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Biocompatible cryogels: preparation and application

Polymer cryogels are very promising for producing functional materials. Their porous structure makes them
indispensable for some areas of medicine, catalysis, and biotechnology. In this review we focused on methods
for producing cryogels based on biopolymers, interpolyelectrolyte complexes of biopolymers, and composite
cryogels based on them. First, the properties of cryogels and brief theoretical information about the production
of cryogels based on biopolymers were considered. The second section summarizes the latest advances in the
production of cryogels based on complexes of biopolymers and composite cryogels. The features of the syn-
thesis and the factors affecting the final properties of materials were considered. In the final part the fields of
application of cryogels of the considered types in biotechnology, catalysis and medicine were studied in detail.
In biotechnology cryogels are used to immobilize molecules and cells, as a basis for cell growth, and as chro-
matographic materials for cell separation. In catalysis cryogels are used as a matrix for the immobilization of
metal nanoparticles, as well as for the immobilization of enzymes. Biocompatible cryogels and their composites
are widely used in medicine for bone and cartilage tissue regeneration, drug delivery, providing a long-term
profile of drug release in the body.

Keywords: cryogel, biocompatible, biopolymer, macroporosity, immobilization, biotechnology, catalysis, drug
delivery, tissue engineering.

Introduction

Cryogels are porous polymer materials with the system of communicating pores. The term cryogel was
first used by V.I. Lozinsky to refer to gels prepared in a frozen solvent medium [1]. Cryogels are synthesized
by cryogelation (cryogenic gelation), based on the use of the effect of lowering the temperature below the
freezing point of a pure solvent [2]. Visually, the mixture is a solid. The uncured zones of frozen multicompo-
nent systems are called non-frozen liquid microphase (NFLMP). The polymer framework of the cryogel is
formed in such unfrozen micro-regions [1]. When the frozen preparation is thawed, a macroporous cryogel is
formed, the pore-forming agents are polycrystals of the frozen solvent.

The primary condition for the synthesis of cryogels is the content in the initial systems of structural ele-
ments that allow, as a result of forces of different nature (chemical bonds, Van der Waals forces, electrostatic
interactions), to form three-dimensional agglomerates. The following groups of initial systems are distin-
guished [1, 3]: 1) colloidal sols; 2) solutions of monomers; 3) solutions of polymers with a crosslinking agent;
4) solutions of polymers capable of self-stacking; 5) solutions of polyelectrolytes, including low-molecular or
polymer counterions.

The main difference between cryogels and other types of polymer materials is their morphology. The
porous structure of the cryogel in combination with swelling, collapse, thermal and pH sensitivity opens up
broad prospects for the use of these objects in various fields.

Porous materials are divided into 2 groups by origin [4]: addition systems (corpuscular) and subtraction
systems (spongy). According to their structural and geometric characteristics, they are also divided into
2 types: regular porous structures with the same size of pores, channels, and walls, and stochastic bodies, in
which the pore sizes, their location, wall thickness, and other parameters are random. According to this

4 © 2021 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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classification, cryogels belong to stochastic subtraction systems, in which pores of random sizes are cavities,
channels, or slits in a continuous matrix.

The review presents the data from the sources of recent 15 years on the preparation of cryogels based on
biopolymers, mainly polysaccharides, and their application in different fields. During the making of this review
article we focused on cryogels, which are prepared on the basis of complexes of polymers and biopolymers.
We paid special attention to cryogels prepared on the basis of only natural polymers. Together, the review
summarizes the methods for producing composite cryogels. In the subsequent sections of review the methods
of applications of these cryogels are highlighted, especially in the field of biotechnology, catalysis and medi-
cine.

Biopolymers based cryogels

Biopolymers usually contain a significant number of charged functional groups. This increases their bio-
availability, biodegradability, and ensures their involvement in chemical processes occurring in a living or-
ganism. Thus, biopolymers are often polyelectrolytes. If a polyelectrolyte solution is used as the initial system,
the formation of cryogels occurs as a result of the formation of sufficiently stable ion bridges between the
polyelectrolyte units [1, 3].

An example of the formation of cross-linked systems by such a mechanism are gels based on gellan and
guar gum [5]. However, the implementation of this mechanism for the production of cryogels is a difficult
task. Since the rate of gelation is very high, when the critical concentration of gelation is reached, gelation in
such systems usually occurs earlier than the freezing of initial monomer mixture. This leads to the fact that
there is no cryoconcentration effect in the system and the resulting gels cannot be attributed to cryogels [1]. In
[6] cryogels based on chitosan and calcium alginate were obtained by freezing the initial solution at —20 °C,
followed by immersion of the frozen mixtures in alcohol solutions containing components that initiate the
gelation process. In the case of chitosan it is NaOH, in the case of alginate it is Ca?* ions. The researchers [7]
obtained an alginate-based cryogel by sublimation of the initial mixture containing sodium alginate and gelatin,
and then they kept the sublimate in a solution containing Ca?" ions for 3 days. The obtained cryogels [6, 7]
were used for cell growth.

Cryogels of cationic polyelectrolyte chitosan were prepared by crosslinking at subzero temperature. Glu-
taraldehyde (HA) [8], diglycidyl ethers of glycols [9] were used as crosslinking agents; the authors [10] used
non-toxic biodegradable crosslinking agents-oxidized dextran and 1,1,3,3-tetramethoxypropane.

A new cryogel was prepared by cryopolymerization of salecan and acryloyloxyethyltrimethylammonium
chloride using triallyl cyanurate (TAC) as a crosslinking agent [11]. The structure of cryogels was confirmed
by IR spectroscopy and X-ray analysis. Adding more hydrophilic salecan inside of cryogels has significantly
increased the water absorption. In vitro cytotoxicity analysis the non-cytotoxic nature of cryogels has been
confirmed. They were biocompatible and maintained the adhesion, proliferation, and viability of L929 and 3
T3-L1 cells, as shown by cell proliferation and live/dead cell analysis. Overall, this work opens the door to the
design and development of a mechanically robust salecan-based cryogel for cell adhesion and proliferation, as
well as further applications in soft tissue engineering.

For the preparation of new biocompatible macroporous cryogels based on dextran and hyaluronan deriv-
atives, the electron-beam reaction of free-radical crosslinking was used [12]. This approach ensures the pro-
duction of high-purity materials with high porosity without the use of additional crosslinkers or initiators. It
was found that the applied radiation dose and chemical composition strongly affect the properties of the re-
sulting cryogel materials. Preliminary cytotoxicity tests illustrate the excellent in vitro cytocompatibility of the
obtained cryogels, which makes them attractive as matrices for tissue regeneration procedures.

The use of non-toxic crosslinking agents in the production of biocompatible cryogels is also important.
In [13] a single-stage method for producing chitosan or gelatin cryogels is proposed. For this purpose, non-
toxic and biodegradable crosslinking agents such as oxidized dextran and 1,1,3,3-tetramethoxypropane are
used. The chitosan cryogels prepared in this way had a degree of degradation ~2 times higher than the cryogels
prepared by the two-stage method, i.e., reduced with borohydride. In addition, these cryogels showed signifi-
cantly higher viability (~80 %) of fibroblast cells in vitro compared to cryogels crosslinked with glutaralde-
hyde (~40 %). Thus, cryogels prepared without the use of harmful crosslinking agents can be used as biocom-
patible and biodegradable scaffolds for cell culture and other biomedical applications.

A natural derivative of dialdehyde carboxymethylcellulose (DCMC) was used as a crosslinking agent for
the production of spongy collagen cryogels by freezing-thawing [14]. Studies have shown that the crosslinking
reaction and cryogenic treatment do not destroy the triple helix of collagen, but increase the thermal stability
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of collagen; cryogels have a heterophase structure with interconnected macropores, and swell quickly. The
swelling coefficient depends on the content of DCMC and on the medium pH. Tests for compatibility with
blood in vitro showed that the introduction of DCMC does not cause a decrease in hemolysis and blood clotting
compared to pure collagen. Thus, the resulting cryogels have great potential in tissue engineering and other
biomedical applications.

Macroporous cryogels of hyaluronic acid (HA) with a tunable porous structure, viscoelasticity, and high
mechanical strength were synthesized from methacrylated HA in aqueous solutions at a temperature of —18 °C
by a free radical mechanism [15]. Poly(N,N-dimethylacrylamide) (PDMAA) was used as a filler. The porosity
and average pore diameter decrease with increasing PDMAA content in cryogels due to a decrease in the
amount of ice template during cryogeling. In addition, there is a reversible gel-sol transition due to the outflow
and inflow of water through the pores. This flow-dependent viscoelasticity is of great interest, since it protects
the cryogel network from damage during deformations, and therefore acts as a self-defense mechanism.

The review [16] considered the formation of various physically cross-linked cryogels from polysaccha-
rides, such as hyaluronan, carboxymethylated cottage cheese, carboxymethylated cellulose, xanthan, B-glucan,
locust bean gum, starch, maltodextrins, and agarose. Cryogels have tunable structural, mechanical, and bio-
logical properties, and therefore can have numerous applications.

Complex and composite cryogels of biopolymers

The synthesis of complex, composite, hybrid cryogels allows researchers to solve issues related to the
improving the mechanical characteristics of materials, chemical properties of substances, as well as to give
cryogels the ability to respond to changes in external conditions such as temperature, pH, and ionic strength.
Therefore, cryogels based on pure polymers have a much smaller scope of application, and therefore are much
less often used.

In [17] the features of the formation of cryogels of interpolyelectrolyte complexes (IPEC) based on chi-
tosan and sodium alginate were studied. Complexation occurs by the mechanism of electrostatic interaction
between oppositely charged carboxyl groups of pyranose cycles of L-guluronic acid of neighboring alginate
polymer chains and chitosan amino groups, as well as due to numerous hydrogen bonds. It is shown that the
conformational state of the lyophilizing component, which is in excess in the system, has a decisive influence
on the mechanism of IPEC formation. It was found that changes in the degree of binding of chitosan and
alginate significantly affect the formation of the inner surface of cryogels based on them. It is shown that the
most developed mesoporous structure is obtained when a denser gel is formed in the system.

Cryogels based on pectin and chitosan were prepared by cryotropic gelation. A 1 % solution of pectin
was layered on a frozen solution of chitosan and CaCl,, the mass ratio of pectin and chitosan was 3:1. The
cryogel was formed for 4-6 hours at a temperature of 15-22 °C with slow thawing of the chitosan and CaCl,
solution. According to SEM data, cryogels have a macroporous leaf-like structure [18]. It was found that cry-
ogels based on Heracleum pectin are more resistant to degradation in vitro compared to cryogels from apple
pectin. The inclusion of chitosans with a high degree of deacetylation in the composition of cryogels increases
the time of their degradation [19].

pH-Sensitive cryogels based on two biodegradable polyelectrolytes (chitosan and 2-hydroxyethylcellu-
lose (HEC)) were prepared by cryogenic treatment of semi-diluted aqueous solutions and UV-induced cross-
linking in the frozen state. H,O, and N,N'-methylene bisacrylamide, were used as the photoinitiator and cross-
linking agent respectively. The resulting cryogels were opalescent spongy materials that rapidly release/absorb
water due to their open porous structure [20].

New porous films based on xanthan and polyvinyl alcohol (PVA) were obtained by a universal and non-
destructive freezing/thawing method. The stability of the films depends on the crystal zones created by the
PVA during the freeze/thaw treatment. Cryogels with increased mechanical strength were synthesized by in-
creasing the number of freeze/thaw cycles from three to seven, and pore stability was improved by applying
grape pomace. The resulting film showed excellent antioxidant and antimicrobial activity, which indicates the
possibility of using these systems in food packaging [21].

A new cryogels consisting of various compositions of chitosan and hyaluronic acid (0, 10, 20, 30 and
50 wt. % hyaluronic acid) were prepared. Morphological studies have shown that the porosity of cryogels is
90-95 %. It is noted that the mechanical properties of the cryogels are better than those of pure chitosan cryo-
gels. The new cryogels do not have a significant cytotoxic effect and can be used in tissue engineering [22].
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Applications of biocompatible cryogels

The physical and chemical properties of cryogels, such as macroporosity, elasticity, water permeability,
and ease of chemical modification, are of great practical interest in various fields, such as biotechnology,
catalysis, regenerative medicine, bioremediation, and water purification.

Application in biotechnology

The use of cryogels in biotechnology as chromatographic materials, templates for the immobilization of
molecules and cells and the basis for cell growth is associated with high biocompatibility, non-toxicity, and
excellent mechanical characteristics [23].

The separation of protein mixtures on cryogels was carried out in [24-26]. It should be noted that cryogels
have a relatively low sorption capacity relative to proteins (less than 100 mg/g), which limits their wide use in
protein separation processes compared to classical chromatographic methods [26].

Cryogels are used for the production of chromatographic columns, for this purpose, the starting materials
must have the following properties [27]:

— high porosity;

— high capacity for the retained substance;

— low cost of manufacture and ease of filling the column.

Cell separation on chromatographic columns is a common application of cryogels [28]. When cells come
into contact with the column material, multiple interactions of different nature occur, as a result of which the
cells can become so firmly fixed in the column volume that their removal is impossible [23]. The use of
macroporous cryogels as the column material reduces the multiplicity of bonds formed between the material
and the cell. This is achieved by selecting a cryogel material that has a small supply of functional groups that
bind cells. Reducing the activity of cell binding by functional groups of cryogel can be achieved by changing
the external parameters or by preliminary functionalization of the cell surface [26]. The advantage of cryogel
chromatographic columns in comparison with classical ones is their elasticity. This property allows the re-
moval of bound cells by mechanical action on the column (Fig. 1) [29, 30].

liquid
flow

\ I

[ |

[ |

[ |

1

vy A
compressmn

Figure 1. Mechanism of removal of bound cells from the cryogel column under mechanical action [30]

—

Mechanical actions break the bonds between the cryogel and the substrate and allow removing most of
the bound particles.

Cell immobilization in PVA-based cryogels is widely used for cleaning environmental objects from pol-
lutants in analytical practice [26]. When immobilizing cells in cryogels, they do not use direct cell culture on
the cryogel, but add spores of microorganisms to the initial mixture. After immobilization of the spores in the
resulting cryogel, cell growth is initiated [31].

The authors [32] showed that immobilized cells don’t lose the ability to secrete various hydrolytic en-
zymes — amylases, proteases, and lipases. Cryogel-immobilized cells are used in the waste water treatment
processes of the food industry. Fats and oils inhibit the metabolism of the active biomass used to treat such
wastewater by forming a hydrophobic film on its surface. Preliminary treatment of wastewater using the pro-
posed biocatalysts reduces the level of oxygen consumption required for oxidation by 2.7-3 times and in-
creases the efficiency of wastewater treatment.
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Application in catalysis

Catalysis is one of the most promising applications of cryogels. This fact is due to the large surface area
per unit volume of the cryogel material. The elasticity, the possibility of varying the pore size, the ease of
functionalization-all this opens up wide prospects for the use of cryogel materials in catalysis. One of the most
promising developments related to the use of cryogels in catalysis is the so-called flow-through catalytic reac-
tor (Fig. 2) [33, 34]. A special feature of this development is that the reaction mixture is pumped through the
volume of the cryogel, while the reaction occurs on the surface of the cryogel pores, which are saturated with
catalytically active groups (nanoparticles, enzyme molecules, etc.). This approach allows to get the finished
product in one stage without further cleaning it from the catalyst particles.

N

w

1 — initial mixture; 2 — cryogel-catalyst; 3 — Schott filter; 4 — mixture of reaction products
Figure 2. Schematic structure of a flow-through catalytic reactor

In [34, 35] the results of the use of a macroporous amphoteric cryogel based on methacrylic acid (MAA)
and dimethylaminoethyl methacrylate (DMAEM) crosslinked with methylene bisacrylamide (MBAA) for the
immobilization of gold nanoparticles (GNP) are presented. The resulting DMAEM-MAA/GNP composite was
used as a flow-type catalytic reactor for the reduction of 4-nitrophenol. The high stability of the prepared
catalysts, which withstood at least 100 catalytic cycles, is shown.

Cryogels based on poly-1-vinylimidazole (p-VI) were synthesized by cryopolymerization [36]. After
modification with dihaloidalkyl, the synthesized cryogels were used as templates for in situ production of
cobalt and nickel metal nanoparticles (Fig. 3A). Poly(1-vinyl imidazole) (p-V1)/metal composites are also used
as a catalyst for the hydrolysis of NaBH, to produce hydrogen. The cryogel matrix based on p-VI showed good
operational properties even after 5 catalytic cycles, and the catalyst based on the p-VI/Co composite provided
100 % substrate conversion with a slight loss of catalytic activity. In addition, the proportion of nanoparticles
in the cryogel matrix compared to hydrogel and microgel matrices was significantly higher (Fig. 3B).

