 

жақсартуға болады. Конъюгат құрылымы ИҚ, ЯМР және массалық спектрлер сияқты 

спектроскопиялық деректермен анықталды. Алынған спектрлік деректер ГХХ-ФҚ конъюгаты 

қосылыстың күрделі эфир реакциясы нәтижесінде пайда болғанын растайды. Молекулярлық докинг 

арқылы ГХХ-ФҚ конъюгаты жақсы тоғысу деңгейін, сондай-ақ протеазаның негізгі бөлігімен 

байланыстыратын өзара әрекеттесуін көрсетті. Молекулалық динамикалық модельдеуді қолдана 

отырып, SARS протеазасының негізгі бөлігінің байланысу орнында ГХХ-ФҚ конъюгатының жақсы 

тұрақтылығы және COVID-19 инфекциясына қарсы тежегіш белсенділігі атап өтілген. 

Кілт сөздер: витамин-дәрілік конъюгат, SARS-CoV-2, гидроксихлорокин, фолий қышқылы, молекула-

лық модельдеу, молекулалық динамикалық модельдеу. 
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Разработка и синтез витаминно-лекарственного конъюгата  

с вероятным потенциалом против инфекций SARS-COV-2 

Из-за быстрого распространения новая коронавирусная инфекция получила статус глобальной эпиде-

мии. В связи с этим сегодня существует острая необходимость в поиске эффективного лечения паци-

ентов с COVID-19. Цель настоящего исследования состояла в том, чтобы выдвинуть гипотезу и изу-

чить конъюгаты витаминов и лекарственных средств в качестве целевого препарата. Такой коньюгат 

может иметь значительный потенциал в борьбе с инфекцией COVID-19 благодаря своей антимикроб-

ной, антиоксидантной и иммуномодулирующей активности. В работе показан термин «витаминно-

лекарственный конъюгат» как возможный подход к терапии инфекции SARS-CoV-2. Конъюгат гид-

роксихлорохин-фолиевая кислота (ГХХ-ФК) был синтезирован по механизму этерификации, охарак-

теризован и оценен с целью обеспечения эффективного лечения инфекции SARS-CoV-2 через усиле-

ние терапевтического эффекта за счет синергетического механизма, маскирования нежелательных по-

бочных эффектов и улучшения клеточной интернализации. Эффективность и биодоступность суще-

ствующих противовирусных препаратов могут быть улучшены с помощью такого пролекарства. 

Структуру конъюгата определяли по спектроскопическим данным, таким как ИК, ЯМР и масс-

спектры. Полученные спектральные данные указывают на то, что ГХХ-ФК конъюгат образовался в 

результате сложноэфирной реакции соединения. Методом молекулярного докинга показано, что ГХХ-

ФК конъюгат демонстрирует хороший уровень стыковки, а также связывающее взаимодействие с ос-

новной частью протеазы. С помощью молекулярно-динамического моделирования отмечена хорошая 

https://doi.org/10.1136/bmjnph-2020-000085
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41586-020-2312-y
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стабильность ГХХ-ФК конъюгата в месте связывания основной части протеазы SARS и ингибирую-

щая активность в отношении инфекции COVID-19. 

Ключевые слова: витаминно-лекарственный конъюгат, SARS-COV-2, гидроксихлорохин, фолиевая 

кислота, молекулярное моделирование, молекулярно-динамическое моделирование. 
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Validated High Performance Thin Layer Chromatography Method  

for Simultaneous Estimation for Gallic Acid and Quercetin  

in Polyherbal Blend and Their Quantitative Estimation 

Simple, sensitive high performance thin layer chromatography method for the estimation of gallic acid and 

quercetin in in-house polyherbal blend has been developed and validated. Methanolic solution of herbal blend 

comprising of Emblica officinalis, Camellia sinensis and Garcinia cambogia was used for analysis. The sepa-

ration was performed on TLC aluminum plates precoated with silica gel G60 F254 and toluene: ethyl ace-

tate: formic acid (5:1.5:1 v/v/v) at 254 nm scanning wavelength. The system gave well resolved peaks for gal-

lic acid and quercetin at Rf 0.14 and Rf 0.29 respectively. The method validated as per ICH Q2R1 guidelines 

which shows regression co-efficient 0.9939 for gallic acid and 0.9988 for quercetin in range of 2–6 μg/ml. 

Recovery of gallic acid and quercetin was found in range of 98–102 % which confirms the accuracy of meth-

od. Precision study (interday & intraday) showed that the relative standard deviation is less than 2 %, show-

ing method is well precise. Proposed validated HPTLC method is simple, precise, specific, robust and accu-

rate, and could find application in routine quality-control analysis. The method was used for quantitative es-

timation of gallic acid and quercetin in the polyherbal blend and was found as 1.648 % w/w and 3.165 % w/w 

respectively. 

Keywords: gallic acid, quercetin, simultaneous estimation, high performance thin layer chromatography, vali-

dation, quantification, polyherbal, herbal, extracts. 

 

Introduction 

During past decades, public interest in herbal has increased exponentially. According to WHO, mass 

population (about 80 %) in developing countries depends essentially on herbal plants for primary health care 

needs owing to efficacy and lower side effect. Also now researchers are exploring plants as source for new 

lead structure against different diseases [1–2]. Many herbal formulations as single and polyherbal have been 

proved to be active and are widely available in market. The major cause of concern with herbal plants is bio-

diversity and quality of the plants which ultimately affects the efficacy of the formulation. High performance 

thin layer chromatography (HPTLC) has become a widely acceptable analytical tool for the quality control of 

herbal drugs. It serves as a low operation- cost and quick analysis tool in herbal analysis. 

The polyherbal mixture prepared for the study comprised of three plants viz. Emblica officinalis, Ca-

mellia sinensis and Garcinia cambogia, each of which are known to have therapeutic value [3–5]. The poly-

herbal blend was prepared with the aim to enhance the overall potential of the herbal extracts as these are 

used as antioxidant, anti-inflammatory and anti-obesity agent. These herbal plants consist of various phyto-

constituents as alkaloids, flavanoids, tannins and polyphenols which contribute to their pharmacological ac-

tivity. To be specific quercetin, gallic acid, ellagic acid and ascorbic acid are present in polyherbal blend and 

known for its effect. 

https://doi.org/10.31489/2022Ch4/4-22-4
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Some methods are reported which includes HPTLC method for simultaneous estimation of quercetin 

and gallic acid in Leea indica [6], in Eclipta alba and Guiera senegalensis simultaneous HPTLC method is 

developed for estimation of quercetin and gallic acid [7], HPTLC simultaneous estimation of gallic acid and 

quercetin is also reported in single plant extract of Abutilon indicus [8] and HPTLC method is also reported 

in literature for estimation of gallic acid, rutin and quercetin in aqueous extract of Terminalia chebula [9] 

But simultaneous estimation of gallic acid and quercetin is not reported in polyherbal blend viz. three herbal 

plant mixture. Hence the present study aims to determine gallic acid and quercetin simultaneously in poly-

herbal blend. Same developed and validated method can be used for quantification of the biomarker in herbal 

mixture consisting of gallic acid and quercetion. 

Gallic acid is phenyl propanoid, chemically it is 3,4,5-Trihydroxybenzoic acid, and possesses anti-

oxidant, anti-inflammatory and astringent activity [10–11]. Quercetin is 3,3,4,5,7-pentahydroxyflavone and 

possesses anti-inflammatory, antihypertensive, vasodilator effects, antiobesity, antihypercholesterolemic and 

antiatherosclerotic activities [12–13]. 

Experimental 

Chemicals and solvents 

Reference standard quercetin was purchased from Cayman Chemical Company, USA and gallic acid 

from Natural Remedies, India. All chemicals and solvents used were of analytical grade. 

Plant material 

Herbal plant powder extracts of Emblica officinalis, Camellia sinensis and Garcinia cambogia were 

procured from Kisalaya Herbals Ltd., Indore, Madhya Pradesh. 

Polyherbal blend composition 

A polyherbal blend was prepared by mixing equal amount of fruit of Emblica officinalis, leaves of Ca-

mellia sinensis and fruit of Garcinia combogia extracts. 

HPTLC analysis 

a) Preparation of standard solution of gallic acid and quercetin 

Standard stock solution of Gallic acid and Quercetin was prepared separately by dissolving 10 mg of 

Gallic acid and Quercetin up to 10 ml of methanol, to get stock solution containing 1000 μg/ml of Gallic acid 

and Quercetin. 5 µl of the above solution was applied on plate to obtain standard densitogram of Gallic acid 

and quercetin. 

b) Preparation of sample solution of Herbal blend 

Sample stock solution was prepared by dissolving 50 mg of mixture in 1ml methanol sonicated for 

10 min any insoluble fraction was removed by filtration. 30 µl of the above solution was applied on plate to 

obtain standard densitogram of blend. Presence of Gallic acid and Quercetin in blend was confirmed by over-

lay spectra. 

c) Chromatographic condition 

Based on sample solubility, stability and suitability various mobile phase compositions were tried to get 

a good resolution and sharp peaks. The standard and sample solution was run in various mobile phases, 

showed that Toluene, Ethyl acetate and Formic acid in proportion of 5:1.5:1 (v/v/v) was best suitable for 

Herbal mixture. Chromatography was performed using commercially-prepared, pre-activated (110 °C) silica 

gel 60 F254 TLC plates (10×10 cm). A Linomat IV (Camag, Muttenz, Switzerland) semi-automatic TLC ap-

plicator was used to apply samples and standards onto the TLC plate under a flow of nitrogen gas. After the 

application of sample, the chromatogram was developed in twin trough glass chamber 10×10 cm saturated 

with previously equilibrated mobile phase for 15 min. The chromatographic conditions were optimized to 

obtain the best peak shape. The plates were fixed in the scanner stage (CAMAG TLC SCANNER) and scan-

ning was done at UV 254 nm. The peak table, peak display, spectrum mode were recorded. The retention 

factor (Rf) was calculated by WINCAT’S software version 1.4.3.6336 

d) Validation 

ICH Q2 (R1) guidelines were followed for the validation of the analytical method developed. Calibra-

tion curve for gallic acid and quercetin was obtained from the system as graph of concentration versus ab-

sorbance. The precision of the method was determined by interday and intraday precision by analyzing sam-

ple solutions at different time intervals on the same day and on three different days, respectively. System 

precision was evaluated from six replicate application of standard as 6μl of gallic acid and quercetin at 3 

tracks and method precision was carried out from six replicate applications (30 μl application at 3 tracks) and 

was expressed as % relative standard deviation. Recovery studies were performed using standard addition 
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method and at three different levels viz. at 80, 100 and 120 % of the test concentration as per ICH guidelines. 

Limit of Detection (LOD) and Limit of Quantification (LOQ) were determined using the formula based on 

the standard deviation of the response and the slope. To evaluate the robustness of the proposed method, 

small but deliberate variations in the optimized method parameters such as composition of the mobile phase 

and chamber saturation time in the range of ±0.2 ml and ±5 min, respectively was carried out. The effect of 

these changes on Rf values and peak area were studied. 

e) Quantification of Standard Gallic acid and Quercetin in Herbal blend 

Concentration of Gallic acid and Quercetin in Herbal blend was calculated using linearity equation of 

gallic acid and Quercetin. 

Result and Discussion 

Figure 1 shows developed HPTLC plate. Optimized chromatographic conditions are shown in Table 1. 

 

 

Tracks — Blank, Gallic acid, quercetin and herbal blend at different concentrations 

Figure 1. Developed HPTLC plate under UV light at 254 nm 

T a b l e  1  

Optimized Chromatographic Condition 

Sr. No. Parameters Details 

1 Stationary phase Silica gel 60 F254 plates 

2 Mobile Phase Toluene: Ethyl Acetate: Formic Acid 

3 Sample Applicator Camag linomat V applicator 

4 Development chamber Twin-through glass chamber, 10×10 cm with stainless steel lid 

5 Saturation time 15 min 

6 Scanning wavelength 254 nm 

7 Syringe Camag 100 ul syringe 

8 TLC Scanner Camag TLC scanner III 

9 Software WinCATs software version 1.4.3.6336 

 

Gallic acid Quercetin Herbal blend 
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Optimized mobile phase gave sharp peak for gallic acid at Rf 0.14 (Figure 2) and Quercetin at Rf 0.29 

(Figure 3). Herbal blend showed the presence of both actives at Rf 0.14 for gallic acid and Rf 0.29 for Quer-

cetin (Figure 4). Presence of gallic acid and Quercetin in herbal blend was confirmed by overlay spectra as 

shown in Figure 5 and 6. 

 

 

 

Figure 2. Densitogram of Standard Gallic Acid (5 μg/ml) 

 

Figure 3. Densitogram of Standard Quercetin (5 μg/ml) 

Gallic acid 

Quercetin 
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Figure 4. Densitogram of Herbal blend (1500 μg) 

 

Figure 5. Overlay Spectra of Gallic acid standard and Gallic acid in Herbal blend 

Gallic acid 

Herbal blend 

Gallic acid in herbal blend 

Standard Gallic acid 

Quercetin 

Gallic acid 
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Figure 6. Overlay Spectra of Quercetin standard and Quercetin in Herbal blend 

The linearity of calibration curve in pure solution, over the concentration range of 2-6 µl (1 mg/ml) 

through proposed HPTLC method was carried out and regression co-efficient was obtained 0.9939 (Figure 7) 

& 0.9988 (Figure 8) for Gallic acid and Quercetin respectively. 

 

 

Figure 7. Calibration Curve of Gallic acid (R2 = 0.9939) 

Y = 6428.144 + 1628.890x 

R
2
 = 0.99392 

Herbal blend 

Quercetin 

Standard Quercetin 

Quercetin in Herbal blend  
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Figure 8. Calibration Curve of Quercetin (0.9988) 

3D densitogram of linearity of standard gallic acid and quercetin is shown in Figure 9. 

 

 

Figure 9. 3D densitogram of linearity of gallic acid and quercetin 

System precision and method precision was carried out using standard Gallic acid, Quercetin and Herb-

al blend and % relative standard deviation was calculated. The repeatability of sample application and meas-

urement of the peak area was expressed in terms of % RSD. The % RSD found was in the acceptable limit 

that is less than 2.0 which indicates that the method has an acceptable level of precision. Data is shown in 

Table 2 and 3 for system precision and method precision. 

 

Gallic 
acid 

Quer-
cetin 

Y = 5124.409 + 1580.996x 

R
2
 = 0.99883 
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T a b l e  2  

System precision 

Sr. no. 
Peak area (AU) 

Gallic acid Quercetin 

1 15740.21 16010.02 

2 15589.45 15680.20 

3 15837.19 15848.01 

4 15674.14 15828.97 

5 15904.31 15986.17 

6 15447.08 15749.17 

SD 166.8 129.3 

% RSD 1.06 0.82 
 

T a b l e  3  

Method precision 

Sr. no. 
Peak Area of Herbal blend (30 µl) 

Gallic acid Quercetin 

1 9009.75 14126.60 

2 9021.30 14128.14 

3 9029.00 14120.39 

4 9015.10 14126.02 

5 9020.12 14122.22 

6 9014.62 14122.90 

SD 6.69 2.98 

% RSD 0.074 0.02 
 

 

The accuracy levels were checked at three levels of 80 %, 100 % and 120 % using standard addition 

method by over spotting herbal extract with standard. The amount of the standard recovered were within ac-

ceptable limits as per ICH guidelines. The percent recovery was found to be 98.52–101.04 % for gallic acid 

and 98.92–101.04 % for quercetin. Data represented in Table 4 and 5 is of recovery obtained for gallic acid 

and quercetin respectively by standard addition method. 

T a b l e  4  

Accuracy studies for Gallic acid 

Sr. no 
Level of 

recovery 

Amount of Herbal 

blend taken 

Amount of Std. Gallic acid 

Added 

Amount of Gallic acid Recov-

ered % Recovery 

(µg/band) (µg/band) (µg/band) 

1 80 % 

1500 3.2 3.153 98.53 

1500 3.2 3.171 99.09 

1500 3.2 3.222 100.68 

2 100 % 

1500 4.0 3.981 99.52 

1500 4.0 4.038 100.95 

1500 4.0 3.961 99.03 

3 120 % 

1500 4.8 4.834 100.70 

1500 4.8 4.821 100.44 

1500 4.8 4.85 101.04 

 

T a b l e  5  

Accuracy studies for Quercetin 

Sr. no 
Level of 

recovery 

Amount of Herbal 

blend taken 

Amount of Std Quercetin 

Added 

Amount of Quercetin 

Recovered % Recovery 

(µg/band) (µg/band) (µg/band) 

1 80 % 

1500 3.2 3.194 99.81 

1500 3.2 3.165 98.92 

1500 3.2 3.182 99.43 

2 100 % 

1500 4.0 4.031 100.78 

1500 4.0 4.026 100.65 

1500 4.0 4.001 100.25 

3 120 % 

1500 4.8 4.819 100.39 

1500 4.8 4.826 100.54 

1500 4.8 4.84 101.04 

 

The limits of detection (LOD) were obtained 0.35 & 0.027 µg/ml and limit of quantification (LOQ) 

0.106 & 0.082 µg/ml for Gallic acid and Quercetin respectively. 

The method was found to be robust and specific. 
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All the validation parameter results are shown in Table 6 

Quantitative estimation have found out that in 1500μg of Herbal blend (Figure 10) 0.065 μg of Gallic 

acid i.e. 1.648 % and 0.13 μg of Quercetin i.e. 3.165 % was present. Table 7 

 

 

Figure 10. Densitogram of Herbal blend (1500 μg/ml) 

T a b l e  6  

Validation parameters of gallic acid and quercetin 

Parameters 
Result 

Gallic acid Quercetin 

Correlation coefficient 0.993 0.998 

Linearity range (ng/band) 2000–6000 ng/band 2000–6000 ng/band 

Precision (C.V) 

System Precision 1.06 0.82 

Method precision 0.074 0.02 

Intra day 0.21 0.14 

Inter day 0.45 0.09 

Limit of Detection (ng/band) 35 27 

Limit of Quantification 106 82 

Accuracy (%) 98.52–101.04 98.92–101.04 

Specificity Specific Specific 

 

T a b l e  7  

Quantification of gallic acid and quercetin in Herbal blend 

Phytochemical 
Stock solution  

of extract 

Concentration of extract 

spotted on TLC plate 
Area 

Calculated concentration 

in extract 
% in extract 

Gallic acid (50 mg/ml) 
30 μl 

(1500 µg/band) 
13281.05 0.065μg 1.648 % 

Quercetin (50 mg/ml) 
30 μl 

(1500 µg/band) 
11402.21 0.13μg 3.165 % 

 

Conclusions 

Thus, a rapid, simple, accurate and specific HPTLC method for quantitative estimation of Gallic acid 

and Quercetin in polyherbal blend comprising of Emblica officinalis, Camellia sinensis and Garcinia cam-

bogia has been developed and validated as per ICH guidelines. The method used in this work resulted in 

good peak shape with good resolution of Gallic acid and Quercetin from other constituents of the plant mate-

Quercetin 

Gallic acid 
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rial. Also it didn’t show any interference of any other constituents with Gallic acid and Quercetin proving 

method specificity. The data could be used as a quality standard method for simultaneous estimation of these 

phytochemicals in single and polyherbal blend in in-house or marketed formulations. Also the developed 

method can be used for quantification of gallic acid and quercetin in the herbal mixture. Gallic acid and 

quercetin are the biomarkers available in most of the herbal plants and have been proved to be an important 

phytoconstituents responsible for the activity. 
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Көпшөпті қоспадағы галл қышқылы мен кверцетинді  

бір уақытта бағалау және сандық анықтау үшін расталған  

жоғарыөнімді жұқа валидацияланған хроматография әдісі 

Қарапайым, сезімтал, жоғарыөнімді жұқа қабатты хроматография әдісі үйде өндірілген көпшөпті 

қоспадағы галл қышқылы мен кверцетиннің құрамын бағалау үшін әзірленді және расталды. Талдау 

үшін Emblica officinalis, Camellia sinensis және Garcinia cambogia қоса, шөп қоспасының метанолды 

ерітіндісі пайдаланылды. Бөлу 254 нм сканерлеу толқын ұзындығында G60 F254 силикагельмен және 
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толуол : этилацетат : құмырсқа қышқылымен (5:1,5:1 көлем/көлем/көлем) алдын ала қапталған 

алюминий TLC пластиналарында орындалды. Жүйе сәйкесінше Rf 0,14 және Rf 0,29 шамасында галл 

қышқылы мен кверцетин үшін жақсы шешілген шыңдарды берді. Әдіс 2–6 мкг/мл диапазонында галл 

қышқылы үшін 0,9939 және кверцетин үшін 0,9988 регрессия коэффициентін беретін ICH Q2R1 

нұсқауларына сәйкес расталды. Галл қышқылы мен кверцетинді алу 98–102 % аралығында, бұл 

әдістің дәлдігін нақтылайды. Дәлдікті зерттеу (күн аралық және күндізгі) салыстырмалы стандартты 

ауытқу 2 %-дан аз екенін көрсетті, бұл әдістің жоғары дәлдігін айқындайды. Ұсынылған 

валидацияланған HPTLC әдісі қарапайым, дәл, нақты және сенімді және күнделікті сапаны бақылау 

талдауында пайдаланылуы мүмкін. Бұл әдіс көпшөпті қоспадағы галл қышқылы мен кверцетиннің 

мөлшерін анықтау үшін қолданылды, ол тиісінше 1,648 % масса/масса және 3,165 % масса/масса 

құрады. 

Кілт сөздер: галл қышқылы, кверцетин, синхронды бағалау, жоғарыөнімді жұқа қабат 

хроматографиясы, валидация, сандық анықтау, көпшөптер қоспасы, шөптер, сығындылар. 

 

С.П. Ганди, А.Р. Гавейн, С.Д. Капсе, Д. Нагоре, С.С. Читланге 

Валидированный метод высокоэффективной тонкослойной хроматографии  

для одновременной оценки содержания галловой кислоты и кверцетина  

в политравной смеси и их количественная оценка 

Был разработан и валидирован простой, чувствительный высокоэффективный метод тонкослойной 

хроматографии для оценки содержания галловой кислоты и кверцетина в политравной смеси соб-

ственного производства. Для анализа использовали метанольный раствор травяной смеси, включаю-

щей Emblica officinalis, Camellia sinensis и Garcinia cambogia. Разделение проводили на алюминиевых 

пластинах для ТСХ, предварительно покрытых силикагелем G60 F254 и смесью толуол : этилаце-

тат: муравьиная кислота (5:1,5:1 об./об./об.) при длине волны сканирования 254 нм. Система дала хо-

рошо разрешенные пики для галловой кислоты и кверцетина при Rf 0,14 и Rf 0,29 соответственно. Ме-

тод валидирован в соответствии с рекомендациями ICH Q2R1, что дает коэффициент регрессии 0,9939 

для галловой кислоты и 0,9988 для кверцетина в диапазоне 2–6 мкг/мл. Извлечение галловой кислоты 

и кверцетина находится в пределах 98–102 %, что подтверждает точность метода. Исследование точ-

ности (междневной и внутридневной) показало, что относительное стандартное отклонение составля-

ет менее 2 %, что свидетельствует о высокой точности метода. Предлагаемый валидированный метод 

ВЭТСХ прост, точен, специфичен и надежен, может найти применение в рутинном анализе контроля 

качества. Данный метод был использован для количественной оценки содержания галловой кислоты и 

кверцетина в политравной смеси, которое составило 1,648 % масс./масс. и 3,165 % масс./масс. соот-

ветственно. 

Ключевые слова: галловая кислота, кверцетин, одновременная оценка, высокоэффективная тонко-

слойная хроматография, валидация, количественная оценка, политравная смесь, травы, экстракты. 
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Direct Correlation between Fluid Cluster Structure and Its Viscosity 

The research purpose is to prove the probability of a direct quantitative correlation between proportion of 

these clusters and liquid viscosity. A quasi-polycrystalline clustering model of the liquid (in particular, melts) 

should be used. The Boltzmann distribution, the concepts of the chaotic particles and the virtual cluster size 

distribution should be applied to achieve this purpose. This study analyzed the complete reference data on the 

temperature dependences of the dynamic viscosity for the alkali metals. As a result, a directly proportional 

correlation between viscosity and cluster content in liquid has been determined. It has provided the probabil-

ity for the quantitative concept of the quasi-polycrystalline clustering model on the liquid state of matter due 

to its properties. The concept of the chaotic particles in direct correlation to the Boltzmann distribution has 

been used as a basis. The Boltzmann energy spectrum has been used for the kinetic energy of the chaotic 

thermal particle motion in the solid, liquid and gaseous states of matter. As a result, their three energy classes 

have been distinguished with their presence in all aggregate states and in the sum constantly equal to one. 

Formulas to calculate the proportion of the virtually ordered clustering and complete chaotic fluid compo-

nents were deduced. These formulas have been derived with using the particle distributions by the energy 

class and cluster sizes. 

Keywords: Boltzmann distribution, randomized particles, probability, virtuality, cluster, melt, viscosity, alkali 

metals. 

 

Introduction 

The most adequate physical model of a liquid and, in particular, of melts, is the quasi-polycrystalline 

model [1–4]. The most relevant physical model for liquids (namely, melts) is a quasi-polycrystalline model 

[1–4]. This model examined the melt as a combination of two structural components such as clusters and the 

separating clusters. Thus, clusters were microvolumes with an ordered particle arrangement, close as in a 

crystal. By contrast, the separating clusters had a disordered zone with the chaotic and loose particle ar-

rangement. The disordered zone has formed a continuous three-dimensional cellular network in the melt, 

which filled the gaps between the clusters. The gaps were disorderly oriented in relation to each other. 

The clusters and a disordered zone were thermodynamically unstable. After the energy fluctuations, 

they continuously regenerated each other. The volume ratio filled with clusters and a disordered zone was 

established by a temperature of the melt. Thus, the temperature rise led to a decrease in the proportion of 

clusters due to an increasing of their disordered zone. It was assumed that the cluster zone disappeared at 

some temperature. It probably corresponded to a “contrary flexure” on the “physical property-temperature” 

curve and transition of the curvilinear section to a straight-line one. 

This idea of the cluster disappearance was questionable. Thus, any contrary flexures, i.e. breaks were 

not actually observed on such curves. The straight-line proportions were an asymptotic approximation in the 

decreasing curvature region with the single temperature dependence of the physical property. In any case, 

there was no prohibition to form clusters based on fundamental laws relating to the liquid nature. In addition, 

the quasi-polycrystalline model had no analytical expression or the mathematical semi empirical interpreta-

tion. 

As a result, the physical model was insufficiently developed. Since, some paradoxes of the temperature 

correlation of viscosity were not explained by the quasi-polycrystalline model [5]. Also works were being 

studied to determine the shape and structure of clusters with using their formation based on the solid phase 

nanoparticles during the melting of matter [6]. To date, the analysis of the unstable clustering phase in the 

liquid demonstrated that the structural approach dominated despite the advantage of such phase in a state 

without structure [7–10]. 

https://doi.org/10.31489/2022Ch4/4-22-5
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Thus, the obvious virtuality of the cluster existence and the disordered zone in the liquid has showed 

that a probability interpretation of its nature and all aggregate states of matter was relevant. Academician 

M.A. Leontovich’s point was fundamental to use the Boltzmann distribution (an energy spectrum) on the 

kinetic energy of the chaotic (thermal) particle motion to the gaseous and liquid, solid states of matter [11]. 

The research purpose is to substantiate the probability of a direct quantitative correlation between pro-

portion of these clusters and liquid viscosity. A quasi-polycrystalline clustering model of the liquid (in par-

ticular, melts) should be applied. The Boltzmann distribution, the concepts of the chaotic particles and the 

virtual cluster size distribution should be used to realize this purpose. 

Experimental 

The Boltzmann distribution and the concept of chaotic particles as a virtual basis 

    
1

/ exp / / exp /
n

i i i i

i

P N N kT kT
=

= = − − ,  (1) 

where Pi and Ni are share and number of particles with average i kinetic energy; N is the total amount of 

particles in the system; k is the Boltzmann constant; n is the number of energy levels taken into account. 

A significant advantage of the shared distribution was able to interpret Pi as the particle content with a 

certain energy level and probability to form and detect them. Therefore, the laws of the accidental events 

based on combining of the probability of the elementary events were used for them. The different fundamen-

tal property for this distribution was a universal expression of the thermal energy reserve at any temperature 

in an aggregate state as kT (per mol RT). And it did not depend on the continuous or discrete nature of this 

distribution [12–15]. 

The ability was additionally created to determine the proportion of the super-barrier, sub-barrier and in-

ter-barrier particles, i.e. any energy classes. Thus, the total proportion of such particles was equal to one. As 

a result, a faithful scientific basis was to develop the chaotic particles concepts and to apply their crossing or 

not crossing the thermal barriers of RTm melting and RTb boiling [16, 17]. 

This concept has demonstrated three particle energy classes at all temperatures and in all aggregate 

states: 

the crystal-mobile particles with energy no more than the thermal barrier RTm and proportions: 

 ( ) ( )1 exp / 1 exp /crm m mP RT RT T T= − −  = − −  ,  (2) 

the liquid-mobile particles with energy above RTm, but no more than RTb and proportions: 

 ( ) ( )exp / exp /lqm m bP T T T T= − − − ,  (3) 

the vapor-mobile particles with energy above RTb and proportions: 

 ( )exp /vm bP T T= −  (4) 

upon condition 

 1crm lqm vmP P P+ + = . (5) 

In this instance, this nature has been displayed with the melting and boiling points relevant to energy 

levels of kTm and kTb. 

The temperature range showed that the regions of the crystalline, liquid, vapor states and crm, lqm- and 

vm-particles in each of them should be well defined. The real properties of these states corresponded to it. 

The feature of the liquid-mobile particles was compared to the crystal-mobile and vapor-mobile parti-

cles. The proportion of the first above in the full temperature range (from zero to infinity) varied from 1 to 0. 

The proportion of the second above varied from 0 to 1. As a result, the feature was defined by difference be-

tween unity and sum of the oppositely varying fractions of crm- and vm-particles, as per (3). Thus, the frac-

tion of lqm-particles varied from zero to zero passing through some maximum. Its position is analytically 

calculated by (3) and corresponds to a temperature: 

 ( ) ( ), / /lqm max b m b mT T T ln T T= − . (6) 

The obvious dominance of the crystalline particles was observed up to the boiling point. This predomi-

nance was characteristic for the Boltzmann energy spectrum. As a result, the lower levels were more filled 

than the upper ones. The crystal-mobile particles were low-energy and realized their dominance. They re-

duced their proportion in a liquid state from the predominant one at a melting point to others at the boiling 

point. Thus, it was requested to determine their form in the liquid. If it was abstract from a specific structure 

of clusters, it can be argued that crm-particles should be associated or virtually condensed. If the particles 
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constantly hit with each other and with all other particles, they should correspond to some virtual distribution 

by the number of particles included in cluster, i.e. to be one-, two-, three- and n-particle clusters. Herewith, 

abstraction from a specific cluster structures did not mean its ignoring. By contrast, it should be examined as 

separation of the chaotic basis to make the certain structures under influence of the potential energy for at-

traction or repulse of particles. The last mentioned above were explicitly analyzed in some papers, namely, in 

a review of [18]. 

In order to determine such distribution, it should be stated that a quantitative expression for the total 

matter proportion was first received by a quasi-polycrystalline clustering model of the liquid state based on 

the chaotic particles concept. It was as a reservoir to form the clusters. Thereat, this proportion was compli-

ant with the universal criteria for the structural stability of the complex systems [19–21], specifically, by the 

proportion of the golden section. 

Further development of the chaotic particles concept proved the virtuality of their existence in the form 

of cluster distribution by the number of the included particles. The equality conditions of probabilities for the 

mutual conversion of clusters were applied, thus, it led to the maximum uncertainty of their system [17]. 

 ( ), 1 n

crm n crm crmP P P= − , (7) 

where n

crmP  is the proportion of n-partial clusters. 

As applied to the quasi-polycrystalline model of a liquid [1–4], it has been required to use the found 

particle distributions by the energy classes and cluster sizes to distinguish the virtually ordered cluster and 

fully chaotic components of the liquid. The last above mentioned was represented by single particles. It in-

cluded all liquid-mobile, vapor-mobile and single crystal-mobile particles. They were the most energy-

intensive in their class and as a transition to liquid-mobile ones. The total proportion of such particles calling 

as free, as described in (2)–(5) and (7) should be [17] 

 ( ) ( ) ( ) 2

,1 1 1 1fr crm lqm vm crm crm crm crmP P P P P P P P= + + = − + − = − . (8) 

Thereafter, the cluster zone should take a proportion of 

 21cl fr crmP P P= − = . (9) 

Integrally, the chaotic component of matter was studied. It was a primary basis to examine the ordered 

component through the characteristics of dependence. Besides, the probabilistic distribution of clusters ac-

cording to the number of the included particles created a reservoir to form the supracluster compounds — 

associates. The associates were detected in the liquid crystallization area [22]. The recording this loss of 

simplicity required the special study in relation to the liquid properties as described in our paper [20] with 

regard to viscosity. In all cases, the Boltzmann distribution was an inexhaustible source to develop the theory 

of a matter [23–25]. 

It should be previously to assure oneself of the most direct quantitative correlation of any physicochem-

ical liquid property with the found cluster proportions. This could be exemplified by a dynamic viscosity for 

the most typical liquid metals of the basic subgroup of the first group of the periodic element system. 

Results and Discussion 

The correlation of the dynamic viscosity of the liquid alkali metals to their cluster content should be 

present below. 

The chaotic particles concept and the quasi-polycrystalline clustering model of a liquid demonstrated 

that its viscosity should not be defined by all proportion of the crystal-mobile Рcrm particles. It should be de-

termined by its part belonging to non-single virtual formations. Thus, it should be equal to 2

crmP . It might be 

illustrated with the most complete reference data on the temperature dependences of the dynamic viscosity of 

alkali metals [26, 27]. 

Data correlation of , mPac, with Рcrm = 1 – exp(–Tm/T) and ( )
22 1 exp /crm mP T T=  − −    in the range 

from Tm to Tb are resulted in Tables 1–5 and Figures 1–5. 
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T a b l e  1  

The dependence of the dynamic lithium viscosity on the temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crm
P  clusters 

Т, K , mPac Рcrm 
2

crmP  Т, K , mPac Рcrm 
2

crmP  

Тm = 453.7 – 0.632 0.400 1073 0.238 0.345 0.119 

473 0.566 0.617 0.380 1173 0.219 0.321 0.103 

573 0.453 0.547 0.299 1273 0.204 0.300 0.089 

673 0.379 0.490 0.240 1373 0.191 0.281 0.079 

773 0.328 0.444 0.197 1473 0.180 0.265 0.070 

873 0.290 0.405 0.164 1573 0.170 0.251 0.063 

973 0.261 0.373 0.139 Тb = 1615 – 0.245 0.060 

T a b l e  2  

The dependence of the dynamic sodium viscosity on the temperature [26, 27] and proportion of the crystal-

mobile Рcrm particles and 2

crm
P  clusters 

Т, K , mPac Рcrm 
2

crmP  Т, K , mPac Рcrm 
2

crmP  

Тm = 371 – 0.632 0.400 773 0.237 0.381 0.145 

373 0.687 0.630 0.397 873 0.208 0.346 0.120 

473 0.451 0.544 0.296 973 0.186 0.317 0.100 

573 0.341 0.477 0.227 1073 0.170 0.282 0.085 

673 0.278 0.424 0.180 Тb = 1156 – 0.274 0.075 

T a b l e  3  

The dependence of the dynamic potassium viscosity on the temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crm
P  clusters  

Т, K , mPac Рcrm 
2

crmP  Т, K , mPac Рcrm 
2

crmP  

Тm = 337 – 0.632 0.400 773 0.166 0.353 0.125 

373 0.441 0.585 0.354 873 0.146 0.320 0.103 

473 0.303 0.510 0.260 973 0.132 0.293 0.086 

573 0.234 0.444 0.198 Тb = 1032 – 0.279 0.078 

673 0.193 0.394 0.155     

T a b l e  4  

The dependence of the dynamic rubidium viscosity on the temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crm
P  clusters  

Т, K , mPac Рcrm 
2

crmP  Т, K , mPac Рcrm 
2

crmP  

Тm = 312.5 – 0.632 0.400 673 0.212 0.371 0.138 

373 0.435 0.567 0.322 773 0.185 0.332 0.111 

473 0.316 0.484 0.234 873 0.165 0.301 0.090 

573 0.252 0.420 0.177 Тb = 961 – 0.278 0.077 

T a b l e  5  

The dependence of the dynamic cesium viscosity on the temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crm
P  clusters  

Т, K , mPac Рcrm 
2

crmP  Т, K , mPac Рcrm 
2

crmP  

Тm = 301.7 – 0.632 0.400 673 0.221 0.365 0.130 

373 0.469 0.555 0.308 773 0.192 0.323 0.104 

473 0.334 0.472 0.222 873 0.171 0.292 0.085 

573 0.264 0.409 0.168 Тb = 944 – 0.274 0.075 
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Figure 1. The dependence of the dynamic lithium viscosity on temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crmP  clusters (lines by (10)) 
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Figure 2. The dependence of the dynamic sodium viscosity on temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crmP  clusters (lines by (10)) 
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Figure 3. The dependence of the dynamic potassium viscosity on temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crmP  clusters (lines by (10)) 
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Figure 4. The dependence of the dynamic rubidium viscosity on temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crmP  clusters (lines by (10)) 

All figures illustrated a uniform variation in the forms of the dynamic viscosity correlations: from obvi-

ous nonlinear by temperature to smoothed proportion of the crystal-mobile particles and clear enough 

straight-line by cluster proportions. Thus, the directly proportional correlation of the viscosity directly with 

the cluster content in the liquid was proved. 

The probability was discovered for the quantitative concept of the quasi-polycrystalline clustering mod-

el of the liquid matter state through its properties. Therefore, the chaotic particles concept and the Boltzmann 

distribution were applied. 

In a first approximation, such dependence might be represented as a straight line equation. After calcu-

lation of the 2  crmP  variable, the viscosity was showed as 

 ( )
22 1 exp / ,crm ma bP a b T T= + = +  − −    (10) 

where а and b are free term and proportionality coefficient, respectively. They could be found by the least 

squares method. Then they should be used to determine the physical meaning. 

 

 T, K Рcrm (1), 𝑃𝑐𝑟𝑚
2  (2) 

, mPac , mPac 

 

Figure 5. The dependence of the dynamic cesium viscosity on temperature [26, 27]  

and proportion of the crystal-mobile Рcrm particles and 2

crmP  clusters (lines by (10)) 

For instance, at a melting point, the equation (10) had a single formula for all substances 

 0.400a b= + . (11) 

The different substances were compared by this viscosity value. Since it referred to the liquid phase at a 

melting point, where the liquid and solid states were in equilibrium. Thus, the direct experimental definition 

of viscosity was difficult due to the simultaneous presence and uncertain ratio of the solid and liquid phases. 
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It was required to ascertain that the straight-line dependence of the discussed data for alkali metals was 

adequate. With this view, they were processed by the least squares method to obtain the numerical values of 

parameters of a and b, the R correlation coefficient and its significance for the 95 % confidence level (tR > 2), 

the determination degree of the received dependencies (D = R2) [28] and the m melting viscosity. Results 

are presented in Table 6 and Figures of 1–5. 

T a b l e  6  

Parameters of equation (12) for alkali metals 

Element Тm, K а b R tR D m, mPac 

Lithium 453.7 0.100 1.18 0.9986 813 > 2 0.9971 0.572 

Sodium 371 0.000 1.58 0.9815 60 > 2 0.9634 0.632 

Potassium 337 0.025 1.13 0.9907 118 > 2 0.9815 0.478 

Rubidium 312.5 0.045 1.18 0.9948 189 > 2 0.9896 0.517 

Cesium 301.7 0.050 1.32 0.9960 249 > 2 0.9920 0.578 

 

The Table 6 demonstrated that a high adequacy of the straight-line correlation of viscosity with the 

cluster proportions and directly with temperature was established for all alkali metals. Since, they were dis-

played by a single equation (10). A high degree to determine these dependencies indicated their proximity to 

the fundamental pattern based on the physical nature of the liquid state. 

Somewhat worse correlation of the data for sodium had a physical explanation. Thus, the experimental 

values of viscosity were markedly higher than the calculated values at 373 K by two degrees above a melting 

point. It might be due to the probability of a partial presence of the solid phase within the accuracy of melt 

temperature maintenance. 

For all other alkali metals, the first experimental point was established at a temperature no less than 

twenty degrees above a melting point. 

Herewith, the m melting viscosity for sodium was abnormally high. A comparative analysis of the data 

on this value became difficult because it was a characteristic for the contribution of the chaotic virtual com-

ponent of the melting viscosity. 

The graphical data for sodium showed some residual curvature of the correlation on the cluster propor-

tion. It was less visible on similar dependences for other metals. It indicated a more complex nature of the 

cluster influence on the melt viscosity. It might be caused by formation of more complex super-cluster virtu-

al structures of less strong cluster associates. This aspect was examined in the monograph [17]. It ended with 

construction of a more accurate semi-empirical cluster-associated viscosity model. Thus, the cluster associa-

tion degree was applied, and the correlation with activation energy of fluidity was discovered by the Frenkel-

Andrade viscosity model [29–31]. 

It was important to state that determination of the activation energy was possible due to linearization of 

this model. It was widespread procedure to analyze and process data for the complex physicochemical pat-

terns in order to define their adequacy and apply them to the real processes. 

Conclusions 

The probabilistic nature of formation and the virtual existence of the solid phase clusters in liquid were 

applied to develop the existing quasi-polycrystalline clustering model of the liquid state of matter. 

It was studied by Boltzmann distribution of an energy spectrum and the chaotic particles concept with 

using an additional cluster distribution per the number of the crystal-mobile particles included in them. 

The form of this distribution was defined by the equal probability of the mutual cluster conversions and 

expressed by the virtuality essence of the liquid state. 

The proportional correlation of viscosity directly with the cluster content in the liquid was established 

by the analysis of the most complete reference data on temperature dependences of dynamic viscosity for 

alkali metals. Probability was provided to quantitative concept of the quasi-polycrystalline clustering model 

of the liquid state of matter based on its properties with using the chaotic particles concept and the Boltz-

mann distribution. 

It was clear that each straight-line correlation was not functional. In this case, the argument (the cluster 

proportions of 2  crmP ) and function (viscosity) were related as cause and effect. The cluster proportions were 

determined by the fundamental Boltzmann distribution. It was found the proportion of low-energy (the crys-
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tal-mobile) particles in it. It was as a reservoir to form (virtual crystallization) clusters. They created more 

chaotic particles and a thicker consistency of the liquid state. This consistency might be equated with the liq-

uid viscosity. It was quite possible that a similar straight-line correlation of cluster proportions could be dis-

covered with other properties of the liquid, e.g., by density and electrical conductivity. 

In reference to correlation between the cluster proportions and viscosity, it might be physically com-

pared with the state of a mechanical mixture of water and sand. The sand played the role as a cluster phase, 

and created the emulsion viscosity. It was important to state that the rectilinearity of correlation between the 

cluster proportions and viscosity did not apply to all crystal-mobile particles (Pcrm). It was applied for two or 

more partial formations ( 2  crmP ). It was clearly illustrated by the graphical data for alkali metals. In this case, it 

was of no concern a structure of the formed clusters. Since, the chaotic component of the substance was 

used. Thus, its contribution to the liquid state was examined. The influence of the potential energy of attrac-

tion and repulse of particles might add the general picture of such state as certain cluster structure formation. 

However, the chaotic component of matter by the kinetic energy of the thermal particle motion was basic to 

display the formation and properties of matter as a whole. 
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А.М. Мақашева, В.П. Малышев, Л.А. Бекбаева 

Cұйықтықтың кластерлік құрылымының тікелей байланысы  

және оның тұтқырлығы туралы 

Жұмыстың мақсаты — Больцман үлестірімін, ретсіз бөлшектер тұжырымдамасын және кластерлердің 

виртуалды үлестірілуін қолдана отырып, олардың өлшемдері бойынша сұйықтықтың (атап айтқанда, 

балқымалар) квазиполикристалды кластерлік моделі аясында осы кластерлердің үлесін сұйықтықтың 

тұтқырлығымен тікелей сандық байланыс мүмкіндігін негіздеу. Мақалада сілтілік металдардың 

динамикалық тұтқырлығының температуралық тәуелділігі бойынша ең толық анықтамалық 

мәліметтерді талдау мысалында тұтқырлықтың сұйықтықтағы кластерлердің құрамымен тікелей 

пропорционалды байланысы анықталған. Бұл Больцманның таралуына тікелей байланысты 

хаотикалық бөлшектер тұжырымдамасына негізделген заттың сұйық күйінің квазиполикристалды 

(кластерлік) моделін оның қасиеттері арқылы сандық түрде білдіру мүмкіндігін қамтамасыз етеді. 

Заттың қатты, сұйық және газ тәрізді күйлеріндегі бөлшектердің ретсіз жылулық қозғалысының 

кинетикалық энергиясына қолданылатын Больцмонның энергетикалық спектрі олардың барлық 

агрегаттық күйлерінде болуымен олардың үш энергетикалық класын ажыратуға мүмкіндік берді, ал 

қосынды әрқашан біреуге тең. Кластерлердің энергетикалық кластары мен өлшемдері бойынша 

бөлшектердің таралуы арқылы табылған виртуалды реттелген кластерлік және толығымен хаотикалық 

сұйықтық компоненттерінің үлесін есептеу бойынша формулалары келтірілген. 

Кілт сөздер: Больцманның таралуы, ретсіз бөлшектер, ықтималдылық, виртуалдылық, кластер, 

балқыма, тұтқырлық, сілтілі металдар. 

 

А.М. Макашева, В.П. Малышев, Л.А. Бекбаева 

О прямой связи кластерного строения жидкости и ее вязкости 

Цель работы — в рамках квазиполикристаллической кластерной модели жидкости (в частности, рас-

плавов) с помощью распределения Больцмана, концепции хаотизированных частиц и виртуального 

распределения кластеров по их размерам обосновать возможность прямой количественной связи доли 

этих кластеров с вязкостью жидкости. В статье на примере анализа наиболее полных справочных дан-
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ных по температурным зависимостям динамической вязкости щелочных металлов установлена прямо 

пропорциональная связь вязкости непосредственно с содержанием кластеров в жидкости. Этим обес-

печивается возможность количественного выражения квазиполикристаллической (кластерной) модели 

жидкого состояния вещества через ее свойства на основе концепции хаотизированных частиц в пря-

мой связи с распределением Больцмана. Энергетический спектр Больцмана применительно к кинети-

ческой энергии хаотического теплового движения частиц в твердом, жидком и газообразном состоя-

ниях вещества позволил выделить три энергетических класса с присутствием их во всех агрегатных 

состояниях и в сумме, всегда равной единице. Приведены формулы по расчету доли виртуально упо-

рядоченной кластерной и полностью хаотизированной составляющих жидкости, найденных с помо-

щью распределений частиц по энергетическим классам и размерам кластеров. 

Ключевые слова: распределение Больцмана, хаотизированные частицы, вероятность, виртуальность, 

кластер, расплав, вязкость, щелочные металлы. 
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Prospective Hybrid Molecules with Dual Anti-Viral  

and Anti-Thrombotic Activity Against the SARS-CoV-2 Infection  

and Its Associated Complications Employing in Silico Studies 

Covid-19, a SARS-CoV virus-based disease, was identified in Wuhan, China, in December 2019. Initially, it 

was considered just an infection of the respiratory system, but due to its transmittable nature, it was declared 

a pandemic. A variety of treatment options were implemented, including antivirals like remdesvir, favipiravir 

along with vitamins and antioxidants. Further investigations revealed that the Covid-19 infection results in 

thrombotic cardiovascular complications, which are the major concern for the increased mortality associated 

with this disease. This study investigates the in Silico design of hybrid molecules with antiviral and an-

tithrombotic properties. A docking study was performed using Autodock Vina software, and binding energies 

of the designed compounds were determined for papain-like protease (PDB: 3E9S) and 3-chymotrypsin-like 

cysteine protease (PDB: 6LU7). The docked poses and amino acids interactions were verified using Biovia 

Discovery studio 4.5. The binding energies of all designed compounds were compared with the standards, 

Compound RL1 (2-(5-(3-carbamoyl-1H-1,2,4-triazol-1-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)-

carbonyl)amino)(hydroxy)methyl)carbamoyl)phenyl acetate) and Compound FL2 (8-hydroxy-2-(3-hydroxy-

4-methoxyphenyl)-4-oxochroman-6-yl(2-(6-flouro-3-oxo-3,4-dihydropyrazine-2-carboxamido)-1-hydroxy-3-

phenylpropyl)carbamate) proved to be promising agents with strong binding interactions. Hybrid molecules 

that inhibit viral replication, possibly as transition state inhibitors, can be investigated further for use in the 

treatment of SARS-Co-V infection and its associated complications. 

Keywords: COVID-19; CL-pro, PL-pro, antiviral, antithrombotic, molecular docking, in Silico, hybrid mole-

cule. 

 

Introduction 

The Covid-19 pandemic caused by Severe acute respiratory syndrome coronavirus (SARS-CoV-2) virus 

has affected majority of population around the globe and has resulted in significant mortality and morbidity. 

It has been initially identified as a respiratory illness, but has now demonstrated extreme individual variabil-

ity in its symptoms, and severity of infection [1, 2]. This highly infectious virus has undergone rapid muta-

tions with “the double mutant” strain leading to the second wave in almost all countries worldwide. This 

double mutant Covid strain has been found to be more infectious and lethal and has increased the health risk 

in patients with high mortality rate [3]. The SARS-CoV-2 belongs to β-coronavirus family and is SS RNA 

enveloped protein with 9860 amino acids. SARS-CoV-2 gene fragment consists of structural and nonstruc-

tural proteins encoded from S, E, M and N gene and ORF region, respectively [4, 5]. Spike glycoprotein 

(S protein) present on the virus surface is the key component for viral entry into the host cell through recog-

nition and binding with ACE2 (angiotensin-converting enzyme 2) receptor. S1 subunit of S protein recogniz-

es the binding site and binds to the host receptor and S2 subunit forms six-helical bundle with the help of 

heptad repeat (HR1 and HR2) and mediates fusion cell membrane. Fusion of host and viral membrane is 

achieved by host protease, which cleaves site at the border of S1 and S2. Sixteen nonstructural proteins per-

form different function and carry out processing and replication of RNA [6, 7]. 

Angiotensin-converting enzyme 2 (ACE2) protein, target for coronavirus is found in alveolar epithelial 

cells of lungs and in small intestines enterocyctes. Breakdown of ACE2 finally causes systemic inflammation 

in the host cell leading to critical illness and multiorgan dysfunction. Covid-19 patients with cardiovascular 
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disease have been severely affected and an increase in mortality rate has been observed. Adverse outcomes 

have been observed due to systemic inflammation, which destabilizes vascular plaques finally demanding 

increased cardiac activity. Increased levels of IL6, D-dimer and troponins (cardiac specific) direct the patient 

towards increased risk of pulmonary embolism and thrombosis [8–12]. 

Currently the treatment line of SARS-CoV-2 infection involves use of anti-virals like remdesivir, favi-

piravir, ritonavir to address the pulmonary infection phase; while for suppressing the inflammato-

ry/coagulopathy phase, drugs like Tocilizumab, Anakinra, Baricitinib, Eculizumab, Emapalumab and Hepa-

rin, including low molecular weight heparins (e.g enoxaprin) are utilized [13, 14]. Several vaccine candidates 

have received approval for emergency use across the globe [15] and mass immunization drives are under 

progress [16]. However until a considerable mass of population is vaccinated and herd immunity is achieved, 

therapeutic interventions will be required to combat the situation. 

Latest developments show that SARS-CoV-2 infection precipitates variety of haematological complica-

tions associated with increase in D-Dimer and blood thickening. Mortality occurs either due to respiratory 

failure or thromobotic cardiovascular complications, which requires the management of multiple associated 

pathways [17–20]. 

Development of hybrid molecules is an attractive strategy of drug design to achieve multiple targeting, 

enhance biological activity and improve kinetics [21, 22]. In the past decades, several researchers have uti-

lized this concept to develop agents with antimicrobial [23–25], anti-malarial [26–28] and anti-cancer activi-

ty [29, 30]. Researchers have developed multifunctional drugs comprising of two or more pharmacophores 

with benefits in treatment of multi-factorial diseases [31–35]. 

So an attempt was made to design hybrids with dual action, namely antiviral and anti-coagulant activity, 

which would prove advantageous in treatment of the multiple complications occurring during SARS-CoV-2 

infection. The strategy involved designing of hybrids of reported anti-viral agents with anti-coagulant mole-

cules through suitable linkers converting them into potentially active molecules, which were studied against 

suitable anti-viral targets. The hybrids were generated by linking antiviral molecules [36–38], namely ribavi-

rin, favipiravir, oseltimivir and acyclovir with established anti-platelet drugs [39–43] viz. hesperitin, resvera-

trol and aspirin as test compounds. The selected anti-coagulants are reported to possess dual anti-thrombotic 

and antiviral action. The criteria for selection of these agents are summarized in Table 1. The linkers selected 

for the design of molecules included hydrolysable and cleavable linkers like 2-amino 2-hydroxy ethyl amide, 

malonic acid and succinic acid. 

T a b l e  1  

Selection of anti-viral and anti-platelet molecules for design of hybrid molecules 

Selected Anti-viral molecules 

Ribavirin Broad activity toward conventional and novel viruses of DNA and RNA types; Multiple mechanisms 

of direct antiviral action; Random mutagenesis of viruses to promote T cell response; Tolerable and 

well‐characterized side effect profile; Mature clinical experience & comprehensive demographic char-

acterization; Accessibility & affordability 

Favipiravir Employed for clinical intervention of COVID-19 treatment; Exhibits faster viral clearance and better 

chest CT changes; Adverse events are rare and tolerable 

Oseltimivir Clinical study suggests that Remdesivir treatment among all of antivirals such as Ribavirin, Favipiravir 

and Oseltamivir proved promising therapeutics in COVID treatment 

Acyclovir Similar clinical target as approved drug Remdesivir 

Selected Anti-platelet agents 

Hesperitin Anti-platelet, anticoagulant, antioxidant, radical scavenging activity and anti-inflammatory activities; 

Demonstrated antiviral activity by altering the immune system mainly via regulating interferons in the 

influenza A virus 

Resveratrol Inhibits platelet aggregation and platelet membrane-bound fibrinogen (Pfig) induced by adenosine di-

phosphate (ADP through decreased activity of PLC beta of platelets; Antioxidant-promote nitric oxide 

production, Cardioprotective agent, Antiinflammatory, Neuroprotective, Antiviral properties 

Aspirin Proven anticoagulant action, considerable dose‐dependent antiviral activity (CA9, HRV1A, HRV2 and 

substantial activity against FluA H1N1, HRV14 and HRV39); Possible MOA-involvement of the 

NF‐κB‐pathway, Differential regulation of influenza virus RNA synthesis by NF‐κB, iNOS expression 

by down regulating the promoter activity, mRNA and protein expression levels involvement of p38 
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Experimental 

Selection of Protein 

COVID-19 papain-like protease (PL-pro) (PDB ID- 3E9S) and 3-chymotrypsin-like cysteine protease 

(CL-pro) (PDB ID- 6LU7) were selected as the protein targets for the present study. The crystal structure of 

desired proteins was downloaded from RCSB Protein data bank in.pdb format. The native ligand present in 

protein 6LU7 is n-[(5-methylisoxazol-3-yl)carbonyl]alanyl-l-valyl-n~1~-((1r,2z)-4-(benzyloxy)-4-oxo-1-

{[(3r)-2-oxopyrrolidin-3-yl]methyl}but-2-enyl)-l-leucinamide and in 3E9S is 5-amino-2-methyl-N-[(1R)-1-

naphthalen-1-ylethyl]benzamide. 

Selection of Ligands 

Hybrid ligands that can exhibit dual action, anti-viral activity against the SARS-CoV-2 along with anti-

thrombotic activity with improved affinity and efficacy in combination were designed. Promising anti-viral 

agents that are currently recommended in treatment of the SARS-CoV-2 infection like oseltamavir, ribavirin, 

fevipiravir and acyclovir (Figure 1A) with molecules like salicylic acid, resveratrol and hespiritin with potent 

anti-viral and well-established anti-thrombosis profile (Figure 1B) were selected to design the hybrid mole-

cules using appropriate linkers (Figure 1C). 

The 3D structures of hybrid type ligands were drawn using Chem Draw in.mol file with all possible 

combinations and Open Babel (http://openbabel.org/wiki/Main_Page) was used to convert. mol to. pdbqt 

files. Drug-like properties of the ligands were computed using ADME Schrodinger software QikProp 

(https://www.schrodinger.com/QikProp). 
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Figure 1C. 2-D Structure of the selected linkers 

Molecular Docking studies 

Molecular docking studies were carried out using Autodock Vina software. Optimisation of the ligands 

and proteins and grid box creation were carried out using Graphical User Interface program Autodock Tools. 

Target proteins were optimised using Autodock Tools by adding polar hydrogen groups, removing water 

http://openbabel.org/wiki/Main_Page
https://www.schrodinger.com/QikProp
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molecules, adding kollman and Gasteiger charges and prepared file was saved as.pdbqt file. Ligands were 

optimised and converted into.pdbqt file using Open Babel software. 

The amino acids making up the active site of the target proteins were established by visualization of the 

binding of native ligands using Biovia Discovery Studio 2016. Grid box was generated by arranging the grid 

coordinates (X, Y and Z) about the proteins active site. The grid size was set to 40×40×40 xyz points for 

both targets with grid centre designated at dimensions (x, y and z): –10.891, 16.159 and 66.647 for CL-pro 

and –30.52, 22.402, 30.288 for PL-pro. During the docking procedure, both the proteins and ligands were 

considered as rigid structures. The root-mean-square deviation (RMSD) was observed, the pose with the 

most favourable free binding energy was considered (RMSD value less than 0.1Å). Then with the help of 

Biovia discovery studio, the pose with lowest energy of binding was aligned with receptor structure for fur-

ther analysis. 

Validation of Target Proteins 

Target validation was performed to understand the accuracy and reproducibility of the docking process 

and targets selected for the study. The native ligands n-[(5-methylisoxazol-3-yl)carbonyl]alanyl-l-valyl-

n~1~-((1r,2z)-4-(benzyloxy)-4-oxo-1-{[(3r)-2-oxopyrrolidin-3-yl]methyl}but-2-enyl)-l-leucinamide and 5-

amino-2-methyl-N-[(1R)-1-naphthalen-1-ylethyl]benzamide present in target proteins 6LU7 and 3E9S, re-

spectively, were removed from the protein structures and were re-docked into the active sites using Auto-

dock Vina software. The procedure was performed on both the target proteins in Biovia Discovery software; 

the native ligands were removed from the co-crystallized complexes and saved in PDB file format. Grids 

were generated about the active sites of the target proteins and the docked complexes were superimposed on 

their respective reference co-crystallized complexes and the root mean square deviation (RMSD) was com-

puted. 

Prediction of ADME properties 

Along with the biological activity, the pharmacokinetic properties of compounds are critical for selec-

tion of good drug candidates. In our study we used ADME Schrodinger online software to predict ADME 

properties i.e. Absorption, Distribution, Metabolism, and Excretion/Elimination using Lipinski Rule of drug-

likeness. 

Results and Discussion 

Target validation 

Target validation studies using the selected targets and native co-crystallized ligands indicated low 

RMSD values within runs confirming the accuracy and repeatability of the docking procedure. The docking 

results of native ligands with targets are shown in Figure 2. 

 

 

Figure 2. a — Papain-like protease with native ligand;  

b — 3-chymotrypsin-like cysteine protease with native ligand 

Molecular Docking studies 

For the docking studies, 24 hybrid ligands were designed using suitable combinations of the anti-viral 

and anti-thrombosis agents with selected linkers. Among these hybrids, six ligands demonstrated favourable 

affinity for the selected target proteins (PL-pro and CL-pro) with low binding energy comparable to the se-

lected standards (Remdesivir, Acyclovir, Ribavirin, Oseltamavir and Fevipiravir). The results of the docking 
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studies of standards and with interacting amino acid residues and type of interactions are summarized in Ta-

ble 2. 

T a b l e  2  

Docking analysis of Standards with target proteins 

Compound Name Binding Energy (kcal/mol) Interacting Amino acids Bond type 

Target: Papain-like protease (PDB ID- 3E9S) 

Remdesivir –6.0 
Tyr 269, Tyr 265 

Ala 250, Tyr 269 Tyr 274 

H- bond 

π-π stacking 

π-π stacking 

Acyclovir –6.3 

Gln 270, Gly164 

Tyr269 

Tyr274 

Asp165 

π- π stacking 

H-bond 

H-bond 

H-bond 

Ribavirin –6.8 

Tyr 265 

Asp 165 

Tyr274 

Gly164, Gly267 

π-π stacking 

π-π stacking 

H-bond 

H-bond 

Oseltamavir –5.8 

Tyr 269 

Asp165 

Tyr 265 

Tyr274 

H-bond 

H-bond 

π-alkyl stacking 

π-alkyl stacking 

Fevipiravir –5.7 

Tyr 265 

Asp 165 

Tyr274 

Thr 302, Arg 167 

Tyr 274 

π-π stacking 

π-π stacking 

H-bond 

H-bond 

H-bond 

Target: 3-chymotrypsin-like cysteine protease (PDB ID- 6LU7) 

Remdesivir –8.2 

His 163, Phe 140 Gly 143 

His 41, 

Met49,165 

H-bond 

H-bond 

π-π stacking 

π-π stacking 

Acyclovir –5.8 

Leu 141 

Ser 144 

Cys 145, Glu 166 

His 163 

H-bond 

H-bond 

H-bond 

π-π stacking 

Ribavirin –6.3 

Cys 145 

His 163 

Thr 26 

Gly 143 

H-bond,π-π stacking 

H-bond 

H-bond 

H-bond 

Oseltamavir –6.0 

Glu 166 

Met 49, Met165 

His 41 

H-bond 

π-alkyl stacking 

π-alkyl stacking 

Fevipiravir –6.3 

Asp 187, Tyr 54 

His 41 

Met 165 

Arg 188 

H-bond 

H-bond 

π-π stacking 

Halogen interaction 

 

The best six hybrid ligands with low binding energies were selected for further docking interaction 

analysis. Figure 3 displays the 2-D structure of these hybrid ligands. The best-docked complexes of these 

ligands with their interacting amino acid residues are shown in Figures 4 and 5, respectively. 

Based on the docking results, among the six hybrid ligands, compound RL1 exhibited high binding af-

finity with both the target proteins (PDB:3E9S and PDB: 6LU7) with dock score of –8.1 and –8.0, respec-

tively. In the interaction study with PL-pro, the hydrogen bonds were observed with Tyr 269, Gln 270, Tyr 

274 and Asp 165, π–π interactions with Gly 164, Leu 163 (Figure 4A). With 3CL-pro, compound RL1 

formed hydrogen bonds with Thr 24, 25, 26, Thr 45, Ser 46, Ser 144, Gly 143 and π–π interactions with Met 

165, 49, His 41(Figure 5A). 
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Compound FL2 exhibited the highest binding affinity with both the target proteins (PDB:3E9S and 

PDB: 6LU7) with dock score of –9.1 and –9.0, respectively. With PL-pro, compound FL2 formed hydrogen 

bonds with Arg 167, Asp 165 and π–π interactions with Tyr 264 and Lys 158 (Figure 4B). In interaction with 

3CL-pro, the hydrogen bonds were observed with Thr 24,25,45, Asn 14 and His 164, π–π interactions with 

His 41, Met 49, Thr 24 (Figure 5B). 

Also, ligand FL3 (Figure 4C) showed greater binding affinity (dock score -8.1) to PL-pro compared to 

the standards, which exhibited dock score between –5.7 to –6.3. However, it exhibited lower affinity (Dock 

score –7.9) with 3-CLpro protease compared to the other docked ligands, but with greater affinity when 

compared to the standards (Dock score –5.7 to –6.3) with the exception of Remdisivir, which showed im-

proved affinity with dock score of –8.2. With PL-pro (PDB:3E9S), ligand FL3 formed hydrogen bond inter-

action with Thr 266 and π–π interactions of phenyl rings with Tyr 265, Thr 302, Tyr 269, Arg 167 and Pro 

249. In interaction with 3-CLpro, the hydrogen bonds were observed with Gly 143, Ser 144, Thr 26, Cys 

145, Thr 190 and π–π interactions with Met 165, Met 49 (Figure 5C). 

 

 

Figure 3. 2-D structures of selected hybrid ligands 

Compound RM1 showed the interaction with PL-pro (PDB:3E9S) and formed hydrogen bond interac-

tion with Tyr 269, Asn 268, Gly 267, Tyr 274 and π–π interactions of triazole rings with Asp 165, Tyr 265 

(Figure 4D). Figure 5D shows interaction of RM1 with 3-CLpro, the hydrogen bonds were observed with 

Gly 189, Glu 166, Met 49, Asp 187, Ser 144, Cys 145 and π–π interactions with His 41, Met 49 and Glu 166. 

Figure 4E shows the interaction of RM2 with PL-pro (PDB:3E9S) and hydrogen bond interaction with 

Tyr 274, Gly 164, Tyr 269, Asn 268, Gly 267 and π–π interactions with Asp 165, Tyr 265. In interaction 

with 3-CLpro, the hydrogen bonds were observed with Gln 189, Met 49, Gly 143, Ser 144, Cys 145 and π–π 

interactions with Met 49, His 41, Glu 166 (Figure 5E). Among the docked ligands, RM2 showed good affini-

ty to CL-Pro with dock score of –8.6 when compared to the standard and other ligands. 

In Figure 4F, compound RM3 showed the interaction with PL-pro (PDB:3E9S) and formed hydrogen 

bond interaction with Tyr 274, Glu 251 and π–π interactions with Asp 165, Lys 158, Pro 249. Figure 5F 

shows interaction of RM3 with 3-CLpro, the hydrogen bonds were observed with Thr 24,25,45, Ser 46, Cys 

145 and π–π interactions of triazole ring with Met 49 and phenyl ring with Pro 168 AND Met 165. 

Some of the common interacting amino acid residues involved in hydrogen bond formation, which play 

a vital role in binding to the target, identified through our docking studies include residues Tyr 265, 269, 
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274, Thr 266, Asn 268 with the papain-like protease and residues Thr 24,25,26, Cys 145, Ser 144 with the 

3-chymotrypsin-like cysteine protease receptor. 

The ADME prediction study of the best six molecules evaluated on QikProp ADME Schrodinger online 

software, demonstrated relatively satisfactory drug like properties. 

 

 
 

A B 

  

 
 

C D 

  

  

E F 

Figure 4. Docked poses in 3E9S receptor binding pocket A) Compound RL1 B) Compound FL2  

C) Compound FL3 D) Compound RM1 E) Compound RM2 F) Compound RM3  

(The figure shows the ligands docking within the active site. The hydrogen bonds are represented  

by green dotted lines, π–π interactions with yellow/pink dotted lines 
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C D 

  

  

E F 

Figure 5. Docked poses in 6LU7 receptor binding pocket A) Compound RL1 B) Compound FL2  

C) Compound FL3 D) Compound RM1 E) Compound RM2. F) Compound RM3.  

(The figure shows the ligands docking within the active site. The hydrogen bonds are represented  

by green dotted lines, π–π interactions with yellow/pink dotted lines 

Based on the docking and ADME prediction studies on papain-like protease (PL-pro) (PDB ID- 3E9S) 

and 3-chymotrypsin-like cysteine protease (CL-pro), two cysteine proteases of the SARS-CoV-2 virus that 

are vital for the replication and transcription of the viral genome, there was observed that FL2, which was a 

hybrid of favipiravir and hesperitin through 2-amino 2-hydroxy ethyl amide linker seemed to be the most 

promising hybrid designed to act with almost similar affinity to both the targets. 

Also, RL1, a hybrid of ribavarin and salicyclic acid linked with the 2-amino 2-hydroxy ethyl amide 

chain showed comparable efficacy against both the protease targets. Figure 6 represents the docking poses of 

the most promising hybrids obtained through this in silico study. Both the identified hybrids contain the 
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hydoxyethylamine linker that is an important structural component of currently clinically employed HIV pro-

tease inhibitors like Nelfinavir, Indinavir and other protease inhibitors used in the treatment of HIV infection. 

The incorporation of this hydroxyethlyamine linker may help to mimic the transition state of the reactions 

catalysed by the PL-pro and CL-pro enzymes in the viral replication cycle. These designed inhibitors may 

serve as transition state inhibitors that may bind with greater affinity to the active site and may be less prone 

to hydrolysis. Hence these hybrid molecules may represent a new class of anti-viral agents with improved 

affinity than the individual substrates. 

However it is anticipated that the likely hydrolysis of these hybrids may release the individual sub-

strates that may also separately bind to the anti-viral targets and provide synergistic activity. Also as herperi-

tin and salicyclic acid are well established anti-thrombotic agents, they may also elucidate this response, 

thereby proving to be of great potential in treatment of the rising associated complications of the viral infec-

tion. 

 

 

Figure 6. Docking Poses of RL1 in A) CL-pro and B) PL-pro; Docking Poses of FL2 in C) CL-pro and D) PL-pro 

Conclusions 

The present study focuses on the design of novel hybrids of antiviral and antithrombotic agents for syn-

ergistic use in the treatment of infections caused by the SARS-CoV-2 virus. Among the 24 compounds 
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screened using Autodock vina software, Compound FL2 i.e., 8-hydroxy-2-(3-hydroxy-4-methoxyphenyl)-4-

oxochroman-6-yl(2-(6-flouro-3-oxo-3,4-dihydropyrazine-2 carboxamido)-1-hydroxy-3-phenylpropyl)carba-

mate and Compound RL1 i.e., 2-((((((5-(3-carbamoyl-1H-1,2,4-triazol-1-yl)-3,4-dihydroxytetrahydrofuran-

2-yl)methoxy)carbonyl)amino)(hydroxy)methyl)carbamoyl)phenyl acetate prove to be promising agents with 

good affinity and strong binding interactions with both target proteins, papain-like protease (PDB:3E9S) and 

3-chymotrypsin-like cysteine protease (PDB: 6LU7). The results of this study can prove to be useful to me-

dicinal chemists involved in design of newer agents to fight the COVID pandemic. This novel class of hybrid 

agents may help to address the coronavirus infection and its associated complications and may be further 

explored for design of novel molecules in this field. 
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Р. Бхиманвар, А. Томас, Л. Котхапаллы, А. Годасе,  

С. Ганди, С. Чанданы, Г. Мор, Г. Джадхав, С. Чоудхари 

SARS-CoV-2 инфекцияларына және онымен байланысты асқынуларға  

қарсы қос антивирустық және антитромботикалық потенциалы бар  

әлеуетті гибридті молекулалар in silico зерттеулерін қолдану 

COVID, SARS-CoV вирусына негізделген ауру 2019 жылдың желтоқсан айында Қытайдың Ухань 

қаласында анықталды. Бастапқыда бұл жай ғана тыныс алу жүйесінің инфекциясы болып саналды, 

бірақ кейін оның таралу сипатына байланысты пандемия жарияланды. Емдеудің әртүрлі нұсқалары 

жүзеге асырылды, соның ішінде ремдесвир, фавипиравир сияқты вирусқақарсы препараттар, сонымен 

қатар витаминдер мен антиоксиданттар да бар. Кейінгі зерттеулер COVID-19 инфекциясының 

тромбоздық жүрек-қантамырлық асқынуларға әкелетінін анықтады, бұл осы инфекциямен 

байланысты өлім-жітімнің артуына басты алаңдаушылық тудырады. Осы зерттеуде вирусқақарсы 

және антитромботикалық қасиеттері бар гибридті молекулалардың in silico конструкциясы зерттелді. 

Autodock Vina бағдарламалық құралын пайдалану арқылы докингті зерттеу жүргізілді және 

жобаланған қосылыстардың байланысу энергиясы папаинтәрізді протеаза (PDB: 3E9S) және 

3-химотрипсинтәрізді цистеин протеазасы (PDB: 6LU7) үшін анықталды. Түйіскен позалар мен 

аминқышқылдарының өзара әрекеттесуі Biovia Discovery studio 4.5 көмегімен тексерілді. Барлық 

жобаланған қосылыстардың байланыс энергиялары стандарттармен салыстырылды, қосылыс RL1 

(2-(5-(3-карбамоил-1Н-1,2,4-триазол-1-ил)-3,4-дигидрокситетрагидрофуран-2ил)метокси)карбонил) амин)-

(гидрокси)метил)карбамоил)фенилацетат) және қосылыс FL2 (8-гидрокси-2-(3-гидрокси-4-метоксифе-

нил)-4-оксохроман-6-ил-(2-(6-фтор)3-оксо-3,4-дигидропиразин-2-карбоксамидо)-1-гидрокси-3-фенил-

пропил)карбамат) күшті байланысуы бар перспективалы агенттер болып шықты. Вирустық 

репликацияны  тежейтін  гибридті  молекулалар, мүмкін өтпелі күй ингибиторлары ретінде, SARA-

Co-V инфекциясын және онымен байланысты асқынуларды емдеуде пайдалану үшін әрі қарай 

зерттелуі мүмкін. 

Кілт сөздер: COVID-19, CL-pro, PL-pro, вирусқа қарсы, антитромботикалық, молекулалық докинг, 

гибридті молекула. 
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Потенциальные гибридные молекулы с двойным противовирусным  

и антитромботическим действием против инфекции SARS–CoV–2  

и связанных с ней осложнений с использованием исследования in silico 

COVID–19, заболевание, вызванное вирусом SARS–CoV, было выявлено в Ухане (Китай) в декабре 

2019 г. Первоначально оно считалось просто инфекцией дыхательной системы, но из-за его трансмис-

сивного характера оно было объявлено пандемией. Были реализованы различные варианты лечения, 

включая противовирусные препараты, такие как ремдесвир, фавипиравир, а также витамины и анти-

оксиданты. Дальнейшие исследования показали, что инфекция Covid–19 приводит к тромботическим 

сердечно-сосудистым осложнениям, что является основной причиной повышенной смертности, свя-

занной с этой инфекцией. В этом исследовании изучена конструкция in silico гибридных молекул с 

противовирусными и антитромботическими свойствами. Исследование докинга проводили с исполь-

зованием программного обеспечения Autodock Vina, а энергии связывания разработанных соединений 

определяли для папаиноподобной протеазы (PDB: 3E9S) и 3-химотрипсиноподобной цистеиновой 

протеазы (PDB: 6LU7). Состыкованные позы и взаимодействия аминокислот были проверены с ис-

пользованием Biovia Discovery studio 4.5. Энергии связи всех разработанных соединений сравнивали 

со стандартами, соединение RL1 (2-(5-(3-карбамоил-1H-1,2,4-триазол-1-ил)-3,4-дигидрокситетра-

гидрофуран-2-ил)метокси)карбонил)амино)(гидрокси)метил)карбамоил)фенилацетат) и соединение 

FL2 (8-гидрокси-2-(3-гидрокси-4-метоксифенил)-4-оксохроман-6-ил-(2-(6-фтор-3-оксо-3,4-дигидропи-

разин-2-карбоксамидо)-1-гидрокси-3-фенилпропил)карбамат) оказались многообещающими агентами 

с сильным связывающим взаимодействием. Гибридные молекулы, которые ингибируют репликацию 

вируса, возможно, в качестве ингибиторов переходного состояния, могут быть дополнительно иссле-

дованы для использования в лечении инфекции SARS–CoV и связанных с ней осложнений. 

Ключевые слова: COVID–19, CL-pro, PL-pro, противовирусный, антитромботический, молекулярный 

докинг, гибридная молекула. 
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Kinetics of Thermolysis of a Low-Temperature Tar  

in the Presence of a Catalyzer Agent with Deposited Metals 

The thermal decomposition of low-temperature coal tar (LTCT) obtained from the coals of Shubarkol Komir 

JSC of the Republic of Qazaqstan in the presence of nanocatalysts with metal oxides (iron, cobalt and nickel) 

supported on microsilicate was studied for the first time. Microsilicate acts as a carrier and catalyst. Microsil-

icate is a product of the Karaganda silicon plant of “Tau-Ken.temir” LLP. The main chemical component of 

the original microsilicate is silicon oxide. The individual and chemical phase composition of the microsilicate 

was determined using X-ray spectral analysis. The particle size of the initial microsilicate and the mixture of 

microsilicate with metal oxide catalysts (nickel, cobalt, and iron) was determined using a nanosizer. Stages of 

thermal decomposition of LTCT and a mixture of LTCT with catalysts under conditions of programmed heat-

ing up to 640 °С in a nitrogen atmosphere have been established. On the basis of thermogravimetric analysis, 

the kinetic parameters (activation energy, mass loss rate, and pre-exponential factor) of LTCT pyrolysis and 

mixture with added catalysts were determined. The modeless integral isoconversion Ozawa–Flynn–Wall 

method was used to determine the kinetic parameters. The values of the activation energy for the thermal de-

struction of the LTCT in the absence and presence of the nanocatalyst ranged from 54.04 to 297.5 kJ/mol. A 

kinetic compensation effect was revealed, probably due to the multicomponent composition of the LTCT and 

the influence of added catalysts to the LTCT. The thermogravimetry method showed a high effect of the sup-

ported catalysts on the thermal degradation of LTCT. This method was used to determine the values of the ac-

tivation energy and the pre-exponential degradation factor for the LTCT and the mixture with catalysts at dif-

ferent heating rates, which allows a detailed interpretation of the thermal analysis data. The obtained results 

of the kinetics of decomposition of LTCT can be used to create a database for mathematical modeling of the 

process of processing this type of raw material. 

Keywords: kinetics, accelerant, microsilica, low-temperature coal tar, thermogravimetric analysis, iron, nick-

el, cobalt. 

 

Introduction 

At present, thermogravimetric analysis is widely used to study the kinetics of thermal decomposition of 

organic materials, such as LTCT, coal, and polymeric materials [1–5]. Due to the complex composition of 

LTCT, it is very important to obtain information about the kinetics of LTCT decomposition in the presence 

of various catalysts containing metal oxides of Group VIII of the Mendeleev Periodic Table. To determine 

the kinetic parameters of the thermal decomposition of LTCT in the presence of catalysts containing metal 

oxides (iron, nickel, cobalt), the integral method presented in [1] and the method for determining the thermo-

kinetic parameters from the inflection point on the thermogravimetric curve [2] were used. Sources [6, 7] 

evidence that the mathematical models, which are used to determine the kinetic performance of polymer deg-

radation, cause certain difficulties when applied to the thermal breakdown of low-temperature coal resin 

(LTCR) due to their complex structure, the variety of chemical bonds, and simultaneously occurring reac-

tions. In this regard, one of the most important tasks facing the researchers is the designing of recommenda-

tions for the selection and development of an adequate kinetic model of LTCR thermal breakdown in the 

presence of a catalyst and the formation of a database of kinetic performance. 

https://doi.org/10.31489/2022Ch4/4-22-19
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-13
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The organic mass of LTCT contains various aromatic, heterocyclic compounds. Due to the complex 

composition of the LTCT, it is difficult to select an efficient and selective catalyst for LTCT processing 

based on the kinetics of decomposition of the LTCT organic matter. When studying the kinetics of pyrolysis 

of organic substances, the thermogravimetric method of analysis (TGA) is widely used [6]. In the literature 

[8–10], various methods are known for determining the kinetic parameters of nonisothermal pyrolysis, which 

can be divided into model (model-fitting) and model-free (model-free) or isoconversion. One of them is the 

Ozawa-Flylin-Wall model-free method for calculating the kinetic parameters [11, 12], which requires the 

construction of kinetic curves at different heating rates. 

The purpose of this work is to study the kinetics of thermal degradation of LTCT in the presence of cat-

alysts with oxides of nickel, cobalt, and iron supported on microsilicate using thermogravimetric analysis 

methods. 

Experimental 

For the study of thermokinetic decomposition of low-temperature coal tar the raw material obtained 

during coal coking at the coking plant of JSC “Shubarkol komir” was used. 

Physical and chemical characteristics of low-temperature coal tar JSC “Shubarkol Komir”» presented in 

the paper [13]. 

The used microsilica performs the role of carrier and catalyst — the product of Karaganda silicon plant 

LLP “Tau-Ken.temir”. 

The component chemical composition of the initial microsilica was determined by using X-ray and 

spectral analysis (Table. 1). 

T a b l e  1  

Composition of initial microsilicate after leaching 

Content of components, % 

SiO2 TiO2 Al2O3 Fe2O3 CaO MgO MnO P2O5 K2O Na2O 

95.5 0.02 <0.95 <1.0 –0.5 0.4 0.04 0.06 <0.1 0.3 

 

The initial microsilicate was preliminarily grinded, then samples with a particle size of 0.1 mm were 

taken by screen analysis. The initial microsilicate was leached using a 20 % hydrochloric acid solution to 

remove alkali and alkali earth metals. 

The size of the particles of the original microsilica and the catalyst samples were determined by using 

the laser particle size detector Nano-S90 (Fig. 1). 
 

 

Figure 1. Particle size (sample 1) of the source microsilica 

Figure 1 shows the particle size of the original microsilica — 232 nanometers. Size of metal-coated cat-

alyst particles: sample 2 (microsilica+Ni) — 324.2 nanometers, sample 3 (microsilica + Co) — 139.4 na-

nometers, sample 4 (microsilica + Fe) — 196.3 nanometers. 