A cocEton | NaBH, 300
—_—————— —_— E
e o
£
p(VI)-Co?* p(VI)-Co® g 2501
cryogel cryogel ]
ryog ryog 2 200
— &
£ 1504
p(VI) S
cryogel | NiCl,/EtOH NaBH,_ & g 1001 _
E 504
<
p(VI)-Ni2* p(VI)-Ni® odl—, . . .
cryogel cryogel cryogel hydrogel microgel  porous microgel

Type of polymer matrix

Figure 3. (A) Scheme for the production of cobalt and nickel nanoparticles in a matrix of cryogels based on
poly-1-vinylimidazole. (B) The dependence of amount of Co® nanoparticles on the type of polymer matrix [36]
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A cationic cryogel based on poly(3-acrylamidoproply)trimethylammonium chloride (p-APTMACI) was
used to stabilize Co and Ni nanoparticles [37].

A series of papers are devoted to the immobilization of enzymes in the cryogel matrix [35, 38-40]. En-
zyme immobilization is a promising method for a variety of applications, including biotechnology, medicine,
biochemistry, and environmental protection. Enzymes have a very high sensitivity to external conditions and
are quickly deactivated when optimal conditions are violated, which, in turn, leads to the impossibility of their
repeated usage [38, 41]. However, the immobilization of enzymes in cryogel matrix significantly expands the
possibilities of their application.

The resulting composite poly(methyl methacrylate-glycidyl methacrylate (p-MMA-GMA)/amylase is
used for the catalytic hydrolysis of starch to produce glucose. It was found that the rate of starch hydrolysis by
amylase immobilized in the cryogel matrix is 4 times less than in the case of free amylase, but the stability of
the catalyst exceeds the stability of free amylase.

The authors [38, 41] note the prospects of the developed catalysts in comparison with the available ana-
logues, since cryogel-immobilized enzymes allow to prepare the finished product, avoiding the stage of puri-
fication and separation of the substrate and the enzyme (Figure 4).

An interesting method of amylase immobilization in a PVA-based cryogel is described in [42]. An aque-
ous solution of PVA and amylase was frozen and then lyophilized. It is known [1] that cryogenic treatment of
aqueous PVA solutions leads to the formation of PVA cryogels. It was found [42] that such treatment of PVA-
amylase solutions also leads to the formation of cryogels, and the amylase is automatically integrated into the
PVA cryogel matrix. The resulting cryogels were tested in the starch hydrolysis reaction. The substrate con-
version rate averaged 70-90 %. Based on the obtained PVA-amylase cryogels, microreactors were constructed
by freezing the initial mixture in the capillary. It is shown that the conversion of the substrate in the case of
using a microreactor, with rare exceptions, did not exceed 30 %.

% / STARCH

—

| \ GLUCOSE

STARCH GLUCOSE

Figure 4. Scheme for the production of glucose from starch on the p-MMA-GMA/amylase catalyst [41]

The laccase enzyme (broad-spectrum oxidase) was immobilized in a cryogel based on polyethylene gly-
col methacrylate (PEGMA\) and tetraethylene glycol diacrylate (TEGDA) [43]. Redox mediators were intro-
duced into the initial mixture: lilac aldehyde or 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid. The
polymerization reaction was initiated by electron beam irradiation. The resulting cryogels were used as a bio-
reactor in the oxidation reaction of bisphenol A, as a model wastewater pollutant. It was found that the cryogel-
laccase biocatalytic reactor is effective in disinfection of wastewater and completely decomposes the pollutant
bisphenol A in the model wastewater within 24 hours.

Cryogels based on functionalized polyacrylamides and alginate were also used to immobilize laccase
[44]. It has been shown that the immobilized laccase enzyme successfully removes 70 % of phenolic com-
pounds, more than 55 % of dyes from wastewater and provides 93-99 % of the discoloration of some dyes in
solution.

PAA-based cryogel was used to produce a series of modified cryogels that exhibit the properties of cati-
onic (allylamine), anionic (acrylic acid), and amphoteric (allylamine-acrylic acid) cryogels for use as catalysts
in the production of biofuels. For this purpose, cryogels of various compositions were mixed with a mixture
of methanol and oleate. It is shown that the activity of the cationic catalyst is significantly higher than that of
the anionic and amphoteric ones. The relatively high stability of the catalyst over 5 cycles was established [44].
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Thus, catalysts based on cryogels and nanoparticles, enzymes, and microorganisms immobilized in their
matrix can be successfully used as wide-spectrum catalytic systems.

Application in medicine

Biocompatible cryogels and their composites are used in medicine for drug delivery, wound healing, and
as materials for bone and cartilage tissue regeneration [45, 46]. The frames made by cryogelization are spongy,
highly porous, mechanically stable, elastic, and can be easily cut into any desired shape. Therefore, cryogel
materials are of great interest in tissue engineering.

Restoration of bone and cartilage tissue

Bone and cartilage are relatively rigid structures compared to other types of tissue. Therefore, materials
for the restoration of such tissues must have appropriate mechanical characteristics, as well as be suitable for
the germination of osteocytes (bone tissue cells) and chondrocytes (cartilage tissue cells). Cryogels are very
promising materials for use in cartilage and bone engineering due to their porosity and functionality. The
necessary mechanical strength is achieved by introducing inorganic fillers. For example, in [47], the authors
used a polyelectrolyte chitosan/chondroitin sulfate complex modified with nanobio-glass based on silicon,
calcium, and phosphorus oxides. An increase in the mass content of nano bio-glass in the composite leads to
an increase in the mechanical strength of the composite and a decrease in the pore size. In vivo studies have
shown excellent bioactivity: increased bioapatite formation, suitable pore size, porosity, and suitable mechan-
ical strength in biological conditions.

Also cryogel chitosan/gelatin crosslinked with glutaraldehyde or genipine was used for bone tissue re-
generation by the authors of [48]. For the synthesis the cryogels used covalent crosslinking of macromolecules
of chitosan with glutaraldehyde and genipin. The formation of a porous structure is provided by the method of
lyophilic drying. The use of genipin provides high biocompatibility of cryogels, however, when studying cell
infiltration, it was found that cryogels crosslinked with genipin do not reach the desired level of infiltration
and do not provide conditions for cell proliferation.

A composite cryogel based on the chitosan/gelatin-hydroxylapatite system crosslinked with glutaralde-
hyde was also prepared by freezing and thawing [49]. The cryogel was saturated with hydroxyapatite at a
temperature of 37 °C, pH 7.4 in a synthetic body fluid medium (Figure 5). With an increase in the gelatin
content in the cryogel, it leads to an increase in the content of hydroxyapatite. The cryogels do not have cyto-
toxicity against fibroblasts, which was proved in the experiment on rats.

r?h:oG:II T — hydroxyapatite
ryog coated Ch:Gel

soaking in synthetic cryogel
body fluid

Figure 5. Scheme of preparation a composite cryogel chitosan/gelatin-hydroxylapatite [50]

Modification of hydroxylapatite with cerium and zinc was carried out in [50]. Modified cryogel chi-
tosan/gelatin-Ce-Zn-hydroxylapatite has higher protein adsorption rates, lower biodegradation and cell germi-
nation compared to cryogel chitosan/gelatin-hydroxylapatite.

Restoration of cartilage tissue

Physical cryogels have an advantage over synthetic ones in the processes of cartilage tissue repair, since
they do not require the use of toxic crosslinking agents and do not harm cells [51]. In addition, the lack of
blood vessels in the cartilage tissue is a serious limitation of the creation of cartilage substitutes [46]. Elastic
macroporous cryogel framework gelatin/chondroitin-6-sulfate/hyaluronan (GCH) is used for the restoration of
cartilage tissue.

By replacing 20 % of gelatin by chitosan a new GCH-chitosan cryogel has been synthesized with larger
pores, higher ultimate strain (stress) and elastic modulus, and a lower stress relaxation percentage comparing
to GCH cryogel. Chondrocytes proliferate and differentiate in cryogels. Implantation of a cryogenic chondro-
cyte/GCH-chitosan structure into a full-thickness articular cartilage defect regenerates cartilage with a modulus
of elasticity similar to native cartilage [52].
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Cryogels of the composition gelatin/hyaluronic acid, gelatin/chondroitin sulfate modified with methacry-
late were prepared in [53]. It was found that cryogel gelatin/chondroitin sulfate in vitro showed significant
stimulation of cartilage tissue. In addition, when placed in the subcutaneous tissue of the mouse for 6 weeks,
the cryogels showed a uniform distribution of cells with the preservation of the normal phenotype. And when
implanted in the osteochondral defect of the New Zealand white rabbit, complete integration with the host
tissue and cell germination were observed.

Cryogel based on chitosan and gluconic acid was synthesized by freezing-thawing without the use of
crosslinking agents [54]. To prepare materials of cartilage tissue substitutes an average pore diameter of 100
to 300 microns is a prerequisite. The authors established the optimal synthesis temperature and the initial ratio
of the components to achieve the desired pore diameter. In experiments on the stability of cryogels in the
cellular environment and the proliferation of DNA and glucosaminoglycans, the superiority of a cryogel with-
out a crosslinking agent over a chemically crosslinked cryogel of a similar structure was shown.

The authors of [55] used platelet lysate and oxidized dextran to produce cryogel as a material for cartilage
tissue. The complete biodegradability of the synthesized materials under in vivo conditions was demonstrated
in experiments with rats.

Cryogels in drug delivery systems

Cryogel-based drug and biomolecule delivery systems are the subject of intensive research. Biopolymers
are widely used for the construction of such materials by combining them with synthetic polymers [56, 57],
forming polymer complexes [58] and individually [59]. It is important to note that for drug delivery systems,
an important condition is not only and not so much the porosity of the gel material, but the binding of the drug
with the polymer matrix as well. Often, hydrolytically cleavable bonds such as simple and ester bonds are used
to conjugate the drug with the matrix. These types of bonds provide a long-term drug release profile and in-
crease the half-life of drugs in the body [60].

Three-dimensional (3D) biocomposites based on chitosan and clinoptilolite were obtained by cryogela-
tion. Biocomposites were studied as carriers of the medicinal substances sodium diclofenac and indomethacin.
It has been shown that drug delivery preferably occurs at pH 7.4 (intestinal environment), and at pH 1.2 (stom-
ach environment) there is a decrease in drug release [59].

Chitosan cryogel scaffolds including Hypericum perforatum (HP) vegetable oil have been developed,
which exhibit unique antimicrobial and antioxidant properties [61]. The composition showed the greatest an-
timicrobial activity against E. coli and L. pneumophila. The resulting cryogel scaffolds are promising materials
as wound dressings for exudative and long-term healing wounds.

Collagen cryogels with polysaccharide functional components (dextran and carboxymethylcellulose)
showed good bio- and hemocompatibility. These cryogels can be used as potential scaffolds for use in tissue
engineering and regenerative medicine [62].

Cryogels based on apple pectin and chitosan are used as anti-adhesive barrier materials [63]. The anti-
adhesive effect is provided due to the short time of biodegradation of cryogels based on apple pectin, non-
degradable cryogels based on hogweed pectin do not have an anti-adhesive effect.

A series of cryogels based on glycol chitosan and e-polylysine significantly reduce bleeding. The inclu-
sion of e-polylysine significantly increases the ability to kill a multidrug-resistant bacterial infection (MDR).
The effectiveness of wound healing, treated with cryogel, was significantly higher compared to the control.
Polysaccharide-peptide cryogels can become competitive multifunctional wound dressings for the control of
bleeding and healing of MDR-infected wounds [64].

Examples of medical application and initial polymers for the synthesis of cryogels are shown in Table.

Table
Composition of cryogels and areas of their application for medical purposes
Chemical composition of cryogel Application area Reference

1 2 3
Chitosan/Chondroitin sulfate 46
Chitosan/Gelatin crosslinked with Glutaraldehyde or Genipine 47
Chitosan/Gelatin-Hydroxylapatite crosslinked with Glutaraldehyde Prosthetics and bone 48
Chitosan/Gelatin-Ce-Zn-Hydroxylapatite regeneration 49
Collagen/Hydroxylapatite 65, 66
Gelatin/Hydroxylapatite 67
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Continuation of Table

1 2 3
Gelat|n/N_anohydroxyI_apatlte Prosthetics and bone 68
Hyaluronic acid/Gelatin reqeneration 69
Alginate g 70, 71
Chitosan-Agarose-Gelatin 72
PVA/Chitosan 73
Polyhydrc.)xythyImethacryla.te-.GeIatln Restoration of 74
Hyaluronic acid/Polyethylenimine - . 75
— cartilage tissue
Hyaluronic acid 76
Gelatin /Hyaluronic acid 77
Carrageenan/Alginate 78
Sodium Alginate/ acetylated Dextran Drua deliver 79
Nanocellulose/Gelatin g Y 80

Conclusions

Thus, based on the literature data, it can be concluded that cryogels based on biopolymers, especially
polysaccharides, due to their unique properties, namely, macroporosity, elasticity, biodegradability, biocom-
patibility, and biological activity are promising materials for application in biotechnology, catalysis, and med-
icine.

In the field of cryogel synthesis, it is necessary to develop technologies that make it possible to prepare a
biocompatible material without the use of harmful and toxic substances. In this regard, cryogels based on
interpolyelectrolyte complexes of natural polymers seem promising.

According to the authors, the most promising areas of development of cryogel technologies are the de-
velopment of biocatalytic systems and tissue engineering. The most important task of researchers for a break-
through in these areas in the near future will be to develop a method for producing biocompatible cryogels of
the desired strength. This approach will make it possible to obtain cryogels that are comparable in mechanical
strength to bone and cartilage tissues. Despite the complexity of the task, the authors believe that in the fore-
seeable future the technology of 3D-printing cryogels will be developed in order to produce catalysts, as well
as joint prostheses based on biocompatible durable cryogels.

The review was written with the financial support of the Ministry of education and science of the Republic
of Kazakhstan, project AP 08956937.
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A H. Knusenko, b.X. Mycabaea, b.C. T'aiicuna, A.H. CabutoBa

BHOYﬁJIGCiM}Ii KpHOreJbaep. ajJdbIHYBI 5KOHE KOJIAAHbLITYbI

Tlommmepni kpuorensaep maiaansl QyHKIMOHAIABI MaTepUaiapAbl aly YIIiH eTe MepCIeKTUBAJIbI 3aTTap
Oosbln  TaObUIanBl. KpuorempmepmiH KeyekTi KYpBUIBIMBI OJapibl MEIWIIMHAHBIH, KaTalIU3MIiH KoHe
OMOTEXHOJIOTHSHBIH KeiOip canamapeiHia Oara skerrec Marepuai ereni. Ochl momyna OHOMOIMMeEpIIepAeH
JKoHE Jie OMONOIMMeEpJepAiH HHTEPIOIHIICKTPOIUTTI KOMIUIEKCTEPIHEH aJbIHATHIH KPHOTENbIEPre XKoHE
oJlapFa HETi3JeNreH KOMIIO3UTTIK KPHOTENbIEp ally ONiCTEepiHE epeKlle Ha3zap ayJapbuiFaH. AJAbIMEH,
KPHOTENBICPAIH €peKIlIe KaCHEeTTepi Typajibl oHE OMOMONUMEpIep HETi3iHAe KPHOTeNbIl MaTepuaiaapasl
OHJIpY TypaJibl KbICKAIIa TEOPUSUIBIK MaTiMeTTep Oepinren. LllomyapiH exiHmi 6eniMiHae OHomoIuMepIiep MeH
OJIapJIBIH KOMIUIEKCTEPiHE HETi3AeNTreH KOMIIO3HUTTIK KPUOTeNIbAep OHAIPYIeT] aJIeMeri COHFBI JKETICTIKTep
JKMHAaKTaFaH. Kpuoremplepai  CHHTE3Ney  epeKIIeTiKTepi JKoHEe Je  CHHTE3JENETiH  KPHOTEINbJi
MaTepHaIIapIblH KaKeTTI OONaThIH KacHeTTepiHe acep eTeTiH Qakropiap KapacTselpsuisl. IlomynsiH
KOPBITBIHABI 06JIMiH/Ie KapacTHIPhUIATHIH TUITET MOJIMMEpITi KPHOTeNIbAepAi OMOTEXHOIOTHs 1A, KaTaan3/Ie
JKOHE MEMIIMHA/IA KOJIIaHy callajapbl erKeH-TerKelli 3epTTenreH. BUOTeXHOOTUs calachblHAa KPHOTENbIi
MaTtepuaIaap MOJeKyJalapapl XKoHE Jie OMOJIOTHSUIBIK JKacyllanapabl MMMOOWIN3ALMSIAY YIIiH, jKacya
OCyiHIH HeTi3i peTiHAe, COHBIMEH KOca acymaaapAbl e3apa 0eily YIIiH XpoMaTorpadusuIbIK MaTepHajiap
perinae maiinananputagpl. Karamm3 camachlHIA TONMMMEpTi KPUOTENBICP METaUT HAHOOOIIIEKTepiH
UMMOOWIM3AIMsUIAy  YINiH, COHAal-ak (epMEeHTTepAi HMMOOWIM3alusay YIIIH MaTpula peTiHae
KOJIIaHBLTIaAbl. BHONOTHSUIBIK YilmeciMIl KpHorelbaep MEH OJapiblH KOMIIO3UTTEpl MEIWIMHA CajlachIHIa
CYHEK jKoHe HIeMipIIeK YiInalapblH KajlllblHa KeNTipy YIIiH, COHNal-aK ASpi-TopMeKTepai aApecTiK jKeTKizy
YIIiH KEHIHEeH KOJITaHbLIa Ibl, OYJI OpraHu3M/Ie T9Pi-IopMEKTEep/Ii OOl MIbIFapyIbIH Y3aK Mep3iMIi TpoduITiH
KaMTaMachkl3 €TEII.