The catalyst was obtained by wet impregnation of leached microsilica with a 1.5 % solution of 

CoCl2·6H2O, NiCl2·6H2O, FeSO4·7H2O salts. The salt-soaked microsilica was kept in the dryer for 2 hours, 

at 80–90 °C, and then dried at 105 °C also for 2 hours. Further, the catalyst samples obtained were calcified 
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in the muffle oven at 550 °C for 2 hours (applied catalyst). The component chemical composition of the mi-

crosilicate after leaching was established using the X-ray spectral and gravimetric method and was presented 

in the (Table 2). 

T a b l e  2  

Composition of initial microsilicate after leaching 

Content of components, % 

SiO2 TiO2 Al2O3 Fe2O3 CaO MgO MnO P2O5 K2O Na2O 

97.439 0.023 <0.95 <1.0 0.414 0.304 0.033 0.057 <0.1 0.276 

 

As it can be seen from the data in Tables 1 and 2, the chemical composition of the initial microsilicate 

before and after leaching changed insignificantly. 

Thermogravimetric study was performed using a Labsys Evo TG-DTA/DSC 1600 derivatograph (Seta-

ram, France) in corundum crucibles in the temperature range from 30 to 600 °C in a nitrogen flow (flow rate 

of protective and purge gases was 20 and 50 ml/min–1 respectively). The sample weight for DTA analysis 

was 0.01 g. Kinetic parameters of thermal decomposition (rate constant, activation energy, and pre-

exponential factor) of low-temperature coal tar (LTCT) with catalysts and microsilicate were calculated by 

the methods presented in works [11, 12]. Kinetic characteristics were determined on the basis of TGA — 

data at three different heating rates of 10, 20, and 30 deg/min–1. Calculation and report of measurement re-

sults was performed using the software package “OriginLab” and the Python distribution “Anaconda3”. 

The model-free Ozawa-Flynn-Wall (OFW) method was used [11, 12] when calculating the kinetic pa-

rameters of low-temperature coal resin (LTCR) thermal breakdown in the presence of a catalyst. 

Results and Discussion 

We previously used the integral method to determine the thermogravimetric parameters [1] and the 

method by the inflection point on the thermogravimetric curve [2]. 

The curves dependence of samples mass loss on temperature are shown in Figure1 at heating rates β — 

10 °C/min, β — 20 °C/min, β — 30 °C/min at intervals of 140–480 °C using the Ozawa-Flynn-Wells (OFW) 

method. The reactivity of a substance can be described by the activation energy value. 

The determination of the activation energy values was based on the generalized value expression (1) for 

the rate of the solid-phase reaction under nonisothermal conditions: 

 
( ) ( )/

/ /  
Ea RT

d dT A e f
−

 =   ,  (1) 

where α is fractional conversion of raw material; β is the linear heating rate of samples, °C/min; Α is the pre-

exponential factor, c-1; T is the absolute temperature, K; Ε is the activation energy, kJ/mol; R is the gas con-

stant, kJ/mol K; f (α) is a mathematical model of the dimensionless kinetic function depending on the type 

and mechanism of the reaction. 

The value α in equation (1) is the relative degree of oil sludge transformation, defined as  

α = ms – m/ms – mf where ms and mf are the initial and final mass of the substance, m is the mass of the sub-

stance at the measurement point [14]. 

Ozawa-Flynn-Walls Method According to the Ozawa-Flynn-Walls method of non-isothermal kinetics, 

when integrating and then taking logarithm equation (1), we obtain expressions (2) 

 ( ) ( ) ( )ln ln / ln lnG AE R p z = − + .  (2) 

( )G   for a first-order reaction is equal to 

 ( )
0 0

/ /1 ln 1
a a

d f da a a  = − = − −  ; 

 ( ) / /   ; /
z

z zp z e z e zdz z E RT− −

−
= − = . 

Using the Doyle approximation [15] we obtain equation (3) for substitution into expression (2): 

 ln p(z) = –5.3305 – 1.052z.  (3) 

The OFW method is based on the assumption that the reaction rate at a constant value of α depends on-

ly on temperature. When analyzing non-isothermal kinetics, the following equation is used: 

 ( ) ,ln ln  / 5.331 1.052 /i a a iA E Rg E RT  =    − −  . (4) 
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Substitutions (2) and (3) provide the OFW equation (4) to calculate how thermal breakdown rate of cat-

alyst mixtures with LTCR depends on inverse temperature calculated the activation energy and the pre-

exponential multiplier [15]. Thermogravimetric (TG) curves (Fig. 2) were constructed by low-temperature 

coal tar to assess the influence of metal-coated microsilicate catalysts (iron, nickel, cobalt) on the thermal 

degradation rate. Thermogravimetric (TG) curves (Fig. 2) were constructed by low-temperature coal tar to 

assess the impact of metal-based microsilica catalysts (iron, nickel, cobalt) on thermal degradation rates. For 

this purpose, based on the thermogravimetry data of the low-temperature coal resin and the catalyst for their 

mixtures of a known composition, TG curves and mass loss rates were calculated at three heating speeds β 

— 10 °C/min, β — 20 °C/min, β — 30 °C/min, which described the thermolysis process of the low-

temperature coal resin mixture and with the catalyst (Fig. 2 a–f). 

 

 
a 

 
b 

 
c 

 
d 

 
e 

 
f 

1 — low-temperature coal tar; 2 — low-temperature coal tar with applied nickel;  

3 — low-temperature coal tar with cobalt applied; 4 — low-temperature coal tar with iron applied 

Figure 2. Thermogravimetric mass loss curves (a), (c), (e) and mass loss rate (b), (d), (f) of tested NCC samples  

in the presence of microsilica with applied catalyst 

On the curves, the mass loss rate at three heating speeds β is one maximum (Fig. 2 b, d, f), due to the 

decomposition of the organic mass of low-temperature coal tar in the presence of nickel, cobalt and iron to 

the formation of volatile substances. It has been established that, when iron is applied to microsilica (Fig. 2 

b), the maximum decomposition of the organic mass of low-temperature coal tar is achieved at a temperature 
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of 525 K. When the nickel applied to microsilica, the maximum decomposition rate of the organic mass of 

low-temperature coal tar is reached at a temperature of 537 K (Fig. 2 d) and when iron is added, there is a 

maximum decomposition of the organic mass of low-temperature coal tar at 579 K (Fig. 2 f). 

Equation (4) implies that for a series of temperature measurements of thermal degradation of low-

temperature coal tar catalyst mixtures obtained at different β heating speeds of samples and fixed values of 

their transformation degree α, the graph of the function lnβ = f (1/T) gives straight lines (isoconversion lines) 

the tangent of the inclination of which — 1.052E/R is directly proportional to the activation energy [15] (Fig. 

3 a–d). 

 

 
a 

 
b 

 
c 

 
d 

a — low-temperature coal tar; b — low-temperature coal tar with nickel applied to microsilica,  

c — low-temperature coal tar with cobalt applied to microsilica;  

d — low-temperature coal tar with iron applied to microsilica 

Figure 3. Heating rate logarithm dependence β — 10 °C/min, β — 20 °C/min, β — 30 °C/min  

low-temperature coal tar mixture samples 

The experimental points lie adequately on straight lines in the entire range of conversion degrees, indi-

cating the correct Doyle approximation used in the mathematical treatment of thermogravimetric data. The 

calculated activation energy values and preexponential multiplier shows a high correlation coefficient  

(
2 0.997R  ) of Table 3. 

Energy Activation of Thermal Destruction of Low-temperature Coal Tar Blend and Microsilica with 

Applied Catalysts (Table 3). 
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T a b l e  3  

Energy Activaition of Thermal Destruction of Low-temperature Coal Tar Blend  

and Microsilica with Applied Catalysts 

Relative  

degree of 

conversion, α 

Sample 1  

(low-temperature coal tar 

without catalyst) 

Sample 2  

(microsilica + Ni 1.5 % 

+ low-temperature coal 

tar, particle size 0.1 mm) 

Sample 3  

(microsilica + Co 1.5 % 

+ low-temperature coal 

tar, particle size 0.1 mm) 

Sample 4  

(microsilica + Fe 1.5 % 

+ low-temperature coal 

tar, particle size 0.1 mm) 

Ea, KJ/mol lnAc-1 Ea, KJ/mol lnAc-1 Ea, KJ/mol lnAc-1 Ea, KJ/mol lnAc-1 

0.1 297.5 87.6 62.18 18.8 54.04 17.09 69.53 20.92 

0.2 172.3 50.2 157.3 41.5 59.27 17.74 67.32 19.57 

0.3 122.3 35.7 121.2 31.6 62.18 17.93 66.42 18.77 

0.4 112.3 32.3 117.4 30.01 65.01 18.11 62.84 17.47 

0.5 95.9 27.4 110.7 27.79 63.35 17.31 60.51 16.55 

0.6 87.3 24.7 99.9 24.88 65.34 17.40 62.06 16.56 

0.7 86.7 24.1 93.2 22.94 70.91 18.22 62.22 16.28 

0.8 80.9 22.2 86.8 21.15 74.99 18.72 60.75 15.65 

0.9 74.1 20.1 71.6 17.59 77.98 18.89 60.48 15.25 

 

On the Figure 4 activation energy dependence on conversion rate (α) of low-temperature coal tar with-

out catalyst and sample mixture of low-temperature coal tar with catalyst. Ozawa – Flynn – Wells Curve — 

E = f (α)) (Fig. 4) shows the complex process of thermal destruction of the low-temperature coal tar mixture 

with the catalyst. 

 

 

1 — low-temperature coal tar; 2 — low-temperature coal tar with nickel applied to microsilica;  

3 — low-temperature coal tar with cobalt applied to microsilica;  

4 — low-temperature coal tar with iron applied to microsilica 

Figure 4. Dependence of activation energy E on the level of conversion of α samples (Ozawa – Flynn – Wells analysis) 

Figure 4 shows the calculated activation energy values represented by the thermal breakdown degree α 

of low-temperature coal resin and the sample mixture of the low-temperature coal resin with catalyst. It is 

shown that for Sample 1 activation energy with increased conversion decreases from 297.5 to 74.1 kJ/mol. 

Sample 2 with the conversion degree from 0.1 to 0.2 the activation energy increases from 62.18 to 

157.3 kJ/mol, and further conversion increase rate leads to a reduction in activation energy from 121.2 to 

71.6 kJ/mol. For Sample 3 with increased conversion rate, there is a significant change in activation energy 

from 54.04 to 77.98 kJ/mol. Slight activation energy change with conversion degree obsession is observed 

for sample 4 from 69.53 to 60.48 kJ/mol. 

Figure 4 shows that for the sample, the first stage of thermal decomposition is flowing with a high 

amount of activation energy, which may be due to a low degradation of high molecular weight asphaltene 

and tar compounds. Thermal decomposition of the low-temperature coal tar mixture with nickel, cobalt and 
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iron applied to microsilica is described by more complex kinetic curves. The initial stages of the activation 

energy of sample 2, sample 3 and sample 4 proceed with a lower activation energy than for sample 1. It 

seems to be due to the fact that an organo structure with added metals is formed, the latter act as a catalyst, 

that is, they accelerate the reaction of the destruction of the organic mass of the low-temperature coal tar and 

thus lead to a decrease in the activation energy (Table 3 and Fig. 4.). Among the number of metals added to 

the microsilica, cobalt and iron were the most influential, and the addition of nickel with an increased con-

version rate of 0.1–0.2 leads to an increase in activation energy and a pre exponential factor, and further in-

creasing the conversion rate from 0.3 to 0.9 significantly reducing the activation energy. Low activation en-

ergy appears to be associated with the splitting of the weakest oxygen-containing, nitrogen-containing bonds 

and the influence of catalytic additives on the thermal degradation of low-temperature coal tar. High activa-

tion energy values are associated with low volatility of condensed aromatic hydrocarbons contained in the 

original low-temperature coal tar. Solid semi-coke is formed by condensation of solids that do not degrade. 

Conclusions 

The information above about the influence of catalysts on the destruction of low-temperature coal resin 

shows that the method of thermogravimetry makes it possible to determine sufficiently the influence of the 

applied catalysts on the thermal breakdown of low-temperature coal resin. On the basis of TG-analysis, the 

kinetic parameters (activation energy and pre-exponential factor) were determined using the model-free 

OFW method. The obtained experimental data on the kinetics of LTCT destruction were verified by correla-

tion coefficients (R2 ≥ 0.997). 

By changing the organometallic structure of low-temperature coal tar with applied catalyst due to meta-

bolic reaction with metal, it is possible to control the process of thermal destruction, changing its speed and 

kinetic parameters, and to test selected catalysts for thermal destruction of low-temperature coal tar. 
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C. Тянах, М.И. Байкенов, А.М. Гюльмалиев, Ма Фэн-Юн,  

Г. Мусина, Т.О. Хамитова, А.Н. Болатбай 

Металдармен байытылған катализдік қоспа қатысындағы  

төментемпературалы шайыр термолизінің кинетикасы 

Алғаш рет металл оксидтері (темір, кобальт және никель) бар микросиликатқа енгізілген 

нанокатализаторлардың қатысуымен Қазақстан Республикасы «Шұбаркөл Көмір» АҚ көмірлерінен 

алынған төментемпературалы таскөмір шайырының (ТТТШ) термиялықыдырауы зерттелді. 

Микросиликат тасымалдаушы және катализатор қызметін атқарады. Микросиликат — «Tau-

Ken.temir» ЖШС Қарағанды кремний зауытының өнімі. Бастапқы микросиликаттың негізгі 

компоненті кремний оксиді. Микросиликаттың жеке және химиялық фазалық құрамы рентгендік 

спектрлік талдау арқылы анықталды. Бастапқы микросиликаттың бөлшектерінің өлшемі және 

микросиликаттың металл оксиді катализаторларымен қоспасы (никель, кобальт және темір) 

наносайзердің көмегімен табылды. Азот атмосферасында 640 °С дейін бағдарламаланған қыздыру 

жағдайында ТТТШ термиялықыдырау сатысы және катализаторлармен ТТТШ қоспасы дәлелденген. 

Термогравиметриялық талдау негізінде ТТТШ пиролизі және катализаторлар қосылған ТТТШ 

қоспасының кинетикалық параметрлері (активтендіру энергиясы, массаның жоғалу жылдамдығы 

және алдындағы экспоненциалды көбейткіш) анықталды. Кинетикалық параметрлерді анықтау үшін 

Озава – Флинн – Уоллдың модельсіз интегралды изоконверсиялық әдісі қолданылды. 

Нанокатализатор бар болған және болмаған кезде төментемпературалы таскөмір шайырының 

термиялықыдырау активтендіру энергиясының мәндері 54,04-тен 297,5 кДж/мольге дейін ауытқиды. 

Кинетикалық компенсация әсері анықталды, бұл төментемпературалы таскөмір шайырының 

көпкомпонентті құрамына және төментемпературалы таскөмір шайырына қосылған 

катализаторлардың әсеріне байланысты болуы мүмкін. Төментемпературалы таскөмір шайырының 

ыдырау кинетикасынан алынған нәтижелерді көрсетілген шикізаттың түрін қайта өңдеу процесінде 

математикалық модельдеуді жүргізу үшін деректер базасын құру кезінде пайдалануға болады. 

Кілт сөздер: кинетика, катализатор, микросиликат, төментемпературалы таскөмір шайыры, темір, 

никель, кобальт. 

 

 

С. Тянах, М.И. Байкенов, А.М. Гюльмалиев, Ма Фэн-Юн,  

Г. Мусина, Т.О. Хамитова, А.Н. Болатбай 

Кинетика термолиза низкотемпературной смолы  

в присутствии каталитической добавки с нанесенными металлами 

Впервые изучено термическое разложение низкотемпературной каменноугольной смолы (НКС), по-

лученной из углей АО «Шубарколь комир» Республики Казахстан, в присутствии нанокатализаторов 

с нанесенными на микросиликат оксиды металлов (железо, кобальт и никель). Микросиликат 

выполняет роль носителя и катализатора. Микросиликат — продукт Карагандинского кремниевого 

завода ТОО «Tau-Ken.temir». Основным химическим компонентом исходного микросиликата является 

оксид кремния. Индивидуальный и химический фазовый состав микросиликата определяли с помо-

щью рентгеноспектрального анализа. Размер частиц исходного микросиликата и смеси микросиликата 

с катализаторами оксида металлов (никель, кобальт и железо) определяли с помощью наносайзера. 

Установлены стадийность терморазложения НКС и смесь НКС c катализаторами в условиях 

программируемого нагрева до 640 °С в атмосфере азота. На основе термогравиметрического анализа 

определены кинетические параметры (энергия активации, скорость потерии массы и предэкспоненци-

альный множитель) пиролиза НКС и смеси НКС с добавленными катализаторами. Для определения 

кинетических параметров использован безмодельный интегральный изоконверсионный метод Озава–

https://doi.org/10.1134/S0965544116080168
https://doi.org/10.31489/2021Ch2/86-95
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Флинн–Уолла. Значения энергии активации термодеструкции НКС в отсутствии и в присутствии 

нанокатализатора находились в диапазоне 54,04–297,5 кДж/моль. Выявлен кинетический компенсаци-

онный эффект, вероятно, обусловленный многокомпонентным составом НКС и влиянием добавлен-

ных катализаторов к НКС. Метод термогравиметрии показал высокое влияние нанесенных катализа-

торов на термодеструкцию НКС. С помощью данного метода определены значения энергии активации 

и предэкспоненциальный множитель деструкции НКС и смеси НКС с катализаторами при различных 

скоростях нагрева, что позволяет подробно интерпретировать данные термического анализа. 

Полученные результаты кинетики разложения НКС могут быть использованы при создании базы 

данных для проведения математического моделирования процесса переработки указанного вида 

сырья. 

Ключевые слова: кинетика, катализатор, микросиликат, низкотемпературная каменноугольная смола, 

железо, никель, кобальт. 
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Study of the Methionine Electrooxidation at an Electrode  

Modified with Vitamin B12 and Multi-Walled Carbon Nanotubes 

The electrochemical behavior of methionine at an electrode modified with vitamin B12 and multi-walled car-

bon nanotubes has been studied in this work. A possible mechanism of redox processes occurring on the 

modified electrode is proposed. When the electrode is formed, vitamin B12 is fixed on the surface of a carbon-

containing electrode modified with multi-walled carbon nanotubes due to adsorption. In the process of ca-

thodic polarization, cobalt(III) in cobalamin is reduced to cobalt(II) to which a partially negatively-charged 

sulfur atom in the methionine molecule is attached due to electrostatic interactions. During anodic polariza-

tion, cobalt(II) in the complex is oxidized up to Co3+, the methyl group from methionine is transferred to co-

balamin, and homocysteine passes into the solution, which is proved by Raman spectra. Based on the study of 

the dependence of current and potential on the sweep speed, it was found that the oxidation process is not re-

versible, the limiting stage is adsorption, and one proton and one electron participate in the electrochemical 

stage. The following optimal conditions for recording an analytical signal were selected: the background elec-

trolyte is a tartrate buffer solution with pH = 4.01; the electrolysis potential is 1.6 V; the accumulation time is 

up to 180 s. The metrological characteristics of the procedure for determining methionine were estimated. 

The accuracy index did not exceed 29 %, the repeatability and intermediate precision indices did not exceed 

14 % and 16 %, respectively. The range of detectable contents was (1–50)×10–7; the detection limit was 

5.0×10–8 M. It was shown that a 10-fold excess of ascorbic acid, tryptophan, glycine, cysteine and tyrosine 

does not have a noticeable distorting effect on the procedure for determining methionine. 

Keywords: methionine, modified electrode, vitamin B12, electrooxidation, cobalamin, electron, proton, strip-

ping voltammetry, multi-walled carbon nanotubes. 

 

Introduction 

Methionine is an essential amino acid that plays an important role as a precursor for all other sulfur-

bearing amino acids and their derivatives in living organisms. It involves in the regulation of metabolic pro-

cesses of the immune system and has antioxidant activity. The methionine concentration in the range of 5–

15 µmol/l is considered normal for men and women. The increased content of methionine is associated with 

damage caused to nucleic acids, with various types of cancer and cardiovascular diseases. The reduced me-

thionine concentration leads to neurodegenerative diseases [1–6]. In this regard, the determination of the me-

thionine content in foodstuff and biological fluids is a relevant task. Electrochemical methods of analysis are 

promising for this purpose. 

The mechanism of methionine electrooxidation remains ambiguous. In 1960, dehydro-methionine was 

proposed in [7] as an intermediate of the product of anodic oxidation of methionine at a platinum wire elec-

trode with pH =7.0. Dehydro-methionine was also identified as a by-product of methionine oxidation using 

various analytical methods [8–10]. A few years later, voltammetric determination of methionine at platinum 

electrodes was reported in [11]. The authors observed a voltammetric wave between +0.7 and +1.0 V (calo-

mel electrode), which manifested itself only in acidic media and only in the presence of hydrogen and chlo-

ride ions [11]. Later, owing to the development of new electrode materials, more detailed studies were car-

ried out. In [12] the authors demonstrated methionine oxidation at a graphite electrode, which is an irreversi-

ble process controlled by diffusion. In [13], the authors reported that the oxidation potential of methionine at 

a glassy-carbon electrode remains constant in the pH range from 3 to 7. The authors also noted that the volt-

ammetric wave of methionine oxidation strongly resembles cystine obtained in similar experimental condi-

tions [12] at the glassy-carbon electrode. In 1994, the authors [14] showed that the neighboring carboxylate 

and amino groups of thioester, which modifies the electrode, play an important role in the methionine elec-
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trooxidation at the carbon electrode, even if these groups are not rigidly held in a fixed position relatively the 

function of thioester in the molecular skeleton. Later, in 2011, glassy-carbon and diamond electrodes doped 

with boron were used to study the electrochemical oxidation of methionine in a wide pH range using cyclic 

and differential pulse voltammetry [15]. The results conform fully to the conclusions of the work [13]. In 

[15] the oxidation reaction proceeds in two stages at the glassy-carbon electrode and in one stage at boron-

doped diamond electrodes, where, probably, the high oxidation current of the second peak is superimposed 

on the first one. Oxidation reactions have been found to be irreversible, diffusion-controlled, and one-

electron processes, independent of pH at pH> 3. 

In [16], we proposed a technique for determining methionine at an electrode modified with cyano-

cobalamin (vitamin B12). When choosing the technique for electrode modification, we proceeded from the 

following assumptions: methionine entering the human body, when interacting with enzymes, and is reduced 

to homocysteine [17]. Such reaction can serve as a prototype of the corresponding electrode process. We 

proposed the use of cyanocobalamin as an auxiliary substance. It is an electroactive substance due to the 

presence of cobalt(III) in the corrin ring. The process of vitamin B12 chemisorption on mesoporous carbon is 

known [18]. By attaching vitamin B12 to the surface of the electrode due to adsorption, it is possible to create 

conditions allowing the binding of methionine from the solution to form an electroactive compound at the 

electrode. The purpose of this work is to establish the mechanism of methionine oxidation at the modified 

electrode to optimize the conditions for the determination of methionine by stripping voltammetry. 

Experimental 

Equipment and reagents 

Methionine (Sigma, USA), multi-walled carbon nanotubes produced by “Graphen” (USA), vitamin B12 

(Belarus) were used in the work. All measurements were taken using standard pH solutions purchased from 

“Merck” (Germany). The solutions were prepared using deionized water obtained from “Sartorius” of the 

arium® pro brand. All the experiments were carried out at room temperature. Electrochemical measurements 

were performed using a TA-LAB voltammetric analyzer (NPO “Tomanalit”) in direct-current mode in a 

three-electrode cell. The indicator electrode was a modified carbon-containing electrode; silver-chloride 

electrodes in the 3 M KCl solution were used as an auxiliary electrode and a reference electrode. Multi-

walled carbon nanotubes (MCNT) were applied to the surface of the carbon-containing electrode by electrol-

ysis from a MCNT aqueous suspension by means of a universal power source UIP-2. 

Modification of the carbon-containing electrode 

MCNT were moistened with a small amount of ethyl alcohol; then water was added. After it MCNT 

were placed into the ultrasound bath for 3 hours. The ready-to-use suspension was used to apply nanotubes 

to the surface of the carbon-containing electrode by anodic polarization. A stainless-steel plate was used as 

the cathode (counter electrode). After 8 s of the electrolysis, the applied MCNT were dried and vitamin B12 

was deposited. Vitamin B12 was deposited at the electrode modified with MCNT by cycling the potential in 

the range of –1.4... +1.0 V. The modification of the electrode is described in more detail in [18]. 

Results and Discussion 

The choice of optimal conditions for the oxidation and/ or reduction processes of the substance is the 

essential task in the development of a quantitative technique. Suitable conditions lead to an increase in the 

sensitivity of the analysis. The effect of a number of factors, such as the pH of the background electrolyte, 

accumulation parameters, and the potential sweep rate on the anode signal of methionine, was studied to se-

lect the optimal conditions for obtaining an analytical signal. 

The effect of pH 

The pH of the background electrolyte has a significant effect on the mechanism of redox processes in 

voltammetric analysis. Standard buffer solutions from 1.65 to 12.43 were used to establish the optimal value 

of the hydrogen ion concentration during methionine oxidation at the modified electrode. 

Figure 1 shows the dependence of the anode peak value of methionine on the pH of the background 

electrolyte. With an increase in the pH from 1.65 to 4.01, the peak current of methionine oxidation increases. 

The decrease in the signal at pH<4 is associated with the protonation of the amino groups of methionine and 

cobalamin; the adsorption of methionine on the electrode is hindered as a result of electrostatic repulsion. 

The signal intensity decreases when the pH shifts to the neutral and alkaline regions, which is due to the lack 
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of protons required for methionine oxidation. The peak shift towards more negative values as the pH of the 

buffer solution increases. A linear dependence can be observed between the peak potential and the pH: 

 Y = –0.0492X + 0.6930. (1) 

The slope value of 49.2 mV/pH is close to the Nernst slope (59.0 mV/pH), which indicates an equal 

number of electrons and protons participating in the electrochemical process. 

 

 

Eel = –1.6 V; t = 120 s; W = 50 mV/s; C = 2×10-6 mol/dm3 

Figure 1. Dependence of the electrooxidation current of methionine at the modified electrode on the pH 

 

Eel = –1.6 V; t =120 s, C = 2×10-6 mol/dm3 

Figure 2. Dependence of the methionine oxidation current on the square root of the potential sweep rate (a),  

the dependence of the potential on lnW1/2 (b), the dependences of the current on the potential sweep rate (c)  

and lgI on lgW (d) 
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The effect of the potential sweep rate on the current and potential of the anode peak 

The dependences of the anode peak current and potential on the potential sweep rate allow us to esti-

mate the mechanism of the electrochemical reaction. In this regard, the influence of the potential sweep rate 

on the anode current of methionine was studied. To establish the mechanism of methionine electrooxidation 

at the modified electrode, the dependences of the current on the square root of the sweep rate (Fig. 2a) and 

the peak potential on ln(W1/2) were plotted in Figure 2b. 

The linear dependence for the current (Fig. 2a) is typical of both reversible and irreversible processes 

while the linear dependence of the peak potential of methionine on lnW1/2 evidences the irreversibility of the 

process (Figure 2b). Figure 2b presents the dependence of the current on the sweep rate and a similar de-

pendence in logarithmic coordinates (Fig. 2d). The linearity of the logarithmic dependence (Fig. 2d) indi-

cates that diffusion is not a limiting stage of the process. The Semerano criterion (the slope of the depend-

ence of lgI on lgW) was 0.24, which indicates the absence of the effect of the diffusion process during the 

oxidation of methionine on the electrode surface. The Semerano criterion should be 0.5 for the processes 

limited by diffusion [19]. A similar dependence of the current on the sweep rate demonstrates that adsorption 

is the limiting stage of the process. 

The transfer coefficient of the irreversible process (methionine oxidation) was calculated based on the 

Tafel dependence. The value of the transfer coefficient was 0.44. The obtained value shows that the first 

electron participates in the limiting stage of the process. 

The following formula was used to calculate the electrons in the case of an irreversible process: 

 
2

47.7
P PЕ Е

n
− =


, (2) 

where EP is the peak potential; EP/2 is the half-peak potential. 

The value of n = 1.08 indicates that one electron takes part in the oxidation reaction. 

Earlier in [16] we proposed a possible reaction mechanism based on the Raman spectra of pure methio-

nine and its oxidation products from the electrode. Homocysteine has been shown to be the oxidation product 

of the methionine complex with cyanocobalomine. Based on the study of the above-mentioned kinetics, it is 

possible to conclude that one electron and one proton participate in the oxidation process of the complex. 

This may be conditioned by the fact that cobalt, being in the corrin ring of vitamin B12, is oxidized to Co(III) 

during the anodic potential sweep. During cathodic polarization of the electrode, cobalt in cyanocobalamin is 

first reduced to +2, and then it is the reduced complex that interacts with methionine. The reverse process of 

cobalt oxidation occurs during anodic sweep: the methyl group of methionine is transferred to cobalamin and 

passes into the homocysteine solution (Figure 3). 

 

 

Figure 3. Blank drawing of the methionine oxidation process 



Study of the Methionine Electrooxidation at an Electrode … 

CHEMISTRY Series. № 4(108)/2022 103 

The effect of accumulation parameters on the intensity of the electrooxidation signal 

The range of values from –1.9 V to –1.1 V was studied when choosing the electrolysis potential (Fig-

ure 4a). The dependence of the anode peak current on the electrolysis potential passes through the maximum. 

The anode peaks decrease when the potential is shifted to the negative region, which is most likely due to the 

release of hydrogen that prevents the formation of the complex on the electrode surface. Therefore, the po-

tential of –1.6 V was chosen as optimal for concentrating methionine at the modified electrode. As can be 

seen from Figure 4b, after accumulation for more than 300 s, the signal intensity changes slightly, which 

may be conditioned by the complete filling of the electrode surface with a monolayer of the deposited methi-

onine. Therefore, during subsequent studies, the accumulation was carried out no more than 180 s. 

 

 
 a b 

Figure 4. Dependence of the methionine electrooxidation current on the accumulation potential  

at the modified electrode (t = 120 s, W = 80 mV/s, C = 5×10-6 mol/dm3) (a) and the dependence of the methionine elec-

trooxidation current on the accumulation time (Eel = –1.6 V, W = 80 mV/s, C = 2×10-6 mol/dm3) (b) 

Despite the fact that the participation of adsorption during electrooxidation of methionine at the elec-

trode has been established, it can be concluded that the mentioned factor does not prevent quantitative as-

sessment in the specified concentration range. The dependence of current on concentration is linear in the 

range of (1–50)×10–7 and obeys the equation: 

 I = 0.024C + 0.003 (Eel = –1.6 V, t = 150 s, W = 80 mV/s). (3) 

The effect of other amino acids on the results of the determination of methionine was studied. The ulti-

mate transferable concentration was defined as the maximum concentration of a hindrance substance, caus-

ing an error in the determination of amino acids of no more than 5 % [19, 20]. The 10-fold excess of ascorbic 

acid, tryptophan, histidine, glycine, arginine, cysteine and tyrosine does not have a noticeable distorting ef-

fect on the procedure for methionine determination. 

Some metrological characteristics of the procedure for tryptophan and 5-hydroxytryptophan determina-

tion 

According to ISR 61-2010, the indices of repeatability, intermediate precision, and accuracy were cal-

culated (Table 1). 

T a b l e  1  

Metrological characteristics of the procedure for methionine determination (р = 0.95, n = 2, l = 15) 

Concentration×10–7,  

mol/dm3 

Repeatability index, 

σr
*, % 

Intermediate precision index, 

σRl
*, % 

Accuracy index (relative accura-

cy limits at Р = 0.95), ±Δ, % 

1 13.9 15.2 29.0 

10 13.3 14.7 28.4 

20 12.9 14.3 27.3 

30 12.5 13.9 26.9 

40 12.0 13.5 25.5 

50 11.7 13.3 25.4 
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Based on the obtained metrological characteristics of the developed procedure for methionine determi-

nation, it is possible to conclude that the accuracy index does not exceed 29 %, the repeatability and inter-

mediate precision indices do not exceed 14 % and 16 %, respectively. 

The modified electrode makes it possible to obtain stable analytical signals for at least 25 cycles (blank 

experiment, analyzed assay, spiked sample). Further, the electrode sensitivity decreases and the electrode 

surface renewal is required. The electrode surface is cleansed by electrolysis for 300 s with a potential of  

–0.5 V. Then a new film of vitamin B12 is applied to the surface by cyclic potential scanning. 

Conclusions 

One proton and one electron take part in the process of oxidation of methionine complex with cobala-

min. During oxidation, methionine takes one proton and one electron. In the process of cathodic polarization, 

cobalt(III) in cobalamin is reduced to cobalt(II) to which a partially negatively-charged sulfur atom in the 

methionine molecule is attached due to electrostatic interactions. In case of anodic polarization, cobalt(II) in 

the complex is oxidized to Co(III), the methyl group is transferred from methionine to cobalamin, while ho-

mocysteine passes into solution. The process is controlled by adsorption. The following optimal conditions 

for methionine determination have been selected: the background electrolyte is the tartrate buffer solution 

with pH = 4.01; the electrolysis potential is 1.6 V; the accumulation time is up to 180 s. A number of metro-

logical indices have been established for the procedure of methionine determination: accuracy. repeatability 

and intermediate precision indices. The range of detectable contents was (1–50)×10–7; the detection limit was 

5.0×10–8 M. 
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В.В. Шелковников, А.М. Алтыев, М.С. Фрянова 

В12 дәрумені мен көпқабырғалы көміртекті нанотүтікшелермен 

модификацияланған электродта метиониннің электр тотығуын зерттеу 

Жұмыста В12 витаминімен және көпқабырғалы көміртекті нанотүтіктермен модификацияланған 

электродтағы метиониннің электрохимиялық тәртібі зерттелген. Модификацияланған электродта 

болатын тотығу-тотықсыздану процестерінің ықтимал механизмі ұсынылған. Электродты 

қалыптастыру кезінде В12 дәрумені адсорбция есебінен көпқабатты көміртекті нанотүтікшелермен 

модификацияланған көміртегі бар электродтың бетіне бекітіледі. Катодты поляризация кезінде 

кобаламиндегі кобальт (III) кобальт (II) дейін азаяды, оған электростатикалық өзара әрекеттесулер 

есебінен метионин молекуласындағы жартылай теріс зарядталған күкірт атомы қосылады. Анодты 

поляризация кезінде кешендегі кобальт (II) Co3+ дейін тотығады, метиониннен метил тобы 

кобаламинге ауысады, бұл ретте гомоцистеин ерітіндіге өтеді, яғни бұл комбинациялық шашырау 

спектрлерімен дәлелденген. Ток пен потенциалдың жаймалау жылдамдығына тәуелділігін зерттеу 

негізінде тотығу процесі қайтымсыз екендігі анықталды. Шектеу сатысы адсорбция болып табылады, 

ал бір протон мен бір электрон электрохимиялық сатыға қатысады. Аналитикалық сигналды тіркеудің 

келесі оңтайлы шарттары таңдалды: фондық электролит-тартраттық буферлік ерітінді рН = 4.01; 

электролиз потенциалы — 1.6 В; жинақтау уақыты — 180 с дейін. Метионинді анықтау әдісінің 

метрологиялық сипаттамаларына бағалау жүргізілді. Дәлдік көрсеткіші 29 %-дан аспайды. Қайталану 

және аралық дәлдік көрсеткіштері сәйкесінше 14% және 16% құрады. Анықталған құрамдардың 

диапазоны (1–50)×10–7; анықтау шегі — 5.0×10–8 М. Аскорбин қышқылының, триптофанның, 

глициннің, цистеиннің және тирозиннің 10 есе артық болуы метионинді анықтау әдісіне айтарлықтай 

бұрмалаушы әсер етпейтіні көрсетілген. 

Кілт сөздер: метионин, модификацияланған электрод, В12 витамині, электр тотығу, кобаламин, 

электрон, протон, инверсиялы вольтамперметрлеу, көпқабырғалы көміртекті нанотүтіктер. 
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Изучение процесса электроокисления метионина на модифицированном 

витамином B12 и многостенными углеродными нанотрубками электроде 

В статье изучено электрохимическое поведение метионина на электроде, модифицированном витами-

ном B12 и многостенными углеродными нанотрубками. Предложен возможный механизм окислитель-

но-восстановительных процессов, протекающих на модифицированном электроде. При формировании 

электрода витамин B12 закрепляется на поверхности углеродсодержащего электрода модифициро-

ванного многостенными углеродными нанотрубками за счет адсорбции. При катодной поляризации 

кобальт (III) в кобаламине восстанавливается до кобальта (II), на который, за счет электростатических 

взаимодействий, присоединяется частично отрицательно заряженный атом серы в молекуле метиони-

на. При анодной поляризации кобальт (II) в комплексе окисляется до Co3+, метильная группа с метио-

нина переносится на кобаламин, при этом в раствор переходит гомоцистеин, что доказано спектрами 

комбинационного рассеяния. На основании изучения зависимости тока и потенциала от скорости раз-

вертки было установлено, что процесс окисления необратим. Лимитирующей стадией является ад-

сорбция, а в электрохимической стадии участвуют один протон и один электрон. Были подобраны 

следующие оптимальные условия регистрации аналитического сигнала: фоновый электролит — тарт-

ратный буферный раствор рН = 4,01; потенциал электролиза — 1,6 В; время накопления — до 180 с. 

Проведена оценка метрологических характеристик методики определения метионина. Показатель 

точности не превышал 29 %. Показатели повторяемости и промежуточной прецизионности не превы-
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шали 14  и 16 % соответственно. Диапазон определяемых содержаний составил (1–50)×10–7; предел 

обнаружения — 5,0×10–8 М. Показано, что 10-кратный избыток аскорбиновой кислоты, триптофана, 

глицина, цистеина и тирозина не оказывает заметного искажающего влияния на методику определе-

ния метионина. 

Ключевые слова: метионин, модифицированный электрод, витамин В12, электроокисление, кобаламин, 

электрон, протон, инверсионная вольтамперометрия, многостенные углеродные нанотрубки. 
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Method for Qualitative and Quantitative Analysis of Ancient Lead Enamel  

Using Laser Inducted Breakdown Spectroscopy 

The method of laser induced breakdown spectroscopy (LIBS) was used in analysis of the archaeological 

enamel samples from the ancient settlement of Jochi Khan (XIV century). During the qualitative analysis, it 

was found that the elements of the enamel matrix are Si, Pb, K, Na, Mg, Ca, Al. The glaze color is due to the 

presence of copper and iron. Clustering by the k-means method revealed two groups of samples similar in 

composition of enamel, but differing in place of origin within the settlement. For the studied samples the 

semi-quantitative composition of glazes was established from the spectra of LIBS using a method based on 

the hypothesis of local thermodynamic equilibrium (LTE) and a chemometric approach (Projection to Latent 

Structures, PLS). Probabilistic deterministic design of experiment was used to search for pairs of element 

lines that are not subject to changes when the conditions for spectra registration vary, and to determine the 

coefficients in the equations based on LTR. Calculations using the PLC method were carried out in the “R” 

programming environment. The following content of the matrix elements was obtained in terms of the most 

stable oxides, %: SiO2 — 49–61, PbO — 23–31, MgO — 1.7–2.3, CaO — 4.6–6.9, Na2O — 4.1–5.3, K2O — 

5.1–6.4, Al2O3 — 0.8–1.7, CuO — 0.32–0.4, Fe2O3 — 0.09–0.16. The results of both methods are generally 

consistent with each other. The inaccuracy between 4 parallel determinations were 15-24 % for LTE, and 9–

14 % for PLS. Taking into account the data of semi-quantitative analysis, it was concluded that the division 

into two groups is based on a different ratio of copper and iron in enamel. 

Keywords: LIBS, chemometrics, cluster analysis, PLS, low-melting lead enamels, probabilistic deterministic 

design of experiment, archeology, settlement of Jochi Khan. 

 

Introduction 

Method of laser induced breakdown spectroscopy (LIBS) in elemental analysis of a wide variety of ma-

terials is continuously becoming more demand, despite the problems with calibration. LIBS is characterized 

by relatively low values of accuracy and reproducibility of the analysis that are associated with the basic im-

possibility of reproducing the recording conditions accurately from spectrum to spectrum. This problem can 

hardly be eliminated by improving the method's hardware [1]. Therefore, there is a constant search for math-

ematical methods for LIBS signals processing, which makes it possible to improve the analytical characteris-

tics of this analysis method [2]. Currently, in order to achieve acceptable metrological characteristics, both 

theoretical approaches based on the concept of local thermodynamic equilibrium (LTE) and empirical ap-

proaches based on chemometric methods, as well as various combinations of these two approaches are being 

developed [3–6]. 

The LIBS method has a number of advantages along with limitations. First of all, the insignificance of 

damage to the object of analysis and the lack of sample preparation should be noted. A laser pulse carries 

information not only about the surface layer, but also about the bulk of the sample, since it evaporates the 

sample from a certain depth. This feature makes it possible to overcome the problems associated with the 

analysis of archaeological artifacts [7, 8], which are characterized by differences in the chemical composition 

of the surface material and the bulk. 

The mausoleum, located in the Ulytau region of Kazakhstan, 45 km from the city of Zhezkazgan, on the 

left bank of the Karakengir River, is associated by Kazakh folk tradition with the name of Jochi Khan as the 

eldest son of Genghis Khan. The upper dome of the mausoleum, lined with glazed turquoise tiles, was built 

https://doi.org/10.31489/2022Ch4/4-22-16
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-16
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over the lower early dome without cladding. According to radiocarbon analysis, there are two stages in the 

construction of the mausoleum in the XIV century [9]. In order to obtain additional historical information 

about the construction of the mausoleum and the settlement of Jochi Khan, it was useful to conduct a com-

parative study of the glaze of tile fragments from different points of the mausoleum and the settlement by the 

LIBS method. 

Qualitative analysis by the LIBS method was carried out in the traditional way. The aim of this study 

was to develop methods of analysis for classification and quantification that provide satisfactory accuracy 

with limited possibilities for sample preparation and registration of spectra. 

Experimental 

Samples of ceramic tiles containing enamel coating of various shades of blue and green were received 

from historians and returned to the National Historical, Cultural and Natural Reserve-Museum “Ulytau” 

(Ulytau village, Karaganda region, Kazakhstan) immediately after registration of the spectra (Fig. 1). 

 

 

a — the mausoleum of Jochi Khan. A fragment of a tile. Sample 3 (Obr3.1);  

b — the mausoleum of Jochi Khan. A fragment of a tile. Sample 4 (Obr4);  

c — the mausoleum of Jochi Khan. Fragment of the mausoleum crown 2 (preliminary definition).  

 Sample 5 (Obr5);  

d — the settlement of Jochi Khan. A fragment of a tile. Sample 2 (Obr2);  

e — the settlement of Jochi Khan. Small house. A fragment of ceramics. Sample 6 (Obr6);  

f — the settlement of Jochi Khan. House 2. Tile fragment. Sample 1 (Obr1);  

g — the settlement of Bytygai. Workshop. A fragment of a tile. Sample 7 (Obr2007) 

Figure 1. Samples of tiles from different points of the mausoleum and the settlement 

Samples were analyzed on a two-pulse spectrometer “LAES Matrix Continuum” (SJSC Spectroscopic 

Systems, 2016, Russia) with a double Paschen-Runge optical scheme with an optical path length of 250 mm 

and 125 mm, with diffraction gratings of 2400 groove/mm and 1200 groove/mm and 7 CCD detectors from 

Toshiba and a wavelength range of 190 up to 800 nm. The emission spectrum of all samples was recorded at 

the same instrument settings to facilitate subsequent comparison and interpretation of the spectra. The energy 

of the pump lamp was 18 Joules. The remaining settings were chosen based on previous experience [10, 11], 

namely: the laser frequency was 10 Hz, the delay time of the first Q–switch was 100 µs, the second was 

110 µs, the exposure start delay was 2 µs and the total exposure time was 5 ms. The number of pulses was 

limited to 15, including 2 firing pulses. Spectra were recorded at four randomly selected points without scan-

ning by area to minimize damage and provide some smoothing of random effects. The samples were returned 

to storage after the spectra recording. The obtained spectra were used for qualitative analysis of samples. 

Both the standard spectrometer software and the NIST [12] database were used to assign lines in the spec-

trum. 
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Since each sample was examined at four points, the total number of spectra seemed sufficient for cluster 

analysis using the “teaching without a teacher” approach. The spectra were normalized by the intensity of the 

MgI280 line, then cluster analysis was performed in the “R” programming environment [13]. Taking into ac-

count the similarity of the qualitative composition of the samples, the reasons for the cluster separation could 

only be established by quantitative analysis in the absence of the possibility of re-registration of the spectra. 

Variants using thermodynamic [14] and chemometric [15, 16] approaches were applied to consider the 

possibility of quantitative analysis of samples. A set of artificially obtained samples with a qualitative 

composition close to the enamel on the archaeological samples was used for training in both variants. The 

range of variation in the ratios of elements in the composition of the furnace-charge was selected according 

to the data [17]. The furace-charge, composed of oxides of silicon, lead, magnesium, iron and copper, 

sodium, potassium and calcium carbonates, and aluminum hydroxide, was mixed by abrasion in a 

mechanical mortar for 20 minutes and fused in alund crucibles for 1 hour at 1000 C, with periodic rocking 

of the crucible (Table 1). 

T a b l e  1  

Composition of calibration and control enamel samples 

№ PbO SiO2 Al2O3 Na2O K2O CaO MgO CuO Fe2O3 

1 0.202 0.503 0.008 0.121 0.05 0.05 0.05 0.005 0.01 

2 0.287 0.43 0.019 0.076 0.076 0.067 0.029 0.008 0.008 

3 0.329 0.376 0.028 0.15 0.009 0.084 0.009 0.009 0.006 

4 0.371 0.325 0.037 0.046 0.112 0.009 0.084 0.011 0.005 

5 0.431 0.239 0.048 0.01 0.153 0.029 0.067 0.019 0.004 

 

The appearance of the calibration samples is shown in Figure 2. 

 

 

Figure 2. Calibration samples of enamel 
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A number of methods for calibration of atomic emission spectrometers are based on the fact that the in-

tensity of the analytical lines of different elements, which are low in excitation energy, almost equally de-

pends on random factors and conditions of spectrum registration. This means that the ratio of intensities de-

pends only on the concentration of elements. The possibility of the method of probabilistically deterministic 

design of the experiment (PDDoE) was used [18, 19] to search for such pairs of lines, and to identify factors 

on which the variable in question does not depend. PDDoE method has proven itself well for optimizing the 

conditions of the LIBS [20, 21] as well as for other physicochemical methods of analysis [22]. When compil-

ing a six-factor experiment plan with five levels of variation (Table 2), the possibility of using the sample 

composition as a single factor was used [23]. The excitation energy of the lines was retrieved from the Atom-

ic Spectra Database [12]. 

T a b l e  2  

Factors and levels of their variation in the experimental plan 

№ Factor Symb. Level 1 Level 2 Level 3 Level 4 Level 5 

1 Cn/Cm X1 1 2 3 4 5 

2 Elamp, J X2 12 14 16 17 18 

3 QSW1, mks X3 100 120 140 160 180 

4 QSW, mks X4 1 3 5 10 20 

5 Delay, mks X5 1 2 3 5 10 

6 Expos, ms X6 1 2 3 4 5 

 

The ratios of element concentrations for each sample (levels of the first factor) were calculated accord-

ing to Table 1. 

The spectra of the calibration samples were recorded in five repetitions, and averaged as described in 

[11]. 

Results and Discussion 

Qualitative analysis of the samples was conducted by identification of all analytical lines of the ob-

tained spectra. The matrix in all cases is silicon, lead, potassium, sodium, calcium, magnesium (Fig. 3). 

Enamel coloring is due to the presence of a small amount of iron and copper. Lines of aluminum are also 

present. 

 

 

Figure 3. Some analytical lines of elements of the enamel matrix 
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There are analytical lines of tin in the enamel samples of modern tiles used in the restoration of the 

mausoleum. Tin compounds were used to reduce transparency. There is no tin in historical samples, so the 

restored materials were not considered in further study. 

A dendrogram was obtained as a result of the classification analysis of the samples (Fig. 4). The den-

drogram makes it possible to distinguish 4 groups of enamel spectra. 

 

 

Figure 4. Cluster dendrogram of the archeological enamel samples 

Samples 3, 1 and 5 have similar spectra. Samples 1, 4 and 7 can also be classified as parts of the same 

specimen. The spectra of samples 6 and 3 did not enter into clusters, forming separate groups. It should be 

noted that there is a possibility of random separation of closely related samples, while the probability of ran-

dom cluster unification in the analysis by the emission spectrum is very small. 

According to the results of qualitative and cluster analysis, it is possible to make conclusions of an ar-

chaeological nature that are beyond the scope of this work. At the same time, clustering can only be ex-

plained using quantitative analysis, which is difficult in this case due to limited access to the samples. In this 

regard, only methods of mathematical processing of obtained spectral data were used further in qualitative 

analysis. The first approach to quantitative analysis of samples tested in the study was based on the fact that 

the intensities of the analytical lines with similar excitation energies almost equally depend on the conditions 

of spectrum registration according to the hypothesis of local thermodynamic equilibrium (LTE). Consequent-

ly, the ratio of the intensities of such lines will depend only on the ratio of concentrations, but not on the 

conditions of the spectra registration and/or random factors. Figure 5 shows graphs of the dependence of the 

ratio of the intensities of the Mg(I)293.67 and Ca(II)315.9 lines on the ratio of the concentrations of elements and 

the energy of the laser pump lamp. 

 

 
 a b 

Figure 5. Dependence of the ratio of the intensities of the Mg(I)293.67 and Ca(II)315.9 lines on the:  

a) ratio of the concentrations of elements; b) the energy of the laser pump lamp 
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As can be seen from Figure 5, even without calculations, the pump lamp energy in the selected range 

has almost no effect on the ratio of the intensities of the analytical lines under consideration. The influence of 

other factors on this pair of lines is even less significant. 

The intensity ratio of a pair of lines of different elements selected by the excitation energy and the 

actual presence in all 25 spectra of artificial and archaeological samples (Table 2) was used for calculation 

by the PDDoE method. In this case, regardless of the usual practice of the method, those lines were selected 

for which only the partial dependence of the intensity ratio on the concentration was significant, and the 

remaining partial dependencies were insignificant. Preference was given to those alternatives in which 

insignificant functions were most accurately described by the equation 𝑌 = �̅� (Fig. 5). The relationship 

between the concentration and the intensity ratio was approximated by linear functions: 

 ( )1 2 1 2a C C b I I+ = . (1) 

The coefficients a and b of these functions were used in further calculations. 

T a b l e  3  

Analytical lines used for calculations 

Element λ E 

Mg I 293.67 55891 

Mg II 279.08 71490 

Mg I 383.23 47957 

Pb I 261.42 46060 

Al II 263.126 123470 

Cu II 223.01 117928 

Si I 252.41 39683 

Si II 385.6 81251 

Fe II 259.84 38858 

Ca II 373.71 52166 

Na I 588.96 16973 

K I 769.83 12985 

 

There are an infinite number of solutions for the equation with the formula of a function 1, as well as 

for systems composed of such equations. Based on this, one of the equations of the system should be normal-

izing, traditionally represented as the sum of the concentrations of all considered elements or elements ox-

ides. The resulting system of equations with formula (2) was solved using the wxMaxima computer algebra 

system [23]: 

 

( )

( )

( )

( )

( )

( )

( )

( )

1 1 2 1 1 2

2 2 3 2 2 3

3 3 4 3 3 4

4 4 5 4 4 5

5 5 6 5 5 6

6 6 7 6 6 7

7 7 8 7 7 8

8 8 9 8 8 9

1 9... 1

a C C b I I

a C C b I I

a C C b I I

a C C b I I

a C C b I I

a C C b I I

a C C b I I

a C C b I I

C C

 + = 
 

+ = 
 

+ = 
 + =
  

+ = 
 

+ = 
 + =
 
 + =
 

+ + =  

 (2) 

For nine elements of the considered matrix, the set includes eight equations with ratios and one normal-

izing equation. 

The solution of such equation set in the course of checking the operability of the method for enamel 

samples of known composition obtained in the laboratory allows us to calculate the concentrations of the 

matrix elements with an accuracy of ± 6–8 %. In the case of archaeological samples, the composition was 

calculated for each point of spectrum registration in order to determine the uncertainty of the result. The ob-

tained values of the concentrations of the matrix elements are presented in Table 4. 
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T a b l e  4  

Composition of archaeological samples according to LTE-based data 

Sample SiO2 PbO CaO MgO K2O Na2O Al2O3 CuO Fe2O3 

Sample 1 (Obr1) 
56.43 

±6.21 

28.84 

±4.04 

5.89 

±1.18 

1.92 

±0.33 

3.84 

±0.69 

6.06 

±1.21 

1.18 

±0.30 

0.34 

±0.05 

0.10 

±0.02 

Sample 3 (Obr3.1) 
55.29 

±6.08 

28.00 

±3.92 

5.72 

±1.14 

1.90 

±0.32 

4.40 

±0.79 

6.48 

±1.30 

1.26 

±0.32 

0.34 

±0.05 

0.15 

±0.02 

Sample 4 (Obr4) 
55.29 

±6.08 

27.16 

±3.80 

5.78 

±1.16 

1.90 

±0.32 

3.76 

±0.68 

6.54 

±1.31 

1.43 

±0.36 

0.36 

±0.06 

0.10 

±0.02 

Sample 5 (Obr5) 
58.71 

±6.46 

29.12 

±4.08 

5.67 

±1.13 

2.00 

±0.34 

3.92 

±0.71 

6.60 

±1.32 

1.34 

±0.33 

0.36 

±0.06 

0.16 

±0.02 

Sample 6 (Obr6) 
55.29 

±6.08 

30.80 

±4.31 

6.05 

±1.21 

2.00 

±0.34 

4.16 

±0.75 

6.42 

±1.28 

1.38 

±0.34 

0.29 

±0.06 

0.19 

±0.02 

Sample 7 (Obr2007) 
60.42 

±6.65 

26.88 

±3.76 

5.67 

±1.13 

2.06 

±0.35 

3.96 

±0.71 

5.94 

±1.19 

1.31 

±0.33 

0.37 

±0.06 

0.11 

±0.02 

 

Calculated error of the results for the mass fractions of oxides is 15–24 % that can be considered a good 

result for the LIBS in the absence of sample preparation. At the same time, it seemed possible to improve the 

accuracy of spectrum analysis using a chemometric data processing method. Based on the literature data, the 

projection onto latent structures (PLS) method was chosen as giving good results in most spectrometric stud-

ies [24]. The calculations were carried out in the “R” programming environment. 

T a b l e  5  

Composition of archaeological samples according to PLS data 

Sample SiO2 PbO CaO MgO K2O Na2O Al2O3 CuO Fe2O3 

Sample 1 (Obr1) 
54.72 

±5.47 

26.73 

±2.94 

5.62 

±0.79 

2.08 

±0.27 

5.70 

±0.74 

4.70 

±0.66 

1.44 

±0.36 

0.35 

±0.03 

0.01 

±0.01 

Sample 3 (Obr3.1) 
55.29 

±5.53 

28.08 

±3.09 

5.57 

±0.78 

2.04 

±0.26 

5.82 

±0.76 

4.95 

±0.69 

1.74 

±0.44 

0.35 

±0.03 

0.02 

±0.01 

Sample 4 (Obr4) 
57.57 

±5.76 

27.00 

±2.97 

5.25 

±0.73 

2.14 

±0.28 

5.94 

±0.77 

5.45 

±0.76 

1.66 

±0.42 

0.36 

±0.03 

0.01 

±0.01 

Sample 5 (Obr5) 
59.28 

±5.93 

26.46 

±2.91 

5.19 

±0.73 

2.12 

±0.28 

6.54 

±0.85 

5.10 

±0.71 

1.76 

±0.44 

0.36 

±0.03 

0.02 

±0.01 

Sample 6 (Obr6) 
59.85 

±5.99 

26.19 

±2.88 

5.04 

±0.70 

2.21 

±0.29 

6.06 

±0.79 

5.15 

±0.72 

1.50 

±0.38 

0.35 

±0.03 

0.01 

±0.01 

Sample 7 (Obr2007) 
56.43 

±5.64 

27.54 

±3.03 

5.04 

±0.70 

2.04 

±0.26 

5.40 

±0.70 

5.10 

±0.71 

1.65 

±0.41 

0.37 

±0.03 

0.01 

±0.01 

 

As can be seen from Table 5, the error in the results of 4 parallel determinations was 9–14 %. It should 

be noted that when testing the PLS model on samples of known composition prepared artificially, the accu-

racy was much higher, and the error did not exceed 4 %. Therefore, the greatest contribution to the inaccura-

cy of the quantitative composition determination was made not by calculations, but by the lack of the possi-

bility of sample preparation and registration of the spectrum with significant destruction of the sample. 

Conclusions 

In this work, LTE thermodynamic and PLS chemometric approaches have been proposed and tested for 

quantitative analysis of samples using their obtained spectra. The error for each element was 15–24 % when 

using the LTE hypothesis approach. The chemometric approach with the use of PLS has improved the accu-

racy. In this case, the error for the results of 4 parallel experiments was 9–14 %. As a result of the studies 

carried out by the LIBS method using calculation methods based on the LTE hypothesis and the chemomet-

ric approach, the qualitative and semi-quantitative composition of the enamel of tiles from the ancient set-

tlement of Jochi Khan was determined. It was shown that the archaeological samples are lead-silicate glass 

with a high potassium content, which can only be explained by its purposeful introduction into the charge. 

Presumably, potassium could have been introduced by using the ashes of local plants. 
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Classification analysis identified two groups of samples that are similar in chemical composition, there-

fore, made from the same raw materials. This may provide additional information on the chronology of the 

settlement's construction. The study also revealed that contemporary restorers used a similar enamel compo-

sition, but used tin compounds for opacification. 
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В.Н. Фомин, Э.Р. Усманова, Э.Ф. Гюль, Н.К. Келесбек,  

М.А. Туровец, О.И. Земский, Д.М. Саулебеков, С.К. Алдабергенова 

Лазерлік ұшқын эмиссиялық спектроскопия көмегімен  

құрамында қорғасыны бар археологиялық қорғасын  

эмалын сапалық және сандық талдау әдісі 

Жошы хан қалашығының (XIV ғ.) эмаль археологиялық үлгілерін талдау үшін лазерлік ұшқын 

эмиссиялық спектроскопия (ЛҰЭС) әдісі қолданылды. Сапалық талдау барысында эмаль құрамының 

негізгі элементтері Si, Pb, K, Na, Mg, Ca, Al екені анықталды. Глазурьдің түсі мыс пен темірдің 

болуына байланысты. Орташалау әдісімен кластерлеу барысында эмальдің құрамына ұқсас, бірақ 

қалашық ішінде шыққан жері бойынша ерекшеленетін екі үлгі тобы анықталды. ЛҰЭС спектрлері 

бойынша жергілікті термодинамикалық тепе-теңдік (ЖТТ) гипотезасына негізделген әдісті және 

хемометриялық тәсілді (жасырын құрылымдарға проекция, ЖҚП) қолдана отырып, қарастырылған 

үлгілерде глазурьдің жартылай сандық құрамы айқындалды. Спектрді тіркеу шарттары өзгерген кезде 

өзгеріске ұшырамайтын элементтер түзуінің жұптарын іздеу және ЖТТ негізіндегі теңдеулердегі 

коэффициенттерді анықтау үшін эксперименттің ықтималдық-детерминирленген жоспарлауы 

қолданылады. ЖҚП әдісі бойынша есептеулер «R» ортасында жүргізілді. Тұрақты оксидтерге қайта 

есептегенде негіз элементтердің мөлшері: құрамындағы % мынадай: SiO2 — 49–61, PbO — 23–31, 

MgO — 1.7–2.3, CaO — 4.6–6.9, Na2O — 4.1–5.3, K2O — 5.1–6.4, Al2O3 — 0.8–1.7, CuO — 0.32–0.4, 

Fe2O3 — 0.09–0.16. Екі әдістің де нәтижелері бір-біріне сәйкес келеді. ЖТТ үшін төрт параллель 

анықтама арасындағы айырмашылық 15–24 %, ЖҚП үшін 9–14 % құрады. Жартылай сандық талдау 

деректерін ескере отырып, екі топқа бөлінудің негізінде эмальдағы мыс пен темірдің әртүрлі 

қатынасы жатыр деген қорытынды жасалған. 

Кілт сөздер: ЛҰЭС, химометрика, кластерлік талдау, ЖҚП, жеңіл балқитын қорғасын эмальдары, 

экспериментті ықтималды-детерминирленген жоспарлау, археология, Жошы хан қалашығы. 

 

В.Н. Фомин, Э.Р. Усманова, Э.Ф. Гюль, Н.К. Келесбек,  

М.А. Туровец, О.И. Земский, Д.М. Саулебеков, С.К. Алдабергенова 

Метод качественного и количественного анализа  

свинцовой археологической эмали с использованием  

лазерной искровой эмиссионной спектроскопии 

Метод лазерно-искровой эмиссионной спектроскопии (ЛИЭС) применен для анализа археологических 

образцов эмали с городища Джучи хана (XIV в.). В ходе качественного анализа показано, что элемен-

тами основы эмали являются Si, Pb, K, Na, Mg, Ca, Al. Окраска глазури обусловлена присутствием 

меди и железа. Кластеризацией методом k средних было выявлено две группы образцов, сходных по 

составу эмали, но отличающихся по месту происхождения внутри городища. С применением метода, 

основанного на гипотезе локального термодинамического равновесия (ЛТР), и хемометрического 

подхода (проекция на латентные структуры, ПЛС) по спектрам ЛИЭС установлен полуколичествен-

ный состав глазурей на рассмотренных образцах. Для поиска пар линий элементов, не подверженных 

изменениям при изменении условий регистрации спектра, и определения коэффициентов в уравнени-

ях, основанных на ЛТР, использовано вероятностно-детерминированное планирование эксперимента. 

Расчеты по методу ПЛС проведены в среде «R». Содержание элементов основы в пересчете на 

наиболее устойчивые оксиды сотавило, %: SiO2 — 49–61, PbO — 23–31, MgO — 1.7–2.3, CaO — 4.6–

https://doi.org/10.31489/2018Ch3/74-83
https://doi.org/10.31489/2021Ch4/39-46
https://maxima.sourceforge.io/
https://doi.org/10.1016/j.chemolab.2020.103937
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6.9, Na2O — 4.1–5.3, K2O — 5.1–6.4, Al2O3 — 0.8–1.7, CuO — 0.32–0.4, Fe2O3 — 0.09–0.16. Результаты 

обоих методов, в целом, согласуются между собой. Расхождения между 4-мя параллельными 

определениями для ЛТР составили 15–24 %, для ПЛС 9–14 %. С учетом данных полуколичественного 

анализа сделан вывод о том, что в основе разделения на две группы лежит разное соотношение меди и 

железа в эмали. 

Ключевые слова: ЛИЭС, хемометрика, кластерный анализ, ПЛС, легкоплавкие свинцовые эмали, ве-

роятностно-детерминированное планирование эксперимента, археология, городище Джучи хана. 
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Synthesis of Transition Metal Ferrites (Co, Cu, Ni, Mn) by the Sol-Gel Method  

with Combustion and the Use of Microwave Processing 

This review considers recent work on the synthesis of transition metal ferrites (Co, Cu, Ni, Mn) by sol-gel 

method with combustion, as well as the effect of microwave radiation. Ferrites are interesting not only for 

magnetic and optical properties, but also for their catalytic ones. In recent years, there has been an increasing 

amount of literature, which investigates the catalytic properties of transition metal ferrites in various reac-

tions, including oxidative reactions. Given the fact that various organic components are used as complexing 

agents and as a fuel in the sol-gel method with combustion, the review considers the influence of the organic 

reagent nature, its ratio to precursors, the pH of the medium, the power and time of microwave exposure to 

the process of ferrite formation as factors influencing the size of formed particles and their textural character-

istics, which are of great importance in the catalysis. Recently, the attention of chemists working in the field 

of catalysis has been attracted by studies of the effect of physical fields, to which the microwave field be-

longs, on various chemical processes, including the nanocatalysts synthesis. The use of microwave radiation 

in sol-gel synthesis of ferrite allows obtaining nanoferrites with high specific surface area. From this point of 

view, this paper considers the works of recent years devoted to the study of microwave sol-gel synthesis of 

ferrite. 

Keywords: ferrites, sol-gel method with combustion, complexing agents, microwave technology, microwave 

power, dispersion, texture, specific surface area, particle size. 
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FESEM — Field Emission Scanning Electron Microscopy 

TEM — Transmission electron microscopy 

SEM — Scanning electron microscope 

EDS — Energy Dispersive X-Ray Spectroscopy 

FTIR — Fourier transform infrared spectroscopy 

TGA — Thermogravimetric analysis 

DTA — Differential Thermal Analysis 

BET — Brunauer-Emmett-Teller surface area analysis 

Review Plan 

Inclusion and exclusion criteria: The present review considers recent works on the synthesis of transi-

tion metal ferrites (Co, Cu, Ni, Mn), which are characterized by a wide range of applications, the sol-gel 

method with combustion, as well as the exposure to microwave radiation. 

The review data are based on scientific publications of recent 7 years. 

The review considers articles from the Scopus, Web of Science, Google Scholar databases. 

The keywords used for the search are the “sol-gel method with combustion”, “copper, cobalt, nickel, 

manganese ferrites”, “microwave technology” and “texture”. Statistical methods were not used in the review. 

Introduction 

It should be noted that ferrite materials, which have special magnetic properties and combine high mag-

netization with the characteristics of semiconductors and dielectrics, are widely used in magnetic, electronic, 

and microwave devices [1–7]. In addition to their promising magnetic properties, ferrites have catalytic 

properties [1, 8–12]. Oxides, salts and hydroxides of appropriate metals are usually starting materials for 

producing ferrites. There are various ways to obtain ferrites, namely co-precipitation, thermal decomposition 

of salts, sol-gel method, ceramic, burning solutions in a high-temperature stream, plasma-chemical. To date, 

the sol-gel method has become widespread among the methods for obtaining highly dispersed materials, in-

cluding nanoferrites. The main advantage of this method is the high homogenization of precursors with the 

production of a sol and its transformation into a gel due to hydrolysis and condensation processes, followed 

by aging, drying and heat treatment. 

The variation of the sol-gel method is the sol-gel with self-combustion. The process of drying and heat 

treatment in this method takes place in one stage. The method includes an exothermic and self-sustaining 

redox reaction of xerogel, which is obtained from an aqueous solution containing metal salts (oxidizing 

agent) and an organic component (reducing agent) also known as a “fuel”. The organic component forms 

complexes with metal ions that prevents precipitation of metal salts and thereby improves gelation condi-

tions. In addition to these advantages, owing to the results of the organic component combustion, a large 

amount of gaseous products is formed, which prevents the solid phase crystallites from sintering. The latter 

is obtained in the form of ash or a fine powder. The reaction proceeds quickly and at a sufficiently low tem-

perature. The method is quite simple enough for practical implementation and economical in terms of time 

and energy consumption. Solutions can also be subjected to combustion, the so-called solution combustion. 

In recent years, other than the thermal exposure, various types of radiation have also been used in the 

synthesis of compounds, in particular microwave [13–16]. Microwave technology has also found application 

in the synthesis of ferrites by the sol-gel method with combustion. Microwave technology is used in the syn-

thesis of ferrites by the sol-gel method with combustion at the stage of drying and combustion. The literature 

data analysis shows that it is also possible to synthesize nanosized ferrites through the use of microwave ra-

diation in the sol-gel method with combustion [17–22]. The brief review of recent works presents data on the 

synthesis of a number of ferrites (Co, Ni, Cu, Mn) by the sol-gel method with combustion, as well as using 

microwave treatment as an initiator of the combustion reaction, i.e. carrying out the combustion stage in the 

microwave field. The ferrites of these metals were chosen from the perspective of their use as catalysts. In 

recent years, more and more works have appeared in the literature in which the catalytic properties of transi-

tion metal ferrites in various reactions, including oxidative ones, are studied. For example, these are follow-

ing reviews [8–10]. Previously, we carried out the microwave synthesis of these ferrites by the ceramic 

method from oxides [15]. The catalytic properties of copper ferrite synthesized by the ceramic and sol-gel 

method using microwave treatment were investigated by us in the oxidative conversion of carbon monoxide 

[23]. So this review focuses on the following issues: 
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Given the fact that various organic components are used as complexing agents and a fuel in the combus-

tion sol-gel method, an emphasis is laid on the influence of the organic reagent nature on the formation of 

ferrites during combustion, as a factor affecting the size of the resulting ferrite particles and their textural 

indicators, which is of great importance in catalysis. 

In microwave technology, the given parameters are power and time. It is important to find out how the 

time of microwave treatment affects the fineness of the formed ferrite particles when adjusted for the uncon-

trolled rise in temperature, using microwave energy in the sol-gel method with combustion. 

1. Synthesis of ferrites by the sol-gel combustion method using citric acid as an organic reagent 

An analysis of the literature data showed that the largest number of studies on the synthesis of both in-

dividual and mixed ferrites was carried out by the “citrate” method, i.e. using citric acid as a complexing 

agent and “fuel”. That is why it became necessary to summarize them in a separate section. 

The process essence is the reaction of hydrolysis and condensation of precursors, which are metal ni-

trates and citric acid, resulting in the formation of gel, upon further drying of which it passes into xerogel, 

followed by its spontaneous combustion and the formation of ferrite during combustion. 

The synthesis procedure is as follows: a stoichiometric amount of metal nitrates is dissolved in a small 

amount of deionized water with stirring and a temperature of 80–90 °C. The pH of the medium is adjusted to 

7 with an ammonia solution and the solution is slowly evaporated until a viscous gel is formed which self-

ignites and burns to form a loose bulk powder. 

 3Ме(NO3)2 + 6Fe(NO3)3 + 2C6H8O7 = 3МеFe2O4 + 12N2 + 12CO2 + 8H2O 

There were also considered works in which the ferrites synthesis was carried out by burning the solu-

tion. 

1.1. Synthesis of individual ferrites 

Although the ferrites formation at lower temperatures is one of the important advantages of the combus-

tion sol-gel method, in many studies, the powders obtained after gel combustion are additionally annealed at 

higher temperatures. These are mainly works in which the magnetic properties of ferrites are investigated 

and where purity and high crystallinity are of great importance. 

The synthesis of nanocrystalline cobalt ferrite was carried out in the works [24–26]. The powders ob-

tained after burning the gel were additionally annealed at various temperatures from 600 °C to 900 °C for 2 h 

in air [24]. The particle size of the obtained ferrites strongly depends on the calcination temperature. At a 

temperature of 700 °C, the size of cobalt ferrite crystallites is 25–30 nm, they look like quasi-spheres. The 

crystallite sizes of the sample annealed at 900 °C are in the range of 40–50 nm, which is consistent with the 

results of X-ray diffraction (XRD) method. The authors suggest that the agglomeration increases as the an-

nealing temperature increases, and some degree of agglomeration is unavoidable at higher annealing temper-

atures. The influence of the additional calcination temperature at 600, 700, and 800 °C on the structural and 

magnetic properties of CoFe2O4 was also considered in [25]. The authors found that as the calcination tem-

perature increased, clearly defined sharp peaks were observed on the X-ray pattern in line with CoFe2O4 to 

indicate an increase in the ferrite crystallinity. Very pure and crystalline cobalt nanoferrite with a uniform 

size distribution was also obtained in [26]. 

Cobalt and copper ferrites obtained by the citrate method were characterized by X-ray diffraction meth-

od, Field Emission Scanning Electron Microscopy (FESEM), Transmission electron microscopy (TEM), En-

ergy Dispersive X-Ray Spectroscopy) [6]. The average size of cobalt and copper nanoferrite crystallites was 

24.7 and 37.7 nm, respectively. 

The synthesis of nickel ferrite by the sol-gel method with combustion in the presence of citric acid was 

described in the works [27–31]. In the work [27], a mixed solution of nitrates (Ni and Fe) and citric acid was 

kept in an oven at 120 °C for 12 hours. The dried sample was ground and then annealed in a muffle furnace 

at 600 °C for 2 hours and slowly cooled to room temperature. X-ray diffraction analysis confirmed the for-

mation of a cubic structure of nickel ferrite spinel. The average crystallite size was determined using the De-

bye-Scherrer formula and it was 21 and 60 nm, respectively, for the obtained samples before and after an-

nealing. SEM analysis showed that the particles were spherical. 

The authors [28] obtained nanoparticles of nickel ferrite with an average size of 23 nm calculated by the 

Scherrer formula. 

In the work [30], the resulting powder after auto-combustion of the dried gel was also calcined at 

550 °C for 4 hours for better crystallinity and purity. The average crystallite size of the prepared nickel fer-

rite sample was 22 nm. 
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In the work [29], the authors revealed that the resulting nickel ferrite particles had an approximately 

spherical shape and a crystal size in the range of 45–55 nm. The average grain size obtained from the TEM 

image of the sample was approximately 60 nm, which was in appropriate with the size determined from the 

X-ray diffraction patterns. 

Nanosized spinel ferrites MFe2O4 (M = Ni, Co and Zn) were obtained in [31]. Gel ignition was ob-

served at 623 K (350 °C). The resulting powder was sintered in two stages (at 500 °C/5 h and at 700 °C/5 h). 

The crystallite size (nm) for each sample was calculated from the broadening of the line of the most intense 

(311) diffraction peak using the Debye-Scherrer formula. It was found that sizes of crystallites depended on 

the nature of the M2+ cation. The lowest nanoscale crystallite value was found for nickel ferrite (30.6 nm), 

followed by zinc (34.4 nm) and cobalt (36.7 nm) ferrite. 

Nickel ferrite was synthesized using various ratios of fuel (citric acid) to metal nitrate 1:1, 1:2, 1:3 and 

1:4 [32]. All samples were characterized by Thermogravimetric (TG) and Differential Thermal (DT) analyz-

es. TG-DTA analysis confirmed the ferritization temperature, which varied slightly with the ratio of fuel to 

metal nitrate. All samples were sintered at an average temperature of 560 °C for 4 hours. X-ray diffraction 

analysis confirmed the cubic structure of the samples. 

The authors [33–34] obtained copper and manganese ferrite particles with good composition uniformity 

and high phase purity. 

1.2. Synthesis of substituted ferrites 

When adjusted for the fact that mixed ferrites which are solid solutions, have the best magnetic charac-

teristics, a promising method for their preparation is the sol-gel method with combustion. This is evidenced 

by quite a lot of works in the scientific literature dealing with the production of substituted ferrites by this 

method. 

Consideration of these works is also important from the point of view of improving the catalytic proper-

ties of ferrites, in which atoms of other elements are introduced in a certain quantitative ratio. 

A series of nanocrystalline copper-substituted cobalt-zinc ferrites Co0.6Zn0.4CuxFe2xO4 (x = 0.2, 0.4, 0.6, 

0.8, and 1.0) with a cubic spinel crystal structure were synthesized by gel auto-combustion [35]. All samples 

after gel combustion were annealed at 400 °C, 600 °C, 800 °C and 1000 °C. X-ray diffraction analysis con-

firmed the formation of a cubic phase with space group Fd-3m for all nanoferrite obtained. The particles 

were 25 nm in size and spherical in shape. In this work, the same particle size of ferrite samples processed at 

different temperatures raises some doubts. High temperatures of heat treatment should undoubtedly lead to 

particle aggregation, which is noted in most works. 

In the work [36], cobalt ferrite nanoparticles with substituted transition metals (CoMxFe2–xO4, M = Cr3+, 

Ni2+, Cu2+ and Zn2+, x = 0.2; 0.4; 0.6; 0.8 and 1.0) were synthesized. The resulting ferrite powders were an-

nealed at 400 °C, 600 °C, 800 °C and 1000 °C for 2 hours. TEM images of CoNi0.4Fe1.6O4 annealed at 

400 °С and 1000 °С showed that ferrite particles had nano-sizes of 20 nm to 60 nm, respectively, and spheri-

cal morphology. 

The authors [37] obtained nanoparticles of ferrites Co1–xNixFe2O4 (x = 0.02, 0.04, and 0.06 M) with a 

spherical shape and a particle size in the range of 26.31–31.13 nm. 

Ruthenium-doped cobalt ferrite nanoparticles (CoRuxFe2–xO4; x = 0.0, 0.02, 0.06) were obtained in [38]. 

The average size of ferrite crystallites was 32.12 nm for CoFe2O4, 17.77 nm for CoRu0.02Fe1.98O4, and 

18.45 nm for CoRu0.06Fe1.94O4. 

The authors [39] synthesized polycrystalline nickel-substituted cobalt ferrites (Co1–xNixFe2O4, where 

x = 0, 0.25, 0.50, 0.75, 1). From TEM images of samples after heat treatment at 700 °C for 8 h, it was found 

that the nanoparticles were uniform in size, which corresponded to the average size obtained from peak 

broadening in X-ray diffraction analysis. The effective diameter of ferrite powder particles was 20–25 nm. 

Polycrystalline Ni-Zn ferrites with the chemical formula Ni0.5Zn0.5ZrxCuxFe2–2xO4, with x values from 

0.0 to 0.4 and 0.08 wt.%, were prepared by the sol-gel method with auto-combustion with the addition of 

ethylene glycol to citric acid as an additional combustible agent (Table 1) [40]. 

It was determined that the size of crystals of complex ferrites Ni0.5Co0.5NdxFe2–xO4, obtained in the work 

was 41, 37 and 35 nm for x = 0.025; 0.100 and 0.125, respectively [41]. 

Polycrystalline ferrites with chemical formulas Ni0.5Zn0.5Fe2O4, Ni0.5Zn0.5Er0.025Fe1.975O4, 

Ni0.5Zn0.5Er0.035Fe1.965O4, and Ni0.5Zn0.5Er0.05Fe1.95O4 were obtained in [42]. The authors described in detail all 

ferrite synthesis process noting that it took less than 60 minutes from heating the sol to gelling it. And the 

time between the actual ignition and the end of the reaction was less than 5 seconds. An emphasis was laid 
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on the opportunity of using the combustion sol-gel method as a simple and affordable method for the synthe-

sis of complex compounds. 

T a b l e  1  

The sizes of the crystallite, particle and grain of Zr and Co substituted Ni0.5Zn0.5ZrxCoxFe2–2xO4 

No. Dopant concentration Crystallite size, D (nm) Particle size, (nm) Grain size, (μm) 

1 0.0 9.1121 15.5051 2.3137 

2 0.08 10.9423 21.7809 3.043 

3 0.16 10.2774 15.364 2.7436 

4 0.24 10.1211 9.6893 2.6048 

5 0.32 10.1474 4.1924 2.4618 

6 0.4 10.3397 19.0597 2.2952 

 

The average particle size of nickel–chromium ferrites with the general formula NiCrxFe2–xO4 (x = 0.0; 

0.1; 0.2; 0.3; 0.4 and 0.5) was calculated using the Scherrer formula from the data on the broadening of dif-

fraction peaks and amounted to 23–43 nm [43]. 

The authors [44] developed a method for obtaining solid solutions based on nickel-zinc ferrite of the 

general composition Ni0.75Zn0.25Fe2–xLaxO4 (Ln = Nd, Gd, Lu, Yb). Citric acid was taken in a ratio of 1:1 for 

trivalent elements and 3:2 for divalent ones. A solution of nitrates and citric acid was evaporated to a jelly-

like state at a temperature of 700 °C for 1 hour. Then the temperature was raised to the start of a self-

developing process (T = 100 °C). The resulting powder was annealed at 700 °C until the remains of the or-

ganic phase were removed. The resulting reaction products were loose agglomerates consisting of nanoparti-

cles. At an annealing temperature of samples up to 900 °C, coarsening of agglomerates and sintering of par-

ticles were observed. The average crystallite size for all synthesized compounds was 80–90 nm. 

Samples of nickel-aluminum ferrites of the chemical composition NiFe2–xAlxO4 were obtained in [45]. 

Drying of the xerogel was carried out in air at a temperature of 120–130 °C. Upon complete drying, sponta-

neous combustion of the porous xerogel occurred. The average particle size found from X-ray diffraction 

studies was 20–60 nm. 

2. Synthesis of ferrites using various organic reagents 

In addition to citric acid, the sol-gel combustion method uses such organic compounds that are easily 

oxidized and do not contaminate the resulting product, namely glycine, urea, ethylene glycol, polyvinyl al-

cohol. 

In the work [46] nanoparticles of cobalt ferrite CoFe2O4 with a spinel structure were synthesized by the 

sol-gel method with auto-combustion using three different types of fuel (ethylene glycol, glycine and urea). 

The formation of a pure phase of cobalt ferrite with a cubic spinel structure was observed in X-ray diffrac-

tion patterns for all samples. The average crystallite size, lattice parameters and other structural parameters 

were calculated from XRD data. The experimental results showed that the average crystallite size of the pre-

pared samples ranged from 15 to 22 nm. A lower average particle size of 15 nm was noted with urea as a 

fuel. The average grain size turned out to be in the range of 65–86 nm. 

The influence of the ratio of fuel (glycine) to metal nitrates was considered in the work [47] when ob-

taining cobalt ferrite by the sol-gel method with combustion. The particle size of pure phase cobalt ferrite 

nanoparticles was found to be < 40 nm. 

The authors of [48] synthesized cobalt ferrite (CoFe2O4) nanoparticles using several different methods: 

combustion, co-precipitation and precipitation. The average particle size obtained by combustion with gly-

cine was 69.5 nm, by co-precipitation it was 49.5 nm and by precipitation it was 34.7 nm. 