Kinm ce30ep: xpuorens, OHOyiieciMai, OHOMONUMEp, MaKpOKEYEKTUIIK, HMMOOWIbACY, OHMOTEXHOJOTHS,
KaTalu3, Iopi-JopMEKTi )KeTKi3y, YIMaIbIK HHKXEHEPHS.

A.H. Knusenko, b.X. Mycabaesa, b.C. I'aiicuna, A.H. CabutoBa

buocoBmecTUMbBIE KpHuore/Jm: nmojJdy4€Hue 1 IpUMCHCHUE

IMTonumepHbIe KPHOTENH SIBISIOTCS BEChMa IEPCIIEKTHBHBIMU BELIECTBAMH JUIS MOTy4YeHUs (QYHKIIMOHATBHBIX
MartepuaioB. [lopucras CTpyKTypa JenaeT KpHoreld He3aMEHHMBIMH MaTepHaJlaMi B HEKOTOPBIX 00J1acTsX
MEJULIMHBI, KaTajn3a 1 OMOTeXHOJIOTHU. B TaHHOM 0030pe aBTOpPBI COCPEAOTOUHINCH Ha METOAaX IOy YSHHUS
KpHoreseil Ha OCHOBE OMOTIOIMMEPOB, HHTEPIIOIMAIEKTPOIUTHBIX KOMIUIEKCOB OHOMOIMMEPOB U KOMITO3HT-
HBIX KpHoTeliel Ha uX ocHoBe. CHauasia pacCMOTpPEHBI CBOICTBA KpHoTeseil U KpaTKie TeOPEeTHYECKIe CBeie-
HUSL 0 crioco0ax MOJTydeHHs KpHoreneil Ha ocHOBe OmomoimMepoB. Bo BropoM pazgene 0630pa 0000IIEHBI
HOCJIE/IHNE OCTHKEHHUS B TPOU3BOJICTBE KPUOTENeil Ha OCHOBE KOMIUIEKCOB OMOTIOIMMEPOB M KOMITO3UTHBIX
Kpuoreneil. PaccMOTpeHbI 0COOCHHOCTH CHHTE3a KpHoresei 1 GakTopbl, BIUSIOIIE Ha TpeOyeMble KOHEUHbIE
CBOWCTBA KPUOTENIEBBIX MAaTEPHAIOB. B 3aKkitounTensHON YacT 0030pa MOJpOOHO M3y4YeHBbI 00JIaCTH pUMe-
HEHUs KpUOTeNell paccMaTpuBaeMbIX THIIOB B OMOTEXHOJIOTHMH, KaTajiu3e M MeaunuHe. B OnoTexHojOrMH
KpHOTeJIeBbIE MaTePHAIIBI NCTIOIB3YIOTCS Ul UMMOOHIIM3AIIMU MOJIEKYJT ¥ OMOJIOTHYECKUX KIIETOK, B KAUeCTBE
OCHOBBI JIJI1 POCTa KJIETOK, a TAKXKe XpOMaTorpapuueckux MaTepHaloB I pa3zielieHus KIeToK. B katanuse
KpHOTeJIeBble MaTepHaIIbl IPUMEHSIOTCS KaK MaTPHUIIbI U1l MMMOOWITH3aLH HAHOYACTHI] METAIJIOB U pepMeH-
TOB. BrocoBMecTHMbIE KPHOTEH U KOMITO3UTHI Ha HX OCHOBE HAXO/AT IIMPOKOE PUMEHEHNE B METUIIMHE IS
pereHepaniy KOCTHOH M XpSIIEBOil TKaHH, a TaKKe IS aJpecHO# JOCTaBKH JIEKapCTBEHHBIX CPECTB, 00ec-
HeYnBas JOJITOCPOYHBIH MPOGHIE BEICBOOOKICHHUS JISKAPCTBEHHBIX CPEJICTB B OPraHU3Me.

Kniouesvie cnosa: kpuorenb, OHOCOBMECTHMBIN, OHOTIOIAMED, MAaKPOIIOPHUCTOCTh, MMMOOMITH3ANHs, OHOTEX-
HOJIOTHSI, KaTaJu3, I0CTaBKa JICKAPCTB, TKAHEBAsI MHXKEHEPHS.
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Synthesis and evaluation of vitamin-drug conjugate for its anticancer activity

Cancer is the uncontrolled growth of cells in the human body that has the ability to spread. The purpose of the
study is to explore that vitamins can be used as a targeting moiety for new anticancer drugs to address issues
like non-selectivity, systemic toxicity. 5-Fluorouracil acetic acid—Vitamin D3 (SFUAC-Vit.D3) conjugate has
been synthesized, characterized, and evaluated for its anticancer activity. 5-FUAC-Vit.D3 conjugate was syn-
thesized via esterification mechanism in the presence of N-Hydroxy succinimide (NHS) and 1-(3-Dimethyla-
minopropyl)-3-ethylcarbodiimide (EDC) by using HCL as coupling agent. Formation of 5-FUAC-Vit.D3 con-
jugate via esteric bond and the structure of the compounds were confirmed by spectroscopic data, i.e., IR, NMR,
and mass spectra. The docking studies showed that 5-FUAC-Vit.D3 conjugate interacted at Arg-215 and Lys-
47 of the human thymidylate synthase proteins, through hydrogen bonding and ionic bonds respectively with a
binding score of -8.614 which is higher than only 5-FU (-3.475). So, it was proved that forming 5-FUAC-
Vit.D3 conjugate shows greater binding to the target protein.

Keywords: synthesis, molecular modeling, molecular docking, vitamin-drug conjugate, 5-fluorouracil acetic
acid, vitamin D3.

Introduction

Following cardiovascular diseases, cancer is the world's second leading cause of death [1]. Cancer is
described as the uncontrolled growth of cells in the human body that are able to spread to other parts of the
body [2]. If this spread is not controlled, cancer may lead to severe death [3]. There are several strategies for
treating cancer but chemotherapy is the most widely used method for treating cancer, however it has the draw-
back of being non-selective. Since cytotoxic chemotherapy does not discriminate between tumor and non-
tumor cells, it causes serious, frequently life-threatening side effects in susceptible healthy cells [4]. The most
difficult step in conventional chemotherapy is the delivery of a cytotoxic agent that kills proliferating tumor
cells [5-6]. Since anticancer therapy should last longer, and that longer therapy may be the cause of its side-
effect profile. The other side of the coin, i.e., side effect minimization, also has to focus to get effective drug.
Although the side effect profile is widespread, it has generally been shown to inhibit the rapid growth required
to maintain normal cells such as hair follicles, bone marrow and gastrointestinal tract cells. This leads to the
potential undesirable side effects observed in cancer treatment. Low aqueous solubility, short biological half-
life, multidrug tolerance, and non-specificity or dose-limiting cellular toxicity are other limitations of free
chemotherapeutic agents in cancer treatment [7]. Consequently, it is still difficult to achieve selectivity of anti-
cancer drugs for cancer cells and to reach breakthrough in cancer research, which may spare healthy tissue and
help to overcome the intrinsic limitations of conventional anticancer drugs.

To achieve successful tumor-targeting drug delivery it should include a tumor-recognizing moiety and a
chemotherapeutic agent that is linked directly by a linker. As a result, a conjugate acting 'prodrug’ is produced,
which, once integrated into a cancer cell, readily splits and regenerates the cytotoxic agent's activity. In these
conditions the so-called vitamin-mediated drug targeting has recently emerged as a new concept for carrying
anticancer drugs particular to tumors [8—10]. Since cancerous cells grow quickly, they demand more vitamins
as well as other nutrients than healthy cells, and the receptors involved in the cellular internalization of vitamins
are abundantly expressed on the surface of growing cancer cells. As a result, it is thought to be worthwhile to
develop “Vitamin-Drug Conjugate” that could be able to target tumor cells [11-13]. Vitamin drug conjugates
will be nontoxic, it will specifically be internalized into cancerous cells and release the anticancer drugs with-
out loss of potency, it will minimize the systemic toxicity by being stable in blood circulation, and provide a
target-specific activity by sparing the normal cell that will minimize the side effects [14-15].

Recently, cancer being widely increasing, there has been a greater need for formulating targeted drug
delivery with minimum side effects. These needs can be fulfilled by “Vitamin-Drug Conjugate” (targeted)
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formation. In this study 5-Fluorouracil and cholecalciferol are used as raw materials to synthesize vitamin drug
conjugates. 5-Fluorouracil is an anticancer drug belonging to the antimetabolite class. It is used in the treatment
of the large number of malignant tumors, some of which include breast, colon, rectal, ovarian, and bladder
cancer. 5-Fluorouracil is acted as an antitumor agent by converting intracellularly into some active metabolites.
These active metabolites interfere with RNA production and thymidylate synthase action, resulting in anti-
cancer activity. Recently, the ability of vitamin D3 to enhance the anti-tumor activity of chemotherapeutic
drugs by activating apoptosis was reported. Vitamin D3 is selected as targeting moiety to cancerous cells as
cancerous cells have an unquenchable appetite for vitamins. When Vitamin D3 is combined with 5-Fluoroura-
cil, the anticancer activity of 5-Fluorouracil is increased compared to 5-Fluorouracil administered alone.
5-Fluorouracil shows various undesirable effects during cancer treatment if 5-Fluorouracil is given alone. So,
by conjugating vitamin D3 with 5-Fluorouracil via an acid liable spacer, this conjugate acts as a prodrug, which
has the potential to overcome the non-specificity and toxicity issue of 5-Fluorouracil. This approach not only
overcomes associated toxic effects but also improved the desired bioavailability with a reduction in dose and
dosage frequency. This combination shows a synergistic effect with targeted drug delivery of 5-Fluorouracil
in the tumor tissues. Here we present high yield synthetic procedures for conjugate preparation as well as
complete characterization results. Molecular modeling studies were also performed for the given synthetic
conjugate for comparing the binding affinity of conjugate with 5-Fluorouracil.

Experimental

'H NMR spectra of the compounds were recorded on Bruker Avance 11l HD NMR 500 MHZ spectro-
photometer using CDCls as a solvent and operating at 500 MHz at room temperature with tetramethyl silane
(TMS) as the internal reference. FTIR analysis was carried out to get the FTIR spectra on the FTIR spectro-
photometer, Shimadzu FT-IR 8400S. Mass spectra were recorded on the mass spectrometer, Shimadzu LC-
MS 8040. TLC was used to monitor the reaction progress and to check the purity of the compound, using Silica
Gel plates F254 on Aluminum sheets. Docking studies were carried out using MOE-Dock, Chemical Compu-
ting Group Inc. on a machine having Pentium 1.6 GHz workstation, 512 MB memory using the Windows
operating system.

Methodology

Synthesis of 5-Fluorouracil — Vitamin D3 conjugates

1. Synthesis of 5- Fluorouracil-acetic Acid (5-FUAC)

5-FUAC was synthesized according to the previously described method [16-17] with some modifications.
5 FU (24q) dissolved completely in 152 ml KOH (0.3 g, 5.3 mmol) aqueous solution (9.12 g) then stir the
reaction mixture at 100 °C for 70 mins. After that prepare 40 ml of chloroacetic acid solution in aqueous KOH
and add it to the above mixture slowly and stir using a magnetic stirrer under 60 °C for 6 hours. Then acidified
the product to pH 2 with concentrated hydrochloric acid, followed by cooling at 4 °C for 12 hours. Then extract
the mixture using a separating funnel as, take 50 ml of the above reaction mixture in separating funnel, add
30ml of ethyl acetate to it and shake for 10 mins. Collect the supernatant (i.e., ethyl acetate layer/organic layer)
in a beaker separately, and pour the aqueous layer again in the separating funnel and add fresh ethyl acetate
30 ml to it and shake it for 10 min. Repeat the procedure for 3 times for each of the 50 ml of solution. Repeat
the same procedure for the whole of the above reaction mixture. Then take the collected supernatant layer
(120 ml) and add 1-2 spoons of sodium sulphate to it and keep it for 30 mins. Then filter the solution, evaporate
the filtrate using Rota evaporator at 60 °C. Dry the product, and record the yield and Rf value of the synthesized
product. The product yield was found to be 62 % and the Rf value of the conjugate was found to be 0.35 using
mobile phase (Chloroform:Methanol: Triethylamine = 7:1:2 in proportion) and silica plate as stationary phase.

Physical and spectral data for 5-FUAC (Intermediate product): IR (KBr, 4500-500 cm™) y = 1690 (C=0
acid), 3194 (N-H), 2835 (C-H), 1211 (C-N), 1404 (C-F), 1479 (C-C);1H NMR (CDCls, 500 MHz):
8=4.60 (2H, s), 8.65 (1H, s). 11.46 (1H, s) ppm; Ms: m/z (%) = 189.4 (M™)

2. Synthesis of 5- Fluorouracil-acetic Acid- Vitamin D3 conjugate

First, a solution of 5-FUAC (0.496 g) in 1 ml of dimethylformamide was prepared, then a solution of
Vitamin D3 (0.5 g) in 20 ml of dimethylformamide and 2—3 drops of dichloromethane were added dropwise.
Thereafter, 0.196 g (1.7 mmol) of N-Hydroxy succinimide (NHS) and 0.4 g (2.09 mmol) of 1-(3-Dimethyl-
aminopropyl)-3-ethylcarbodiimide HC1 (EDC-HCI) were added subsequently. The above solution was incu-
bated for 16 hrs away from light. Then the reaction mixture was precipitated with 150 ml of isopropanol,
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filtered and dried. The yield and Rf value of the conjugate were recorded. The product yield was found to be
48 % and Rf value of the conjugate was found to be 0.5 using mobile phase (Chloroform:Methanol:Triethyl-
amine = 7:1:2 in proportion) and silica plate as stationary phase.

Physical and Spectral data for 5 FUAC-Vitamin-D3 Conjugate: M.P. — 74-76 °C; IR (KBr, 4500-
500 cm™) 1726 C=0 (ester), 1200 C-O (ester), 1618 (C=0 stretch in pyrimidine ring), 3337 (N-H stretch),
2932 (C-H stretch), 1199, 1101 (C-N), 1377 (C-F), 1431 (C-C), 3067, 3050 (C=CH), 1618 (C=C) cm™*;
'H NMR (CDClIs, 500 MHz): & (ppm) = 0.60-0.72 (g, 2H), 0.78-0.84 (8H, d), 0.94 (3H, s), 1.04 (3H, d), 1.16—-
1.32 (2H, 1.24 quint), 1.35-1.76 (12H, 1.65 m), 1.95 (1H, m), 2.18-2.52 (6H, 2.23, m), 2.59 (1H, dd, J = 14.2,
3.1 Hz), 4.58-4.59 (2H, s), 4.78 (1H, d), 4.94-5.09 (2H, m), 6.06 (1H, d), 6.32 (1H, d), 8.60 (1H, s) ppm; Ms:
m/z (%) = 554.3 (M*).