Ethylene glycol as a complexing agent and fuel was used to obtain copper ferrite in the work [49]. 

Magnesium-cobalt spinels (CoxMg1–xFe2O4: x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were synthesized by the 

combustion sol-gel method using urea [50] as a fuel. The results showed that the final products were a cubic 

spinel phase with spherical nanoparticle morphology. 

In our work [51], the copper ferrite was obtained using various organic reagents. It revealed that the av-

erage size of ferrite crystallites obtained using urea was in the range of 15–19 nm, with citric acid — 20–

23 nm and with glycine — 29–32 nm. Dynamic light scattering (DLS) measurements of isopropyl disper-

sions of ferrite samples synthesized using citric acid, glycine and urea were also carried out. Before DLS 
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measurements, the dispersions with the studied samples were subjected to ultrasonic (US) treatment. Ultra-

sound treatment was carried out for 10, 20 and 60 min. The results showed that the spectral pattern signifi-

cantly depended on the processing time of the dispersions. The average particle size of the synthesized sam-

ples in isopropyl alcohol dispersions subjected to ultrasonic treatment for 20 minutes ranged from 381 to 

447 nm. Large values of the distribution width indicated that the dispersion contained aggregates of particles 

of different sizes. These values were much larger than the average crystallite size determined by X-ray dif-

fractometry. Most likely, the studied dispersions contained aggregates that were not destroyed by ultrasonic 

treatment. After 60 minutes of sonication, the particle size decreased and fluctuated in the range of 123–

153 nm. 

The racemic mixture of the right (d) and left (l) forms of alpha-alanine was used in the work [52] for the 

synthesis of highly crystalline cobalt nanoferrite. The synthesized samples were annealed at two different 

temperatures, namely 500 °C and 800 °C for 2 hours to study the effect of temperature on crystallite size, 

phase purity and thermal stability. The formation of single-phase spinel nanoparticles was observed both in 

the initial state and in the annealed state. The size of cobalt ferrite nanoparticles after gel combustion was 

37.8 nm, after sample annealing at 500 and 800 °C, 38.8 and 43.7 nm, respectively. 

The effect of the ratio of glycine to oxidizing agent (metal nitrates) on the structural, morphological, 

and magnetic properties of Co0.8Mg0.2Fe2O4 was studied in [53]. Samples were prepared with stoichiometric 

fuel content to nitrates (G/N=1.48), lean fuel content (G/N=0.74) and high fuel content (G/N=2.22). After 

ignition at 180 °C and auto-combustion, the resulting powders were annealed at 600 °C for 2 hours. It was 

found that the crystallite size and the crystallinity of the spinel phase increased as G/N ratio increased 

(Table 2). 

T a b l e  2  

Effect of heat treatment and fuel-to-oxidizer ratio (G/N)  

on the crystallite size nanoparticles (a) auto-combusted, (b) annealed at 600 °C 

No. Fuel Crystallite size, D (nm) 

1 2.22 (fuel rich) 50 (a) 62 (b) 

2 1.48 (stoichiometry) 46 (a) 54 (b) 

3 0.74 (fuel lean) 43 (a) 49 (b) 

 

In the work [54] for the synthesis of Y0.2CoFe1.8O4, citric acid and polyvinyl alcohol were used as a fuel. 

The average crystal size of the synthesized ferrite was in the range of 20–70 nm. 

Ferrospinels of CuFe2O4, MgFe2O4, Ni0.5Co0.5Fe2O4 composition were obtained using polyvinyl alcohol 

[55] as a fuel. Manganese ferrite was also obtained by the sol-gel method with the participation of polyvinyl 

alcohol [56]. 

As noted above, when synthesizing the compounds by the sol-gel combustion method, it is also possible 

to combust the solution. Therefore, works devoted to the production of ferrites by the solution combustion 

method are of interest [57–59]. 

Nanoparticles CoFe2O4, CoFe1.95Bi0.0 5O4, CoFe1.9Bi0.1O4 and Cu0.5Co0.5Fe1.9Bi0.1O4 were prepared by 

burning a solution using glycine as a fuel [57]. Aqueous solutions of the calculated amounts of precursors 

and fuel, after stirring on a magnetic stirrer, were placed in an oven at 500 °C for 5 minutes. 

Nanoparticles Co1–yCuyFe2–xCexO4 (x = 0, y = 0), (x = 0.05, y = 0), (x = 0, y = 0.5) and (x = 0.05, y = 0.5) 

were also synthesized by burning a solution of metal nitrates and glycine in a preheated furnace at 350 °C for 

5–7 min, after which they were sintered at 700 and 900 °C for 2 h [58]. 

Especially, there is a need to note the work [59], which studied the influence of the “fuel” concentration 

on the composition, structure and size of crystallites in the synthesis of cobalt ferrite by solution combustion. 

Glycine was used as a fuel, cobalt and iron nitrates were used as precursors. The solution of precursors and 

glycine was placed in an electric oven (400 °C) until complete combustion (approximately 15 minutes) was 

formed. Three syntheses were carried out with different fuel concentrations, namely low, stoichiometric and 

high ones. The authors concluded that higher concentrations of glycine led to the formation of secondary 

phases of cobalt oxide. The sample with low fuel concentration was the only one in which a pure nanosized 

CoFe2O4 phase was formed. Synthesis with an increased concentration of fuel led to rapid ignition and in-

tense combustion during the reaction. With an excess of fuel, oxygen from the atmosphere was required to 

complete the reaction. This excess of oxygen could cause the formation of secondary oxide phases in addi-
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tion to the primary cobalt ferrite phase. Sizes of crystallites were calculated using the Scherrer equation for 

various concentrations of glycine: 23.58 nm for low (smallest size among all samples), 31.14 nm for stoichi-

ometric and 33.16 nm for high concentrations. 

Thus, by varying the concentration of “fuel”, it is possible to attain both a pure ferrite phase and com-

plex systems consisting of ferrite and oxide phases. The second variant is most interesting for the heteroge-

neous catalysis. During the combustion of both the sol and the gel, as a result of an exothermic reaction, var-

ious physicochemical transformations occur, namely melting, chemical reaction, diffusion, which affect the 

formation of the composition and structure and result in various defects. At present, the phenomenon of 

growth in the catalytic and adsorption activity of solids with a defective surface in comparison with the struc-

ture of a perfect crystal is considered an established fact [60]. Therefore, using various organic reagents and 

their concentrations in the combustion sol-gel method, it is possible to obtain not only highly crystalline fer-

rites, but also solid solutions of complex composition and defect structure, which are promising materials for 

the heterogeneous catalysis. 

3. Synthesis of ferrites by the sol-gel method with combustion in “green chemistry”. 

In recent years, works have appeared on the synthesis of ferrites by the sol-gel method with combus-

tion, which belong to “green chemistry”. According to these works, extracts of various plants are used as an 

organic reagent and “fuel”. An example is the work [61], in which photocatalysts based on magnesium-

doped nickel ferrite were synthesized by the sol-gel method using an extract from aloe A.Vera as a chelating 

agent, reducing agent and natural template. Stoichiometric amounts of nickel nitrate and iron nitrate were 

mixed with M3+/M2+ in a molar ratio of 2:1, then a solution containing A.Vera extract and the calculated 

amount of magnesium nitrate was added dropwise. The mixture was continuously stirred for 1 hour at 80 °C 

until a gel formed. The resulting viscous gel was again heated to dry in an autoclave at 200 °C until auto-

ignition started. Finally, the resulting NiFe2O4:Mg2+ (1 mol.%) nanoparticles were calcined at 350 °C for 1 h. 

Cottage cheese was used as a fuel for the synthesis of cobalt ferrite with different contents of Zn2+ and 

the general formula [ZnxCo1–xFe2O4 (x = 0.0, 0.2, 0.4 and 0.6) the ZCF] [62]. Solutions of metal nitrates and 

cottage cheese were continuously stirred for 30 min until a homogeneous mixture was obtained. The mixture 

was placed for 5 minutes in a muffle furnace heated to 500 °C. The resulting powder was calcined at 650 °C 

for about 5 hours. 

A comparison of 2 methods for obtaining nickel ferrite nanoparticles, namely using citric acid and clove 

extract as a fuel was carried out in the work [63]. The structural properties of the resulting nickel ferrites 

were characterized by X-ray diffraction analysis, which revealed the cubic structure of the spinel. The aver-

age crystallite size was 24 nm and 26 nm for nanoparticles NiFe2O4 obtained respectively through the use of 

clove extract and citric acid. 

The use of environmentally friendly, non-toxic natural materials in the sol-gel method with combustion 

expands the opportunity of using it for the synthesis of complex compounds, including ferrites. 

From the analysis of the literature data presented above on the synthesis of transition metal ferrites by 

the sol-gel method with combustion, the following conclusions can be drawn: 

− Regardless of the complexing agent nature, the formation of a cubic spinel structure is observed in the 

X-ray diffraction patterns for all samples; 

− Method makes it possible to obtain ferrite nano-powders with a crystallite size in the range of 20–

60 nm. Moreover, the average crystallite size of particles increases with an increase in the calcination 

temperature of the nanopowders obtained after combustion. 

− Use of higher (superstoichiometric) concentrations of the complexing agent makes it possible to form 

the secondary phases. 

− Ferritization temperature varies slightly with the ratio of fuel to metal nitrate. 

In most of the considered works, the structure and magnetic properties of the synthesized nanoferrites 

are mainly studied, which are of interest to physicists, since ferrites are used mainly as magnetic materials in 

radio engineering, electronics, automation and computer technology. Substances in the nanocrystalline state 

exhibit special magnetic and optical properties, which are not characteristic of bulk materials. 

The determination only of nanosizes of ferrites can be sufficient when studying their magnetic proper-

ties; however, ferrites are also used in catalysis, where textural indicators play an important role, namely, 

specific surface area, pore volume, and pore radius. Therefore, the study of these parameters is extremely 

important in the study of the catalysts activity. This caused the need to highlight the works in which the tex-

ture characteristics of ferrites synthesized by the sol-gel method with combustion were studied, as well as 
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their dependence on the type of organic reagent, on the ratio of fuel to metals, since during the combustion of 

various types of “fuel”, different amounts of gases were released, which actually “loosen” the resulting mass 

of ferrite that also affected the texture of ferrites. 

4. Textural parameters of ferrites synthesized by the sol-gel method with combustion 

In the work [64], Ni, Co, Mn, Mg, and Zn ferrites were synthesized by the gel combustion method with 

the participation of glycine. The sizes of the synthesized ferrite nanoparticles were determined, as well as 

their specific surface area (Table 3). 

T a b l e  3  

SBET — specific surface area, average crystallite size, D 

No. Sample S, m2/g D, nm 

1 NiFe2O4 72.0 20.5 

2 CoFe2O4 15.4 20.4 

3 MnFe2O4 54.4 5.8 

 

Nickel ferrite had the largest specific surface area (72 m2/g) among Ni, Co, Mn ferrites obtained using 

glycine as an organic reagent, followed by manganese ferrite with a specific surface area of 54.4 m2/g and 

cobalt 15.4 m2/g. 

Metal-substituted cobalt ferrite nanoparticles with the composition MxCo1–xFe2O4 (M = Zn, Cu, Mn; 

x = 0.0; 0.25; 0.5 and 0.75)] were synthesized by the citrate sol-gel method in [65]. The specific surface of 

the samples was in the range from 37.99 to 107.05 m2/g, Zn0.5Co0.5Fe2O4 nanoparticles had an average pore 

radius of 1.84 nm and a pore volume of 0.136 ml/g. 

In the work [66], ferrites of the composition Cu0.5Ni0.5Fe2O4 were prepared using various ratios between 

citric acid and metal ions. A number of secondary phases (Cu, Cu-Ni alloy and hematite) were found in the 

obtained samples. An optimal ratio of citric acid to the sum of metal ions was experimentally established, at 

which the resulting ferrite samples were characterized by the largest surface area. The sample synthesized at 

the maximum ratio of citric acid to metal ions (3:1) was characterized by the smallest size of ferrite crystal-

lites (9.65 nm) and a larger surface area (92 m2/g). 

The specific surface area of Ni-Zn-ferrite obtained by various “fuels” (citric acid, carbohydrazide and 

glycine) ranged from 12–41 m2/g [67]. 

Nickel ferrite powders of the composition NiFe2O4 with a crystal size of 18.00 nm and a high specific 

surface area of 55.21 m2/g were obtained by a combustion reaction using urea as a fuel [68]. 

The effect of pH and metal concentration on the textural characteristics of the formed cobalt ferrite na-

noparticles was considered in [69]. Xerogels obtained from solutions with different pH values (≤1, 3, 7, and 

10) of precursors showed different combustion behavior. Except for pH (≤1), all xerogels quickly ignited 

with the formation of a large amount of gases: combustion began in the hottest zones of the crucible and 

spread from bottom to top, as in a volcanic eruption. 

The reaction was over in 10–30 seconds with the formation of a dark gray three-dimensional structure 

resembling a branched tree. Table 4 lists the synthesis conditions, nanoparticle sizes and specific surface area 

of the cobalt ferrite synthesized. 

T a b l e  4  

Preparation parameters, BET surface area, XRD and BET average particle sizes of the sample 

No. Sample 

Preparation parameters 

BET surface area 

(m2/g) 

XRD average particle 

size (nm) 

BET average particle 

size (nm) pH value 

Metal 

concentration 

(mol L–1) 

1 A 7 0.1 38.6 24 29 

2 B 7 0.2 37.9 26 30 

3 C 7 0.3 31.2 28 36 

4 D <1 0.1 6.2 16 185 

5 E 3 0.1 19.0 21 60 

6 F 10 0.1 35.8 30 32 
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As can be seen from the Table 4, the specific surface area of nanoparticles formed from acidic solutions 

(samples D and E) was less than that of particles formed from neutral and alkaline solutions; they were also 

different in particle size. 

Spinels MeFe2O4, in which the divalent cations Cu, Ni, Zn and Cd were synthesized by the sol-gel 

method with the participation of a 10 % solution of polyvinyl alcohol with a molecular weight of 145000 as a 

“fuel”, were obtained [70]. The size of the obtained nanoparticles was 33–52 nm. The texture parameters are 

presented in Table 5 below. 

T a b l e  5  

Powder characteristics of MeFe2O4 ferrites 

Sample Average аgglomerat, size (nm) Specific surface area, SBET (m2/g) Pore volume, cc/g 

CuFe2O4 550 1.48 0.002 

NiFe2O4 500 3.86 0.0059 

CoFe2O4 350 3.26 0.0048 

 

In the work [71] there was established the specific surface area of ferrites synthesized by the sol-gel 

method with auto-combustion using various organic reagents (Table 6). 

T a b l e  6  

Specific surface area of ferrites synthesized by the sol-gel method with various organic reagents 

No. Ferrite 
Specific surface area, m2/g 

citric acid glycine urea 

1 CuFe2O4 18 4 25.5 

2 CoFe2O4 12 11.7 35.3 

3 NiFe2O4 6.2 7.8 34.3 

4 MnFe2O4 36.5 15 32.9 

 

As can be seen from Table 6, the ferrites obtained by the sol-gel method during the combustion with 

urea have the largest specific surface and the smallest — with glycine. When burning with citric acid, the 

final product is more voluminous and branched; the process does not last long. With glycine, the combustion 

occurs in the form of a flash and rapid combustion. With urea, the process takes longer with the release of a 

large amount of gaseous substances. 

The above few works on the determination of the specific surface area of transition metal ferrites ob-

tained by the sol-gel method with combustion involving various organic components make it possible to 

conclude that the nature of the organic reagent affects the specific surface area of the synthesized ferrites. It 

varies from a few square meters per gram to tens of square meters per gram. The different nature of combus-

tion leads to the formation of different surface morphology and texture, which ultimately can affect the cata-

lytic activity. 

5. Synthesis of ferrites by the sol-gel method with microwave combustion 

During the synthesis of ferrites by the sol-gel method with combustion, microwave technology, as noted 

above, is used at the stage of drying and combustion. In a microwave oven, the parameters to be set are pow-

er and time. These parameters, along with the nature of the organic reagent, determine the surface morpholo-

gy, texture, and fineness of the resulting ferrites. 

In [72], the synthesis of cobalt ferrite doped with nickel was carried out using the method of microwave 

combustion of a solution using metal nitrates and urea as a reducing agent. Metal salts were dissolved in wa-

ter; urea was added and homogenized on a magnetic stirrer. The combustion reaction was carried out in a 

domestic microwave oven at its maximum value for 5 minutes. The solution first boiled, then it dehydrated, 

then decomposed with the release of a large amount of gas and then spontaneous combustion occurred with 

the release of a large amount of heat and the formation of a free-flowing powder. 

Cobalt ferrite was obtained by burning solutions of metal nitrates (precursors) and glycine and ammo-

nium nitrate as organic promoters in a household microwave oven at a power of 900 W for 30 min [73]. 

Nickel ferrite nanoparticles were obtained by microwave combustion of a solution containing nickel, 

iron nitrates and trisodium citrate (Na3C6H5O7) and finally, the sodium salt of citric acid [74]. The mixture 
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was placed in a microwave oven and irradiated for 30 minutes. The resulting mass was then ground into 

powder. 

Nickel-magnesium ferrites were obtained with the participation of urea as a “fuel” and microwave 

treatment for 10 minutes at a magnetron power of 850 W [75]. 

Nickel ferrite was prepared by the sol-gel method from solutions of nickel and iron nitrate with the ad-

dition of citric acid and ammonia, evaporation at 1000C, followed by ignition and the formation of a free-

flowing powder, which was further subjected to microwave treatment [76]. 

In [77], the effect of an organic reagent on the synthesis of NiFe2O4 nanoparticles by combustion using 

microwave radiation was studied; urea, glycine, and citric acid were used as fuel reagents. The synthesized 

nanoparticles were characterized by X-ray diffraction, scanning electron microscopy, Brunauer-Emmett-

Teller (BET) surface area. The authors found that the type of fuel affects the surface properties of nanoparti-

cles. According to the results of X-ray diffraction analysis, the highest crystallinity was observed in nanopar-

ticles synthesized with glycine, while nanoparticles prepared with urea had the highest surface area. The 

SEM micrographs showed that all nanoparticles had nanocrystalline behavior and the particles were cubic in 

shape. In the same work, nickel ferrite was also obtained by the “dry” method as a result of an exothermic 

reaction of a mixture of metal nitrates and urea. This method did not use water or any other solvent. Rea-

gents, namely nitrates of nickel and iron, as well as urea were mixed in certain stoichiometric ratios. Owing 

to the crystallization water of metal nitrates, a thick mixture was formed. This mixture was placed in a labor-

atory type microwave oven at a maximum power of 800 W for 10 minutes. When the mixture reached the 

point of spontaneous combustion, it began to burn, releasing gas and heat, and the sample instantly became 

solid. 

In [78], nickel-cobalt ferrite NixCoxFe2O4 was obtained by mixing solutions of nitrates and urea, heating 

to 100 °C, and microwave treatment for 10 minutes until combustion. 

Flash synthesis of NiFe2O4 nanoparticles with a particle size close to 4–5 nm and a high specific surface 

area (about 240 m2/g) was carried out using a RAMO autoclave microwave heater developed by the au-

thors [79]. 

The microwave combustion method was used to synthesize nanocrystalline ZnxNi1–xFe2O4 from a stoi-

chiometric mixture of the appropriate metal nitrates and urea powders [80]. The resulting ferrite had a high-

purity spinel structure with a calculated crystallite size of ~20 nm. 

The paper [81] reported on the synthesis of Zn0.7Ni0.3Fe2O4 nanoparticles using a microwave combus-

tion method using urea as a fuel. X-ray diffraction and FT-IR analyzes confirmed the composition and struc-

ture of the spinel ferrite. The crystallite size was estimated using X-ray diffraction (16.4 nm). The morpho-

logical study of the products was carried out using TEM, which revealed the presence of spherical, spheroi-

dal and polygonal crystallite shapes. 

In [82], the authors synthesized a rhombohedral nanostructure of nickel ferrite by the method of rapid 

combustion with the help of microwave radiation using ethylenediaminetetraacetic acid as a chelating agent. 

Spinel nanoparticles Zn1-xCoxFe2O4 with different particle sizes were prepared by microwave combus-

tion with urea as a fuel [83]. Composites were prepared with the addition of cobalt in various molar ratios 

(x = 0.0–0.5) to ZnFe2O4. The obtained spinel ferrites were characterized by powder X-ray diffraction (XRD) 

and the average grain size and morphology were determined by high resolution scanning electron microsco-

py (HR-SEM). The formation of a single cubic phase of spinel was confirmed by X-ray diffraction and 

Rietveld analysis with an average crystallite size in the range of 43–49 nm. 

Nanoparticles of copper ferrite CuFe2O4 were obtained by microwave combustion using an extract of 

the plant Hibiscus rosa sinensis (Chinese rose) as a fuel. X-ray diffraction and analysis by the Rietveld meth-

od confirmed the formation of a single cubic phase with a crystallite size of 25 to 62 nm due to grain growth 

after calcination [84]. 

Copper ferrite nanoparticles were prepared using starch as a fuel. The starch solution was poured into 

solutions of copper and iron nitrates with continuous stirring. The clear solution was placed in a household 

microwave oven (2.45 GHz, 950 W) for 20 minutes. After the solution reached the point of spontaneous 

combustion, it instantly evaporated and became solid. The obtained solids were well washed with ethanol, 

dried and were designated as nanostructures of CuFe2O4 obtained by microwave technology [85]. 

Copper ferrites were synthesized by us on the basis of the ceramic method from oxides and by the sol-

gel method using microwave treatment, following which the values of the specific surface area of the sam-

ples were determined (Table 7) [15, 23]. The specific surface area was also determined after additional mi-

crowave treatment of the ferrite powder obtained after burning the gel. 
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T a b l e  7  

Values of the specific surface area of copper ferrite obtained by various methods 

No. Method for synthesis of copper ferrite CuFe2O4 
Specific surface 

area, m2/g 

1 “Ceramic method” from oxides of copper and iron in microwave field 0.4 

2 Sol-gel combustion method with citric acid 18 

3 Sol-gel combustion method with citric acid and additional microwave treatment 1.0 

4 Sol-gel combustion method with urea 25.4 

5 Sol-gel combustion method with urea and additional microwave treatment 2.1 

 

It can be seen from the Table 7, additional microwave treatment of copper ferrite powder leads to a de-

crease in its specific surface area. The same is true of a sample obtained by a ceramic method in a microwave 

field. When ferrites are obtained by solid-phase microwave synthesis from oxides, as a result of a very rapid 

rise in temperature and a long processing time, aggregation of the resulting ferrite particles is observed 

(Fig. 1) 

 

  
a b 

Figure 1. Micrographs of (a) nickel and (b) cobalt ferrite samples  

obtained by the solid-phase microwave synthesis from oxides. Reprinted from [15] 

A similar picture is also observed during additional microwave heat treatment of the obtained sol-gel 

method with the combustion of ferrite powder. The ferrites obtained by these two microwave processing 

methods are characterized by low specific surface area. Based on these experimental data, we decided to use 

microwave energy to “ignite” the gel without further prolonged irradiation. This process took place even at 

low magnetron values within a few seconds. Figure 2 shows photographs of the resulting copper ferrite dur-

ing the combustion of the gel in air (a) and “ignition” in a microwave oven (b). In both cases, branched, vo-

luminous structures are observed. 

 

  
a b 

Figure 2. Samples of copper ferrite obtained by the sol-gel method with combustion (a)  

and gel treatment in a microwave field. The organic reagent is citric acid. Reprinted from [87] 
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From the diffraction patterns of ferrites obtained by the sol-gel method with conventional combustion 

and microwave ignition, the crystallite sizes found using the Scherrer equation are quite close (30–35 nm). 

The same is true of the values of their specific surface area (Table 8) [86]. 

T a b l e  8  

Specific surface of ferrites synthesized by the sol-gel (s-g) method with combustion  

and the use of various organic reagents with conventional heating and microwave exposure (m.e) 

Sample 
Citric acid Glycine Urea 

s-g s-g + m.e s-g s-g +m.e s-g z-g + m.e 

Cu:Fe = 1:2 18 14.8 4 5.4 25.5 22.6 

Co:Fe = 1:2 12 13.3 11.7 12 35.3 30.6 

Mn:Fe = 1:2 36.5 27.2 15 13.2 32.9 27.6 

Ni:Fe = 1:2 6.2 14 7.8 5.8 34.3 28 

 

Microphotographs of Ni, Co, and Cu ferrite samples obtained by the sol-gel method and additional mi-

crowave treatment are shown in Figure 3. For comparison, a micrograph of a copper ferrite sample obtained 

by the conventional sol-gel method is also presented. As can be seen from the photographs, additional mi-

crowave treatment of the samples intensifies the crystallization; the photographs show an increase in the 

amount of ferrite nanoparticles. 

 

  
a b 

  
c d 

Figure 3. Micrographs of Ni, Co, Cu ferrite samples obtained by the sol-gel method with combustion  

and additional microwave treatment (a, b, c) and a copper ferrite sample without microwave treatment (d),  

an organic reagent is citric acid 

The above-mentioned works on the sol-gel synthesis of ferrites using microwave radiation were indica-

tive that in most works the synthesis of ferrites by the sol-gel method with combustion was carried out in 

ordinary household microwave ovens, in which only the magnetron power and exposure time could be con-

trolled, but not the temperature. Hence, the matter was about discrepancies in both the time of microwave 

treatment from several minutes to half an hour and power from 120 to 700 watts. 

A feature of the synthesis by the sol-gel method with combustion is that the beginning of the combus-

tion process is initiated by an external thermal effect, in some local volume of it an exothermic reaction be-
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gins. The heat released in this case is transferred to the neighboring layers, in which the reaction is occurred 

and so the combustion is spread throughout the system. The difference between microwave exposure and 

conventional thermal exposure lies in the fact that the initiation of combustion occurs simultaneously 

throughout the entire volume of the system, thereby reducing the duration of the combustion process. But a 

longer microwave exposure can lead to particle aggregation due to the high rate of temperature rise, which is 

especially clearly observed in the ceramic synthesis of ferrites [87]. Therefore, when using microwave radia-

tion in the sol-gel method with combustion, along with the nature of the organic reagent, the power and time 

of exposure to the radiation play an important role in the formation of the surface morphology, texture of 

ferrites. 

Conclusions 

The latest studies on the production of cobalt, nickel, copper and manganese ferrites by the sol-gel 

method with self-ignition and combustion in a microwave field were considered briefly. Also, the influence 

of various reaction parameters, namely the organic reagent nature, its ratio to precursors, pH of the medium, 

power and time of microwave exposure on the process of ferrite formation as factors affecting the size of the 

formed particles and their textural characteristics were analyzed. 
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С.М. Зульфугарова, Г.Р. Азимова, З.Ф. Алескерова, Ю.Н. Литвишков, Д.Б. Тагиев 

Өтпелі металл ферриттерінің (Co, Cu, Ni, Mn) золь-гель әдісімен  

жануы және микротолқынды өңдеуді қолдану арқылы синтездеу 

Мақалада өтпелі металл ферриттерінің (Co, Cu, Ni, Mn) золь-гель әдісі арқылы жануы, сондай-ақ 

микротолқынды сәулеленудің әсерінен синтездеу бойынша соңғы жылдардағы жұмыстар 

қарастырылған. Ферриттер магниттік және оптикалық қасиеттерімен ғана емес, сонымен қатар 

каталитикалық қасиеттерімен де қызықты. Әдебиеттерде өтпелі металл ферриттерінің әртүрлі 

реакциялардағы, соның ішінде тотығу реакцияларындағы каталитикалық қасиеттері зерттелген 

еңбектер қатары көбейіп келеді. Золь-гель әдісінде жану кезінде комплекстүзуші және отын ретінде әр 

түрлі органикалық компоненттер қолданылатынын ескере отырып, мақалада органикалық реагенттің 

табиғаты, оның прекурсорларға қатынасы, ортаның рН-ға әсері, феррит түзілу процесі түзілген 

бөлшектердің мөлшеріне әсер ететін факторлар ретінде және олардың катализде маңызы зор 

текстуралық көрсеткіштері зерттелген. Соңғы жылдары катализ саласында жұмыс істейтін 

химиктердің назарын микротолқынды өріске қатысты физикалық өрістердің әртүрлі химиялық 

процестері, соның ішінде нанокатализаторлар синтезіне әсері туралы зерттеулер аударуда. Әдеби 

деректерге сәйкес, ферриттердің золь-гель синтезінде микротолқынды сәулеленуді қолдану 

гетерогенді катализаторлар үшін өте маңызды, яғни меншікті бетінің ауданы жоғары наноферриттерді 

алуға мүмкіндік береді. Осы тұрғыдан алғанда, мақалада микротолқынды золь-гель синтезін зерттеуге 

арналған соңғы жылдардағы жұмыстар зерттелген. 

Кілт сөздер: ферриттер, золь-гель әдісімен жану, комплекстүзуші заттар, микротолқынды технология, 

ұсақтық, текстура, дисперстілік, меншікті беті, бөлшектердің мөлшері. 

 

 

С.М. Зульфугарова, Г.Р. Азимова, З.Ф. Алескерова, Ю.Н. Литвишков, Д.Б. Тагиев 

Синтез ферритов переходных металлов (Co, Cu, Ni, Mn) золь-гель методом  

с горением и использованием микроволновой обработки 

В обзоре рассмотрены работы последних лет по синтезу ферритов переходных металлов (Co, Cu, Ni, 

Mn) золь-гель методом с горением, а также воздействием микроволнового излучения. Ферриты инте-

ресны не только своими магнитными и оптическими свойствами, но и каталитическими. В литературе 

появляется все больше работ, в которых исследуются каталитические свойства ферритов переходных 

металлов в различных реакциях, в том числе и окислительных. Ввиду того, что в золь-гель методе с 

горением в качестве комплексообразователя и топлива используют различные органические компо-

ненты, в настоящей работе рассмотрено влияние природы органического реагента, его соотношения к 

прекурсорам, рН среды на процесс образования ферритов как факторов, влияющих на размер образу-

ющихся частиц и их текстурные показатели, имеющих большое значение в катализе. В последние го-

ды внимание химиков, работающих в области катализа, привлекают исследования по изучению влия-

ния физических полей, к которым относится микроволновое поле, на различные химические процес-

сы, в том числе на синтез нанокатализаторов. Согласно литературным данным, применение микро-

волнового излучения в золь-гель синтезе ферритов позволяет получать наноферриты с высокой 

https://doi.org/10.1016/j.jpcs.2017.12.024
https://doi.org/10.1007/s10948-018-4715-7
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удельной поверхностью, что очень важно для гетерогенных катализаторов. С этой точки зрения авто-

рами рассмотрены работы последних лет, посвященные изучению микроволнового золь-гель синтеза. 

Ключевые слова: ферриты, золь-гель метод с горением, комплексообразователи, микроволновая тех-

нология, дисперсность, текстура, удельная поверхность, размер частиц. 
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Novel Titanium-Manganites of Lanthanum and Alkali Metals 

The titanium-manganites of LaMeI
2TiMnO6 (MeI — Li, Na, K) were synthesized by the ceramic technology 

with the high-temperature reaction of oxides of La2O3, TiO2, Mn2O3 with carbonates of Li2CO3, Na2CO3, 

K2CO3 within 800–1200 ºС. The X-ray diffraction methods demonstrated that all of them were crystallized in 

the cubic syngony with the lattice parameters such as LaLi2TiMnO6 — а = 13.480.02 Å, 

Vo = 2449.460.06 Å3, Z = 4, Vo
el.cell = 612.870.02 Å3, roent. = 3.81; pick. = 3.780.03 g/cm3; LaNa2TiMnO6 — 

а = 14.060.02 Å, Vo = 2779.430,06 Å3, Z = 4, Vo
el.cell = 694.960.02 Å3, roent. = 3.67; pick. = 3.650.01 g/cm3; 

LaK2TiMnO6 — а = 14.740.02 Å, Vo = 3202.520.06 Å3, Z = 4, Vo
el.cell = 800.520.02 Å3, roent. = 3.45; 

 pick. = 3.430.01 g/cm3. Correctness and authenticity of the results on the indexing of X-ray photographs of 

titanium-manganite were confirmed with the good experimental and calculated values (104/d2), the pycnomet-

ric and X-ray densities, and also the theoretical and experimental values of cell volumes. The rising of values 

of the lattice parameters of the synthesized titanium-manganites was determined with increasing in the ionic 

radii from Li to K. 

Key words: titanium-manganite, lanthanum, alkali metals, synthesis, X-ray diffraction, indexing, syngony, 

unit cell, lattice parameters. 

 

Introduction 

To date the sustained interest in the ferroelectric materials was observed. This is caused by the ability to 

develop electrically controlled ultrahigh-frequency (UHF) devices on their basis. The ferroelectric materials 

have anomalously high nonlinearity of the dielectric properties. As a result they are very attractive to use in 

the ultrahigh-frequency electronics [1]. Manganites of a fixed composition are materials with the high spin 

polarization to research some fundamental issues and to use in the spintronic devices and in the magnetic 

tunnel structures. The interest in using of manganites is caused by some unique properties such as the high 

spin polarization reaching 100 %, high Curie temperature, chemical stability, etc. [2]. Attention is also drawn 

to the fact that the semiconductor titanium oxides with transition metal impurities are able to be as the ad-

vancing materials to use in the spin electronics and catalysis [3, 4]. For instance, barium titanate is a tradi-

tional electroceramic material and it has the ferro-, ferroelectric — and pyroelectric properties. It ought to be 

noted that the high values of dielectric permittivity in the ferroelectric materials near a transition temperature 

permit to use them in the miniature capacitors [5]. 

It should be pointed out that a field of the potential applications of materials with the colossal magnetic 

resistance such as La1–x(Ca, Ba)xMnO3 manganites include magnetic field sensors, the reading heads for 

high-density magnetic recording, displacement sensors, temperature sensors, bolometers, etc. [6]. Data on 

the fuel cells based on perovskite-like solid solutions of (La0.5+xSr0.5–x)1–yMn0.5Ti0.5O3-δ (x = 0–0.25, y = 0–

0.03) are described in [7, 8]. 

The abovementioned literature review demonstrates that compounds based on manganites and titanates 

of the rare-earth elements doped with oxides of s-elements are of the great scientific and practical interest. 

As a result, the purpose of this paper is to synthesize and study the X-ray diffraction characteristics of the 

novel titanium-manganites of lanthanum and alkali metals. 

Experimental 

Oxides of lanthanum (III) (“puriss. spec.” 99.99 %), titanium (IV) and manganese (III), and carbonates 

of lithium, sodium and potassium (production Russia) (“p.a.” 99.0 %) were the initial reagents to synthesize 

https://doi.org/10.31489/2022Ch4/4-22-6
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-6
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the titanium-manganites of LaMeI
2TiMnO6 (MeI — Li, Na, K). These substances were pre-annealed at 

300 С to remove the adsorption moisture. Then, the stoichiometric amounts of these substances were thor-

oughly mixed and ground in an agate mortar to obtain the titanium-manganites of LaMeI
2TiMnO6 (MeI — 

Li, Na, K). Further, the mixtures were placed to the alundum crucibles pre-calcined at 600 °C. Then they 

were annealed at 600 °C in a SNOL furnace for 5 h. Mixtures were cooled to a room temperature with the 

repeated processes of mixing and grinding. Then the mixtures were heat-treated at 800 С for 5 h with pro-

cesses of cooling to a room temperature, grinding and stirring. Further the analogous procedures were per-

formed at 1000 С for 10 h twice and at 1200 С for 4 h. After repeating the mixing and grinding, a low-

temperature annealing at 400 С for 10 h was performed to obtain the equilibrium phases at a low tempera-

ture. 

Formation of the equilibrium compositions of titanium-manganites was identified with the X-ray phase 

analysis on DRON-2.0 diffractometer (production Russia). The recording conditions: CuK-radiation, 

U = 30 kV, J = 10 mA, rotation speed — 1000 pps, time constant  = 5 sec and angles 2 from 10 to 90о. 

Intensity of diffraction peaks was graded on a 100-point scale. 

Results and Discussion 

The indexing of X-ray photographs of titanium-manganites demonstrated that all synthesized titanium-

manganites were crystallized in the cubic syngony. 

The lattice parameters and X-ray densities were determined. The indexing of X-ray photographs was 

performed with the analytical method [9]. Table 1 below demonstrates the indexing results. 

T a b l e  1  

The indexing of X-ray photographs of LaMeI
2TiMnO6 (MeI — Li, Na, K) powders 

I/Io d/Å 104/d 2exp. hkl 104/d 2calc. 

LaLi2TiMnO6 

6 3.89 660.8 410 661.0 

100 2.75 1322 433 1322 

12 2.50 1600 621 1597 

23 2.24 1993 7.1.1 1982 

11 2.06 2356 6.5.0 2368 

44 1.94 2657 8.2.0 2643 

40 1.57 4057 10.2.0 4075 

7 1.41 5030 10.5.2 5011 

18 1.37 5328 10.6.1 5341 

14 1.22 6719 13.2.0 6718 

LaNa2TiMnO6 

10 3.90 657.5 320 658.0 

100 2.76 1313 510 1315 

11 2.40 1736 530 1720 

21 2.23 2011 620 2013 

38 1.93 2685 720 2685 

33 1.59 3956 752 3945 

13 1.37 5328 10.2.1 5311 

10 1.23 6610 11.3.1 6625 

LaК2TiMnO6 

7 3.94 644.2 321 644.0 

100 2.82 1257 333 1242 

20 2.25 1975 533 1978 

30 1.97 2577 642 2577 

5 1.74 3305 660 3313 

27 1.59 3956 921 3957 

12 1.38 5251 871 5246 

5 1.23 6610 12.0.0 6626 
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It should be stated that the theoretical cell volumes of the synthesized titanium-manganites were deter-

mined with using the actual literature data on the cell volumes of the oxides included in their composition 

[10, 11] under the scheme: 

 V0
el.cell LaMeI

2TiMnO6 = 0.5 V0
el.cellLa2O3 + V0

el.cell Me2O +V0
el.cell TiO2 + 0.5 V0

el.cell Mn2O3, (1) 

where МеI — are Li, Na, K. 

The X-ray density of compounds (ρroent.) was calculated with the formula [1]: 

 
0

1,66
roent

Mr Z

V

 
 = , (2) 

where Mr is the molecular weight of a compound; Z is the number of formula units in the lattice; V0 is an 

elementary cell volume. 

Four to five parallel measurements of manganite density were performed in 1-mL glass pycnometers 

under the procedure [12]. Toluene was used as an indifferent liquid i.e. it wetted these compounds well. It 

was chemically inactive towards them and its density was stable to the temperature changes. 

Table 2 below demonstrates the cell parameters, X-ray and pycnometric densities of the synthesized ti-

tanium-manganites. 

T a b l e  2  

Lattice parameters of titanium-manganites of LaLi2TiMnO6 (I),  

LaNa2TiMnO6 (II) and LaК2TiMnO6 (III) 

Titanium-

manganite 
a, Å V, Å3 Z V°el.cell, Å3 

, g/cm3 

roent. pick. 

I 13.48 ± 0.02 2449.46 ± 0.06 4 612.37 ± 0.02 3.81 3.78 ± 0.03 

II 14.06 ± 0.02 2779.43 ± 0.06 4 694.96 ± 0.02 3.67 3.65 ± 0.01 

III 14.74 ± 0.02 3202.52 ± 0.06 4 800.63 ± 0.02 3.45 3.43 ± 0.01 

 

Correctness and authenticity of the results on the indexing and determination of the lattice parameters 

for titanium-manganites were confirmed with the good experimental and calculated values (104/d 2), the X-

ray and pycnometric densities, and also the theoretical and experimental data on cell volumes of 

LaLi2TiMnO6 (Vtheor. = 622.10 Å3, Vexp. = 612.36 Å3), LaNa2TiMnO6 (Vtheor. = 693.71 Å3, Vexp. = 694.86 Å3) 

and LaК2TiMnO6 (Vtheor. = 790.97 Å3, Vexp. = 800.63 Å3). All experimental data was processed with 

methods of the mathematical statistics. 

Based on the described above studies, the obtained titanium-manganites can be attributed to the 

perovskite Pm3m space group. 

The pattern was observed in change of the lattice parameters of the synthesized titanium-manganites in 

transition from Li to K. 

The symbate changes i.e. the rising in values of parameters “a”, the lattice volumes and the elementary 

cell volumes of titanium-manganites were observed with increasing in the ionic radii from Li to K. 

Conclusions 

Titanium-manganites of lanthanum and alkali metals of LaMeI
2TiMnO6 (MeI — Li, Na, K) were first 

obtained with the ceramic technology, and their syngony types and lattice parameters were determined. It 

was found that the lattice parameters of the synthesized titanium-manganites were able to change symbatical-

ly with increasing in the ionic radii of alkali metals. The results are a basis to perform the thermodynamic 

and electrophysical investigations, to determine the advancing physical-chemical and physical properties of 

the obtained novel titanium-manganites of lanthanum and alkali metals. 
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Б.Қ. Қасенов, Ш.Б. Қасенова, Ж.И. Сағынтаева, С.О. Байсанов,  

Н.Ю. Лу, Е.Е. Қуанышбеков, М.О. Түртібаева, М.А. Исабаева 

Лантан және сілтілі металдардың жаңа титан-манганиттері 

Керамикалық технология әдісімен La2O3, TiO2, Mn2O3 тотықтарының Li2CO3, Na2CO3, K2CO3 

карбонаттарымен 800–1200 ºС аралықта жоғары температуралы әрекеттесуімен LaMeI
2TiMnO6 (MeI — 

Li, Na, K). құрамды титан-манганиттері синтезделді. Рентгенография әдістері олардың барлығы 

келесідей тор параметрлерімен кубтық сингонияда кристалданатындығын анықтады: LaLi2TiMnO6 — 

а = 13,480,02 Å, Vo = 2449,460,06 Å3, Z = 4, Vo
эл.ұяш. = 612,870,02 Å3, рент. = 3,81; пикн. = 3,78 

 0,03 г/см3; LaNa2TiMnO6 — а = 14,060,02 Å, Vo = 2779,430,06 Å3, Z = 4, Vo
эл.ұяш. = 694,960,02 Å3, 

рент. = 3,67; пикн. = 3,650,01 г/см3; LaK2TiMnO6 — а = 14,740,02 Å, Vo = 3202,52  0,06 Å3, Z = 4, 

Vo
эл.ұяш. = 800,520,02 Å3, рент. = 3,45; пикн. = 3,430,01 г/см3. Титан-манганиттердің рентгенограмма-

ларын индицирлеудің нәтижелерінің дәлділігі мен анықтылығы 104/d 2 тәжірибелік пен теориялық 

мәндерінің, пикнометрлік және рентгендік тығыздықтарының және элементарлы ұяшықтардың 

теориялық және тәжірибелік көрсеткіштерінің жақсы үйлесімділігімен дәлелденді. Иондық радиустың 

Li-ден K-ге жоғарылауымен синтезделген титан-манганиттер тор параметрлері шамаларының 

артатындығы анықталды. 

Кілт сөздер: титан-манганит, лантан, сілтілі металдар, синтез, рентгенография, индицирлеу, 

сингония, элементарлы ұяшық, тор көрсеткіштері. 

 

Б.К. Касенов, Ш.Б. Касенова, Ж.И. Сагинтаева, С.О. Байсанов,  

Н.Ю. Лу, Е.Е. Куанышбеков, М.О. Туртубаева, М.А. Исабаева 

Новые титано-манганиты лантана и щелочных металлов 

Методом керамической технологии с высокотемпературным взаимодействием оксидов La2O3, TiO2, 

Mn2O3 с карбонатами Li2CO3, Na2CO3, K2CO3 в интервале 800–1200 ºС синтезированы титано-

манганиты состава LaMeI
2TiMnO6 (MeI — Li, Na, K). Методами рентгенографии установлено, что все 

https://doi.org/10.1134/s1063783415030348
https://doi.org/10.3367/ufne.0182.201203b.0263
https://doi.org/10.1134/s106377611705003x
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они кристаллизуются в кубической сингонии со следующими параметрами решетки: LaLi2TiMnO6 — 

а = 13,480,02 Å, Vo = 2449,460,06 Å3, Z = 4, Vo
эл.яч. = 612,870,02 Å3, рент. = 3,81; пикн. = 3,780,03 г/см3; 

LaNa2TiMnO6 — а = 14,060,02 Å, Vo = 2779,430,06 Å3, Z = 4, Vo
эл.яч. = 694,960,02 Å3, рент. = 3,67; 

пикн. = 3,650,01 г/см3; LaK2TiMnO6 — а = 14,740,02 Å, Vo = 3202,520,06 Å3, Z = 4, Vo
эл.яч. = 800,52 

0,02 Å3, рент. = 3,45; пикн. = 3,430,01 г/см3. Корректность и достоверность результатов индицирова-

ния рентгенограмм титано-манганитов подтверждались с хорошим согласием опытных и расчетных 

значений 104/d 2, пикнометрических и рентгеновских плотностей, а также теоретических и опытных 

значений объемов элементарных ячеек. Выявлено, что повышением ионных радиусов от Li к K увели-

чиваются величины параметров решеток синтезированных титано-манганитов. 

Ключевые слова: титано-манганит, лантан, щелочные металлы, синтез, рентгенография, индицирова-

ние, сингония, элементарная ячейка, параметры решеток. 
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Synthesis and Microwave Absorption Properties of (Ni0.5Zn0.5Fe2O4/CI/CB)  

Ternary Composites 

In this work, ternary composites of NiZn ferrite/carbonyl iron/carbon black (Ni0.5Zn0.5Fe2O4/CI/CB) were 

prepared via two stages. Firstly, Ni0.5Zn0.5Fe2O4 was prepared by a self-combustion method using sucrose as a 

fuel. After that, the operation was continued via mixing CB, CI, and Ni0.5Zn0.5Fe2O4 through grinding balls. 

Three various weight ratios of Ni0.5Zn0.5Fe2O4/CI/CB (1:1:1, 1:1:2, and 2:1:1) with various thicknesses (2–4–

6 mm) were prepared. The absorbers were prepared by dispersing (Ni0.5Zn0.5Fe2O4/CI/CB) composites with a 

weight ratio within a paraffin wax matrix of 40 % w/w. X-ray diffractometry and FTIR spectroscopy were 

used in order to characterize the samples. The morphology of the powders was investigated by SEM. The 

functional characterization was accomplished by measuring the microwave absorption properties in the fre-

quency band of 8.8–12 GHz. The microwave absorption materials (MAMs) showed wide bandwidths under  

–10 dB in the range of 2.81–3.20 GHz and reasonable surface density in the range of 3.625–4.041 kg/m2. The 

absorber of 3.20 GHz bandwidth had a minimal reflection loss of –19.4 dB at the matching frequency of 

9.92 GHz with a thickness of 6 mm. 

Keywords: NiZn ferrite; Carbonyl iron, Carbon black, Reflection loss, Absorption bandwidth, Matching fre-

quency, Paraffin wax matrix, Surface density. 

 

Introduction 

Electromagnetic interference (EMI) would be regarded as an unwanted result of modern technology that 

has dangerous effects on human health, intelligent devices, and military industries. Consequently, this EMI 

has become a critical worldwide issue and its alleviation could be accomplished only by utilize of EMI 

shielding materials. Nowadays, several magnetic loss materials such as hexagonal ferrites, spinel ferrites, and 

carbonyl iron or dielectric loss materials such as conductive polymers and carbonaceous materials have 

played a significant role in high-frequency EM wave absorption. Nevertheless, the drawbacks involving ele-

vated density, low reflection absorption, and narrow wideband have hugely limited conventional loss materi-

als’ workable benefits for EM wave absorption. In recent years, MA composites based on carbon, carbonyl 

iron, and ferrite, have obtained significant concern due to their excellent electrical and ferrimagnetic charac-

teristics. Carbonaceous materials-based composites have pulled in major attention for microwave absorption 

lately because of the unique structure of carbon-based materials. Carbon black is usually used to fit the re-

quirements of high-effective microwave attenuation materials because of its superior characteristics, for ex-

ample, high permittivity, high specified surface region, huge interface, etc. Carbon black has a unique place 

in the band of elevated-frequency MAMs. Furthermore, spinel ferrites and carbonyl iron have excellent MA 

characteristics due to their unique magnetic characteristics. NiZn ferrites and carbonyl iron are considered 

suitable materials for high-frequency implementations [1, 2]. When NiZn ferrite and carbonyl iron are mixed 

with carbon black, the MA characteristics of the resultant composite are anticipated to enhance. According to 

this, BaFe12O19/CI absorbers with various powder ratio compositions in the frequency range of 2–18 GHz 

were successfully prepared by Feng et al. [3]. The single-layer and double-layer absorbers were prepared, 

and their MA characteristics were studied. The outcomes showed that the double-layer absorber was clearly 

more than that of the single-layer absorber. Where the reflection loss (RL) for the double-layer absorber was 

–13 dB in the frequency range (6–18 GHz) and less than –8 dB in the frequency range (2–18 GHz). The 

thicknesses of the absorbers were 3.6 and 3.7 mm, respectively. On the other hand, Yan et al. [4] prepared a 

https://doi.org/10.31489/2022Ch4/4-22-9
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mixture of doped polyaniline (PANI) coated porous structure carbonyl iron powder (CIP) and graphene 

sheets. The results showed that the absorption bandwidth under –10 dB (BW–10 dB) was 4.6 GHz for 2 mm 

thickness for the composites with 40 wt.% of PANI@ porous CIP and 5 wt.% of Graphene. The outcomes 

showed that graphene-PANI@ porous CIP was a promising wave absorbing composite material. Until now, 

to the best of our knowledge, no studies have been reported on the MA properties of composites made up of 

NiZn ferrite/carbonyl iron/carbon black (Ni0.5Zn0.5Fe2O4/CI/CB). In this work, a perfect absorber was ob-

tained by incorporating Ni0.5Zn0.5Fe2O4 and CI (magnetic loss materials) and CB (dielectric loss material) 

within a paraffin wax matrix. Where we study the effect of different weight ratios of Ni0.5Zn0.5Fe2O4/CI/CB 

and its effect on the MA properties. A distinct feature of this work is that NiZn ferrite was synthesized 

through a self-combustion method utilizing polyvinyl alcohol (PVA) as a chelating agent. After that, the op-

eration is continuous through mixing and grinding CB, CI, and NiZn ferrite by grinding balls. 

Experimental 

Chemicals: polyvinyl alcohol (PVA) (hydrolyzed, MW: 72000), nickel(II) nitrate hexahydrate 

(Ni(NO3)2⋅6H2O, 98.3 % purity), zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, 98.7 % purity), and iron(III) ni-

trate nonahydrate (Fe(NO3)3·9H2O, 98.2 % purity) were purchased from TRADING COMPANY ANT, Rus-

sia. On the other hand, carbonyl iron (CI, 99.6 % purity)) and carbon black (CB, 99.5 % purity)) were pur-

chased from Cabot Norit Company, Netherland. 

Instruments used: A powder X-ray diffractometer (XRD, Rigaku Miniflex 600, Cu-Ka) was used for 

determining the crystal structures of the powders. Fourier Transform IR (FTIR) spectra were recorded on a 

Perkin Elmer spectrum 65 FTIR spectrometer in the range of 400–4000 cm–1. A scanning electron micro-

scope (FEI Quanta 200 3D) was used for determining the powders morphology. The microwave absorption 

properties of the prepared samples were calculated by using the horn antenna connected to an oscilloscope 

(AKTAKOM ADS-2221M). 

Methodology: 

1. Synthesis of NiZn ferrite, carbonyl iron and carbon black powders 

Ferrite (Ni0.5Zn0.5Fe2O4) nanoparticles were prepared by a self-combustion method. Ni0.5Zn0.5Fe2O4 

were synthesized by taking appropriate amounts of (Ni(NO3)2⋅6H2O), (Zn(NO3)2⋅6H2O), and 

(Fe(NO3)3·9H2O). They were blended together with an aqueous solution of sucrose (2 moles per metal ion) 

and 1 % an aqueous solution of polyvinyl alcohol. The whole mixture was blended totally and heated at 

90 °C for 7 h to shape a viscous liquid. The heating process was accompanied by the evolution of brown 

fumes of NO2 from the decomposed metal nitrate salts. Then, the mixture was transferred to the furnace for 

drying for 2 h at 200 °C to obtain a fluffy carbonaceous pyrolyzed mass. After that, the resulting mass was 

annealed for 4 h at 650 °C to obtain nanoparticles of ferrite. Typical images of a prepared ferrite by a self-

combustion method are shown in Figure 1. On the other hand, CI and CB were purchased from Cabot Corpo-

ration Company. The average particle size of CI and CB powders was measured utilizing the sieve shaker 

and it was between 10–25 μm and 2–8 μm, respectively. CI and CB powders were milled for 12 h at 300 rpm 

via grinding balls to obtain fine powders. 

2. Synthesis of Ni0.5Zn0.5Fe2O4/CI/CB composites 

Ferrite nanoparticles were mixed and milled with CI and CB powders by grinding balls. Three various 

weight ratios of Ni0.5Zn0.5Fe2O4/CI/CB (1:1:1, 1:1:2, and 2:1:1) were synthesized. The Ni0.5Zn0.5Fe2O4/CI/CB 

composites were milled for 1 h at 300 rpm. 

3. Preparation of absorber samples 

Paraffin wax was symmetrically blended with Ni0.5Zn0.5Fe2O4/CI/CB composites powders with a weight 

ratio of 40 % w/w within a paraffin wax matrix by heating and stirring for 15 min. Afterward, the single-

layer samples were molded to the dimensions of 50×50 mm with various thicknesses (2–4–6 mm) to measure 

RL in the frequency band of 8.8–12 GHz. 

4. Experimental setup for measuring reflection loss (RL) 

The metal plate is put to reflect the transmitted power of the EM waves as shown in Figure 2. As a con-

sequence, the transmitted power of the EM waves (𝑝𝑡) is negligible in microwave absorption. Microwave 

absorption properties of the prepared samples are estimated with the free-space technique as shown in Fig-

ure 3. EM waves are generated by a microwave generator in the frequency band of 8.8–12 GHz, where a mi-

crowave generator is connected by a WR90 waveguide instrument (IEC Standard R100, X Band). The inci-

dent EM waves (𝑝𝑖𝑛) are measured by the horn antenna connected to an oscilloscope (Fig. 3), then a prepared 
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sample is placed on the metal plate at an angle of 45° to measure the reflected power of the EM waves ( refp ) 

by an oscilloscope (Fig. 4). As a result, one can calculate the RL by applying the equation (1) [5, 6]: 

 ( )  10log  in

ref

p
Rl dB

p
= . (1) 

 

 

 

 

a — the metal salts aqueous solution in the flask; b — blending totally the whole mixture;  

c — heating the solution at 90 °C; d — formation of a viscous liquid;  

e — formation of a fluffy carbonaceous pyrolyzed mass; f — obtaining nanoparticles ferrite 

Figure 1. Synthesis of NiZn ferrite nanoparticles by a self-combustion method 
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Figure 2. Sketch of the microwave absorption model used to measure reflection loss 

 

 

1 — microwave generator; 2 — waveguide instrument (IEC Standard R100, X Band);  

3 — horn antenna; 4 — oscilloscope 

Figure 3. Experimental setup for measuring the incident power of the EM waves by the free-space technique 

 

 

Figure 4. Experimental setup for measuring the reflected power of the EM waves by the free-space technique 
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5. Statistical processing of experimental data 

Four samples of Ni0.5Zn0.5Fe2O4/CI/CB composites were designed for each thickness (2–4–6 mm) to 

measure the microwave absorption properties. Statistical processing is used to describe the experimental da-

ta. For an estimated statistic, we can use a confidence interval. The purpose of a confidence interval is to 

supplement the value estimate of the sample within the formation of the uncertainty in this estimate. The 

method estimate ± margin of error is used to get an interval based on each sample. The margin of error is 

given by the equation (2) [7]: 

 *  standered deviation
Margin of error Z

n
=  , (2) 

where Z* is the confidence level which is selected at 95 %. The value of Z* for a specific confidence level is 

1.96; n is the size of the sample that is used to compute the margin of error. 

The confidence interval is given by the equation (3) [7]: 

 *  standered deviation
Confidence interval Sample mean Z  

n
=  . (3) 

Results and discussion 

XRD patterns 

The XRD patterns of Ni0.5Zn0.5Fe2O4, CI and CB powders are shown in Figure 5. For the Ni0.5Zn0.5Fe2O4 

pattern, nine diffraction peaks were observed, which conformed to (hkl) planes of (111), (220), (311), (222), 

(400), (422), (511), (440) and (533), respectively. The ideal spinel structure was observed by the peaks of 

NiZn ferrite [8]. All the observed peaks of Ni0.5Zn0.5Fe2O4 matched with the standard XRD pattern (JCPDS, 

PDF no. 08–0234). On the other hand, for the carbonyl iron pattern, three characteristic peaks were observed, 

which conformed to (hkl) planes of (100), (200), and (211), respectively. The XRD pattern of carbonyl iron 

resembles crystallites in which the sample mainly contains α-Fe phase [9]. All the observed peaks of CI 

matched with the standard XRD pattern (JCPDS, PDF no. 06-0696). Finally, for the CB pattern, two charac-

teristic peaks were observed, which conformed to (hkl) planes of (002) and (100), respectively [10]. 

 

 

 

Figure 5. XRD patterns of Ni0.5Zn0.5Fe2O4, carbonyl iron and carbon black 
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FTIR spectra 

The FTIR spectrum of the Ni0.5Zn0.5Fe2O4, CI and CB powders is shown in Figure 6. For the 

Ni0.5Zn0.5Fe2O4 nanoparticles, two peaks at 565.4 cm-1 and 432.3 cm-1 are referred to the stretching vibration 

of (Fe-O), which emphasizes the forming of the metal-oxygen in ferrite-based [11]. On the other hand, the 

peak at 1630.4 cm-1 in Ni0.5Zn0.5Fe2O4, CI, and CB is referred to C=O stretching vibration, and the peaks at 

2348 cm-1 and 3452 cm-1 are referred to O-H stretching vibration [12, 13]. 

 

 

Figure 6. FTIR spectra of NiZn ferrite, carbonyl iron and carbon black 

SEM analysis 

The powders morphology was investigated by SEM. The agglomerated spherical particles of NiZn fer-

rite and the spherical particles of carbonyl iron (Fig. 7a, b) were observed with the average diameters to be 

ranging between 18–52 nm and 0.2–2.4 µm, respectively. On the other hand, the average particle size of car-

bon black powder (Fig. 7c) was found to be ranging between 75–481 nm. 
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Figure 7. SEM images of (a) NiZn ferrite, (b) carbonyl iron and (c) carbon black 

Microwave absorption properties 

MA properties of the F/CI/CB composites with various thicknesses (2–4–6 mm) at the weight percent-

age of the absorber within a paraffin matrix (40 % w/w) were studied. The results of this investigation are 

exhibited in Figure 8 which illustrates the changing of the RL as a function of the EM wave frequency. The 

RL of the prepared samples was measured by the variation between the power of incident ( inp ) and reflected 

( refp ) EM waves as shown in Figure 3 and Figure 4. The RL curves of the samples were obtained from equa-

tion (1). The BW–10 dB, RLmin and fm were deduced from RL curves. Figure 8 shows that the RL attenuation 

peaks of samples moved to lower frequencies with increasing sample thickness. This phenomenon may be 

defined by the quarter-wavelength (λ/4) cancellation model, as shown in equation (4) [14–16]: 

  
4

m

m r r

c
t

tf µ
=


, (4) 

where |εr| and |μr| are the modulus of the measured complex relative permittivity (  )r  and permeability  

(  )r  at matching frequency (fm), respectively; c is the velocity of light. 

 

 

Figure 8. RL curves of (a) F/CI/CB-111 composite; (b) F/CI/CB-112 composite  

and (c) F/CI/CB-211 composite at various thicknesses (2–4–6 mm) 
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It can be noticed from equation (4) that the fm is inversely proportionate to the thickness of an absorber. 

Furthermore, Table 1 shows the F/CI/CB composites have reasonable surface density, ranging from 3.625 to 

4.041 kg/m2, and wide bandwidth extending from 2.81 to 3.20 GHz. The absorber of 3.20 GHz bandwidth 

has a minimal reflection loss of –19.42 dB at the matching frequency of 9.92 GHz with a thickness of 6 mm. 

One can conclude that the optimal absorption can be accomplished by modifying the absorber thickness of 

the absorber within a paraffin matrix. In addition to that, one can notice the impact of incorporating 

Ni0.5Zn0.5Fe2O4 and CI (magnetic loss materials) and CB (dielectric loss material) on the MA properties of 

the prepared absorber. This incorporation leads to an effective and low thickness absorber with a wide band-

width under –10 dB [17]. Statistical processing was used to describe the experimental data, as the experi-

ments showed the effect of sample density on microwave absorption properties (Table 1), as a result, the 

confidence interval on the microwave absorption properties was studied. 

T a b l e  1  

MA behavior of Ni0.5Zn0.5Fe2O4/CI/CB composites at various thicknesses (2–4–6 mm) 

Composite samples t (mm) RLmin (dB) fm (GHz) BW–10 dB (GHz) SD (kg/m2) 

F/CI/CB-111 

2 –18.32±0.86 11.52±0.25 3.20±0.01 3.861±0.007 

4 –18.54±0.71 10.34±0.36 3.20±0.01 3.874±0.006 

6 –19.42±0.83 9.92±0.14 3.20±0.01 3.892±0.004 

F/CI/CB-112 

2 –17.36±0.62 11.34±0.37 3.20±0.01 3.625±0.005 

4 –16.33±0.86 10.41±0.16 2.92±0.05 3.643±0.005 

6 –15.58±0.73 9.82±0.23 2.81±0.03 3.652±0.008 

F/CI/CB-211 

2 –18.46±0.71 11.73±0.13 3.20±0.00 4.012±0.009 

4 –17.31±0.79 10.96±0.38 3.20±0.00 4.027±0.007 

6 –15.82±0.61 10.00±0.35 3.20±0.00 4.041±0.006 

 

Conclusion 

F/CI/CB microwave absorbers were synthesized within a paraffin matrix successfully. Ni0.5Zn0.5Fe2O4 

and CI were used to enhance the mechanism of magnetic loss, while CB was introduced to enhance the 

mechanism of dielectric loss. As a result, one can notice the impact of combining Ni0.5Zn0.5Fe2O4, CI and CB 

on the MA properties of the absorber. This combination leads to an effective and low thickness absorber with 

a wide BW-10dB. The results refer that by sufficient control of the thickness of the absorption material and the 

weight ratio of F/CI/CB, we can design a wideband absorber based on F/CI/CB in the frequency band of 8.8–

12 GHz. 
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A. Хуби, A.A. Жарменов, И. Атасси,  

Ж.Т. Бағашарова, С. Мырзалиева, Б.А. Кәрібаев 

Үштік композиттердің синтезі және микротолқынды сіңіру қасиеттері 

(Ni0,5Zn0,5Fe2O4/CI/CB) 

Жұмыста феррит NiZn/темір карбонил/ қара көміртек (Ni0,5Zn0,5Fe2O4/CI/CB) үштік композиттері екі 

кезеңде алынды: біріншіден, Ni0,5Zn0,5Fe2O4 өздігінен жану арқылы алынды. Одан кейін ұнтақтау 

шарлары арқылы CB, CI және Ni0,5Zn0,5Fe2O4 араластыруымен операция жалғасты. Әр түрлі 

қалыңдықтағы (2–4–6 мм) Ni0,5Zn0,5Fe2O4 (1:1:1, 1:1:2 және 2:1:1) үш түрлі салмақ қатынасы 

дайындалды. Абсорберлер салмағы бойынша 40 % парафинді балауыз матрицасында салмақ 

қатынасы бар композиттерді (Ni0,5Zn0,5Fe2O4/CI/CB) дисперсиялау арқылы жасалды. Үлгілерді 

сипаттау үшін рентгендік дифрактометрия және FTIR спектроскопиясы қолданылады. Ұнтақтардың 

морфологиясы SEM арқылы зерттелді. Функционалдық сипаттама 8,8–12 ГГц жиілік диапазонында 

микротолқынды сіңіру қасиеттерін өлшеу арқылы орындалды. Микротолқынды сіңіру материалдары 

2,81–3,20 ГГц диапазонында –10 дБ-ден төмен кең өткізу қабілеттілігін және 3,625–4,041 кг/м2 

диапазонында қолайлы бет тығыздығын көрсетті. Өткізу жолағы 3,20 ГГц, қалыңдығы 6 мм болатын 

абсорбер 9,92 ГГц сәйкес жиілікте –19,4 дБ шағылудың минималды жоғалуына ие. 

Кілт сөздер: NiZn ферриті, карбонилді темір, қара күйе, шағылысу жоғалтуы, сіңіру жолағы, 

сәйкестік жиілігі, парафинді балауыз матрицасы, беттік тығыздығы. 
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Синтез и микроволновые поглощающие свойства тройных композитов 

(Ni0,5Zn0,5Fe2O4/CI/CB) 

В настоящей работе были получены тройные композиты феррит NiZn/карбонил железа/сажа 

(Ni0,5Zn0,5Fe2O4/CI/CB) в два этапа. Сначала методом самовозгорания был получен Ni0,5Zn0,5Fe2O4. По-

сле этого операция продолжалась путем перемешивания CB, CI и Ni0,5Zn0,5Fe2O4 через мелющие ша-

ры. Были изготовлены три различных весовых соотношения Ni0,5Zn0,5Fe2O4/CI/CB (1:1:1, 1:1:2 и 2:1:1) 

различной толщины (2–4–6 мм). Поглотители изготовляли путем диспергирования композитов 
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(Ni0,5Zn0,5Fe2O4/CI/CB) с массовым соотношением в матрице парафинового воска 40 % по массе. Рент-

геновская дифрактометрия и FTIR-спектроскопия использовались для характеристики образцов. 

Морфология порошков была исследована с помощью СЭМ. Функциональная характеристика получе-

на путем измерения характеристик поглощения микроволн в диапазоне частот 8,8–12 ГГц. Материа-

лы, поглощающие микроволновое излучение (ПМИ), показывали широкую полосу пропускания ниже 

–10 дБ в диапазоне 2,81–3,20 ГГц и приемлемую поверхностную плотность в пределе 3,625–

4,041 кг/м2. Поглотитель с полосой пропускания 3,20 ГГц имеет минимальные потери на отражение —

19,4 дБ на частоте согласования 9,92 ГГц при толщине 6 мм. 

Ключевые слова: феррит NiZn, карбонильное железо, сажа, потери на отражение, ширина полосы по-

глощения, частота согласования, парафиновая матрица, поверхностная плотность. 
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Electrochemical Method for Producing a TiO2 Film  

with Photocatalytic Properties 

The purpose of this work is to study the production process of titanium dioxide during anode polarization in 

sulfuric acid and hydrochloric acid solutions. The studies were carried out by recording cyclic voltammogram 

and by measuring the titanium oxidation current with a change in the voltage between the electrodes. It has 

been established that with a change in the concentration of sulfuric acid in the range of 50–250 g/l and the 

voltage between the electrodes in the range of 0–25 V, the magnitude of the titanium oxidation current in-

creases and reaches 29.4 mA. With an increase in the concentration of hydrochloric acid from 35 to 100 g/l 

and a change in the voltage between the electrodes, the titanium oxidation rate increases evenly, but in the 

voltage range of 10–12 V, a sharp increase in the current magnitude up to 360 mA is observed. A change in 

the oxidation current indicates an increase in the rate of titanium dissolution. With an increase in the duration 

of electrolysis, the magnitude of the anode current generally decreases. In all probability, at a voltage of 14 V 

and higher, a breakdown of the oxide semiconductor film of titanium dioxide is observed in the hydrochloric 

acid solution. In this regard, a noticeable dissolution of titanium occurs and, subsequently, an oxide film is 

not produced, but titanium ions are produced. Visual observations have shown that titanium passes into solu-

tion in the form of titanium (IV). 

Keywords: titanium dioxide, coating, electrode, electrolyzer, polarization, voltage, sulfuric acid, hydrochloric 

acid. 

 

Introduction 

Titanium and its compounds have unique physical, chemical and technical characteristics, and therefore 

have many applications. Of particular interest is titanium dioxide in the form of powders, as well as in the 

form of a film produced on its surface. For example, nanocrystalline titanium dioxide (TiO2) films have pho-

tocatalytic properties, and therefore are used in solar cells as an N-type conductivity material and a hole-

blocking layer. The thickness of the TiO2 film and its structure have a significant effect on the characteristics 

of the solar cell [1]. 

Titanium dioxide has semiconductor properties and is used in heterogeneous catalysis processes. The 

photocatalytic activity of titanium dioxide is determined by its physicochemical properties, which depend on 

the conditions of production [2–6]. Due to its photocatalytic activity, TiO2 contributes to improving the 

efficiency of water and air purification processes from toxic organic impurities, to synthesize hydrogen as a 

result of water photocatalysis, to reduce CO2 to CH4 and its homologues [7–10]. 

Titanium dioxide is increasingly being used as a photocatalyst due to its high chemical resistance, lack 

of toxicity and low cost [11]. 

The authors [12] A.K. Abildina, K. Avchukir, R.Z. Dzhumanova, et al. present the results of a study of 

the morphological characteristics of an anode based on titanium dioxide powder using ellipsiometry, scan-

ning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) and X-ray dif-

fraction (XRD), as well as electrochemical properties by cyclic voltammetry. The main stages of anode pro-

duction were: dispersing, mixing the initial reagents for obtaining homogenized paste and its coating to a 

substrate, drying and cutting the electrodes. The results of ellipsiometry, SEM and EDS showed a uniformly 

distributed layer of about 200 µm thickness with porous structure, particle diameter in the range of 50–80 nm 

and titanium dioxide content (45.7 %). The XRD data confirm the formation of an active anode matrix with a 

monoclinic crystal lattice corresponding to the modification of titanium dioxide (B) with small inclusions of 

anatase. The electrochemical behavior of the resulting electrode was examined in an Mg(TFSI)2 solution 

https://doi.org/10.31489/2022Ch4/4-22-10
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based on acetonitrile. In [13], a self-organized nanotubular titanium dioxide (TiO2) array was obtained by 

anodizing pure titanium in a mixture of glycerol, distilled water (8 % vol.), and ammonium fluoride using a 

system with two electrodes. The size and distribution of nanopores were controlled in the DC voltage range 

from 30 V to 60 V. It was shown that the diameter of TiO2 nanopores depends on the anodizing voltage. 

There are research works [14], which show that electrodes for a supercapacitor were prepared by doping tita-

nium dioxide with gold. It has been established that electrodes with a low gold concentration have the best 

electrochemical characteristics. 

A one-step electrochemical method for the deposition of nanocrystalline titanium dioxide films on vari-

ous carbon substrates is presented by authors [15]. By optimizing the synthesis conditions, the electrodeposi-

tion of layers of nanocrystalline and porous titanium dioxide was achieved in only a few minutes. The phase 

composition of TiO2 was controlled by varying the composition of the solution. The photoelectrochemical 

performance of the electrodeposited titanium dioxide films was better or at least comparable to the bench-

mark P25 titanium dioxide films. 

Ali, H.M. in the review [16] presented detailed information about the properties and applications of ti-

tanium dioxide. He emphasizes the distinctive characteristics of titanium dioxide, such as high refractive in-

dex, extremely high melting and boiling point, high toughness and hardness, photocatalytic nature, ability to 

absorb or reflect UV rays, DeNox catalyst, nontoxicity, inertness, etc., have led to massive use of TiO2 in 

various traditional as well as advanced engineering applications. 

The purpose of this work is to study the production process of titanium dioxide during anode 

polarization in sulfuric acid and hydrochloric acid solutions. The studies were carried out by recording cyclic 

voltammogram and by measuring the titanium oxidation current with a change in the voltage between the 

electrodes. 

The novelty of the work is due to the fact that for the first time the investigation results of the TiO2 

oxide films formation process on the surface of a titanium electrode by measuring the value of the oxidation 

current depending on the voltage between the electrodes are presented. 

Experimental 

The mechanism of titanium dioxide production on the titanium surface was studied by recording anode-

cathode cyclic voltammograms and by electrolysis under potentiostatic conditions. Voltammograms recorded 

with a Cortest CS120 single-channel potentiostat (potential range/resolution: ±10 V/10 mV, current 

measurement range ±2 A) (Corrtest Instruments Company, China). The voltammograms are recorded using 

the NOVA 1710 program installed on a personal computer. The main voltammograms were recorded at a 

potential scan rate of 100 mV/s. Polarograms were recorded in a three-electrode cell. The surface edge of a 

titanium wire with a diameter of 1.5 mm was used as the working electrode, and a platinum wire was used as 

the second additional electrode. A silver chloride electrode immersed in a saturated solution of KCl was used 

as a reference electrode (E=+203 mV). 

Titanium was used for the experiments, the purity of which corresponds to the elemental analysis data 

given in Table 1 (all results in mass.%): 

T a b l e  1  

Еlemental composition of metallic titanium 

Spectrum Ti Si Al O Total 

Spectrum 1 97.56 0.30 0.48 1.67 100 

Spectrum 2 98.16 0.30 0.51 1.03 100 

Spectrum 3 97.24 0.44 0.44 1.88 100 

Average 97.65 0.34 0.48 1.52 100 

 

Further, to clarify the mechanism of production of the titanium oxide film, electrolysis was carried out 

under potentiostatic conditions, i.e. at certain voltages between the electrodes. The schematic diagram of the 

installation for obtaining a titanium dioxide film on the titanium surface is shown in Figure 1. 

The anodic behavior of the titanium electrode was studied in sulfuric acid (0–250 g/l) and hydrochloric 

acid (0–100 g/l) solutions. The experiments were carried out in an electrolyzer with a volume of 100 ml, a 

titanium plate was used as a cathode. The electrolysis was carried out under stationary conditions, i.e. in the 

absence of electrolyte mixing. The electrodes were polarized using a GPS-1830 D current rectifier. 
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1 — electrolyzer; 2 — titanium electrodes; 3 — electrolyte (different medium);  

4 — ammeter; 5 — voltmeter; 6 — rectifier; 7 — key 

Figure 1. Schematic diagram of the installation for obtaining a TiO2 film on the surface of a titanium electrode 

We carried out preliminary studies, which showed that during the anode polarization of the titanium 

electrode, a very small current flows through the circuit. The electrode surface is instantly covered with an 

oxide film, and passivation occurs. In this regard, we studied the effect of the voltage between the electrodes 

on the current value to study the conditions for the production of titanium dioxide films on the surface of the 

titanium anode. 

The structure of the titanium dioxide film obtained as a result of electrolysis was investigated by 

methods of physico-chemical analysis. Micrographs of the surface of the synthesized electrode and its 

elemental composition were obtained using a JSM-6610 LV Scanning Electron Microscope (JEOL company 

(Japan). Images of the obtained films were taken using a Canon EOS 2000D EF-S 18-55 SLR camera 

(Canon company (Japan). 

Results and Discussion 

On the anode-cathode voltammograms, obtained in a solution of sulfuric acid with a concentration of 

100 g/l, a weakly noticeable maximum is observed at a potential of 0.01 V (Fig. 2). When the potential is 

shifted further, in the anode direction, the height of the current maximum does not increase. At the same 

time, it is visually seen that the titanium surface darkens, in all likelihood, titanium oxide films are produced. 

We believe that, at these potentials, titanium is oxidized through the stage of production of TixOy oxide films. 

With a further shift of the anode potential to “plus” 2.6 V, oxygen release on the surface of the titanium elec-

trode is not observed. When the potential is shifted in the cathode direction, at potentials close to “minus” 

1.2 V, the hydrogen ion reduction current is observed on the voltammogram. 

 

 

H2SO4 — 100 g/l; V = 100 mV/s; t = 25 °C 

Figure 2. Cyclic anode-cathode voltammograms of titanium electrode in sulfuric acid solution 
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Then the anode-cathode cyclic voltammograms were recorded in hydrochloric acid solution. The volt-

ammograms have a similar character, but the value of the anode trans-passivation current has a higher value. 

The voltammograms are analogous, but the value of the anode transpassivation current is higher. This indi-

cates a more active anodic oxidation of titanium with the production of titanium oxide films. 

Based on the analysis of the anode-cathode cyclic voltammograms, it can be assumed in acidic 

solutions during anode polarization, an oxide film is produced on the titanium surface and, possibly, the 

electrode is partially dissolved at a very low rate. In this case, the following reactions can occur on the 

titanium anode: 

 Ti – 3e– → Ti3+  E°= –1.23 V; (1) 

 Ti + 2H2O – 4e– → TiO2 + 4H+  E°= –1.00 V; (2) 

 Ti + H2O – 4e– → TiO2+ + 2H+  E°= –0.88 V. (3) 

The main objective of this article is to obtain titanium dioxide on the surface of titanium metal in the 

form of a thin film. Preliminary studies have shown that during anode polarization of a titanium electrode in 

aqueous solutions, titanium dioxide (TixOy) is produced on its surface depending on the experimental 

conditions (i.e., on the voltage between the electrodes, current density, solution composition, electrolyte 

temperature, etc.). It is established that, depending on the polarization conditions, various colors of titanium 

dioxide is produced on the titanium surface. 

With anodic polarization of the titanium electrode, apparently it is completely passivated immediately. 

However the detected currents on the voltammograms and the change in the color of the electrode surface 

show that titanium is not completely passivated, and its dissolution continues through a layer of oxide films. 

We have studied the processes occurring under various conditions of electrolysis. The results of the study 

showed that first a thin layer of titanium oxide with high electrical resistance is formed. Then there is a 

further increase in the thickness of the titanium oxide films at a very low rate. The oxidation of titanium and 

the formation of the next layer occur according to a very complex mechanism. The production of new TiO2 

oxide film layers can occur as a result of titanium ionization reactions through micropores of the obtained 

oxide films. These processes, depending on the conditions of electrolysis (the composition of the electrolyte, 

the voltage between the electrodes, etc.), the reaction rate of oxide films production proceed differently. 

We have studied the rate of titanium oxidation and the production of TiO2 on its surface depending on 

various parameters. The influence of the voltage between the electrodes on the current power of titanium 

oxide production at various concentrations of sulfuric acid is established. The results are presented in 

Table.2. It is shown that with the concentration growth of sulfuric acid and the voltage between the 

electrodes, the initial current value for obtaining titanium oxide films by reaction (2) increases (Table 2). For 

example, at a voltage between the electrodes of 15.0 V, the titanium oxidation current at concentrations of 

50, 150, 250 g/l, respectively, is 11.7; 15.5; 18.9 mA. At a concentration of sulfuric acid of 150 g/l and at a 

voltage between the electrodes of 5.0 V, the oxidation current is 10.0 mpa, and at 25.0 V is 26.1 mA. 

T a b l e  2  

Influence of voltage between the electrodes on the value of the anode current at various concentrations  

of sulfuric acid (the current value was measured 3 minutes after the voltage was applied) 

H2SO4, g/l 

The value of the anode current, mA 

Е, V 

0 5.0 10.0 15.0 20.0 25.0 

50 0 1.1 5.0 11.7 16.0 23.4 

150 0 10.0 12.4 15.5 19.3 26.1 

250 0 12.2 13.3 18.9 20.8 29.4 

 

The experimental results showed that, in all cases, the value of the anode oxidation current decreases 

over time (Table 3). At the beginning of the polarization process, the oxidation current has a large value, but 

after a while its decrease is observed. Within 60 minutes, the anode current decreases and its value reaches 0. 

This indicates that in a sulfuric acid solution, the anode current flowing through the titanium electrode is 

mainly consumed for the production of titanium dioxide on its surface. 
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T a b l e  3  

Influence of the duration of electrolysis on the value of the anode current at different voltages  

between the electrodes in a solution of sulfuric acid: H2SO4 — 150 g/l, t = 25 °C 

Е, V 

The value of the anode current, mA 

τ, min 

0 3 6 9 12 15 18 21 24 

5.0 121.1 10.0 0.64 0.38 0.28 0.25 0.19 0.15 0.12 

10.0 152.2 12.4 11.5 11.3 8.6 7.7 6.3 5.9 5.1 

15.0 154.4 15.5 12.3 11.6 10.4 9.5 8.4 8.0 7.5 

 

The process of production of an oxide film on titanium in hydrochloric acid solutions was studied. It 

was established that the oxidation of titanium in a hydrochloric acid solution proceeds more intensively 

compared to the process occurring in a sulfuric acid solution. There are dependences on the Figures 3 and 4 

showing that with an increase in the concentration of hydrochloric acid and the voltage between the elec-

trodes, the rate of titanium oxidation growths evenly. However, at a voltage of 10–12 V, a sharp increase in 

the dissolution rate of titanium is observed (judging by the magnitude of the oxidation current). At hydro-

chloric acid concentrations of 35, 70, 100 g/l, the anode current value is 325, 365, 366 mA, respectively (the 

current value was measured 3 minutes after the voltage was applied) (Fig. 3). With an increase in the dura-

tion of electrolysis, the value of the anode current decreases. However, at a voltage of 14 V, the anode cur-

rent increases sharply within 30 minutes and slightly decreases from 360 to 320 mA (Fig. 4). We believe that 

a breakdown of the oxide film of titanium dioxide is observed in a hydrochloric acid solution at a voltage of 

14 V and above. In this regard, titanium dissolves, further oxide production does not occur, but titanium ions 

are produced. It is visually observed the solution remains colorless, which indicates the production of tetra-

valent titanium ions. The production of trivalent ions is excluded, since they have a purple color. 