Molecular Docking

5-FU and 5-FUAC-Vitamin D3 conjugate were docked in thymidylate synthase active site using MOE-
Dock, Chemical Computing Group Inc.

Procedure: Protein (Code — 1HVY) was retrieved from PDB data resources with a resolution of 1.90 A.
The structure of 5-FU and Vitamin-D3 were retrieved from PubChem and conjugated. All the structures were
energy minimized and their lower energy conformations were generated considering pKa of ionizable groups
and pH of the medium. The protein crystal structures of human thymidylate synthase were prepared and the
missing residues were modeled. The parameters during protein preparation were set with ionization and tau-
tomerization using the Epic module for a pH range of 7 to 9. The molecular docking program was run to
evaluate ligand-protein binding energy and interactions.

Result and Discussion

5-FUAC-Vitamin D3 conjugate was synthesized, and the synthetic route is shown in Figure 1. The melt-
ing point and TLC were performed for the synthetic conjugate to confirm its purity and homogeneity. The
structures of 5-FUAC and 5-FUAC-Vitamin D3 Conjugate were characterized by IR, NMR, and mass spec-
trometry. The data of IR, NMR, and Mass spectrometry was listed in the experimental section. Molecular
modeling studies were performed for comparing the binding affinity of conjugate with 5-FU. Molecular dock-
ing studies of 5-FU and 5-FU- Vitamin-D3 Conjugate also were studied and results were shown in Table 1.

FTIR

The main peaks observed in the IR spectra of 5-fluorouracil acetic acid are 1690 cm™ for C=0 of carbox-
ylic acid, 3194 cm* for N-H stretching, 1400 cm™ for C-F, and 1211 cm™ for C-N. The IR spectra of 5-fluor-
ouracil acetic-acid — vitamin D3 conjugate are observed at 1726 cm for C=0 (ester), 1199 cm™ for C-O
(ester), and 1618 cm™* for C=0 stretch in pyrimidine ring. The peaks observed at 1726 cm~* which is of C=0
of ester and at 1199 cm* which is for C-O of ester. These peaks show the formation of 5-FUAC Vitamin D3
conjugate via formation of an esteric linkage. They are seen in the IR spectra of 5-FUAC-Vitamin D3 conjugate
and absent in the IR spectra of other compounds.
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Figure 1. Synthetic scheme of 5- FUAC-Vitamin D3 conjugate
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Table 1
Docking Scores of 5-FU and 5-FUAC-Vit.D3 conjugate
Sr. No. Molecule code/ structure Docking score Interactions with target protein
1 5-FU -3.47 5-FU-C=0 — ASN 226 (Hydrogen Bond)
LA . 5-FU-Vit-D C=0 — Arg-215(Hydrogen Bond)
2 >-FU-Vit D3 conjugate ~8.614 5-FU-Vit-D C-O — Lys-47 (lonic Bond)
NMR

The *H NMR spectra of 5-FUAC-Vitamin D3 are at § value of 4.58-4.59 (2H, s), 4.78 (1H, d), 4.94-5.09
(2H, m). The NMR spectra of 5-FUAC-vitamin D3 showed the peaks at the above mentioned 6 values, which
confirm the structure of 5-FUAC-vitamin D3 conjugate. The peaks observed in the range of 3-5 ppm show
the formation of esteric bond in the conjugate.

Mass Spectroscopy

Mass spectra of 5-FUAC-Vitamin D3 conjugate were recorded for its structural confirmation. The mass
spectra of 5-FUAC-vitamin D3 conjugate showed the molecular ion peak at 554.3 m/z, which confirms the
conjugation of 5-FUAC with Vitamin D3 by forming an esteric linkage and formation of the final product, i.e.,
5-FUAC-Vitamin D3 conjugate.

Molecular Docking

The 5-FUAC-Vitamin D3 conjugate was evaluated by molecular modelling studies. The conjugate was
docked on the thymidylate synthase (PDB Code — 1HVY) active site as shown in Figure 2.

The docking studies showed that 5-FUAC-Vitamin-D3 conjugate interacted at Arg-215 and Lys-47 of
the human thymidylate synthase proteins, through hydrogen bonding and ionic bonds respectively with a bind-
ing score of —8.614 which is higher than 5-FU i.e., —3.475 as shown in Table 1. So, it was proved that forming
5-FUAC-Vitamin D3 conjugate shows greater binding to the target protein. The greater binding will also re-
veals that this conjugate will aid in the anticancer activity of the compound.

Figure 2. Binding interaction of 5-FU-Vit-D conjugate in the active site of human thymidylate synthase enzyme
(Target of 5-FU, PDB Code — 1HVY)

Conclusion

5-Fluorouracil-Vitamin D conjugate was successfully synthesized, characterized, and evaluated. The
characterization was carried out by performing IR, NMR, and Mass spectroscopy which suggested the for-
mation of 5-FUAC-Vitamin D3 conjugate through an esteric linkage.

5FUAC-Vitamin D3 conjugate was designed and may be proven as a novel prodrug approach, that will
have the potential to overcome non-specificity and toxicity issues of 5-FU. The present prodrug approach will
also have the potential to improve the potency and bioavailability of the anticancer drug. Molecular docking
analysis of 5-Fluorouracilacetic acid-Vitamin D3 conjugate with the human thymidylate synthase revealed
excellent binding affinity compared to 5-FU. Moreover, this will also help in the accumulation of the drug in
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more extend than the conventional therapies. The present study may be extended further for other anticancer
drugs by forming conjugates with other vitamins.
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BuraMuH-19pislik KOHBIOTATTBIH KaTep.Ji iCikke Kapchl
OeJICeHILTIriH CHHTE3/1ey KJHe Darasay

Karepmi icik — agam ar3aceiHIa Tapany KabiteTi 6ap *xacymianapAblH 0aKpLUIayChI3 ocyi. 3epTTeyIiH MaKcaThl
BUTaMUHJIEPi CETICKTUBTLUIIK TE€H KYHETIK YBITTBUIBIK CHSKTH MOceNenep i MIenry YIIiH iCiKKke Kapchl KaHa
mpenaparTapIblH HETi3ri KOMIIOHEHTI peTiHAe KOJAaHyFa OONAaTBIHBIH KepceTy. S-propypauun cipke
KbIKbUIBI-D3 ButamuHi (SFUAC-Vit.D3) cuHTe31emn i, CUIaTTaNIbl )KoHe OHBIH iCIKKe Kapchl OeNCeHILTIT
Garanmanpl. 5-FUAC-Vit.D3 konbtorammsicsl HCl GaiinanbicThipymibl petiHge N-THAPOKCHCYKIMHUMU/
(NHS) skone 1-(3-mumerunamuHonpomin)-3-atmwikapboanumug  (EDC)  KaTbicybIMeH —3TepHbHKarus
MexaHu3MiMeH cuHTe3neni. J¢up Gaitnansics! apkpuibl S-FUAC-Vit.D3 KoHBIOraThIHBIH TY31llyi, COHBIMEH
KaTap KOCBUIBICTApbIH KypbUTbiMbl IR, NMR jkoHE Macc-CIEKTPOMETPHS MOIIMETTEPIMEH PacTalibl.
Jokunrtik 3eprreyiaep S-FUAC-Vit.D3 xorbroranuscel coiikecinmre —8.614 GaiinaHbIc HHIEKCI 0ap CyTeK meH
MOHJBIK OaiiTaHbIcTap apKBUIBI aaM THMUIMIATCHHTA3bl aKybI3AapbIHBIH Arg-215 xone Lys-47-men e3apa
opekeTTeceTiHiH KepceTTi, 6y 6ackiHaarsl 5-OV (-3.475) npenapaTbIMeH CalbICTBIPFAHIa )KOFaphl OOJIATHIHBI
Gatikannsl. ConbiMeH, Ty3ineTiH 5-FUAC-Vit.D3 koHBIOraThl MaKcaTThl aKybI30eH KeOipek opeKeTTeceTiHi
OaKaIIbI.
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Kinm co3dep: CHHTE3, MOJNCKYyNaIblK MOICIbACY, MOJEKYJalblK KOHIBIPY, [OpUTIK KOHBIOTrar,
5-¢ropypanmnicipke KbIuKbUIbL, D3 BUTaMuHI.

P.I1. bxone, 1. Ixxanxas, P.Uukxaie, W. Munge, K.I'. Boune

CuHHTe3 1 0lleHKa KOHBIOTaTa «KBUTAMMH — JIEKAPCTBEHHBIH nMpenapan»
HA MpeaMeT ero NPOoTUBOPAKOBOIl AKTUBHOCTH

Pak — 3T0 HEKOHTPOIMPYEMBIH POCT KJIETOK YEJIOBEUECKOTO TeJla, KOTOPHIH NMEEeT CIIOCOOHOCTh pacipocTpa-
HATECSL. Llenp nccnenoBanus — MOKa3arh, YTO BUTAMUHBI MOTYT IIPHUMEHSTHCS B KaUeCTBE LIEJIEBOTO KOMIIO-
HEHTa JUISl HOBBIX IIPOTHBOOITYXOJIEBEIX IIPETIAPATOB C IIENBI0 PEIICHHS TAKHX IIPO0OJIeM, KaK HeCeJIeKTHBHOCTD
U CHCTEeMHasi TOKCHYHOCTh. KoHbtorar «5-¢ropyparmn ykcycHas kucnora — Butamud D3» (SFUAC-Vit.D3)
ObII CHHTE3MPOBAH, OXapaKTEPU30BaH M OLIEHEH Ha MPEAMET €ro NMPOTUBOPAKOBOW akTUBHOCTH. KoHbIOTaT
5-FUAC-Vit.D3 OblI CHHTE3UPOBAH MO MEXaHU3MY STePUPHKAINY B IPUCYTCTBUU N-THAPOKCHCYKIIHHUMU/IA
(NHS) u 1-(3-aumernnamunonporni)-3-atuikapboauumuia (EDC) ¢ ucronszosanuem HCI B kauecTBe cBs-
3yrouiero arenta. O6pasoBanue konbtorara 5-FUAC-Vit.D3 uepe3 cr0xHO-2GHPHYIO CBSA3b, a TAKIKE CTPYK-
Typa coeuHeHnH ObumH noaTBepskaeHsl naHubMu VK, SIMP 1 Macc-criekrpomerpun. JJOKHHTOBBIE HCCIIeT0-
BaHMS MMOKa3ainu, 4to Koubtorat 5-FUAC-Vit.D3 B3aumoneiictByet ¢ Arg-215 u Lys-47 OenkoB THMUAMIAT-
CHHTA3bI YeJIOBEKa OCPEICTBOM BOJIOPOIHBIX M HOHHBIX CBSI3€H C IIOKa3aTeleM CBS3bIBAHUS COOTBETCTBEHHO
—8,614, uto BbImIe, yeM mist ucxoxHoro 5-FU (-3,475). B nesom, 66110 0TMEYEHO, YTO 00Pa3yIOIHIACT KOHB-
forat 5-FUAC-Vit.D3 noka3ssiBaeT OoJblee CBI3bIBAHUE C LEICBBIM OCIKOM.

Knrouegvie cnosa: cuHTE3, MONEKYJIIPHOE MOJICTTUPOBAHKE, MOJICKYJISIPHBII JOKUHT, KOHBIOTAT «BUTAMHH—JIC-
KapcTBOY», S-(TopypamiiykcycHast KUCIIOTa, BUTaMuH D3.
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Preparation of encapsulated a-tocopherol acetate and study
of its physico-chemical and biological properties

The article discusses the results of research for obtaining encapsulated vitamin E using a water-soluble oligo-
saccharide (cyclodextrin). The inclusion complexes of B-CD with a-tocopherol were obtained in an aqueous-
alcoholic medium by coprecipitation and microwave activation. The highest yields of target clathrate inclusion
complexes of vitamin E with cyclodextrin were obtained under microwave synthesis conditions. Molecular
modeling of inclusion complexes of a-tocopherol acetate with B-cyclodextrin in the ratios of 1:1, 1:2, 1:3, and
1:4 was performed using the MM+ method. Based on semi-empirical PM3 calculations, without taking into
account the influence of the environment, the total energy of the systems under study was estimated. Data on
the study of the structure of the clathrate complex of a-tocopherol acetate with -cyclodextrin was presented.
The surface morphology of the resulting “guest-host” clathrate complex was described using a scanning elec-
tron microscope. The spectral properties of the inclusion complex were characterized by FT-IR and H and 13C
NMR spectroscopy data. The study of the 'H NMR and *3C NMR spectra of p-CD in the free and bound state
in the form of the B-CD: VE clathrate made it possible to reveal the displacements of the signals of the nuclei
(£ A8) *H and *3C of the host molecule both in the region of weak and strong fields. The experimental results
confirmed the possibility of the formation of inclusion complexes of a-tocopherol acetate with B-cyclodextrin
at various ratios. The data on the study of the effect of encapsulated a-tocopherol acetate on the safety of food
meat products was presented.

Keywords: a-tocopherol acetate, cyclodextrin, oligosaccharides, vitamin E, starch, inclusion complexes, NMR
spectroscopy, clathrate.

Introduction

a-Tocopherol (vitamin E) is a fat-soluble vitamin that is necessary for the normal functioning of the
human body. It inhibits antioxidant properties and is involved in many metabolic processes. The daily require-
ment of a-tocopherol is 10-15 IU/day. At present, a-tocopherol acetate (VE) is widely used as an ingredient
in food production (Fig. 1). Under production conditions a-tocopherol acetate is easily destroyed under oxygen
and ultraviolet rays [1, 2]. Thus, there is a need to obtain its encapsulated water-soluble forms with improved
biofunctional properties.

Currently, water-soluble cyclodextrins derived from starch are widely used for encapsulating vitamins
and pharmaceuticals. This innovative direction in food and pharmaceutical industry is of high practical im-
portance [5]. Biologically active compounds encapsulated by oligasaccharides make up almost 50 % of all
manufactured pharmaceutical and food products in Japan and about 25-30 % in Europe, the USA and Rus-
sia [6].

Cyclodextrins (CDs) are enzyme-modified starch derivatives. They are able to form “guest-host” inclu-
sion complexes with molecules of low hydrophilicity due to the hydrophobic inner surface of these ring-shaped
molecules. The variants of these cyclic oligosaccharides consist of 6, 7, or 8 glucopyranose units (a-, 3 -, and
v-CDs, respectively) with different sizes (0.5-0.9 nm in diameter), which determines the geometric arrange-
ment of the guest molecules in the cavity (Fig. 1). VE can be better preserved in the cyclodextrin shell from
the actions of oxidizing agents and have improved digestibility.

The process of complexation of VE with B-cyclodextrin (3-CD) has been previously studied [3-7]. The
results indicated a possibility to use the B-CD inclusion complexes with VE in the manufacturing confectionery
products. The optimal stoichiometric ratio of the components in the “B-CD:VE” complex was shown to be 1:3
mol/mol [3]. The VE inclusion complexes were obtained by grinding in the paste and co-precipitation [3-7].
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However, the use of these methods cannot provide the complete formation of a nanostructured complex (clath-
rates) of the native form of B-CD with VE.

H OH

o~
HO O Q —
HHO H ~ H-1
0, OH

@) )
Figure 1. Structural formulas of a-tocopherol acetate (1) and B-CD (2)

Other research groups used methods of ultrasonic (UV) and microwave irradiation (MW) of a solution of
a mixture of VE and B-CD in a ratio of 1:1 to obtain clathrate complexes V, but there are no descriptions of
methods for carrying out UV and MW syntheses of inclusion complexes [8-10].

The aim of our work was to develop technological methods for obtaining encapsulated complexes of VE
inclusion and to study their physical and chemical properties, as well as its safety in food products. The phys-
icochemical properties and structural features of the obtained “B-CD:VE” complexes were studied using mod-
ern physicochemical methods, namely SEM, DSC, IR, NMRH and *C spectroscopy.

Experimental

The following reagents were used in the experiments:

— vitamin E (a-tocopherol acetate, VE) Cs1Hs,Os3, transparent viscous oil of light-yellow color (1 IU of
vitamin E = 1 mg). Molar mass of a-tocopherol acetate is 472.76 g/mol, d®°s = 0.9545-0.9665; n?%; = 1.4958—
1.4972; maximum absorption E = 42.5 at 285.5 nm;

— B-cyclodextrin (99.5 %), (company “Fluka”), white crystalline substance, m.p. 280-299 °C, soluble in
water when heated, well soluble in dimethylsulfoxide and pyridine.

The preparation of B-CD inclusion complexes with VE was carried out in an aqueous-alcohol medium.
A mixture of calculated amounts of B-CD (mmol) and VE (mmol) in different ratios (1:1, 2:1, 3:1, 4:1) was
dissolved in a mixture of solvents water:ethanol (1:1) and heated in a microwave oven for 160-180 seconds in
increments of 2 minutes at 80 °C. The microwave activation of the reaction medium was carried out at a power
of 850 W using the Anton PaarMonowave 300 device. Under these conditions the highest yield of “B-CD:VE”
clathrates was observed at the 2:1 ratio. The resulting products were white powders that are dissolved in water
to form colloidal solutions of milky white color. The solubility of the “B-CD:VE” (2:1) complex in water (with
a slight heating) was 21-22 + 0.05 mg/100 ml.

The IR spectra of the “B-CD:VE” inclusion complexes were taken on a Cary 600 Series IR Fourier spec-
trometer manufactured by Agilent Technologies (USA). The H and *C NMR spectra of the obtained clathrates
were recorded on a JNM-ECA Jeol 400 spectrometer (frequency 399.78 MHz, DMSO-dg). The surface mor-
phology of the samples of the inclusion complexes was studied using a scanning electron microscope (SEM)
from Tescon Mira3 LMN (Czech Republic). The results of thermal analysis of samples of the inclusion com-
plexes “B-CD:VE” (2:1 and 4:1) (weight 12 mg) were studied using a differential scanning calorimeter Setaram
DTA/DSC and they were described by us in [11].

Molecular modeling of inclusion complexes of VE with -cyclodextrin was performed by molecular me-
chanics MM+ using the HyperChem 8.0 software. The initial structure of B-cyclodextrin was taken from the
PubcChem database (PubChem S1D24892722). First, the structure of the complex was built and its geometry
was optimized by the MM+ method. Then the assessment of the geometric and energy parameters of the model
was carried out by semiempirical PM3 method using Single Point calculations. All calculations were per-
formed without taking into account the effect of the solvent (gas phase, vacuum).

Obtaining meat sausage samples and analysis of quality and safety indicators of VE encapsulated by
B-CD as part of a food product were carried out on the basis of the Kazakh Agrotechnical University (Nur-
Sultan).
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Results and Discussion

Molecular modeling of complexes of “f-CD:VE” using the HyperChem program. PM3 Calculation
method

Assessment of the geometric parameters of the VE and p-cyclodextrin molecules showed the possibility
of the inclusion complexes formation between them. The spatial “elongation” of the VE molecule does not
exclude the possibility of the formation of B-CD: VE complexes with stoichiometry as 1:1, 1:2, 1:3 and 1:4.

Molecular modeling of “B-CD:VE” inclusion complexes in various ratios was performed. Structures of
optimized complexes are shown in Figures 2—4.

~ A

A;'Y/ i
R

i

\/ —
[N
Etotal = —500093 k0a|/m0| Etotal = —500142 kcaI/mOI
a) Type | b) Type Il

Figure 2. Molecular models of the VE complex with B-CD

It can be seen from the data presented in Figure 2 that the formation of two types of inclusion complex is
possible as a result of the 1:1 interaction of VE with B-cyclodextrin (Fig. 2):

— Type | — due to the penetration of the chroman ring VE into the cavity of the cyclodextrin;

— Type Il — due to the penetration of the isoprenoid side chain VE into the cavity of the cyclodextrin.

Comparison of the total energies of these complexes of two types in Figure 2 showed that the formation
of the inclusion complex of a-tocopherol acetate with B-cyclodextrin by Type IT at AE = 49 kcal/mol is ther-
modynamically more favorable.

The next step was molecular modeling of the “B-CD:VE” inclusion complexes in the ratios of 1:2 and
1:3. Molecular models of “B-CD:VE” complexes obtained as a result of geometry optimization by molecular
mechanics in ratios 1:2 and 1:3 are shown in Figure 3.

Eota = —876579 kcal/mol Eota = —1253252 kcal/mol
a) complex ratio 1: 2 b) complex ratio 1:3

Figure 3. Molecular model of the “B-CD:VE” complex in the ratios of 1:2 (a) and 1:3 (b)
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It can be seen from the molecular models shown in Figure 3 that complexation with two molecules of
cyclodextrin does not cause noticeable deformation of the cyclodextrin ring, while complexation with three
molecules of cyclodextrin leads to the reversal of some glucoside rings and flattening of the walls of the toroi-
dal cavity, i.e. to conformational deformation.

It was interesting to simulate the inclusion complex of VE acetate with four B-cyclodextrin molecules.
As a result of geometry optimization by the MM+ method, a molecular model of the “B-CD:VE” complex in
a ratio of 1:4 was obtained (Fig. 4).

Figure 4. Molecular model of the “B-CD:VE” complex in a ratio of 1:4 (Ea = —1629877 kcal/mol)

The analysis of the geometry showed that the bounds between VE and fourth cyclodextrin ring were
weakly. Thus it can be concluded that the complexes of the 1:4 composition are quite unstable compared to
the complexes with the ratios of 1:1, 1:2 and 1:3.

Study of the morphology of “p-CD.:VE” clathrate inclusion complexes

The morphology of the B-CD particles and the “B-CD:VE” inclusion complexes were analyzed using a
scanning electron microscope (SEM). Figure 5 shows scanned electronic micrographs of the “B-CD:VE” in-
clusion complex (2:1). The studied samples of clathrates were sprayed with a conductive layer of carbon. The
images were obtained at accelerating voltages of 3 and 7 kV. The magnification in the panels (a—d) is from
931 to 7560x.

The images of the samples (a, b) show the layered structure of B-cyclodextrin, and the samples (c, d)
“B-CD:E” (2:1) show a change in the morphology and shape of the crystals (there is a state of crystallization
of the raw material, the layered structure is not visible, the shape of the crystals is different, the crystal forms
are covered with a film [12-14].

IR and *H NMR spectroscopic investigation of the “B-CD:VE” complex

Figure 6 shows the IR spectra of B-CD (a, b) in the free state and in the form of clathrate. The peaks of
the carbonyl C=0 and aromatic CH groups are clearly visible at 1763 and 2947 cm, respectively, in the VE
Fourier-IR spectrum. There are fluctuations in the carbon skeleton (C-C bonds) in the region of 1211 cm™.
A comparison of the IR spectra of free p-CD (Fig. 6a, b) and the “B-CD: VE” clathrate (Fig. 6c, d) shows a
slight blurring in the appearance of the characteristic absorption bands of the functional groups of the f-CD
molecule, which indicates the absence of covalent interactions between VE and the internal functional groups
of the B-CD torus.

However, some characteristic absorption peaks of the C-H, NH, and C-O bonds of the 3-CD molecule in
the complex have offsets, namely from 3387, 2924, 1651, and 1423 cm™ to 3410, 2929, 1655, and 1469 cm™,
respectively. It should also be noted that a characteristic peak of the carbonyl C=0O-group in VE appears in the
IR spectrum of the clathrate complex (Fig. 6¢) at 1759 cm™. This may mean that VE molecules enter the inner
torus of B-CD with their side alicyclic chain. These data indicate a change in the structural framework of the
internal torus of the “host” (B-CD) in favor of the formation of the “B-CD:VE” inclusion complex (Fig. 7)
[8-10].
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SEM MAG: 2.90 kx

Figure 5. Scanned electron micrographs of f-CD (a, b) and the “B-CD:VE” inclusion complex (2:1) (c, d)

g

T0-

g

8

g

2

MIRAS TESCAN]

e e e

Performancs in manospace

at various magnifications

a
S
1462,22 2827,
1763,15
121144 794759
b
, _j 165127
| 4,44
/ 42364
574,85 3387 41
1185,15
\
|
\,/'\[\\ i
o 1655,11
;‘J\l
574,86 1758,27
469,94 3410.22
1h65,151363,13 292930

Wavenumbes, cm™!

Figure 6. IR-Fourier spectra of VE (a), B-CD (b) and the “B-CD:VE” clathrate complex (KBr) (c)
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Figure 7. Scheme of the “B-CD:VE” complex formation

The formation of internal and external protons can be distinguished using the NMR spectra of CD and its
clathrate complexes. Formation of a substrate complex with CD displaces the proton signals of the initial CD
in the NMR spectrum [14]. During the formation of the inner complex shifts of the third and fifth protons are
observed, and during the formation of the outer complex shifts of the second and fours protons are observed.
One can judge about the formation of internal or external complexes, respectively, according to the magnitude
of the chemical shifts of internal or external protons of 3-CD.

The shift of the *H and *C nuclei (£A8) signals both in the region of weak and strong fields (Table 1)
have been observed in the “B-CD:VE” complexes [14, 15].

The study of the *H (a) and *C (b) B-CD NMR spectra in the free and bound state in the form of the
“B-CD:VE” clathrate (Table 1) revealed the biases of all the signals of the H and *C nuclei of the “host”
molecule (£AJ) both in the area of weak and strong fields (Table 1). This fact confirms the non-valent binding
to the “guest” molecule. In the “B-CD:VE” 'H NMR spectrum, the greatest difference in the values of the
chemical shift is characteristic for the intra-atmospheric H-3 protons (Ad = —0.05 ppm), on the basis of which
it can be concluded that an internal (inclusive) complex is formed in the clathrate [9, 15, 16]. In the case of the
carbon spectrum there is a less significant difference in the change in chemical shifts, which ranges from —
0.01 t0 0.01 ppm.

Table 1
Chemical shifts of 'H and 3C NMR of B-cyclodextrin in the free state and in the “B-CD:VE” inclusion complex

The value of 8o Value of & Changing the chemical shift,
Atom no. in the free state, ppm as part of the complex, ppm A3 =& — 8o, ppm

So(*H) 80 13C) 3(*H) 5 13C) 3(*H) AU3C)
H-1 4,77 102,43 4,78 102,44 0,01 0,01
H-2 3,59 73,54 3,57 73,55 -0,02 0,01
H-3 3,55 72,52 3,50 72,53 -0,05 0,01
H-4 3,45 82,00 3,44 82,00 -0,01 0,00
H-5 3,32 72,87 3,30 72,88 -0,02 0,01
H-6 3,60 60,40 3,58 60,39 -0,02 -0,01

Study of the effect of the “-CD.:VE” clathrate complex on some biological properties of a food product

Testing of the proposed solutions with an assessment of the quality and safety indicators of VE encapsu-
lated with g-cyclodextrin in the food product was performed. Sausages made from lamb (70 %) and turkey
(20 %) were selected as a food model. The basic product for the development of recipes was the Lamb sausage
produced according to the GOST 16351-86 (production date 20.09.2020). Organoleptic evaluation of semi-
smoked sausages with the “B-CD: VE” clathrate complex was carried out on a 9-point scale according to the
GOST 9959-91 “Meat products”.

General conditions for organoleptic evaluation. The moisture content was determined according to the
GOST 9793-74 by drying the suspension to a constant mass (at 105+3 °C). Physico-chemical and microbio-
logical characteristics of meat product samples with encapsulated vitamin complex “B-CD:VE” were deter-
mined in the testing laboratory of “Nuritest” LLP (Almaty, certificate of accreditation KZ.N.02.0043 dated
February 08, 2020).
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Organoleptic evaluation of the meat sausages demonstrated that the products with the vitamin complex
“B-CD:VE” have been characterized by a delicate meat smell, a juicy and tender consistency, and a light brown
color. The microbiological parameters of the semi-finished product prototypes meet the requirements of the
regulatory documentation according to the results presented in Table 2.

Table 2
Physico-chemical and microbiological characteristics of meat sausage products
with encapsulated vitamin complex “p-CD:VE”
Permissible
Name of indicators norms for Actqally Designat_ion of regulatory

regulatory received documentation for test methods

documents
Microbiological studies:
Pathogenic microorganisms, including Salmonella, in 25g | Notallowed | Not detected GOST 31659-2012
L. monocytogenes, B 25 T Not allowed | Not detected GOST 32031-2012
BGKP (coliforms), in 25 g Not allowed | Not detected GOST 9958-81
Staphylococcus aureus, B 1 T. Not allowed | Not detected GOST 9958-81
Sulfite-reducing clostridium, in 0.1 g Not allowed | Not detected GOST 9958-81
Physical and chemical properties:
Peroxidenumber, mmol (1/2) / kg - 3.4840.35 State Standard (GOST) R 51487-99
Nutritional value, g/100 g:
Proteins - 21.6440.02 25011-81
Fats - 25.95+0.03 GOST 23042-86
Carbohydrates - 0.98+0.05 I.M. Skurichin, No.1, 1987
Moisture content - 49.184+0.24 GOST 9793-74
Ash — 2.25+0.02 GOST 15113-8-77
Energy value, kcal/kJ/100g — 324/1355 1.M. Skurichin, No.1, 1987
Vitamins, mg/100g:
Vitamin E - 11.28+1.13 L.M. Skurichin, No.1, 1987

Conclusion

The present study proposed the most optimal method for obtaining inclusion complexes of -CD with
VE. The highest yields of target clathrate inclusion complexes of VE with cyclodextrin were obtained under
microwave synthesis conditions. Molecular modeling of inclusion complexes of VE with B-CD in ratios of
1:1, 1:2, 1:3, and 1:4 was performed using the MM+ method. The total energy of the systems under study was
estimated based on semiempirical PM3 calculations. The study of *H and *C NMR spectra of B-CD in a free
and bound state in the form of a clathrate “B-CD:VE” made it possible to establish the structural features of
supramolecular clathrate complexes of VE. Results of the safety of encapsulated vitamin complex “B-CD:VE”
was confirmed by microbiological analysis of a meat product with an encapsulated vitamin complex “B-
CD:VE”. The microbiological indicators of the meat products correspond to the regulatory documents. The
developed scientific approach is of interest for the use of encapsulated vitamins in the production of functional
food products.

The study was performed with the financial support from RK Ministry of education and science committee
(grant No. AP08855567).
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Kanraaran o-TokogepoJ1 aneTaTbIHbIH AJBIHYBI )KOHE OHbIH
(GU3UKANBIK-XUMHSJIBIK NeH OMOJOTHAJIBIK KACHETTEPiH 3epTTey

Makainaza cy1a epuTiH OJIMrocaxapuaTi (IMKIOAEKCTPUHII) KOJIIaHa OTBIPBII, CBIPTHI KanTaiFad E nopymenin
ayry OOMBIHINIA 3epTTEy HOTWIKENepl TalKblUIaHFaH. o-Tokodepon aneraTsiH B-IUKIOJEKCTPHHMEH KalTalFaH
KEIICHIH aly CyJBI-CIIHPTTI OpTaja TyHOara Oipre Tycipy >KOHE MHUKPOTOJIKBIHIBI ©HJICY TEXHOIOTHSCHIH
KOJIIaHA OTBIPHIN ablHFaH. E BUTaMMHI IUKIOAEKCTPUHMEH KEIIeHAI KOCBUIBICHIHBIH €H YKOFaphI IIBIFBIMBI
MHUKpPOTOJIKBIHABI OHIEY KaFnaiibiHna aneiHAsl. MM+ omicremMeciMeH 0-TOKO(EpOs aleTaThIHBIH P-IHKIO-
nexctpuaMer 1:1, 1:2, 1:3 xone 1:4 KaThIHACTAarbl KOMILIEKCTI KEHIEHAEPiHIH MOJEKYISIPIBI YATLIeHyIepi
opeiHAaNAE. PM momyammepukansik PM3 ecenteysepi apKpUTBI 3epTTENyI JKyienaepaiH TOJBIK SHEPTHUsACH
peaKIMsUTBIK CYHWBIK OpTaHBIH ocepiHci3 OaramaHnabsl. OnMrocaxapuianeH —o-TOKO(Epos aleTaThIHBIH
KJIaTPATTHIK KEHIEHIHIH KYPBUIBIMBIH 3epTTey OOMBIHINA IepeKTep KeNnTipiareH. AJbIHFaH KJIaTpaT KelleHiHIH
6eTKi MOP(OIOTHACH CKaHepIIeYILi AIEKTPOHABI MUKPOCKOIITBHIH KOMeTiMeH cunarTairal. Kocbuty KeleHiHiH
kypbusictapsl UK-®ypoe sxone AMP H sxone °C criexTpockonus aepekTepiMeH cumarTanansl. B-Iluxio-
JEKCTPHHHIH, JKEKEIIK >KoHE KJIaTapTThl KoMiulekc Typinzeri SIMP 'H u SIMP 3C cmekrprepin Tangay
mosekynanapaarbl H sxone’®C saponapblHbIH 9JICi3 OHE KYWITI ©pic KaKTapra KbUDKyJIapblH (£AJ)
aHBIKTayFa MYMKIHIIUTIK jkacansl. ToxipuOenepaiH HOTIDKENEPi o-TOKO(EpOT aleTaTbH B-IIHKIOJeKCTPHH-
MEH OpTYpJl apakaThlHAcCTa KOCY KeIIeHIHIH KaNbINTacyblH pacTaipl. MHKancynaHraH o-TOKO(QEpo
arleTaThIHBIH TaFAM/IBIK €T OHIMICPIHIH KayilCi3airiHe acepiH 3epTTey OOMbIHIIA JepeKTep KETIPiIreH.