 

  

Concentrations of hydrochloric acid, g/l:  

1 — 35; 2 — 70; 3 — 100 

Figure 3. Influence of the voltage between the electrodes 

on the value of the anode oxidation current on titanium  

at different concentrations of hydrochloric acid 

HCl — 70 g/l, t = 25 °C;  

1 — 8.0 V; 2 — 10.0 V; 3 — 14.0 V 

Figure 4. Influence of the duration of electrolysis  

on the value of the anode oxidation current of titanium  

at different voltages between the electrodes  

Thus, we have established that in a hydrochloric acid solution with anode polarization, the production 

of titanium dioxide occurs only at low voltages between the electrodes, not exceeding 10 V, and in a sulfuric 

acid solution, inclusive, 25 V. 

Identification of the TiO2 film produced as a result of electrolysis of sulfuric acid solutions at a voltage 

not higher than 10 V was carried out using physical and chemical methods. As the results of the physical and 

chemical analysis showed, in all cases, titanium oxide of the composition TiO2 is produced on the surface of 

titanium (Table 4). 
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T a b l e  4  

The composition of the oxide film produced on the surface of the electrode in a solution of sulfuric acid:  

H2SO4 — 50 g/l, E=20 V, τ=1 hour, t=25 °C 

Spectrum O Ti Si Al Fe Zn Total 

Spectrum 1 37.09 62.42 0.09 0.07 0.26 0.09 100 

Spectrum 2 39.55 59.79 0.10 0.05 0.37 0.14 100 

Spectrum 3 40.28 58.90 0.09 0.09 0.37 0.28 100 

Average 38.97 60.37 0.09 0.07 0.33 0.17 100 

 

Micrographs of films on a titanium electrode are shown in Figure 5. The micrograph in Figure 5a was 

obtained by a magnification of 3000 times, in Figure 5b — by a magnification of 1000 times. In both cases, 

the grain size of the particles is visible. 

 

  
a b 

Figure 5. Micrographs of titanium dioxide films produced on the surface of a titanium anode  

in a sulfuric acid solution with an increase: a) 3000 times; b) 1000 times 

  
a b 

a — H2SO4 — 150 g/l; E = 10 V; τ = 1 hour; b — HCl — 70 g/l, E = 10 V; τ = 1 hour 

Figure 6. Photographs of the titanium surface after electrolysis of the coated oxide film 

Researchers Kuz'mina M.Yu., Belik O.D. [17] argue that films often produced on the surface of metals 

have non-uniform thickness. Using X-ray diffraction analysis, they studied the composition of oxide layers 

on titanium during its anodization in aqueous solutions of acids and alkalis in galvano- and potentiostatic 

conditions. It is shown that the composition of the films obtained in aqueous electrolytes, along with the 

basic oxide TiO2 (anatase), also includes a number of lower oxides (Ti4O7, Ti3O5, Ti2O3, TiO). It is known 

from the literature [18] that, during the electrochemical oxidation of titanium, oxide films with an interfer-

ence color are formed. In our experiments, light blue films were obtained in a solution of sulfuric acid and 

golden yellow in a solution of hydrochloric acid (Fig. 6). The composition of the film was identified by X-

ray phase analysis (Fig. 7) as titanium dioxide in the form of anatase (all reflections refer to TiO2). 
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Reflexes: 3.24; 2.48; 2.29; 2.18; 2.05; 1.68; 1.62; 1.48; 1.35; 1.34; 1.24; 1.17 Å — TiO2 (ASTM 73-2224) 

Figure 7. X-ray of titanium dioxide 

Conclusions 

Titanium is an unusual metal with special properties. It does not dissolve under normal conditions in 

aqueous solutions of acids and during anodic polarization, i.e. it undergoes passivation, since an oxide film 

forms on its surface. It is believed that after the formation of an oxide film, the dissolution of titanium stops 

completely. However, the results of our studies have shown, titanium continues to oxidize even with further 

polarization. This can be judged by the increase current value of the titanium oxidation with a change in the 

voltage between the electrodes as a function of time. It has been established that transpassive dissolution 

occurs in the sulfuric acid medium, while the value of the oxidation current reaches 29.4 mA at a voltage of 

25 V, and in the hydrochloric acid medium, the oxidation current reaches 360 mA at a voltage of 14 

V. These data show that titanium continues transpassive oxidation in electrolyte solutions, and in a 

hydrochloric acid medium, the dissolution rate increases significantly. 
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Фотокаталитикалық қасиетке ие TiO2 жабынын 

 алудың электрохимиялық әдісі 

Жұмыстың мақсаты күкіртқышқылды және тұз қышқылды ерітінділерде анодтық поляризация кезінде 

титан диоксидінің түзілу процесін зерттеу. Зерттеулер циклді потенциодинамикалық вольтамперлік 

қисықты түсіру және электродтар арасындағы кернеудің өзгеруіне байланысты титанның тотығу 

тогының шамасын өлшеу арқылы жүргізілді. Күкірт қышқылының концентрациясын 50–250 г/л 

аралығында және электродтар арасындағы кернеуді 0–25 В аралығында өзгерткенде, титанның тотығу 

тогының шамасы өсетіні және бұл шама 29,4 мА-ге жететіні анықталды. Тұз қышқылының 

концентрациясын 35-тен 100 г/л-ге дейін өзгерткенде және электродтар арасындағы кернеуді 0–14 В 

аралығында өзгерткенде, титанның еру жылдамдығы бір қалыпты өсетіні, бірақ кернеудің мәні 10–12 

В арасында болғанда титанның тотығу тогы күрт өсіп, 360 мА-ге жететіні көрсетілді. Тотығу тогының 

өзгеруі титанның еру жылдамдығының артатынын дәлелдеді. Электролиз ұзақтығын арттыру кезінде 

анодтық токтың шамасы негізінен азаяды. Шамасы, кернеу 14 В және одан да жоғары болған кезде тұз 

қышқылды ерітіндіде жартылай өткізгіштік қасиетке ие титан диоксидінің пленкасының тесілуі орын 

алады. Осыған байланысты титанның айтарлықтай мөлшерде еруі байқалады және одан ары қарай 

оксидтік пленка түзілмейді де, титан иондары түзіледі. Көрнекі бақылаулар титанның титан (IV) 

түріндегі ерітіндіге ауысатынын көрсетті. 

Кілт сөздер: титан, титан диоксиді, пленка, электрод, тотығу тогы, поляризация, кернеу, күкірт 

қышқылы, тұз қышқылы. 
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А. Баешов, А.С. Кадирбаева, А.К. Баешова, А.А. Жарменов 

Электрохимический способ получения пленки TiO2, обладающей 

фотокаталитическими свойствами 

Целью работы является изучение процесса формирования диоксида титана при анодной поляризации 

в сернокислых и солянокислых растворах. Исследования проводили методом снятия потенцио-

динамической циклической вольтамперной кривой и методом измерения величины тока окисления 

титана при изменении напряжения между электродами. Установлено, что с изменением концентрации 

серной кислоты в интервале 50–250 г/л и напряжения между электродами в пределах 0–25 В величина 

тока окисления титана возрастает и достигает 29,4 мА. При увеличении концентрации соляной 

кислоты от 35 до 100 г/л и изменении напряжения между электродами величина скорости окисления 

титана растет равномерно, но в интервале значении напряжения 10–12 В наблюдается резкое 

повышение величины тока до 360 мА. Изменение тока окисления свидетельствует об увеличении 

скорости растворения титана. С увеличением продолжительности электролиза величина анодного 

тока в основном уменьшается. По всей вероятности при напряжении, равном 14 В и выше, в 

солянокислом растворе наблюдается пробой оксидной полупроводниковой пленки диоксида титана. В 

этой связи происходит заметное растворение титана и в дальнейшем оксидная пленка не образуется, а 

образуются ионы титана. Визуальные наблюдения показали, что титан переходит в раствор в виде 

титана (IV). 

Ключевые слова: титан, диоксид титана, пленка, электрод, ток окисления, поляризация, напряжение, 

серная кислота, соляная кислота. 
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Adsorption Purification of Used Industrial Oil  

Using Natural Aluminosilicates 

The results of adsorption purification of used industrial oil in the presence of natural aluminosilicates, benton-

ite and mordenite, are discussed. It was found that the maximum degree of purification was achieved in the 

presence of mordenite and reached 61.68 % at an oil, adsorbent ratio of 2.3 at a temperature of 70 °C. The da-

ta of the structural-group analysis of the oil showed that the main share of the hydrocarbon components re-

moved during purification is accounted for by highly condensed aromatic ones. The supposed reasons for the 

different adsorption activity of bentonite and mordenite samples were judged from the data of chemical, min-

eralogical, textural, and IR spectroscopic analysis. Based on the results of the IR spectra of mordenite sam-

ples, it was concluded that energetically active hydroxyl groups can be responsible for their increased adsorp-

tion activity. The used oil before purification is characterized by a high cyclicity of the hydrocarbons which 

included in the composition (aromatic hydrocarbons account for 38 % of the total), while the oil subjected to 

adsorption purification with mordenite (M-50) mainly becomes free of aromatic rings (the proportion of aro-

matic hydrocarbons decreases up to 19.6 %). This is a consequence of the high polarizability of aromatic hy-

drocarbons, in which, compared with other oil components, a dipole moment is easily induced under the in-

fluence of the electrostatic field of the adsorbent. 

Keywords: adsorption purification, waste industrial oil, bentonite, mordenite, degree of purification, IR-

spectrum, structural group composition. 

 

Introduction 

Adsorption purification methods are some of the most common purification techniques, with a wide 

range of applications in the chemical, oil refining, food industries, in medicine, radio engineering, printing, 

etc. The most common adsorbents are activated carbons, silica gels, aluminum gels, artificial and natural 

zeolites, etc. The practical application of adsorption technologies in the processes of cleaning the earth, air, 

water from oil pollution [1], the extraction of lead, copper [2], fluorine [3] ions and many others, is the sub-

ject of a number of interesting review papers. At the same time, both synthetic sorbents and natural mineral 

resources are successfully used. Indicators which affect adsorption activity are the size of the adsorption sur-

face and its availability, polarity, chemical composition, and the nature of intermolecular interaction with 

adsorbate [4–7]. When specifying a specific choice of the type of adsorbent, all its characteristics are taken 

into account, since in the end their use is economically justified only if a high degree of purification and the 

possibility of reusable regeneration are ensured, and if they are available, cheap, non-toxic, etc. 

The issues of cost are a matter of history if the indicators of the adsorption activity of the sorbent are di-

rectly related to its physicochemical properties. Along with the fact that synthetic sorbents produced by the 

industry are characterized by high cost, the use of effective natural adsorbents, in particular, aluminosilicates, 

can become one of the links in the “green” technology, since, on the one hand, this will help to reduce the 

volume of consumed production resources, while on the other hand, it will reduce the negative effect on the 

environment, for example, to the purification of used lubricating oils. 
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More than 30 types of natural zeolites are known, and the most common of them are chabazite, phil-

lipsite, lomontite, bentonite, mordenite, clinoptilolite, analcime, stilbite and erionite. Of these minerals, cli-

noptilolite and mordenite are of the greatest practical importance. They in the form of powders and filter ma-

terials are also used to purify water from synthetic surfactants, aromatic and carcinogenic organic com-

pounds, dyes of various classes. 

On the territory of Azerbaijan there are large industrial deposits of clinoptilolite, mordenite, kaolinite 

and bentonite (Aydag, Chananab, Dash-Salakhli deposits, etc.). Systematic studies conducted at the 

M.F. Nagiyev Institute made it possible to study the influence of nature, the charge of exchange cations, as 

well as the pH of the medium, thermal stability, porosity on the physicochemical characteristics of natural 

aluminosilicates of Azerbaijan [5–10]. The data obtained by the authors made it enable to develop scientifi-

cally based recommendations on the use of clinoptilolite, mordenite, kaolinite and bentonite for wastewater 

treatment from organic pollutants of various origins [9, 13]. 

Natural aluminosilicates of Azerbaijan also attracted close attention of catalytic chemists. The funda-

mental researches carried out [11–13], made it available to develop new zeolite catalysts for the production 

of alicyclic dienes, acetylene, and oxygen-containing compounds. It is shown that by varying the structure 

and composition of the zeolite, it is possible to implement different directions of hydrocarbon conversion to 

obtain the target products. 

The given data testifies to the undoubted prospects of use of Azerbaijan's natural zeolites in the field of 

chemical technology. However, along with the listed advantages, they also have certain disadvantages, for 

which it should be noted that natural zeolites are complex and variable in composition multicomponent sys-

tems, the physicochemical properties of natural sedimentary zeolites significantly depend on the content of 

zeolite phases in the rock, type of cation-exchange form and nature of impurities, etc. Thus, even with the 

same content of the zeolite phase, depending on the selected deposit, there may be a discrepancy in the ad-

sorption properties of individual samples. 

A comparative study of the efficiency indicators of adsorption purification of used industrial oil (OIM) 

using natural aluminosilicates based on bentonite and mordenite, establishing the nature of their molecular 

sieve action, is the purpose of this study. 

Experimental 

Industrial oil BP ENERGOL GR XP 320 was taken as used oil (duration of operation 4500 hours at a 

temperature of 30–40 °C). The causes of aging, the possibility of its acid and solvent regeneration, as well as 

the energy and environmental efficiency of its combustion were considered in [14–16]. 

Two samples of natural zeolites of Nakhchivan (the main mineral is mordenite, the samples differ in 

depth, 30 and 50 cm, M-30 and M-50, respectively) and the Dash-Salakhli deposit (the main mineral is ben-

tonite, B) of Azerbaijan were taken for the study. Samples of all studied samples of aluminosilicates were 

taken directly at the deposits. Air-dried pieces of minerals were freed from impurities and inclusions visible 

to the naked eye. Further, the purification of bentonite and mordenite minerals, which dominate in one or 

another clay deposit, was carried out by soaking. At the same time, an approximately 10 % aqueous suspen-

sion of clays was prepared, thoroughly mixed with a mechanical stirrer until the lumps disappeared, left 

alone for two hours, and the most highly dispersed fraction was decanted with a siphon. 

Bulk, apparent, and true density, porosity, layer void ratio, absolute water content and water absorption 

of adsorbents, specific surface area and pore volume were determined by known methods… 

The method of single-stage static sorption was used in the work. Sorption was carried out by adding a 

sample of aluminosilicate rocks crushed to grains of 0.5–2.0 mm in size to the studied UIO samples. Then 

the mass was stirred with a magnetic stirrer for 15 minutes and then centrifuged. After that, oil samples were 

taken and the degree of purification was determined. 

The degree of purification βpur was calculated based on the results of the optical density of oil samples 

according to the formula: 

 100 .100 %
init eq

pur

init

n n

n

−
 = − , 

where initn  — is the optical density of initial UIO; eqn  — is the optical density of UIO in the equilibrium 

state. 

Adsorbents mineralogical and chemical composition analysis was studied using the XRD “MiniFlex 

600” and the “S8 TIGER Series 2 WDXRF” spectrometer. 
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The refractive index (nD) of oil samples was determined on an IRF-54V refractometer with an accuracy 

of 0.0001. The structural group composition of oil samples was determined by the n-d-M method. 

To check the reproducibility of the results, each single experiment was repeated 3 times. Statistical pro-

cessing of experimental data showed their satisfactory reproducibility. The experimental error did not exceed 

5 %. 

Results and Discussion 

Comparative characteristics of the chemical and mineralogical composition of the studied adsorbents 

are presented in Tables 1 and 2. As can be seen from the presented data, the qualitative chemical composi-

tion of both types of adsorbents is characteristic of these types of zeolites. The main distinction between their 

chemical composition lies in the different mass ratio of SiO2:Al2O3: it made up 4:1 for bentonite and 5.4:1 

for mordenite samples, as well as the content of calcium oxide (for bentonite, it is almost 4 times higher). 

The main mineralogical components of the sample B are montmorillonite (more than 70 %) and feld-

spars, while M-30 and M-50 are characterized by the presence of a significant amount of quartz, illite, cal-

cite, and hematite. 

T a b l e  1  

Chemical composition of the adsorbents 

Adsorbent Na2О МgО Аl2О3 SiО2 SО3 К2О CaО ТiО2 Fе2О3 HTC* 

B 2.17 4.62 12.23 48.75 0.93 1.89 6.32 0.64 10.18 9.73 

М-30 1.34 2.16 13.25 71.64 – 2.05 1.42 0.68 0.04 7.42 

М-50 1.35 2.3 13.04 70.21 – 2.09 1.83 0.7 0.21 8.27 
*HTC — is the amount of components evaporating at 950 °C. 

 

T a b l e  2  

Mineralogical composition of the adsorbents 

Adsorbent SiO2 

(α-quartz) 

Feldspar Illite CaCO3  

(calcite) 

Montmo-

rillonite 

Fe2O3 

(hematit) 

Volcan. ash Etc. 

impurities 

B 2.3 12.5 0.4 3.1 72.2 0.6 7.1 1.5 

М-30 10.2 19.1 10.6 11.8 32 8.3 5.8 2.1 

М-50 10.4 19 10.5 12.6 31.1 8 5.7 2.6 

 

During the research, it was found that mordenite samples have a significantly lower bulk density 

(9 times less) and, on the contrary, large specific surface values (Table 3), which is explained by differences 

in the porous structure (given that a specific adsorbent fraction was used in the course of the experiments, it 

is possible the effect of particle size was not considered). In accordance with the type of zeolite and the noted 

structural features, differences are also observed in the water absorption of the samples. Mordenite samples 

are characterized by lower water absorption (2 times less relative to bentonite). The observed differences are 

due to their crystal structure. 

T a b l e  3  

Physical properties of the adsorbents 

Adsorbent Ssa, m2/q 
Density, q/sm3 

Vsp.pr.ar α ɛ W WA 
bulk  app  

tr  

B 172 0.930 0.810 0.752 13.36 54.62 0.005 14.1 127.6 

М-30 425 0.102 0.942 0.860 20.18 65.50 0.11 7.53 52.1 

М-50 480 0.115 0.905 0.811 29.47 69.73 0.15 6.28 59.8 
Note. α — porosity; ɛ — void ratio; W — absolute water content; WA — water absorption. 

 

The analysis of the obtained IR spectra confirmed that the studied zeolite samples belong to their struc-

tural types (Table 4): the spectra contain absorption bands specific to zeolites in 2 regions: vibrational re-

gions inside tetrahedra (internal asymmetric valence bands 1250–950 cm–1, symmetrical valence stretch 720–
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650 cm–1 and deformations in the T-O tetrahedron 500–420 cm–1); vibrations by external bonds of zeolite 

tetrahedra (double ring vibrations 650–500 cm–1, pore opening vibrations 300–420 cm–1, symmetric valence 

stretch 750–820 cm–1 and asymmetrical stretch 1050–1150 cm–1). Separate characteristic fluctuations were 

also identified. Thus, absorption bands in the region of 401–440 cm–1, which correspond to the vibrations of 

cations in the zeolite (interionic vibrations), were found only in mordenite samples. In addition, their spectra 

contain a band at about 780 cm–1, which is characteristic of the Al–O bond inside aluminum-oxygen tetrahe-

dra. Moreover, it has a greater intensity in M-50. This indicates a relatively higher aluminum content in it. 

The band at 665 cm–1 noted for bentonite indicates vibrations of Al–O–Si in the mixed silicon-aluminum-

oxygen framework. 

T a b l e  4  

Characteristic bandwidths (bw) in the IR-spectra of zeolites 

Samples 
Frequency of the 

assignment 
B M-30 M-50 

A.b., sm-1 Int., % A.b., sm–1 Int., % A.b., sm–1 Int., % 

    401.44 7.001 δ (Т-О4) 

  409.53 0.512 407.53 5.305 δ (Т-О4) 

  418.37 0.419 414.11 2.490 δ (Т-О4) 

    423.15 2.276 δ (Т-О4) 

  433.63 0.682 434.10 4.256 δ (Т-О4) 

440.49 0.264 441.12 3.257 441.06 4.385 δ (Т-О4) 

  456.31 0.754 449.84 2.568 δ (Т-О4) 

    473.72 4.593 δ (Т-О4) 

    502.97 5.818 к.с.к. 

  514.29 1.110 509.30 5.385 к.с.к. 

    523.69 5.580 к.с.к. 

665.81 10.634     к.с.к. 

  713.32 2.255   υs 

721.76 9.785 721.86 2.328 721.94 9.796 υs 

  776.10 3.482 772.58 14.704 υas (Si–O) 

794.61 10.995     υas (Al–O) 

  872.22 1.117 873.05 9.831 υs 

  972.56 0.745   υas 

    1022.95 3.210 υas 

1038.29 5.714     υas 

1644.47 9.539 1633.29 5.535 1643.73 17.568 δ (Н2О) 

  3390.06 2.310 3396.17 8.194 υas Н2О 

3417.95 7.026     в.с.ОН 

3626.65 6.257 3626.57 3.178 3626.35 9.574 в.с.ОН 

  3742.21 18.990 3742.21 23.045 υas Н2О 

  3748.01 19.284 3748.96 24.637 υas Н2О 

  3756.20 19.411 3756.10 24.551 υas Н2О 

  3793.96 19.432 3794.02 23.939 υas Н2О 

  3813.59 19.266 3813.58 27.022 υas Н2О 

  3835.19 19.220 3829.92 27.259 υas Н2О 

3851.04 20.800 3850.73 18.932 3850.71 27.200 υas Н2О 

3861.00 26.185 3867.94 18.841   υas Н2О 

  3897.37 18.439   υas Н2О 
*h.b. — hydrogen bond; v.d.r. — vibrations of double rings. 

 

However, the main differences in the IR spectra of bentonite and mordenite samples were associated 

with the absorption bands of water molecules. In the absorption spectrum of bentonite, a band of deformation 

vibrations of water at 1644 cm–1 (typical for adsorbed water) and stretching symmetric and asymmetric vi-

brations of OH groups at 3417.95 and 3626.65 cm–1, respectively, was noted. In contrast to bentonite, in the 

spectrum of mordenite samples, the bands of deformation vibrations and stretching vibrations of OH groups 
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are shifted to the high-frequency region, and bands related to stretching asymmetric vibrations of hydroxyl 

groups in the range of 3742–3850 cm–1 were also found. 

It is known that absorption bands in the region of stretching vibrations of OH groups can be caused by 

both structural hydroxyl groups and physically adsorbed water. Taking into account the data obtained, it can 

be concluded that both cases take place: the presence of adsorbed water on the surface of aluminosilicate 

samples is indicated by bands at 1633, 1644 and 2146, 2329 and 3417 cm–1; structural hydroxyl groups in 

bentonite, but located only in large cavities — at 3626 cm-1, while in mordenite — by bands both in large 

(3626 cm-1) and small (medium-intensive bands at 3742, 3748, 3756, 3796, 3813, 3835 cm-1) cavities [17]. In 

this position, the structural hydroxyl groups of mordenite are bonded to the silicon atom. The latter is now 

the generally accepted view. Also, when comparing the IR spectra of mordenite samples, attention was 

drawn to the increase in the intensity of structural hydroxyl groups at 3626 cm-1 relative to bentonite, as well 

as the average intensity of the bands at 3742-3835 cm-1. Since the surfaces of clay minerals can act as centers 

for adsorption of coordinatively unsaturated ions of silicon, aluminum, magnesium, oxygen, and uncharged, 

as well as energetically active hydroxyl groups [18], for the latter the noted distinctive features in the IR 

spectra of the studied samples may indicate with a greater degree of probability their different adsorption 

activity. 

 

 

Figure. Dependence of the degree of oil purification on the ratio of oil: adsorbent (a) and process temperature (b) 

The adsorption activity of zeolites was assessed by the degree of purification of UIO. The adsorption 

activity of zeolites was assessed by the degree of purification of UIO. The results obtained in the study of the 

effect of the oil to adsorbent ratio on the degree of oil purification made it possible to establish that mor-

denite samples had much greater sorption capacity with respect to aging products (Fig. a)). The degree of oil 

purification in the presence of bentonite and mordenite differed by almost 13 % and amounted to 48.7 % and 

61.86 % (for M-30), respectively. This is probably due to the manifestation by zeolites of the so-called 

“sieve effect” — selective throughput sorption of pores. According to the data available in the literature, the 

probable pore size of bentonite is 4Å versus 8Å for mordenite. The presence of this difference is apparently 

one of the reasons responsible for the differences in the sorption properties exhibited relative to the compo-

nents of the used oil. And here a reservation should be made: the maximum values of this indicator for both 

adsorbents were noted at oil: adsorbent ratio in the range of 1.5÷2.3. The similarity of this parameter for all 

three considered adsorbents indicates that the dimension of the inlet pores is of secondary importance, while 

the chemical structure of zeolites is of primary importance. It is understood as the presence of uncompen-

sated surface force fields formed by complexes of silicon, aluminum and surface hydroxyl groups. Physical 

sorption on the surface of zeolites is carried out due to the excess negative charge of tetrahedrally forming 

metals, on the faces of crystals, as well as surface hydroxyl groups of an acidic and basic character. 

According to now classical concepts, they are responsible for the orientational and inductive interaction 

of polar adsorbents with oil components. The low degree of purification at low oil: adsorbent ratio is identi-

cal for both types of zeolites and, according to the literature data [15], is associated with the aggregation of 

b) 
a) 
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adsorbent particles, which leads to a decrease in the total specific surface area and an increase in the diffu-

sion path during adsorption. 

The influence of the temperature of adsorption purification is shown in Figure b). When comparing the 

effect of the process temperature on the degree of purification of UIO, it can be noted that the best results 

were obtained at 70 °C, which is in good agreement with the parameters recommended in the literature [19]. 

Used oil before purification is characterized by a high cyclicity of the constituent hydrocarbons (Ta-

ble 5). Special attention should be paid to the distribution of the number of rings in the molecule of the origi-

nal used oil — aromatic hydrocarbons account for 38 % of the total number, which indicates their high con-

densation and the corresponding carbon content (18.08 %). Whereas the oil subjected to adsorption purifica-

tion with mordenite (M-50) gets rid mainly of aromatic rings. This is indicated by a decrease in the propor-

tion of aromatic hydrocarbons to 19.6 % of the total, and an increase in the mass fraction of carbon in cyclo-

alkane and alkyl substituents against the background of a 2-fold decrease in arene rings. This is a conse-

quence of the high polarizability of aromatic hydrocarbons, in which, compared with other oil components, a 

dipole moment is easily induced under the influence of the electrostatic field of the adsorbent [19, 20]. 

T a b l e  5  

Structural-group composition of oil samples according to the n-d-M method 

Sample of oil d4
20 nd

20 М 
Carbon distribution, % 

Average number of rings per 

molecule 

Сар Сн Скол Сп Кар Кн Ко 

Initial 0.898 1.4996 311.82 18.08 29.54 47.61 52.38 0.67 1.10 1.77 

after М-50 

cleaning 
0.878 1.4834 263.91 9.90 41.88 51.79 48.21 0.32 1.31 1.63 

 

Conclusions 

Thus, comparative studies of the sorption activity of natural aluminosilicates — bentonite and mor-

denite in the process of purification of used industrial oil made it possible to establish that the maximum de-

gree of purification was achieved in the presence of mordenite and reached 61.68 % at oil: adsorbent ratio of 

2.3 at a temperature of 70 °C. The data of the structural-group composition of the purified oil indicated that 

the main components removed during adsorption purification are highly condensed aromatic hydrocarbons. 

The induction of a dipole moment in aromatic hydrocarbons is more likely due to the excess charge of sur-

face hydroxyl groups, which, according to the results of IR-spectroscopic analysis, are localized in bentonite 

mainly in large cavities, while in mordenite, both in large and small ones. Thus, among the reasons for the 

different sorption activity of bentonite and mordenite, the dimension of the inlet pores is of secondary im-

portance, while the chemical structure of zeolites is of primary importance. 
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Э.А. Гусейнова 

Табиғи алюмосиликаттар көмегімен 

 өндірістік мұнай қалдықтарын адсорбциялық тазарту 

Мақалада табиғи алюмосиликаттар — бентонит пен мордениттің қатысуымен пайдаланылған 

өнеркәсіптік мұнайды адсорбциялық тазарту нәтижелері талқыланған. Тазартудың максималды 

дәрежесіне мордениттің қатысуымен қол жеткізілетіні және мұнайдың арақатынасы: яғни 70 °C 

температурада адсорбент 2,3-ке тең болған жағдайда 61,68%-ға жеткені дәлелденді. Бентонит пен 

морденит үлгілерінің әртүрлі адсорбциялық белсенділігінің болжамды себептері химиялық, 

минералогиялық, текстуралық және ИҚ-спектроскопиялық талдау деректері бойынша анықталды. 

Морденит үлгілерінің ИҚ-спектрлерінің нәтижелері бойынша олардың адсорбциялық белсенділігінің 

жоғарылауына энергетикалық белсенді гидроксил топтары жауапты болуы мүмкін деген қорытынды 

жасалған. Мұнайдың құрылымдық-топтық талдауының мәліметтері тазарту кезінде жойылатын 

көмірсутекті компоненттердің негізгі үлесін жоғары конденсацияланған ароматтылар құрайтынын 

көрсетті. Тазартуға дейінгі мұнай қалдықтары құрамына кіретін көмірсутектердің жоғары 

циклділігімен сипатталады (ароматты көмірсутектер жалпы көлемнің 38 %-ын құрайды), ал 

морденитпен (М-50) адсорбциялық тазартуға ұшыраған мұнай негізінен ароматты сақиналардан 

арылады (ароматты көмірсутектердің үлесі 19,6 %-ға дейін төмендейді. Бұл басқа мұнай 

компоненттерімен салыстырғанда адсорбенттің электростатикалық өрісінің әсерінен дипольдік 

момент оңай индукцияланатын ароматты көмірсутектердің жоғары поляризациялануының салдары. 

Кілт сөздер: адсорбциялық тазалау, өнеркәсіптік мұнай қалдықтары, бентонит, морденит, тазарту 

дәрежесі, ИҚ-спектрі, құрылымдық топ құрамы. 
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Э.А. Гусейнова 

Адсорбционная очистка отработанного индустриального масла  

с применением природных алюмосиликатов 

Обсуждены результаты адсорбционной очистки отработанного индустриального масла в присутствии 

природных алюмосиликатов — бентонита и морденита. Установлено, что максимальная степень 

очистки достигалась в присутствии морденита и равнялась 61,68 % при соотношении «масло: адсор-

бент», равном 2.3, при температуре 70 °С. О предполагаемых причинах проявляемой различной ад-

сорбционной активности образцов бентонита и морденита судили по данным химического, минерало-

гического, текстурного и ИК-спектроскопического анализов. На основе результатов ИК-спектров 

морденитных образцов сделан вывод о том, что за их повышенную адсорбционную активность могут 

быть ответственны энергетически активные гидроксильные группы. Данные структурно-группового 

анализа масла показали, что основная доля удаляемых в ходе очистки углеводородных компонентов 

приходится на высококонденсированные ароматические. Отработанное масло до очистки характери-

зуется высокой цикличностью входящих в состав углеводородов (на долю ароматических углеводоро-

дов приходится 38 % от общего числа), тогда как масло, подвергнутое адсорбционной очистке морде-

нитом (М–50), избавляется в основном именно от ароматических колец (доли ароматических углево-

дородов уменьшается до 19.6 %). Это является следствием высокой поляризуемости ароматических 

углеводородов, в которых по сравнению с прочими компонентами масла под влиянием электростати-

ческого поля адсорбента легко индуцируется дипольный момент. 

Ключевые слова: адсорбционная очистка, отработанное индустриальное масло, бентонит, морденит, 

степень очистки, ИК-спектр, структурно-групповой состав. 
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The Selection of Reagents for Ionic Flotation of Non-Ferrous Metals  

in the Series of N-Acyl-N'-Mezylhydrazines 

A series of new ligands — N-acyl-N'-mesylhydrazines (MSH) — of the general formula 

RC(O)NHNHSO2CH3 has been obtained and considered as reagents for ionic flotation (IF) of non-ferrous 

metals (M(II). Reagents with a radical length of C6H13 and above form hardly soluble complexes with M(II) 

so it is possible to implement a kind of the ionic flotation techniques — “precipitate flotation”. The ranges of 

pH values of the most complete precipitation of cations from solutions have been determined. Precipitates of 

the metal complexes were isolated; their composition was confirmed by IR spectroscopy and elemental anal-

ysis. The conditional values of the solubility product (SP) of the complexes [M(HL)2] were calculated. The 

dependence –lg SP = 11.8 + 0.61N is fulfilled for the MSH series and Cu(II) ions. The surface-active proper-

ties of compounds with R > C6H13 were established. The reagents with optimal radical length for ionic flota-

tion were selected. The ionic flotation of non-ferrous metals with N-nonanoyl-N'-mesylhydrazine was carried 

out. The up to 95–99 % recovery of metal ions, separation of copper and associated metal ions in diapason of 

pH 5–6.5 was shown to be possible. 

Keywords: ionic flotation, precipitate flotation, sulfonylhydrazines, non-ferrous metals, physico-chemical 

properties, surface-active substances. 

 

Introduction 

Ion flotation (IF) is a simple and effective method for concentrating and separating metals from solu-

tions containing fewer 500 mg/l of metal ions. Versatility, high performance and efficiency of this technique 

[1; 9] are of interest for purifying and deep post-treating waste waters and recycled waters, as well as for re-

covering valuable metals in industrial productions and in hydrometallurgy [2–5]. Improving the efficiency of 

IF is largely related to the efficiency of the reagents used [6]. At present, alkyl carboxylates [7], alkyl sul-

fonates, alkyl sulfates, alkylamines, quaternary ammonium salts [8–12], and xanthates [13] have been practi-

cally employed. As for the development of ion flotation, it would seem as appropriate to develop and im-

prove a methodology for selecting an optimal collector. The traditional way of selecting a flotation reagent-

collector is using compounds with a functional group capable of forming a chemical bond to a metal cation. 

Today the calculation of quantum-chemical characteristics of potential collectors (nucleophilic hardness, mo-

lecular electric moments, energy of complexation, etc.) has widely been used. It greatly facilitates the search 

for reagents, narrowing the range of ligands suitable for further studies [14]. However, as a rule, these calcu-

lations do not take into account the influence of solvents, salt composition, and competing complexation re-

actions in polycationic systems. In addition, the most important factor of the synthesis direction at develop-

ing potential collectors is the presence of a set of properties in the reagent that meet the basic requirements 

for flotation reagents [6]. One approach in the development of collectors for nonferrous metal ions is the di-

rected synthesis method based on the choice of a suitable functionally active atom group (FAG) capable of 

forming compounds with metal ions and the organic radical (R). The optimal composition and structure of 

the radical are selected on the basis of “composition-property” dependences derived by semi-empirical 

methods as a result of a comprehensive study of the physic-chemical properties of a homologous series of 

ligands. Polydentate compounds, which form sparingly soluble metal complexes, are known to be of interest 

for the IF [6]. From this viewpoint, noteworthy are acylsulfonylhydrazines containing in their composition a 

hydrazide group capable of forming chelate complexes with non-ferrous metal ions [15; 34–50], and sul-

fonyl, which enhances acidic properties of the compounds. Previously, the physic-chemical properties of 

https://doi.org/10.31489/2022Ch4/4-22-13
http://creativecommons.org/licenses/by-nc-nd/4.0/
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some N-acyl-N'-(aryl-, naphthyl)sulfonylhydrazines were studied, with a fundamental possibility of using 

them in flotation processes shown [16, 17]. 

This work is devoted to the study of the physic-chemical properties and patterns of recovery of Cu(II), 

Co(II), Ni(II), Zn(II), Cd(II) ions in the series of N-acyl-N'-mesylhydrazines in order to determine the possi-

bility of their application as collectors in ion flotation and to select a reagent with optimal properties. 

Experimental 

N-acyl-N-'mesylhydrazines (MSH) of the general formula RC(O)NHNHSO2R1 (1), where R = C4H9 (I), 

C6H13(II), C8H17(III), C4H9CH(C2H5)(IV), C10H21(V), C12H25(VI), C14H29(VII); R1=CH3, was obtained by 

the interaction of equimolar amounts of hydrazides of the corresponding acids with methanesulfonylchloride 

at t = 0 ÷ 5 °С in a dry pyridine medium [18; 128]. The compounds obtained are white crystalline substances. 

The individuality and purity of the reagents were confirmed by IR and 1H NMR spectroscopy and elemental 

analysis. IR spectra in the range 400–4000 cm–1 were recorded on a Fourier spectrometer Vertex 80V 

(Bruker) (suspension in vaseline oil); 1H NMR spectra were recorded on a Bruker Avance Neo spectrometer 

(400 MHz; in CDCl3, internal standard hexamethyldisilazane (0.055 ppm)). Elemental analysis was per-

formed on a Vario EL cube CHNS analyzer (Elementar); thermal analysis of complex compounds — on a 

TGA/DSC1 thermogravimetric analyzer (Mettler Toledo). 

The solubility of the reagents was determined by gravimetric (in EtOH) and spectrophotometric (in 

0.1 mol/L KOH) methods. The spectrophotometric method was used to explore protolytic equilibria [19; 

144–161]. UV-spectra were recorded on spectrophotometer SF-2000; pH values were measured on ionome-

ter I-160M equipped glass and silver chloride electrodes. The surface tension at the interface between an 

AMH solution and the air was determined by the Dew Nui ring method [20] on a processor tensiometer 

K100 (KRÜSS). The measurements were performed at 25 °C in a 0.1 mol/L solution of KOH, as the reagents 

under study are insoluble in water, but moderately soluble in alkaline solutions. The choice of the concentra-

tion range was related to the solubility limitations of the reagents. The surface activity (G, mN·m2/mol) was 

calculated as the value of the slope tangent of the straight line tangent to the isotherm of the surface tension 

of reagent solutions in the range of low concentrations according to the formula: 

 lim
d

G
dc C

  
= − = 

 
, (1) 

where C is the concentration of the reagent solution (mol/L); σ is the surface tension of the solution (mN/m); 

C is the concentration of the reagent, causing a decrease in surface tension by the value . 

The values of critical micelle formation concentrations (CMC) were determined graphically at the in-

flection point of the curve mirroring the dependence of surface tension on solution concentrations (surface 

tension isotherm) when it reaches an area parallel to the abscissa axis [20; 152]. 

The complexation of metal ions with MSH was studied by the precipitation technique. To this end, a re-

agent solution was added to an aqueous solution of the metal salt, therewith adjusting the ratio of 

[M(II)]:[AMH] = 1:2. Ammonia solutions were used to regulate the pH values. 10–30 Minutes later, with the 

equilibrium time determined experimentally for each metal, the formed precipitate was filtered off. The ionic 

flotation experiments were carried out on a laboratory pneumatic flotation cell according to the procedure 

described in [21]. The residual concentration of metals in the filtrate was determined on an atomic-

absorption spectrometer with flame atomization iCE 3500 (Thermo Scientific). The degree of precipitation 

(flotation) (S(E), %) was calculated using the formula: 
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where Co is the initial metal concentration in the aqueous phase, mg/l; Ci is the metal concentration in the 

aqueous phase after precipitation (flotation), mg/l. 

The conditional solubility product (SP) of the complexes was calculated by the method described in 

[15; 114–118], without taking into account the ionic states of the metals in solution, according to the formu-

la: 
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where Ка1 is the ionization constant of ligands (H2L) at I stage; М(II) and СН2L are the initial concentrations 

of М(II) and ligand, respectively, mol/L; Si is the degree of М(II) deposition, %; [H+] is the equilibrium con-

centration of H+, mol/L; 
2

equil[M ]+  is the equilibrium concentration of М(II) in the solution after precipita-

tion, determined experimentally, mol/L. 

The following reagents were used in the work: CuSO4·5Н2О (pure, 98.5 %), NiSO4·7Н2О (chemically 

pure, 99.0 %), ZnSO4·7Н2О (pure, 98.0 %), 3CdSO4·8Н2О (chemically pure, 99.5 %), CoSO4·7H2O (pure, 

99.0 %); NH3 (aqueous), (analytical grade, 25 %), HCl (chemically pure, 35 %), HNO3 (chemically pure, 

65 %), H2SO4 (chemically pure, 93.5–95.6 %). 

Results and Discussion 

The main requirements for IF collectors are as follows: sufficient solubility in aqueous solutions, avail-

ability of surface activity and foam-forming properties, ability to form insoluble compounds with metal ions, 

selectivity. The studied reagents were found as being moderately soluble in aqueous solutions of alkalis and 

EtOH; they exhibited themselves as weak dibasic acids (H2L) [16]. The diagrams demonstrating distribution 

of the protolytic equilibrium forms of the reagents as a function of the pH were constructed (Fig. 1, an exam-

ple for reagent III). They make it possible to predict the ranges of pH values for the formation of compounds 

of reagents with metal ions. The reagents’ solubility was determined as being decreasing with lengthening 

the hydrocarbon radical chain; at this point, acid properties weaken (Table 1). 