Kinm ce30ep: o-Tokodeposa anerar, IMKIONSKCTPUH, ojurocaxapunrep, E BHTaMuHI, Kpaxmai, KOCBLTY
kereHi, SIMP cieKTpOCKOIHUSICHI, KIaTpaT.
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A. VickuneeBa, A. Mycradaesa, I'. 3amaparckas, C. ®a3puioB, U.A. [lycronaiikuna,
O.A. Hypkenos, A. CapcenbekoBa, T. Ceitnxanos, P. bakuposa

HOJIy‘{eHI/le HHKAIICYJIUPOBAHHOIO all€eTaTa (l-TOKO(l)EpOJIa
H UCCJIeJ0BaAHUE €TI0 (l)l’l?ol/lKO-XI/lMl/l‘IeCKI/lX 1 OHOJIOTHYECKHX CBOMCTB

B crathe 06cCyxIeHBI pe3ynbTaThl HCCIEJOBAHUS IO MONYYEHHIO HHKAICYIMPOBAaHHOTO BUTaMuHa E ¢
HCIIOIb30BaHUEM BOJOPACTBOPHMOTrO OJMrocaxapuna (IMKIogeKcTpuHa). [lomydyeHne KOMIUIEKCOB BKITIOYe-
Hus B-11J1 ¢ a-TokodeposioM ocyIecTBIeHO B BOAHO-CITUPTOBOI Cpejie METOAaMH COOCAXICHMUSI 1 MUKPOBOJI-
HOBOH akTHBanuy. Hanbonee BBICOKHE BEIXOABI IIEIEBBIX KJIATPATHBIX KOMIUIEKCOB BKIIFOUeHNs BUTaMuHa E ¢
IIUKJIOIEKCTPUHOM OBUIM MOJYYEeHBI B YCIOBHUSIX MHKPOBOJHOBOTO CHHTE3a. BEIoIHEHO MONEKyIsipHOE MO-
JeTTMPOBaHIe KOMIIEKCOB BKJIIOUEHHUS Ol-TOKO(epoia arerara ¢ B-IUKIOAeKCTPUHAMH B COOTHOIIEHHsIX 1:1,
1:2, 1:3 u 1:4 ¢ nmomompeio Meroqa MM+. Ha ocHoBanum mnosysmmuprdeckux PM3 pacueroB 0e3 ydera
BIMSIHUSL CpPEJbl BBHIIOJHEHA OLIEHKA IOJHON SHEPIMH HCCleAyeMbIX cucTeM. [IpuBeneHbl AaHHBIE MO
U3YYEHHIO CTPYKTYPHI KIATPaTHOTO KOMIIIEKCa areTaTa o-Tokodepona ¢ B-IUKI0AeKcTpuHOM. Mopdomorust
MOBEPXHOCTHU MOyYEHHOTO KJIATPATHOTO KOMILIEKCA «TOCTh—XO35SHH» OIMHCAHA C TIOMOILIbIO CKAHUPYIOIIETO
3NIEKTPOHHOTO MHUKpOcKomna. CreKTpanbHble CBOMCTBA KOMIUIEKCA BKIFOUCHHUSI 0XapaKTEPU30BAHBI JAHHBIMHU
UK-®ypre u IMP H u 3C cnekrpockonun. Usyuenue crextpos AMP *H u SIMP 3C B-CD B cBoG0HOM
COCTOSIHUH | CBsI3aHHOM B popme kiarpata «f3-CD:VE» mo3Bonmiio BEISIBUTH CMEIEHNSI CHTHAJIOB siaep (+AJ)
'H u 3C Mornekynbl «X03MHa» Kak B 00acTh CalbIX, TaK W CUJIBHBIX TONei. Pe3ynbTaThl SKCIIEpUMEHTOR
HOATBEPAMIM  BO3MOXHOCT  O0pa3OBaHMs KOMIUIEKCOB — BKJIOUEHHMsI —auerara o-Tokodepona ¢
B-IMKIOAEKCTPHHOM TIIPU  PA3IMYHBIX COOTHOIICHMSX. IIpHBEneHBI MaHHBIE IO W3YYEHHIO BIMSHHSA
MHKaICyJIHPOBAaHHOTO (-TOKO(epoIa arerata Ha 6€30IaCHOCTh MUIIEBBIX MACHBIX IIPOIYKTOB.

Kniouesvie cnosa: o-Toxodepona anerar, UKIOAEKCTPHH, ONUTOcaxapHuasl, BUTAaMUH E, Kpaxma, KOMIIIEKCH
BKIItoYeHus1, AMP-cnekTpockonus, kinarpar.
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Molecular docking identification of plant-derived inhibitors
of the COVID-19 main protease

COVID-19 cases increase at a high rate and become dangerous in recent months. As a consequence, some
healthcare and research organizations are attempting to find an effective cure for the COVID-19 outbreak.
Many natural products have been reported to have powerful activity against COVID-19 in recent research stud-
ies. The primary aim of this article is to establish natural bioactive compounds with suitable antiviral properties.
Lui et al. have reported in their study that SARS-Cov-2 main protease is present in a crystalline structure known
as a novel therapeutic drug target. It is important to inhibit SARS-Cov-2 main protease to stop the replication
of viral proteins. In this study natural compounds were screened using molecular modeling techniques to in-
vestigate probable bioactive compounds that block SARS-Cov-2. From these studies many natural compounds
were found to have the potential to interact with viral proteins and show inhibitory activity against COVID-19
main protease (Mpro) and these natural compounds were also compared to known antiviral drugs such as
Saquinavir and Remdesivir. Besides that, additional research is needed before these potential leads can be de-
veloped into natural therapeutic agents against COVID-19 to fight the epidemic.

Keywords: Natural compounds, SARS-Cov-2, Efficacy, Drug target, Molecular modeling, Viral proteins,
Mpro, Binding affinity.
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Mpro: Main Protease (Covid-19)

SARS-Cov-2: Severe Acute Respiratory Syndrome Coronavirus-2
WHO: World Health Organization

PDB: Protein Data Bank

SDF: Spatial Data File

3CLPro: 3-Chromotrypsin Like Protease

CASTp: Computed Atlas of Surface Topography of Proteins

Introduction

World Health Organization (WHO) declared that the novel coronavirus infection is pandemic, and this
infection going high day by day in all regions of the world [1]. This pandemic caused by novel coronavirus,
SARS-Cov-2 (Severe Acute Respiratory Syndrome Coronavirus-2) was firstly reported in Wuhan, (China) in
December 2019 [2]. As world's population is growing high it leads to the occurrence of many chronic diseases
as well as lifestyle-related diseases. So this problem can be overcome by focusing on traditional herbal medi-
cines to enhance as well as improve quality of life [3]. Herbal medications are commonly used by most people
because they have long-term safety, good efficacy, and low toxicity, and they have shown remarkable results
in the treatment of a variety of viral infections. Still, there is no specific treatment against COVID-19 infection.
So to control the spread of COVID-19 infection, many research works are carried out to find effective as well
as preventive therapy against COVID-19 infection [4]. So that many researchers taking an effort to design new
treatments to avoid COVID-19 infection for examining secondary metabolites obtained from plants by using
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molecular docking to study inhibition of enzyme-like main protease (Mpro) as well chymotrypsin-like protease
(3CL pro), which is responsible for viral infection [1, 5].

Molecular docking is one of the best approaches to design, develop, and evaluate new treatment. There
are various new therapeutic techniques developed to find new entities, but protease enzyme inhibitor is one of
the novel therapeutic strategies, which are selected from natural bioactive compounds to find out effective
medicine with minimum side effects. In the present study we analyze ten ligands for their binding affinity [5].
Most of the selected ligands are essential parts of many edibles from India and other regions. They show
efficacy against the COVID-19 6LU protease. The main motive of the present study is to find out the ability
of these ligands to inhibit COVID-19 main protease and to design natural products that can be effective in the
treatment of COVID-19 infection. Ligands selected for docking analysis are present in spices and show toler-
able binding affinity with COVID-19 6LUT protease. Further, these ligands are compared with synthetic drugs
having remarkable antiviral properties, such as Remdesivir and Saquinavir [6].

Molecular docking studies are generally used for the analysis of complex structures obtained by the in-
teraction through ligand and target molecules. Three-dimensional structure and probable binding sites are de-
termined by molecular docking methods. The molecular docking approach is commonly used to identify sev-
eral binding interactions such as enzyme-substrate interaction, lipid-protein interaction, drug-enzyme interac-
tion, etc [7, 8]. The molecular modeling technique is widely used in various structure-based drug designs
(SBDD), because of its characteristic to determine actual binding conformation in ligand and target site. Be-
cause of its ability to generate accurate conformation between ligand and target, it is rapidly used to identify
binding conformation in target and drug, and therefore it is an important tool in rational drug designing [9].

In the 1980s, the molecular docking technique constituted a crucial mechanism because of the develop-
ment of 1% algorithm. Molecular modeling analysis particularly analyzes the binding affinity of the target
molecule with ligand and based on this; it may help to suggest a potential treatment against a specific disease.
In these cases in-silico approach of molecular docking become a faster technique. In silico approach helps to
reduce the time and cost of the process for the identification of complex structures and binding techniques. So
in drug discovery molecular docking with in silico approach becomes a very quick and common easy to apply
method [10, 11]. In general molecular docking process is shown in Figure 1.

Three-dimensional (3D) ligand structure Three-dimensional (3D) receptor structure

Docking of ligand into binding cavity of Establishment of binding conformation in
receptor respective interaction.

Figure 1. Molecular docking process in general

The software develops an algorithm, in which the conformation of the ligand is determined after perform-
ing docking analysis. The binding affinity resulted in a negative value of AG (in terms of units Kcal/mol). The
binding energy shows a combination of VVan der Waals as well as electrostatic energy, which concerning the
interaction between ligand molecule and target molecule [14]. Also, in drug designing, the rigid system can be
used, in which translational and rotational space in six dimensions can be identified for the fitting of ligand
and particular binding structure. The research-based section represents a higher area of interest in molecular
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modeling studies throughout recent decades. This is also true in the case of molecular modeling methods or
computational methods for prediction [15].

The preliminary work in the area of molecular docking studies was initially performed using structural
shape contacts and then Kuntz applied a shape matching strategy to identify potential conformations. After
successful initiating work by Kuntz, various docking approaches were developed using Fourier transfor-
mations algorithms [16].

Types of docking analysis

Rigid body docking. In this type of molecular docking both molecule and receptor assumed as rigid. The
occurrence of modifications in structure possesses degrees of freedom. This approach represents an example
of Zdock [14].

Semi-flexible docking. This is the method of docking in which their improvement in a rigid body is dock-
ing for identification of side chains and potential torsion angles. This method of docking is different from the
Fourier transformation method. This new transformation was obtained by the HADDOCK protocol [15].

Flexible docking. This type of docking uses two logarithmic approaches: systematic incremental plotting
and stochastic. The first approach is commonly used to develop binding conformations based on the ligand
position and binding in all possible areas. These are for example: DOCK [16], Flex [17], Glide [18], Hammer-
head [19], LUDI [20], Surflex [21]. In stochastic algorithms, there is improvement in computational methods.
These are, for example, DARWIN [22], GOLD [23], AutoDock [24], Carlo [25].

Experimental

Data collection. The structure of COVID-19 3CL pro or Mpro (Having PDB ID: 6LU7) were taken in
PDB format from (https://www.rcsb.org/) [26]. Also, some part of this study was performed by the SwissDock
web server [27, 28], which incorporates an automated in silico molecular docking procedure based on the
EADock ESS docking algorithm [29]. The active binding sites of the protease enzyme were found by using
the CASTp (http://sts.bioe.uic.edu/castp/index.htmI?3igg) [30].

Three-dimensional (3D) structures of the selected ligands were taken in SDF format from the https://pub-
chem.ncbi.nlm.nih.gov/ website [29]. A known anti-HIV drug Saquinavir was used as a positive control for
comparative docking analysis.

Molecular Docking. The molecular docking studies analyze the mechanism of interaction between ligand
and receptors. These mechanisms of interactions between ligand and receptor play a significant role in the case
of drug discovery. In molecular modeling, docking analysis is a technique that is used to analyze stable com-
plexes formed by the binding of two molecules and adaptation between them [31].

The protease file was prepared for COVID 19 6LU7 protease by using Autodock 4.2 [32]. Using A chain
of protease, the macromolecule was produced by removal of a water molecule and addition of hydrogen bond.
For further studies of analysis, the file was saved in PDBQT format. The calculation of binding affinity was
done by using AutoDock—Vina [33]. The 3D structure of interaction between ligand and receptor was detected
by using PyMOL [34].

In this study we used flexible docking. Rigid-body docking, semi-flexible docking and flexible docking
are three different types of docking procedures, but it was found that flexible-ligand docking shows significant
results as compared to rigid body docking and semi-flexible docking

Results and Discussion

The present study is based on an analysis of ten selected bioactive compounds derived from Indian me-
dicinal plants, and also there is a comparison of the herbal compound with known antiviral drugs based on
binding affinity. The binding affinity of extracted bioactive compounds from plants with COVID-19 protease
6L U7 and their molecular structures are shown in Table [6, 35].

CHEMISTRY Series. No. 2(102)/2021 39


https://www.rcsb.org/
http://sts.bioe.uic.edu/castp/index.html?3igg
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/

S.S. Bhujbal, M. Kale, B. Chawale

Table

Representation of docking results including binding affinities of natural products

Molecular for-| Binding

Compound Ligand source mula affinity Structure
1 2 3 4 5
Gingerol  |Ginger C17H2604 -7.95 i TV
(Zingiber officinale)
Nimbin Neem C30H3609 -8.17

(Azadirachta indica)

Piperin Black and white pepper| Ci7H19NO3 —6.98
(Piper  nigrum, Piper
longum and Piper offici-
narum)

Aloesin  |Aloe vera (Aloe Ferox, Aloe| CigH2,09 -8.79
barbadensis)

Withaferin A |Ashwagandha (Acnistus ar-|  CasH3s0s -8.05
borescens, Withania somnif-
era, and Withania somnifera
Dunal)
Apigenin  |Apple (Malus domestica), Ci5H100s -7.8

Red pepper (Capsicum an-
nuum), Thyme (Thymus vul-
garis),

Garlic (Allium sativum).

OH o
Coriandrin |Coriander (Coriandrum sa-| Ci3H1004 -6.4 o e
tivum)
o | \
AN o
Curcumin |Turmeric (Curcuma longa) | Ca1H200s -7.0 o
T
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Continuation of Table

1 2 3 4
Glycyrrhizin |Licorice C42H62016 -7.3
(Glycyrrhiza glabra)

Quercitin  |Onion (Allium cepa), Buck-| CisH1007 -7.3
wheat (Fagopyrum esculen-
tum), Green tea (Camellia

sinensis).
Remdesivir |Antiviral drug Ca7H3sNeOgP | —8.32
o
Saquinavir |Anti-HIV drug CasHs0NgOs -9.2

Most of the selected bioactive products have anti-malarial, anti-viral and other similar activities [29]. The
binding affinities of selected natural products range between —6.4 Kcal/mol (Binding affinity of Coriandrin)
and —8.79 Kcal/mol (Binding affinity of Aloesin), as shown in Figure 2 [6, 35].

Coriandrin is categorized as essential oil derived from Coriandrum sativum. It is found in seed, stem, and
leaf of Coriandrum sativum [36]. Coriandrin [C13H1004] possesses many therapeutic activities such as antivi-
ral, antifungal, antioxidant, anthelmintic as well as anxiolytic [37].

The main bioactive constituent Aloesin (C1gH2,0o) is derived from fresh leaves of aloe (Aloe Ferox, Aloe
barbadensis) and also has antioxidant, antibacterial, anti-inflammatory, and immunomodulatory effects [35].
Glycyrrhizin, as well as licorice, is found in Glycyrrhiza glabra, which is a potential immunomodulator and
has other therapeutic effects such as hepato-protective, neuroprotective, anti-inflammatory, antineoplastic ac-
tivities; it shows binding affinity of —7.3 Kcal/mol with COVID-19 protease [38, 39]. A steroidal bioactive
constituent of Ashwagandha Withaferin A (C2sH3s0s) has antiviral and antibacterial activities and is obtained
from Acnistus arborescens, Withania somnifera, and Withania somnifera Dunal and shows —8.05 Kcal/mol
binding affinity with COVID-19 protease [40]. Curcumin is a primary bioactive compound found in turmeric
which consists of curcuminoids as secondary metabolites which are extracted from dried rhizomes of Curcuma
longa from the Zingiberaceae family. Curcumin (C21H200s) exhibits known anti-inflammatory, antimicrobial
and antioxidant properties has —7.0 Kcal/mol binding affinity with protease [41].

Nimbin is a triterpenoid compound extracted from neem (Azadirachta indica) and it shows the binding
affinity of —8.17 Kcal/mol with protease. Nimbin (CsoHzss0s), which is a bitter compound, shows many bio-
logical activities such as potential antibacterial, antiviral, antipyretic, fungicidal, and anti-inflammatory activ-
ities [42]. Gingerols are phenolic and the most abundant pungent compounds present in ginger, show
—7.95 Kcal/mol binding affinity with COVID-19 proteases. Gingerol is the main bioactive compound found in
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Ginger (Zingiber officinale), which belongs to the Zingiberaceae family. Gingerol (C17H2604) has powerful
antioxidant and anti-inflammatory effects [41].

Figure 2. 3D visualization of docking analysis of 6LU7 protease binding with (a) Gingerol, (b) Nimbin, (c) Piperine,
(d) Aloesin, (e) Withaferin, (f) Apigenin, (g) Curcumin, (h) Quercitin, (i) Coriandrin, (j) Glycyrrhizin, (k) Saquinavir

Apigenin is a flavonoid found in many plants Apple (Malus Domestica), Thyme (Thymus vulgaris),
Chamomile (Matricaria chamomilla), Red pepper (Capsicum annuum), Garlic (Allium sativum var. sativum),
etc [41]. It is a flavones class compound with a wide range of activities such as antiviral, antibacterial, antiox-
idant, and strong anti-inflammatory activities. Apigenin (C15H100s) shows —7.8 Kcal/mol binding affinity. Pip-
erin is a pungent component found in black pepper and belongs to the vanilloid family of compounds [43].
Piperin is extracted from dried unripe fruit of black and white pepper (Piper nigrum, Piper longum, and Piper
officinarum). Piperine (C17H19NQO3) has potent antioxidant, anti-inflammatory, and antitumor properties and
shows greater (—6.98 Kcal/mol) binding affinity with COVID-19 protease [37], whereas quercitin has
—7.3 Kcal/mol binding affinity with protease. Quercetin (CisH1005) is a flavonoid compound mainly found in
onions, cherries, grapes, citrus fruits, which is obtained from various sources such as onion (Allium cepa),
green tea (Camellia sinensis), apple (Malus Domestica), buckwheat (Fagopyrum esculentum) and possess an-
tioxidant, antiviral, anticancer, cardiovascular, hepatoprotective and anti-inflammatory activities [41, 44].

Remdesivir is a known antiviral drug whereas saquinavir is an anti-HIV drug; both are subjected for
analysis of binding affinity with COVID-19 protease by using a molecular docking approach. This study shows
that Remdesivir (C27H3sNsOsP) has —8.32 Kcal/mol and Saquinavir (CasHsoNeOs) has —9.2 Kcal/mol binding
affinity [45]. In summary, it shows that some of the selected natural products exhibit greater binding affinity
with COVID-19 protease compared to known antiviral drugs, remdesivir and saquinavir [45, 46]. In this study
we have conducted molecular docking studies used to identify the potential of herbal products which are iso-
lated from plants. Substances taken for the study show inhibitory action of COVID-19 main protease [27]. We
have studied 10 herbal drugs and their comparison with two reported antiviral drugs. Molecular docking anal-
ysis of these products helps to identify their binding potency with COVID-19 protease 6L.U7 and their inhibi-
tion extent [6]. These docking studies show that some of the selected natural products show powerful inhibition
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based on their binding affinities. Aloe vera shows a greater binding affinity among all selected herbal drugs.
Also, other natural products such as glycyrrhizin, curcumin, coriandrin, and apigenin show potential inhibition
of COVID-19 protease [47]. The plot of Binding affinity in comparison with natural compounds is shown in
Figure 3.

*+-02
coriandrin - *_270
Piperine - 832
s Curcumin -
=2 .- +-B1
H Quercitin L 3
= 5
E Glycerrhizin - B0
bt - -
< Apigenin *_ 795
E Gingerol -
= 7.8
i R 1
e Withaferm
Nimbin , +-73
Remdesivir P 73
Aloesin »> -
Saquinavir *
»-608
-10 -9 -8 -7 -6 -3 -4 -3 2 -1 v} +.654
Binding affinity (Kcal/mol)

Figure 3. A plot of binding affinity extracted bioactive compounds from Indian herbal plants and a few drugs
for comparison of inhibition potential against COVID-19 protease

Conclusions

All of these natural bioactive compounds are biologically safe and have a high binding potential.
Saquinavir is already reported as an anti-HIV drug for inhibition of replication of SARS-Cov-2 protease, also
Remdesivir is known for inhibition of replication of protease but it has reported hepatotoxicity in some pa-
tients. Docking studies show that some of the selected natural extracts show greater COVID-19 protease inhi-
bition potential compared to these known antiviral drugs. Some of the identified natural products show prom-
ising results in these studies and may require additional investigation. Because they are safer than synthetic
drugs, these natural medicines can be used as important alternatives to synthetic treatments in the prevention
of COVID-19 infection. These findings could become a significant starting point for drug development and
provide great promise to develop potent therapeutics against COVID-19 infection.
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S.S. Bhujbal, M. Kale, B. Chawale

C.C. bxymxb6an, M. Kane, b. Haane

MoJgekyaaabiKk KOHABIPY daicTepiven COVID-19 Heri3ri nporenHa3acbIHbIH
OCIMIIKTiK MHHTHOMTOPJIAPBIH AHBIKTAY

Kettinri aitmapma COVID-19 skarnmaiimapsl Te3 apThln, Kayinrti Oosa Oacrayma. HoTtmkecinme OipHerre
MEIUIMHAIBIK KoHE FhUIBIMU yibiMmap COVID-19 ingeriHiH THiMAi emiH TalOyfra ThIpeicyga. COHFBI
3epTTeyiepre colikec, kenreren taburu eHiMaepaiy COVID-19-ra kapcbl GenceHinir sxorapbl. MakalaHbIH
HETI3r1 MakKcaThl — BHPYCKaKapchl KacuerTepi Oap, Tabufd TypAe Ke3leceTiH OMOAaKTHUBTI KOCBUIBICTAPJBI
anpikTay. Jlyun xoHe Oackanap e3 3eprreynepinae SARS-COV-2 mporea3achIHbIH HETi3r eMIiK mpernaparka
HBICaHa peTiHAe OeNrial KpHUCTaNAbl KYpBUIBIMAA OOJATHIHBIH Xabapiambl. BHUPYCTHIK aKybeI3gapIbiH
perumKanusicelH Tokraty yuriH SARS-COV-2 Herisri npoTeasachslH Texkey MaHbBI3IBL Byt 3eprreyne Taburn
KocsutbicTap SARS-COV-2 GeredTiH BIKTHMalnl OHOAKTHBTI KOCBUIBICTApIbl 3€PTTEY YIIIH MOJEKYJAIIBIK
MOJICNB/ICY OJICTEpiHIH KoMeTiMeH ChIHAMABL. OChl 3epTTEYNEepAiH HOTWKECIHIE KONTereH TaOuFH
KOCBUIBICTAP IbIH BUPYCTHIK aKybI3apMeH apekerrecy xxoHe COVID-19 (Mpro) Herisri nporeasacbiHa KapChl
HHTUOUTOPIBIK OeJceHAlTiri 6ap ekeHAairi aHbIKTaingsl. TaOuFU KOCBUIBICTAp CAaKBUHABHUP MEH PEMJIECHBUD
CHSIKTBI O€JIrisli BUpYCKaKapChl MpenapaTTapMeH CajIbICTHIPUIABL. byl MOTeHIMaNAbl iHASTIICH Kypecy YLIiH
COVID-19-ra kapchl TaOUFH €MJIIK areHTTepre aifHanapipMac OyphIH KOCBIMIIIA 3ePTTEYJIep KaXKeT eKeHiH aTar
OTTi.

Kinm coe30ep.: taburu xocwuibictap, SARS-COV-2, THIMIUTITI, AOPUTIK HbICAaHA, MOJEKYJIAIBIK MOJCIBICY,
BUPYCTHIK aKybI3aap, Mpro, 6aiylaHBICTEIPYIIB! ad) GHUHUPITIK.

C.C. bxymxb6an, M. Kane, b. UaBaine

NnenTudukanus pacTUTEIbHBIX HHTHOUTOPOB OCHOBHOM MPOTEHHA3DI
COVID-19 meTonamu MoJIEKYJISIPHOTO TOKHHTA

B nocnennue mecsusl KonudecTBO ciydaeB 3apaxeHus COVID-19 ObicTpo yBeIWYHMBAETCS M CTAHOBUTCS
omacHbIM. Kak criencTBue, HECKOIBKO MEAMUIMHCKUX M UCCIENOBATEIbCKUX OPraHH3AIMIN MBITAIOTCS HAWTH
3¢ exTrBHOE JeKkapcTBO OT Bembimkd COVID-19. CornacHo HeTaBHUM HCCIICTOBAHUSIM, MHOTHE HATypallb-
HBIE NPOIYKTHI 00J1aal0T MOIIHOI akTHBHOCTHIO potiB COVID-19. OcHOBHAas 11k 3TOH CTaThH — ycCTa-
HOBUTB NPUPOIHBIE OMOIOTHIECKH aKTHBHBIE COSIMHEHHS C MOIXOASAIINMH IPOTHBOBHPYCHBIMH CBOHCTBAMHL.
Lui ¢ coaBTOpaMu cOOOLIMIIE B CBOEM HCCIICIOBAHNH, YTO OCHOBHas mpoTteasa SARS-Cov-2 npucyrcteyer B
KPUCTAININYECKOH CTPYKType, H3BECTHOH KaK MUIIEHb Il HOBOTO T€PANIeBTHIECKOTO Ipenapara. BaxxHo uH-
ruOupoBate 0CHOBHYIO IpoTeasy SARS-CoOV-2, 9ToOBI OCTAHOBHUTH PEIUIMKAIINIO BUPYCHBIX OelkoB. B aTOM
HCCIIeI0BaHUH IPUPOIHBIE COSTHMHEHNUS OBIIN IIPOBEPEHHI C HCIOJIB30BAHNEM METOI0B MOJIEKYISIPHOTO MOJIe-
JUPOBAHUS JUISl N3yUCHHUS] BOBMOXKHBIX OMOAKTUBHBIX COEIMHEHUH, KoTopbie 6JokupyoT SARS-Cov-2. B pe-
3yJIbTaTe 3TUX UCCIEIOBaHHI ObIII0 OOHAPY)KEHO, YTO MHOTHE PUPOIHBIE COSMHEHHS 00JIaIal0T CITocOOHO-
CTBIO B3aHMOJICHCTBOBATh C BUPYCHBIMHU O€JIKAMH U HPOSBISIOT HHIHOUPYIOIIYIO aKTHBHOCTH B OTHOIICHUH
ocHoBHOI poreazsl COVID-19 (Mpro). Kpome Toro, 9TH pUPOIHBIE COEAMHEHHSI CPABHUBAIIH C H3BECTHBIMHU
MPOTHBOBHPYCHBIMH IIpenapaTamMu, TakuMu kak CakBuHaBup 1 Pemunecusup. OTMeueHo, 4T0 HEOOXOIUMBI J10-
MOJTHUTENbHBIE UCCIIEIOBAHMS, IPEXK/E YeM ITH NOTEHINATIBHBIE 3allelKi MOXKHO Oy/eT MpeBpaTUTh B ecTe-
CTBEHHBIE TepaneBTudeckue areHTsl mpoTiB COVID-19 ns 60pb0BI ¢ sruaeMuei.

Kniouesvie cnosa: npuponnsie coequaenns, SARS-Cov-2, a3ppekTHBHOCTD, TeKapCTBEHHAS] MUIIIEHB, MOJIEKY-
JSIPHOE MOJICIMPOBAaHNE, BUPYCHEIE Oenku, Mpro, appUHHOCTH CBS3BIBAHUSA.
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Investigation of the destruction of copolymers of poly(ethylene glycol)fumarate
with methacrylic acid using differential equations

In the article the thermal characteristics of a copolymer of poly(ethylene glycol)fumarate with methacrylic acid
were studied in a dynamic mode in a nitrogen atmosphere for the first time. A kinetic analysis of the thermal
destruction process was carried out using three different data processing methods (Freeman-Carroll, Sharp-
Wentworth, Achar). Thermodynamic characteristics were also calculated, namely the change in the Gibbs en-
ergy (AG), enthalpy (AH) and entropy of activation (AS). The curves of thermogravimetric and differential
thermogravimetric analysis of the copolymer were studied in a nitrogen atmosphere at a heating rate of
10 °C/min. The main stage of the copolymer decomposition was found to occur in a narrow temperature range,
which is confirmed by a peak in the differential curve. Changes in the reaction rate of the copolymer were
shown due to the decrease in the sample mass. It was shown that the results of kinetic analysis depend on the
molecular structure of the compounds under study. The activation energies found by the Freeman-Carroll
method have lower values, while the Achar and Sharp-Wentworth methods give the same results.

Keywords: dynamic thermogravimetry, thermal destruction, copolymer of poly(ethylene glycol)fumarate with
methacrylic acid, activation energy.

Introduction

Currently the use of unsaturated polyester resins in industrial countries is promising and profitable, which
in turn is due to the relative simplicity of the technology for their production and the low level of financial,
material, energy, and labor costs. The presence of unsaturated double bonds in the molecule of unsaturated
polyesters allows them to be used as a matrix for obtaining spatially crosslinked copolymers, the formation
mechanism of which has been described in many works [1]. This is associated with the necessary stability of
weak polyesters to hostile spheres, excellent energy and machine features [2].

Unsaturated polyesters are called hetero- or carbon-chain thermosetting oligomers and polymers contain-
ing ester groups and multiple carbon-carbon bonds [3-4]. They are usually obtained from acids and alcohols
(or their derivatives) by field condensation or copolymerization of alkylene a-oxides with dicarboxylic acid
anhydrides, and at least one reagent must be unsaturated.

Unsaturated polyester resins have a set of useful properties, in particular, they have a lower viscosity,
and, they are easier to cure with vinyl monomers in comparison with epoxy resins, which indicates their greater
reactivity [5]. The increase in the production of unsaturated polyesters required intensive research into the
features of their synthesis, the possibility of copolymerization with other monomers and oligomers, the study
of the structure and properties of the obtained copolymers, the search for the most effective methods of their
processing and rational areas of application in a weatherometer and a fedeometer. After that, it was found that
replacing styrene partially or completely with methyl acrylate improves the color stability of the material and
the durability of the first layer to erosion and retains the shine.

Previously, the authors of [6, 7] synthesized polyester resins copolymers, which were used as moisture
sorbents and metal-polymer complexes. The acquired knowledge indicates the interdependence of the degra-
dation process on the components’ ratio in the copolymer as well as the influence of the environment during
the thermal analysis process. It was shown that the results of kinetic analysis depend on the molecular structure
of the compounds under study [8].

In this work we investigated the thermal destruction of copolymers of poly(ethylene glycol)fumarate with
methacrylic acid in a nitrogen atmosphere.

© 2021 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 47


https://doi.org/10.31489/2021Ch3/47-52
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2021Ch3/47-52
mailto:bekalols1@gmail.com

M.Zh. Burkeyev, U.B. Tuleuov et al.

Experimental part

Poly(ethylene glycol)fumarate was obtained [9] by the polycondensation reaction of maleic anhydride
and propylene glycol according to a standard procedure. The progress of the reaction was monitored by deter-
mining the acid number.