 

 

Figure 1. Distribution diagram of molecular ionic forms of reagents (H2L)  

for N-nonanoyl-N'-mesylhydrazine (III) as a function of solution pH 

Surface-active substances are commonly used as collectors for ionic flotation. The surface tension iso-

therms of MSH compounds are shown in Figure 2, the results of their processing are summarized in Table 2. 

As follows from the data obtained, all the reagents of the series with R = C6H13 exhibit surfactant properties, 

while those with R = C10H21 and C12H25 are strong surfactants decreasing surface tension at solvent-air inter-

face in 1.5–2 times as compared to pure solvent (0.1 mol/l KOH). A decrease in CMC in the homologous 

series with increasing the number of carbon atoms in a radical, indicates an enhancing micelle-forming abil-

ity. The increment of the adsorption potential (ΔW) as a contribution to the adsorption work of the methylene 

unit of the alkyl chain at the phase boundary was calculated. For this, a graph of dependence “ln C–N” (with 

C is a substance concentration causing a decrease in the surface tension by a value , and N is the number 

of methylene groups) was plotted. The graph is constructed as a line with the slope angle tangent (where 

W — increment of adsorption potential). For the MSH series, the equation of linear dependence looks as fol-

lows: –ln C = 0.75N – 5.87 (R² = 0.9633); W = 1.86 kJ/mol. 
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T a b l e  1  

Physico-chemical properties of the compounds RC(O)NHNHSO2(CH3) 

R Tm., °C 
Solubility, mol/l (g/l) рКа

1
** 

рКа
2
 

Rf* 
EtOH 0.1 mol/l КOH 

C5H11 (I) 81–82 
7.8∙10

–1 

(162,2) 

9.2∙10
–2 

(19.14) 

8.50.06 

– 
– 

C
6
H

13 (II) 82–84 7.3∙10
–1

 

(161.0) 

8.0∙10
–2

 

(17.7) 

8.680.05 

– 
0.74 

C
8
H

17
 (III) 89–91 3.2∙10

–1
 

(79.8) 

4.5∙10
–2

 

(11.3) 

8.840.09 

12.710.02 
0.70 

C
4
H

9
CH(C

2
H

5
) (IV) 91–93 

1.2 

(282.6) 
1.18∙10

–2
 

(2.8) 

8.78±0.08 

 
0.77 

C
10

H
21

 (V) 95–96 9.4∙10
–2

 

(26.0) 

7.5∙10
–3

 

(2.1) 

9.190.04 

– 
0.72 

C
12

H
23

(VI) 96–98 1.0∙10
–2

 

(3.1) 

3.6∙10
–3

 

(1.1) 

9.27±0.20 

12.91±0.12 
– 

C
14

H
29

 (VII) 102–103 
2.3∙10–3 

(0.74) 
2.5∙10

–3
 

(0.84) 

9.670.19 

– 
0.32 

Note. *Thin-layer chromatography was carried out for compounds II–V in the solvent system benzene : ethyl acetate, 1:1; for 

VII — benzene : ether — 3:2. 

** pKa1 and pKa2 are constants characterizing the process of ionization of reagents. The process of ionization of compounds 

at the first stage is attributed to detaching a proton of the NHSO2 fragment due to a greater acceptor action of the sulfonyl group as 

compared with the carbonyl group [22]. 

 

  

R: (a) 6 — С6Н13, 8 — С8Н17; (b) 10 — С10Н21, 12 — С12Н25 

Figure 2. Surface tension isotherms of RC(O)NHNHSO2CH3 at t = 25 °C in 0.1 mol/L KOH 

The dependence of the degree of recovery of non-ferrous metals(II) with N-pentadecanoyl-N'-mesyl-

hydrazine on pHequil is shown in Figure 3. Equilibrium in the formation process of copper, nickel, and cobalt 

complexes is attained for 10 min, with this time for zinc and cadmium equaling 30 min. The most complete 

precipitation of cations was ascertained in the following pH ranges: Cu(II) — 5.5–10.0; Zn — 7.5–10.5; 

Co — 8.0–9.5; Ni — 8.0–10.0; Cd — 7.8–11.0. At this point, maximal degree of recovery (%) and residual 

metal concentration in the solution after precipitation (mg/l) equaled, respectively: Cu(II) — 99.9 (0.06); 

Co(II) — 97.7 (1.31); Ni(II) — 99.5 (0.37); Zn(II) — 99.8 (0.14); Cd(II) — 99.4 (0.29). 
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T a b l e  2  

Minimum values of surface tension, CMC, surface activity of RC(O)NHNHSO2CH3 

Reagent R CMC, mmol/l (g/l) 
σ min, mН/m 

(СReag.ent, mmol/l) 
G, mН∙m2/mol 

II С6Н13 2,80 (0,622) 58,0 (69,0) 0,49 

III С8Н17 1,70 (0,425) 51,0 (40,0) 1,56 

IV C4H9CH(C2H5) 1,80 (0,255) 50,2 (40,0) 1,22 

V С10Н21 0,80 (0,224) 46,0 (7,3) 18,6 

VI C12H25 0,10 (0,306) 33,0 (3,2) 59,2 
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CM(II), mg/l: Cu = 60.0; Ni = 74.6; Co = 56.9; Zn = 72.8; Cd = 47.7; [М(II)]:[Reagent] = 1:2 

Figure 3. Dependence of the degree of recovery of non-ferrous metals (II) (S, %)  

with N-pentadecanoyl-N-' mesylhydrazine by precipitation method on pHequil.  

Using copper(II) ions as an example, it was found that the pHequal interval, within which the degree of 

recovery is maximal, slightly extends with increasing radical length in the AMH series (Fig. 4). Metal com-

pounds with N-tridecanoyl-N'-mesylhydrazine (selected as a sample) were isolated preparatively at a ratio of 

[M(II)]:[H2L] = 1:2 The precipitates obtained are sparingly soluble in water and partially soluble in ethanol. 

The data of IR spectroscopy and elemental analysis (Table 3) provide evidence for the formation of com-

plexes of the composition [M(HL)2], which can be represented by the structural formula: 

 

 

(3) 

 

The structure of the Cu(II) complex compound was previously confirmed by X-ray diffraction study of 

the grown single crystal [23]. 
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CM(II) = Cu = 60.0 mg/l; Сreagent = 2·10–3 mol/l 

Figure 4. Dependence degree of copper (II) recovery (S, %)  

with N-acyl-N-'mesylhydrazines by precipitation method on pHequil 

T a b l e  3  

Characteristics of M(II) Complex with N-pentadecanoyl-N-mesylhydrazine 

Complex* 

Element composition Stretching vibrations frequencies 

(ν, сm–1) Theoretical./Prakt., % 

C Н N S М Reagent Complex 

[Сu(HL)2] 

green 

М.м. = 729.5 

52.64 

51.74 

9.05 

8.38 

7.68 

7.28 

8.77 

8.21 

8.70 

7.78 

3326 (NHСО), 

3247 (NHSО2); 

1687, 1675 (С=О); 

1322, 1157 (SО2) 

3319 (NHСО); 1543 

(С=О); 1324, 1167 (SО2); 

721–741 (Cu–L) 

[Ni(HL)2]·2Н2О** 

dark blue 

М.м. = 760.7 

50.48 

50.25 

9.20 

8.75 

7.36 

7.21 

8.41 

7.98 

7.72 

6.98 

3305 (NHСО); 1604 

(С=О); 1281, 1131 (SО2); 

3419 (H2O) 

[Сo(HL)2]·2Н2О 

dark pink 

М.м. = 760.9 

50.47 

51.89 

9.20 

9.73 

7.36 

7.39 

8.41 

8.05 

7.74 

7.05 

3299 (NHСО); 1582 

(С=О); 1281, 1123 (SО2); 

3395 (H2O) 

[Сd(HL)2] 

white 

М.м. = 778.4 

49.33 

49.37 

8.48 

9.34 

7.19 

6.92 

8.22 

7.88 

14.44 

13.65 

3287 (NHСО); 1599 

(С=О); 1304, 1125 (SО2); 

668 (Cd–L) 

[Zn(HL)2]·2Н2О 

white 

М.м. = 767.4 

50.03 

48.97 

9.12 

8.45 

7.30 

6.78 

8.34 

7.79 

8.52 

7.89 
 

3320(NHСО); 1608 

(С=О); 1321, 1145 (SО2); 

3434 (H2O) 
Note. *HL- — ionized form of the reagent by I stage; ** Presence of crystallization water in Ni, Co, and Zn complexes was con-

firmed by thermal analysis. 

 

The calculated SP values (Table 4) confirm the complex compounds of all the metals under study as be-

ing sparingly soluble substances; therefore, implementation of one variant of ionic flotation — “precipitate 

flotation” — appears to be possible [24]. The data of Table 4 evince copper and zinc complexes to have the 

lowest solubility, with cobalt having the highest. 

I.A. Kakovsky showed that the PR values of compounds formed by the extracted ion in the homologous 

series of ionogenic collectors are related to the number of carbon atoms (N) in the radical: –lgPP = α + βN. 

The calculated coefficients of the equation for the series of xanthates, dithiophosphates, etc. correlate well 

with the experimental data and enable the optimal N values in the series of the compounds under study to be 

determined [1; 55–62]. The conditional SP values of the reagent complexes with Cu(II) ions were calculated 

(Table 5). 
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T a b l e  4  

Data for calculations and -lg SP values of N-pentadecanoyl-N'-mesylhydrazine (H2L) complexes 

Complex pHequil. Si [М(II)]equil, mol/l ×10-6 [HL-], mol/l –lgSP 

[Сu(HL)2] 7.0 99.9 0.90 1.03·10-7 19.99 

[Ni(HL)2] 8.3 99.5 6.30 2.27·10-7 17.94 

[Сo(HL)2] 8.5 97.7 22.2 7.61·10-6 14.89 

[Сd(HL)2] 7.8 99.4 2.58 1.56·10-5 15.20 

[Zn(HL)2] 8.5 99.8 2.14 2.70·10-7 18.81 
Note. PS is the conditional PS of complexes; Si is the degree of M(II) precipitation, %; [М(II)]equil is the equilibrium concentration of 

M(II) in the solution after precipitation; [HL–] is the equilibrium concentration of HL– ions 

 

T a b l e  5  

Data for calculations, –lgSP values of [Cu(HL)2] complexes for RC(O)NHNHSO2(CH3) ligands 

Reagent R pHequil. Si 
[М(II)]equil,  

mol/l ×10-6 

[HL-] 

mol/l ×10-6 
–lgSP 

II C6H13 7.7 98.2 17.6 8.29 14.92 

III C8H17 7.7 99.2 7.12 1.57 16.75 

IV C4H9CH(C2H5) 6.8 99.2 7.34 0.34 18.07 

V C10H21 7.0 99.4 5.87 0.33 18.20 

VI C12H23 6.9 99.7 2.91 0.19 18.99 

VII C14H29 7.0 99.9 0.90 0.10 19.99 

 

When calculating, the composition of the complexes for all the reagents was assumed to be the same 

and analogous to that established for N-tridecanoyl-N'-mesylhydrazine [Cu(HL)2]. It is determined that the 

dependence: –logSP = 11.8 + 0.61N (R2 = 0.9601) is fulfilled in the series MSH with linear radicals. As fol-

lows from the equation obtained, in the series of ligands, minimal residual concentration of copper from so-

lution during precipitation is possible when reagent VII is used. However, with lengthening the alkyl radical 

chain, the solubility of the reagents in aqueous and alcoholic solutions sharply decreases (Table 1), therewith 

hindering their practical use. The reagents III and IV appear to be the most promising ligands of the series. 

The experiments on individual and collective flotation of M(II) ions with N-nonanoyl-N'-mesyl-

hydrazine (III) were carried out (Fig. 5). Recovering metal ions up to 95-99 % in their conjoint presence (re-

sidual concentrations, mg/l: Cu — 0.21 (pH 7.0–7.5); Co — 1.4 (pH 8.5–8.8); Ni — 0.89 (pH 8.5–9.0); 

Zn — 1.1 (pH 8.5–8.9)), as well as separation of copper and associated metal ions at pH 5–6.5 was shown to 

be possible. 

 

 

CM(II), mg/l: Cu = 29.9; Co = 24.7; Ni = 24.0; Zn(II) — 21.0; [Cu(II)]:[Reagent] = 1:1; τ = 5 min 

Figure 5. Dependence of the recovery degree of metals by ionic flotation on pHequil.  
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Conclusions 

The exploratory research of physic-chemical properties of N-acyl-N'-mesylhydrazines gave rise to lig-

ands characterized by optimal length of hydrocarbon radical chain and suitable for ionic flotation processes: 

N-nonanoyl- and 2-ethylhexanoyl-N'-mesylhydrazines. The reagents, being moderately soluble in aqueous 

alkali solutions, are medium-strong surfactants and form hardly soluble complexes with non-ferrous metals. 

This trait enables using them as collectors for “precipitate flotation”. The experiments aimed at exploring 

individual and collective flotation processes of M(II) ions with N-nonanoyl-N'-mesylhydrazine had evinced 

the possibility of recovering metal ions up to 95–99 %, separating copper and associated metal ions in the 

range of pH 5–6.5. 
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Л.Г. Чеканова, В.Н. Ваулина, Ю.Б. Ельчищева, Е.С. Бардина, П.Т. Павлов 

N-ацил-N'-мезилгидразиндер қатарындағы түсті металдардың  

иондық флотациясына арналған реагенттерді таңдау 

Бірқатар жаңа лигандтар, RC(O)NHNHSO2СН3 жалпы формуласының N-ацил-N'-мезилгидразиндері 

(МСГ) алынды және түсті металдардың (ТМ) иондық флотациясының (ИФ) реагенттері ретінде 

қарастырылды. Радикалды ұзындығы C6H13 және одан жоғары МСГ ТM иондарымен аз еритін 

комплекстер түзетіні анықталды, сондықтан иондық флотацияның нұсқаларының бірі — 

преципиациялық флотацияны жүзеге асыруға болады. Ерітінділерден катиондардың ең толық тұнбаға 

түсуі болатын рН мәндерінің диапазондары нақтыланды. ТМ кешендерінің шөгінділері айқындалды; 

олардың құрамы ИҚ-спектроскопия және элементтік талдау арқылы расталды. Кешендердің ПР 

шартты мәндері [M(HL)2]. Cu(II) иондарын мысал ретінде қолданып, МСГ қатарында тәуелділік 

орындалатыны көрсетілді: –logПР = 11,8 + 0,61N, оны қолдану лигандтардың жиынтық қасиеттерін 

олар түзетін қосылыстардың ерігіштігі бойынша болжауға мүмкіндік береді. R > C6H13 бар 

қосылыстарда беттік-белсенді қасиеттердің болуы анықталды, бұл қосымша көбік түзетін агенттерді 

қолданбай-ақ МСГ-ді ИФ пайдалануға мүмкіндік жасайды. МСГ физика-химиялық қасиеттерін 

зерттеу нәтижелері бойынша оптималды радикал ұзындығы бар ИФ үшін реагенттер таңдалды: 

BuCH(Et), C8H17. N-нонаноил-N'-мезилгидразинмен ТМ(II) иондарын жеке және ұжымдық 

флотациялау үшін эксперименттер жүргізілді. Металл иондарын 95–99 %-ға дейін бөліп алуға, рН 5–

6,5 диапазонында мыс пен онымен бірге жүретін ТМ иондарын бөлуге болатыны көрсетілген. 

Кілт сөздер: иондық флотация, шөгінді флотациясы, ацилсульфонилгидразиндер, түсті металдар, 

тұндыру, физика-химиялық қасиеттері, беттік белсенді заттар. 

 

Л.Г. Чеканова, В.Н. Ваулина, Ю.Б. Ельчищева, Е.С. Бардина, П.Т. Павлов 

Выбор реагентов для ионной флотации цветных металлов  

в ряду N-ацил-N'-мезилгидразинов 

Получен и рассмотрен в качестве реагентов для ионной флотации (ИФ) цветных металлов (ЦМ) ряд 

новых лигандов — N-ацил-N'-мезилгидразинов (МСГ) общей формулы RC(O)NHNHSO2СН3. Уста-

новлено, что МСГ с длиной радикала C6H13 и выше образуют труднорастворимые комплексы с иона-

ми ЦМ, поэтому возможна реализация одного из вариантов ионной флотации — флотация осадков. 

Определены области значений рН, при которых происходит наиболее полное осаждение катионов из 

растворов. Выделены осадки комплексов ЦМ; их состав подтвержден данными ИК-спектроскопии и 

элементного анализа. Рассчитаны условные значения ПР комплексов [М(HL)2]. На примере ионов Сu 

(II) показано, что в ряду МСГ выполняется зависимость: –lgПР = 11,8 + 0,61N, использование которой 

позволяет прогнозировать собирательные свойства лигандов по растворимости образуемых ими со-

единений. Установлено наличие поверхностно-активных свойств у соединений с R > C6Н13, что поз-

воляет использовать МСГ в ИФ без применения дополнительных пенообразователей. На основе ре-

зультатов исследования физико-химических свойств МСГ выбраны реагенты для ИФ с оптимальной 

длиной радикала: BuCH(Et), C8H17. Проведены опыты индивидуальной и коллективной флотации 
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ионов ЦМ(II) с N-нонаноил-N'-мезилгидразином. Показано, что возможно извлечение ионов металлов 

до 95–99 %, отделение меди и сопутствующих ионов ЦМ в области рН 5–6,5. 

Ключевые слова: ионная флотация, флотация осадков, ацилсульфонилгидразины, цветные металлы, 

осаждение, физико-химические свойства, поверхностно-активные вещества. 
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Synthesis of a Composite Based on Humic Acid Tuned to Sorbed Copper Ion 

We obtained modified humic acid-based cross-linked composite pre-tuned to the sorbed copper ion. The 

composite synthesis had three stages. At first, we obtained prepolymerization complex using humic acids iso-

lated from Shubarkol deposit oxidized coals and multi-walled carbon nanotubes (MWCNTs) with template 

(CuSO4). We used ultrasonic activation for uniform dispersion of multi-walled carbon nanotubes. Second 

stage comprised copolymerization in the presence of amine and cross-linker; here the prepolymerization 

composite complex with the template was fixed in certain nodes of polymer network. At the third stage, acid 

hydrolysis destroyed the bonds of the template with the composite macromolecules, the template was re-

moved, and imprints complementary to the template in shape, size, and functionality were formed and re-

tained “molecular memory”. Such tuning forms adsorption centers in the polymer network of the composite, 

which can repeatedly and highly specifically interact with the template, and highly selectively extract target 

molecules from solution, leading to significant increase in sorbent capacity. The reaction was controlled by 

direct and back titration, and added amine, which was determined using Elementar Unicube elemental ana-

lyzer. The crosslinked composite can be used as a selective sorbent tuned to a specific metal ion. 

Keywords: natural polymer, multi-walled carbon nanotubes, composite, template, tuning, sorption, functional-

ization, ultrasound. 

 

Introduction 

Currently, natural polymer sorbents with molecular imprints due to their recognition ability to selective-

ly sorb ions from mixtures have become one of the topical topics for researchers. Natural polymeric sorbents 

with high selectivity, which recognize target molecules or ions, attract special attention [1–3]. However, due 

to their inherent significant drawback, namely a slow sorption rate, such polymer sorbents have not yet re-

ceived wide practical application, although their scope of application is extremely wide [4–7]. 

In the literature, a relatively small number of studies have been devoted to the methods of obtaining, 

mechanism and kinetics of ion sorption by natural polymer sorbents with molecular imprints [8–16]. 

It should be noted that humic acids (HA) are increasingly being used as sorbents for purification man-

made environments from heavy metals. The presence of a variety of oxygen-containing functional groups in 

combination with aromatic, heterocyclic and other structural fragments enables humic acids for almost any 

kind of interactions, namely ionic, redox, donor-acceptor and sorption ones. Numerous studies have proved 

that HA can bind almost all types of ecotoxicants, including transition metal ions [17–21]. 

Previously, we [22] investigated methods for obtaining aminohumic sorbents pre-tuned to an ion using 

the Molecular Imprinting method. The proposed method gives opportunity to obtain products for selective 

binding of target metals. However, the use of the obtained products in technological processes is hampered 

by changes in the molecular structure of sorbents under the influence of chemical factors. In this regard, it is 

of interest to increase the chemical stability and mechanical strength of HA by modifying them with other 

reagents. 

The aim of this work is the synthesis of modified polymer sorbents based on humic acids, with the in-

troduction of multi-walled carbon nanotubes (MWCNTs) pre-tuned to copper ion and investigation of their 

properties. 

Experimental 

Used materials were humic acids isolated from oxidized coals of the Shubarkol deposit with the follow-

ing characteristics, %: humidity (Wa) — 12.1±0.3, ash content (Aa) — 22.0±0.2, carbon (Cg) — 36.30±0.2, 

hydrogen (Hg) — 3.73±0.1, nitrogen (Ng) — 0.70±0.1, sulfur (Sg) — 1.02±0.1, oxygen (Og) — 58.30±0.5, 

(Σ(COOH+OH)) — 5.0 mg-eq·g–1; multi-walled carbon nanotubes (MWCNTs, “Taunit” series); hexameth-
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ylenetetramine was used as an amine; formaldehyde was used as a crosslinking agent; CuSO4 was used as a 

template. 

The object of the study was a cross-linked composite based on humic acid with incorporated MWCNTs 

and amine tuned to the copper ions sorption. 

Synthesis of composite (HA: MWCNTs: M: Amine) was carried out in three stages in an aqueous-

alkaline medium at a ratio of HA: MWCNTs: Amine = 2:0.1:1, pH=8 according to the method developed by 

us earlier [22]. The content of copper ions introduced during tuning was 4 mg-eq per gram of composite. 

Ultrasonic dispersion of MWCNTs was carried out on an IL-100-6/2 ultrasonic disperser with a vertical 

cylindrical waveguide, with a radiation frequency of 22 kHz. 

The stability investigation of the “tuned” sorbents to acid hydrolysis was carried out as follows: the 

metal-containing composite was filled with 1 N HCl solution, heated to 50 °C and kept for 30 minutes. Then 

the mixture of “tuned” sorbents was filtered, repeatedly washed with distilled water to a neutral medium and 

the absence of Cl-ions in the washing waters, and dried to a constant mass. 

The structure of the obtained composites was also confirmed by IR spectroscopy data taken on the de-

vice IR Fourier spectrometer FSM-1201 in KBr tablets. The range of wave numbers was 4000–400 cm–1, the 

error in determining the wave numbers did not exceed 2 cm–1. Mathematical processing was carried out us-

ing the program for curve fitting and data analysis Fityk 1.3.1. 

Experiments on static adsorption of copper ions were carried out to study the sorption capacity of cross-

linked composites after “tuning”. The binding capacity of the “tuned” cross-linked composites was estimated 

by the value of the static exchange capacity (SEC, mg-eq·g-1). For comparative analysis, cross-linked com-

posites were prepared simultaneously under identical conditions, but without “tuning”. 

The content of oxygen-containing groups in the composite was determined by direct and reverse con-

ductometric titration using laboratory conductometer Anion 4100 (Russia). The measurements were carried 

out sequentially on three samples of the composite; the average value of three experiments was taken as the 

final value. The measurement error was ±0.2 %. 

Elemental analysis for the content of carbon, hydrogen, nitrogen, sulfur and oxygen was carried out on 

the Elementar Unicube elemental analyzer. 

The stability of the composites was studied by differential thermal analysis (DTA) using a Perkin Elmer 

STA 6000 synchronous thermogravimetric differential analyzer in the measurement range: Tm up to 800 °С 

in nitrogen atmosphere, υ=10°/min. 

Results and Discussion 

At the first stage, a pre-polymerization complex based on humic acid was obtained, with the introduc-

tion of a nanofiller (MWCNTs) and a molecular template (M). At the same time, a stable pre-polymerization 

complex (HA:MWCNTs:M) between humic acid, MWCNTs and template molecules was formed. Due to the 

formation of such a pre-polymerization complex, polymer molecules are arranged and fixed in a certain way 

around the template molecule. 

The difference between MWCNTs and other nanofillers is their smooth surface, which leads to the 

stretching of the macromolecules of the matrix polymer on this surface and the formation of a densely 

packed polymer matrix-MWCNTs interfacial layer. However, it should be noted that carbon nanomolecules 

are packed in tight bundles and tend to form conglomerates that prevent their uniform distribution in the ma-

trix and thus do not allow achieving the desired efficiency when modifying the polymer. 

An effective way to overcome this problem is ultrasonic treatment (UST). Ultrasound is the most acces-

sible and powerful factor influencing the properties, structure, velocity and direction of reactions. Under the 

influence of ultrasound, the processes of oxidation and reduction are enhanced, heterogeneous reactions on 

the surface of MWCNTs are significantly accelerated, which is due to an increase in their porosity and sur-

face activity. 

The introduction of the filler into the HA was carried out using ultrasound. In the course of the study, 

the influence of the duration of UST and temperature on the process of functionalization of MWCNTs was 

studied. The results of the study are shown in Table 1. 
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T a b l e  1  

Functionalization of MWCNTs under the influence of ultrasound 

Sample 
Time period for  

ultrasonic treatment, min 
Temperature, °C Yield, % 

Σ(COOH), 

mg-eq·g-1 

MWCNTs (original) – – – 1.4 

MWCNTs 

15 

25 84 1.8 

50 68 1.6 

70 84 1.8 

30 

25 88 1.4 

50 72 1.6 

70 80 1.2 

60 

25 80 1.6 

50 72 1.8 

70 80 1.2 

120 

25 84 1.6 

50 76 1.8 

70 80 1.0 

 

The data in Table 1 show that minimal exposure to UST and room temperature is sufficient to increase 

the number of reaction centers of MWCNTs. Prolonged exposure to UST leads to a decrease in the amount 

of oxygen-containing groups. For further research, we used MWCNTs, ultrasound-activated at a temperature 

of 25 °C for 15 minutes. 

At the second stage, the synthesis of a crosslinked composite preconfigured for sorption by a local ar-

rangement of macromolecule sites was carried out by copolymerization of the pre-polymerization complex 

(HA:MWCNTs:M) with an amine and a crosslinking agent. 

The essence of two stages consists in the interaction of the modified polymer and the sorbed ion under 

conditions when the links of macromolecules still have sufficient mobility, with subsequent fixation of the 

resulting conformations optimal for sorption, which in turn should lead to a significant improvement in the 

sorption characteristics of the composite. 

At the third stage, a molecular template was removed from the polymer mesh. The stability of the 

“tuned” sorbents to acid hydrolysis was studied by treating the composite with a hydrochloric acid solution 

with further filtration, repeated washing and drying. The reaction in the composite was controlled by the at-

tached amine, which was determined using the Elementar Unicube elemental analyzer, as well as by direct 

and reverse conductometric titration. The composition of the obtained composites was confirmed by the data 

of X-ray phase analysis. The results of the study are presented in Table 2. 

T a b l e  2  

Characteristics of synthesized composites 

Composite Cg, % Hg, % Ng, % Sg, % Og, % Yield, % 
Σ(COOH+OH) 

mg-eq·g-1 

before hydrolysis 

HA 36.30±0.2 3.73±0.1 0.70±0.1 1.02±0.1 58.30±0.5 75.01 5.0 

HA:MWCNTs:M:A 44.50±0.2 3.90±0.1 1.08±0.1 0.91±0.1 49.61±0.5 79.40 4.5 

after hydrolysis 

HA:MWCNTs:A 44.61±0.2 3.99±0.1 1.13±0.1 0.97±0.1 49.30±0.5 75.40 5.8 

 

The increase in the sum of oxygen-containing groups in the samples subjected to acid hydrolysis (Ta-

ble 2) confirmed our assumption about the possible breaking of the coordination bonds of copper ions with 

the functional groups of the composite. This assumption was also confirmed by the data of IR spectroscopy 

(Fig. 1). 
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1 — HA:MWCNTs:M:A (before hydrolysis); 2 — HA:MWCNTs:A (after hydrolysis) 

Figure 1. IR spectra of synthesized composites 

In Figure 1, we can observe the appearance of a peak at 741 cm–1 for the HA:MWCNTs:M:A composite 

(before hydrolysis), which refers to the stretching vibrations of the Cu–O bond. The absence of similar ab-

sorption bands in the composite after hydrolysis indicates a change in the structure of chemical bonds and the 

removal of copper from the crosslinked composite during hydrolysis. The appearance of a pronounced band 

at 3400 cm-1 in the HA:MWCNTs:A composite (after hydrolysis), which can be attributed to vibrations of 

OH-groups bound by intermolecular hydrogen bonds, also indicates the destruction of oxygen bonds with 

copper and the formation of hydroxyl groups in their place. 

The interaction strength of the obtained composites was studied by differential thermal analysis (DTA). 

The thermogravimetric curve of the composites before and after hydrolysis showed a low-temperature 

weight loss. The main weight loss began in the temperature range of 448-564 °C. Thus, the main mass loss 

for the composite before hydrolysis (15 wt.%) began in the temperature range of 456-564 °C, and after hy-

drolysis (19.10 wt.%) at 448-556 °C. The total weight loss of the samples was estimated at about 32 wt.%. 

The sorption properties of cross-linked composites obtained with and without “tuning” to the copper ion 

were studied. A study of the sorption properties of a composite pre-tuned to copper ions showed that after 

acid hydrolysis its capacity sharply increased compared to a similar composite cross-linked without “tuning”. 

The effect of improving the sorption properties for Cu2+ for the HA: MWCNTs: A composite was equal to 

4.1 mg-eq g-1, and for the composite cross-linked without “tuning” it was equal to 2.2 mg-eq g-1. This once 

again confirmed the assumption about the efficiency of the cross-linked composite selectively tuned to the 

adsorbed ion. 

Conclusions 

Thus, the synthesis of a cross-linked composite based on humic acid with the introduction of MWCNTs 

and a molecular template was carried out using the Molecular Imprinting method under ultrasonic dispersion 

conditions, followed by copolycondensation with amine and formaldehyde tuned to the sorbed copper ion. 

One of the important properties of MWCNTs, which determines the possibility of their use in new technolo-

gies, is associated with their high sorption characteristics and chemical stability. Since MWCNTs are a sur-

face structure, their entire mass is enclosed in the layers surface; therefore, they have an anomalously high 

specific surface area, which, in turn, determines the features of their sorption characteristics and high 

strength. The introduction of nitrogen atoms into the composition of humic acids, which are more prone to 

the formation of donor-acceptor bonds with metal ions compared to oxygen atoms, will increase both the 

complexing properties of HA and at the same time impart polyampholyte properties to HA. Ultrasound con-

tributes to the increase and regulation of their porous structure, changing the chemical nature of the surface. 

The structure of the resulting composites was proven by modern physicochemical methods. The reaction was 

monitored by the added amine, using an elemental analyzer, and by the content of oxygen-containing groups 

determined by conductometric titration. With the introduction of a tuned cross-linked composite of 

MWCNTs and amine, the content of carbon increased by 8.20 % and nitrogen by 0.38 %, and the sum of 

oxygen-containing groups was equal to 4.5 mg-eq g-1. The study of the sorption properties of the preliminari-

ly “tuned” crosslinked composite to copper ions suggested the formation of cavities (imprints) in the “tuned” 

crosslinked composite, which were capable of interacting with target template molecules and increasing the 
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capacity of the sorbent by a factor of two compared to the same composite stitched without tuning. The static 

exchange capacity for the “tuned” composite was 4.1 mg-eq g-1, which made it possible to double the capaci-

ty of the sorbent compared to the same composite cross-linked without “tuning”. 
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З.М. Молдахметов, А.М. Ғазалиев, А.Х. Жакина, Е.П. Василец, О.В. Арнт 

Сорбцияланған мыс ионына бапталған,  

гумин қышқылы негізіндегі композиттің синтезделуі 

Модификацияланған гумин қышқылының негізінде алдын ала сорбцияланатын мыс ионына реттелген 

тігілген композит алынды. Композит синтезі үш кезеңде жүзеге асырылды. Бірінші кезеңде, 

Шұбаркөл кен орнының тотыққан көмірінен бөлінген гумин қышқылдары мен шаблоны (CuSО4) бар 

көпқабырғалы көміртекті нанотүтікшелер (ККНТ) арасындағы өзара әрекеттесуі арқылы 

полимеризация алдындағы кешені алынды. ККНТ біркелкі диспергирлеу үшін ультрадыбыстық 

белсендіру жүргізілді. Екінші кезеңде, амин және тігу агентінің қатысуымен сополимеризация жүзеге 

асырылды, онда шаблоны бар композиттің полимеризацияға дейінгі кешені полимер торының белгілі 

бір позицияларына бекітілді. Үшінші кезеңде, қышқылдық гидролиз процесінде шаблонның 

композиттік макромолекулаларымен байланыстары бұзылады, шаблон жойылып, пішіні, өлшемі және 

функционалдығы бойынша шаблонға қосымша болып табылатын іздер түзіледі және олардың 

«молекулярлық жадысын» сақтайды. Осындай баптау нәтижесінде композиттің полимерлік торында 

шаблонмен қайталанатын жоғары спецификалық өзара әрекеттесуге және ерітіндіден мақсатты 

молекулаларды жоғары селективті алынуына қабілетті адсорбциялық орталықтар түзіледі, бұл 

сорбенттің сыйымдылығының айтарлықтай артуына әкеледі. Реакция тікелей және кері титрлеу 

арқылы, сондай-ақ қосылған амин бойынша бақыланды, ол Elementar Unicube анализаторының 

көмегімен анықталды. Рентгендік фазалық талдаудың көмегімен алынған композиттердің құрамы 

дәлелденді. Тігілген композитті белгілі бір мыс ионына реттелген селективті сорбент ретінде 

пайдалануға болады. 

Кілт сөздер: табиғи полимер, ККНТ, композит, шаблон, реттелген, сорбция, функционализация, 

ультрадыбыс. 

 

З.М. Мулдахметов, A.M. Газалиев, A.Х. Жакина, E.П. Василец, O.В. Арнт 

Синтез композита на основе природного полимера,  

настроенного на сорбируемый ион меди 

На основе модифицированной гуминовой кислоты получен сшитый композит, предварительно 

настроенный на сорбируемый ион меди. Синтез композита осуществлен в три этапа. На первом этапе 

получен предполимеризационный комплекс взаимодействием между гуминовыми кислотами, выде-

ленными из окисленных углей Шубаркольского месторождения, и многостенными углеродными 

нанотрубками с шаблоном (CuSО4). Для равномерного диспергирования многостенных углеродных 

нанотрубок проведена ультразвуковая активация. На втором этапе в присутствии амина и сшивающе-

го агента осуществлена сополимеризация, при которой предполимеризационный комплекс композита 

с шаблоном фиксируется в определенных позициях полимерной сетки. На третьем этапе в процессе 

кислотного гидролиза происходит разрушение связей шаблона с макромолекулами композита, удале-

ние шаблона и образование отпечатков, комплементарных шаблонным по форме, размеру и функцио-

нальности и сохраняющие «молекулярную память» о них. В результате такой настройки в полимер-

ной сетке композита формируются адсорбционные центры, способные к повторному высокоспеци-

фичному взаимодействию с шаблоном и к высокоселективному извлечению молекул-мишеней из рас-

твора, что приводит к значительному увеличению емкости сорбента. Контроль реакции осуществляли 

методом прямого и обратного титрования, а также по присоединенному амину, который определяли с 

https://doi.org/10.1039/C6CP01229A
https://doi.org/10.1016/j.colsurfa.2013.03.030
https://doi.org/10.31489/2019Ch3/14-20
https://7universum.com/ru/nature/archive/item/12512
https://doi.org/10.32743/UniChem.2021.89.11.12512
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использованием элементного анализатора Elementar Unicube. С помощью рентгенофазового анализа 

доказан состав полученных композитов. Сшитый композит может найти применение в качестве се-

лективного сорбента, настроенного на определенный ион металла. 

Ключевые слова: природный полимер, МУНТ, композит, шаблон, настройка, сорбция, функционали-

зация, ультразвук. 

 

References 

1 Popov, S.A., Irkha, V.V., Dmitrienko, S.G., Zolotov, Yu.A., Getmanova, E.V., & Muzafarov, A.M. (2008). Synthesis and 

study of a sorbent based on silica gel modified with hyperbranched poly(dichloromethylsilylpropyl)carbosilane with molecular im-

prints of 2,4-dichlorophenoxyacetic acid. Moscow Univ. Chem. Bull, 63, 36–42. https://doi.org/10.1007/s11967-008-1008-y. 

2 Gentscheva, G., Tzvetkova, P., Vassileva, P., Lakov, L., Peshev, O., & Ivanova, E. (2006). Analytical characterization of a 

silica gel sorbent with thioetheric sites. Microchimica Acta, 156, 303–306. https://doi.org/10.1007/s00604-006-0644-4. 

3 Khimchenko, S.V., Blank, T.A., Belikov, K.N., Bryleva, K.Yu., Shcherbakov, I.B.-Kh., Chebanov, V.A., Muravyova, E.A., 

Saraev, V.E., Zviagin, I.M., Komykhov, S.A., Ostras, K.S., & Chernenko, V.N. (2017). New effective sorbents for purification of 

aqueous media from technogenic contaminants. Functional Materials, 24(4), 706–714. https://doi.org/10.15407/fm24.04.706 

4 Zougagh, M., Cano Pavón, J.M., & Garcia de Torres, A. (2005). Chelating sorbents based on silica gel and their application 

in atomic spectrometry. Anal. Bioanal. Chem., 381, 1103–1113. https://doi.org/10.1007/s00216-004-3022-2 

5 Olalekan, A.P., Dada, A.O., & Adesina, O.A. (2014). Review: Silica Aerogel as a Viable Absorbent for Oil Spill Remedia-

tion. Journal of Encapsulation and Adsorption Sciences, 4(4), 122–131. https://doi.org/10.4236/jeas.2014.44013 

6 Bondareva, L., & Kudryasheva, N. (2021). Direct and Indirect Detoxification Effects of Humic Substances. Agronomy, 11(2), 

198. https://doi.org/10.3390/agronomy11020198 

7 Interiano López, M.L., Ramírez Coutiño, V.A., Zamudio Pérez, E., Godínez, L.A., & Rodríguez-Valadez, F.J. (2019). Re-

moval of hydrocarbons from drill cuttings using humic acids in washing processes. Rev. Int. Contam. Ambie., 35(3), 705–712. 

https://doi.org/10.20937/RICA.2019.35.03.15 

8 Vetrova, O.V., Konovalov, K.B., & Gavrilenko, M.A. (2014). Application of Humic Sorbents for Pb2+, Cu2+ and Hg2+ Ions 

Preconcentration from Aqueous Solutions. Procedia Chemistry, 10, 120–126. https://doi.org/10.1016/j.proche.2014.10.022 

9 Erny, G.L., Gonçalves, B.M., & Esteves, V.I. (2013). Immobilized humic substances and immobilized aggregates of humic 

substances as sorbent for solid phase extraction. Journal of Chromatography A, 1306, 104–108. 

https://doi.org/10.1016/j.chroma.2013.07.057. 

10 Ćwieląg-Piasecka, I., Medyńska-Juraszek, A., Jerzykiewicz, M., Dębicka, M., Bekier, J., Jamroz, E., & Kawałko, D. (2018). 

Humic acid and biochar as specific sorbents of pesticides. J. Soils Sediments, 18, 2692–2702. https://doi.org/10.1007/s11368-018-

1976-5 

11 Fresco-Cala, B., Batista, A.D., & Cárdenas, S. (2020). Molecularly Imprinted Polymer Micro- and Nano-Particles: A Review. 

Molecules, 25(20), 4740. https://doi.org/10.3390/molecules25204740. 

12 Zarejousheghani, M., Lorenz, W., Vanninen, P., Alizadeh T., Cämmerer M., & Borsdorf H. (2019). Molecularly Imprinted 

Polymer Materials as Selective Recognition Sorbents for Explosives: A Review. Polymers, 11(5), 888. 

https://doi.org/10.3390/polym11050888 

13 Zarejousheghani M., Rahimi P., Borsdorf H., Zimmermann S., & Joseph Y. (2021). Molecularly Imprinted Polymer-Based 

Sensors for Priority Pollutants. Sensors, 21(7), 2406. https://doi.org/10.3390/s21072406 

14 Beyazit, S., Bui, B.T.S., Haupt, K., & Gonzato, C. (2016). Molecularly imprinted polymer nanomaterials and nanocompo-

sites by controlled/living radical polymerization. Progress in Polymer Science, 62, 1–21. https://doi.org/10.1016/ 

j.progpolymsci.2016.04.001. 

15 Pichon, V., Delaunay, N., & Combes̀, A. (2020). Sample Preparation Using Molecularly Imprinted Polymers. Analytical 

chemistry, 92(1), 16-33. https://doi.org/10.1021/acs.analchem.9b04816 

16 Haupt, K., Medina Rangel, P.X., Bui, B.T.S. (2020). Molecularly Imprinted Polymers: Antibody Mimics for Bioimaging and 

Therapy. Chemical Reviews, 120(17), 9554–9582. https://doi.org/10.1021/acs.chemrev.0c00428 
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