Copolymers of poly(ethylene glycol)fumarate (p-EGF) with methacrylic acid (MAA) were obtained [9]
by copolymerization in a dioxane solution at a monomer mixture.

The study of the thermal properties of the p-EGF:MAA copolymer was carried out on a device for syn-
chronous thermal analysis Labsys Evolution TG-DTA/DSC from Setaram in a dynamic mode in the tempera-
ture range of 30—700 °C when heated in an Al,O3 crucible at a rate of 10 °C/min in an inert nitrogen medium
with a flow rate of 30 ml / min. The instrument for thermogravimetric studies and heat flux were calibrated
using CaCOs; and in standards, respectively. The experimental data was processed using Microsoft Excel and
Processing programs.

A Kinetic analysis was carried out in order to determine the kinetic parameters of the decomposition of
poly(ethylene glycol)fumarate with methacrylic acid.

Freeman and Carroll method [10]. The order of the reaction n and the activation energy of the reaction

E are calculated by the equation:
(R) (Ij n ! (dwj 1
t ! ( )

AlogWr AlogWr

where wr = we— W, W is the maximum weight loss; w is the total weight loss by time t.
Sharp and Wentworth method [11].
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where c is the mass fraction of the sample that reacted during the time t; 8 is a heating rate.
Achar method [12].
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where o is the mass fraction of the sample that reacted during time t and  is a heating rate.
When linearizing the data the calculated points for all samples are placed on straight lines constructed

. . E ) .
using the least squares method, for which the slope corresponds to R the cut-off section on the ordinate

corresponds to the effective order of the reaction.
Thermodynamic characteristics change in Gibbs energy (AG) and activation entropy (AS).

AH =E —RT, (4)
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Here k, and h are the Boltzmann and Plank’s constants, respectively. T, is the temperature, at which
the maximum mass loss of the sample occurs.

a==M (7)
m, —m;

where m;, m;, and m; are the mass at the beginning, at time t, and at the end of the reaction.

Results and discussion

One of the most important applied problems in the chemistry of macromolecular compounds is the crea-
tion of heat-resistant polymer and composite materials. Therefore, the most important issue is the possibility
of determining the activation energy of thermal decomposition, which is used to characterize the mechanisms
of thermal destruction and stability of polymers, including using methods of dynamic thermogravimetry. The
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main kinetic parameters of the copolymer of poly(ethylene glycol)fumarate with methacrylic acid
(p-EGF:MAA) using differential methods (Freeman-Carroll, Sharp-Wentworth, Achar) were determined in
the course of the study. Copolymer of poly(ethylene glycol) fumarate with methacrylic acid was heated at

10 °C/min.

The resulting curves of thermogravimetric analysis and decomposition rates are shown in Figure 1.

Figure 1. Temperature dependences of weight change (TG curve), rate of weight change (DTG) for p-EGF: MAA
copolymer at initial ratios M1:M,, wt% — 6.65:93.35 wt% (under nitrogen atmosphere)
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In Figure 1 a sample of a copolymer of poly(ethylene glycol) fumarate with methacrylic acid begins to
decompose at 200 °C. Then, the beginning of the sample decomposition with the release of volatile substances
is observed up to a temperature of about 300 °C. The main stage of the copolymer thermal decomposition
occurs from a temperature of ~ 320 °C ~ 430 °C. Then the end of the thermal decomposition process can be
observed. In this case, the total weight loss of the sample is ~ 74.42 % of the initial weight. A slight change in
the rate of weight loss is observed on the DTG curve in the temperature range of 230-270 °C, followed by a
sharp increase with a peak at 375 °C.

Based on the data obtained as a result of thermal analysis of the copolymer, the activation energy values
were calculated using the Freeman-Carroll, Sharp-Wentworth and Achar methods. The effective values of the
activation energy, preexponents and the order of the destruction reaction were established graphically (Fig. 2).

Comparing the graphs, we can conclude that the points have the greatest scatter for the Freeman-Carroll
method (Fig. 2.), which leads to an inaccuracy in the estimation of the activation energy values. The straight
line has a slope corresponding to the correlation coefficient R = 0.9691, which is slightly less than the values
calculated by the Sharp-Wentworth and Achar methods (Fig. 2).

Table 1 shows the results of the activation energies calculated using three different methods.

Table 1

Kinetic and thermodynamic parameters of the thermal destruction of the p-EGF-MAA copolymer

Methods Ea, kd/mol AG, klJ/mol | AH, kJ/mol |AS, kJ/mol R? n
Freeman-Carroll 122.06 71.14 119.79 -178.11 0.9691 0.32
Sharp-Wentworth 127.28 76.36 125.01 -178.10 0.9856 0.29

Achar 128.57 77.65 126.29 -178.09 0.9843 0.28

As one can see from the table, the data have excellent convergence with an error of less than 5 %. Using
the obtained values of the activation energy, we calculated thermodynamic characteristics change in Gibbs
energy (AG) and activation entropy (AS). We can also observe that the parameters calculated by the Freeman-
Carroll method have lower values, while the Achar and Sharp-Wentworth methods give the same results. The
positive value of the Gibbs energy AG indicates the impossibility of spontaneous implementation of the de-
struction process.

Conclusion

The Kkinetic characteristics and thermodynamic parameters of a copolymer of poly(ethylene gly-
col)fumarate with methacrylic acid have been determined for the first time. Analysis of TG and DTG curves
showed sufficient thermal stability of these copolymers in a nitrogen atmosphere. It was found that the main
stage of the decomposition of the copolymer occurs in a harrow temperature range, which is confirmed by a
peak in the differential curve. The kinetic parameters of the decomposition reaction are calculated by the dif-
ferential methods, namely Freeman-Carroll, Sharp-Wentworth and Achar methods. The activation energies
obtained by these methods have satisfactory convergence. We can also notice that the parameters calculated
by the Achar and Sharp-Wentworth methods give more accurate results. In this regard, we recommend appli-
cation of exactly two of these methods.
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o> THAEHT THKOIb(YMAPATTHIH METAKPHJI KBIIKbLIbIMEH COMOJINMePJIepPiHiH
AecTpyKIUACHIH AuddepeHuuAIIBIK TeHIeYJ/Iep KOJAaHy apKbLIbI 3epTTey

Makanaza TOJMHATHICHIIHKOIb(GYMapaTThlH METaKpHiI KBIIIKBUIBIMEH —COIOJMMEPIHIH —JHHAMHUKAJIBIK
pexuMIeTi, a30T aTMOC(epachHIAFbl TEPMUSUIBIK CHIIATTaMajIapbl aFall peT 3epTTeliHreH. Mamimertepai
OHJICYIiH Yl apTyp:i omictepin (Ppumen-Kappon, Illapn-YsHTBOpT, AXap) KOJIAaHA OTHIPHIIN, TEPMUSIIBIK
JNECTPYKIMS TIPOLECiHE KHHETHKANBIK capanrtay OKkyprisiimi. CoHBIMEH KaTap, TepMOANHAMHKAIIBIK
cumattamanap — ['u60c sHeprusceiHbIH 03repyi (AG) sHTamemus (AH) xoHe aktuBanms >HTpomuscH (AS)
ecenreninai. ComonuMepaiH TEPMOTPaBUMETPUSUIBIK JKoHE AH(depeHIHanIblK TePMOTPaBUMETPHUSIIBIK
capanTamMa KHUCBIKTapbl a30T aTMocdepachlHAa KbI3AbIpY >KeUimamiasirbl 10°C/MuUH Ke3iHIE 3epTTeNiHIi.
ComnonumepIiH TeMIepaTypaHbIH Tap HHTEPBAJIbIHAA )KYPTeH KoHe AudepeHnnanIbK KIChIKTaFb! IIBIHMEH
JIOTIETIICHTeH  BIABIPAYBIHBIH HETi3ri Ke3eHI aHBIKTANABL YJTIHIH MacCachIHBIH a3alObIMEH OaiJIaHBICTHI
CONOJIMMEP/IIH peakuus >KbUINaMIBIFBIHBIH ©3repyi Kepcerinmi. KuHeTHkanbIK capanrtay HOTHIKETIEpiHIH
3epPTTETIHIeH KOCBUIBICTAPABIH MOJIEKYJalblK KYPBUIBIMBIHA OailIaHBICTBIIBIFBI KepceTinreH. ®dpumen-
Kappon oniciMeH TaObUFaH aKTUBALMs SHEPTUSACHIHBIH MOHI TOMEHIpeK Iiamara ue, ad Axap men Illapm-
YaHTBOPT dmicTepi Oipaei HoTmxkenep oepeni.

Kinm ce30ep: mTMHAMUKAIBIK TEPMOTPABUMETPHS, TEPMISIIBIK JIECTPYKIHS, TOIHITHICHTIINKOIb()YMaPATTHIH
METaKpHJI KbIIIKBUTBIMEH COMOIUMEp], aKTHBAIHS SHEPTUSICHI.

M.X. Bypkees, ¥Y.b. Toneyos, A.H. bonar6aii, JI. XaBiuuex,
C. XK. laypen6exos, E.M. Taxb6aes, 3.2K. )KakynbekoBa

HccaenoBanus 1eCTPyKIHMH COMOJIUMEPOB MOJTUITHICHIIMKOJIbpYyMapaTa
¢ METAKPWJIOBOH KHUCJIOTOM € MCIO0JIb30BaHNeM AU PepeHHATbHBIX YPABHEHU I

B craTbe BriepBBIe H3y4EHBI TEPMUYECKHE XaPAKTEPUCTHKHI COMOINMEpPA ITOIMITHICHITIHKOIb(pyMapaTa ¢ Me-
TaKpHJIOBOW KHUCIOTON B TMHAMHUYECKOM pexuMe, B aTMocdepe azora. [IpoBeieH KMHETHIECKUH aHAIN3 TPO-
1ecca TepMHYECKON JECTPYKIMU C UCIIOJIb30BAaHUEM TPEX pa3HBIX METOAOB 00paboTku naHHBIX (DprmeHa—
Kapposna, [llapma—YsuTBOpTa, AXapa). Takke ObUTH pacCYMTaHbl TEPMOAMHAMHYCCKUAE XaPAKTEPUCTUKH —
n3MmeHeHue sHepruu ['m66ca (AG), suransnuu (AH) u suTponuu aktusaimu (AS). Kpussle TepmorpaBumMeTpu-
4ecKoro u qupepeHIMaTBHOTO TEPMOTPAaBUMETPHUIECKOT0 aHaIN3a ConorMepa ObUTH H3yUeHbI B aTMochepe
a3ora nmpu ckopocty HarpeBanus 10°C/MUH. Bpin yCTaHOBIIEHB! OCHOBHBIE 3TAITBI Pa3JIOKEHHS COIOJIIMEDA,
MPOUCXOMAIINE B y3KOM MHTEpBaJIe TEMIIepaTyp, KOTOPHIH MOATBEPKAACTCS MUKOM Ha IH(GepeHIHaTbHON
KpHBOH. BbIy 1moka3aHbl N3MEHEHUs] CKOPOCTH PEaKIH COMOIMMEpPa B CBA3M C YOBIBAaHHEM MacChl 00pasma.
TloxazaHo, 9TO pe3yIbTaThl KHHETHIECKOTO aHAIN3a 3aBUCAT OT MOJEKYJISIPHOH CTPYKTYPBI HCCIETYyEMBIX CO-
eNMHCHNI. 3HAUYeHUs SHEPTUH aKTHUBALMK, HalaeHHBIe MeTooM Ppumena—Kapposa, UMErOT 0oJice HU3KHE
3HA4YCHUA, a METOIbI Axapa u LHapnafS’aHTBopTa Jar0T OAMHAKOBBIC PE3YJIbTATHI.

Knioueguie cioBa: TUHaAMUYECKasi TEPMOTPABUMETPHS, TEPMUUECKAs! IECTPYKLHS, COOIUMED TOJU3THIICHIJIU-
KOJIb(hyMapaTa ¢ METaKPHIOBOM KUCIOTOU, SHEPT U aKTHBAIIHH.
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Specific features of praseodymium extraction by intergel system
based on polyacrylic acid and poly-4-vinylpyridine hydrogels

Some technological solutions contain valuable components and can become an additional source of rare-earth
elements to satisfy the current production demands. This research provides the study on using a combination
of polyacrylic acid hydrogel (hnPAA) and hydrogel of poly-4-vinylpyridine (hP4VP) in different molar ratios
for praseodymium ions sorption from its nitrate solution. The mutual activation of the hydrogels in an aqueous
medium provides their transformation into a highly ionized state by the conformational and electrochemical
changes in properties during their remote interaction. The electrochemical properties of solutions were studied
by the methods of electrical conductivity, and pH measurements of the solutions. The research showed that the
maximum activation of hydrogels was revealed within the molar ratio of hPAA:hP4VP equal to 1:5. Moreover,
the total praseodymium ions sorption degree after 24 hours of sorption by individual hPAA and hP4VP was
54 % and 47 %, respectively, whereas the praseodymium ions sorption degree by the hPAA-hP4VP intergel
system in the molar ratio 1:5 became 62 %. A slight increase in the sorption degree of praseodymium ions by
the intergel system in comparison with individual hydrogels can be explained by the achievement of a higher
ionization degree of hydrogels being activated in the hPAA-hP4VP interpolymer system by the remote inter-
action effect.

Keywords: intergel systems, polyacrylic acid hydrogel, poly-4-vinylpyridinehydrogel, remote interaction, sorp-
tion, praseodymium ions.

Introduction

Rare-earth metals have various applications in chemical industry, in nuclear engineering, in metallurgy,
etc. For example, praseodymium being a rare-earth metal is commonly used to make high-power magnets that
are known for their strength and endurance when combined with another rare-earth element neodymium [1, 2].
The recovery of praseodymium from technological solutions might provide an additional source of this valu-
able element.

Sorption and extraction techniques for the recovery of certain metals have been successfully used in hy-
drometallurgy [3]. Moreover, sorption techniques are presently favored over extraction methods owing to a
variety of advantages: they are more environmentally friendly and have fewer technical cycles [4]. For the
recovery of rare-earth metals from the solutions, adsorption processes using various materials such as polymers
have recently sparked increased interest [5]. For instance, polymer hydrogels are generally considered smart
materials with evolving progressive functions for sorption technology. A common method for praseodymium
ions sorption from solutions can be the use of polymer hydrogels: polyacrylic acid hydrogel (hPAA) and poly-
4-vinylpyridinehydrogel (hP4VP).

Our previous research [6] showed that the remote interaction effect provided the changes in the electro-
chemical and conformational properties which influenced on the increase in the sorption activity of hydrogels
in their intergel system. For present study we decided to choose “hPAA-hP4VP” intergel system to test it in
praseodymium ions sorption. Furthermore, the combination of hydrogels in the “hPAA-hP4VP” intergel sys-
tem with different molar ratios X:Y (6:0, 5:1, 4:2, 3:3, 2:4, 1:5, and 0:6) can also be applied to investigate the
remote interaction effect for improving the process of praseodymium ions sorption.

The goal of this research was to study the influence of the preliminary mutual activation of polyacrylic
acid hydrogel (hPAA) and poly-4-vinylpyridine hydrogel (hP4VP) (“hPAA-hP4VP” intergel system) in pra-
seodymium ions sorption from its nitrate solution.
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Experimental

The following measurement instruments and equipment were used: conductometer MARK-603 (Vzor,
Nizhny Novgorod, Russia) for the measurements of the specific electric conductivity of solutions, which is
important for characterizing the equilibrium of polyelectrolytes dissociation. The hydrogen ions concentration
was determined by a Metrohm 827 pH-meter pH-Lab (Switzerland). Measurements of pH were provided to
study the acid-base properties of the solution. The mass of the samples was measured using an analytical
balance SHIMADZU AY220 (Shimadzu Corporation, Kyoto, Japan). The optical density measurements for
the subsequent calculation of the praseodymium (111) concentration in solution was determined by aJenway-
6305 (Cole-Parmer, Jenway, York, UK) spectrophotometer. For the residual praseodymium ions detection
from liquid samples, the Varian Atomic Absorption SpectrometerAA240. Measurement errors did not exceed
1 %.

Materials

The following reagents were used: praseodymium (I11) nitrate hexahydrate (99.9 % trace metals basis,
Sigma-Aldrich) as praseodymium ions source in solution, reagent arsenazo Il (Sigma-Aldrich) in powder
form as a color-forming reagent to determine cerium concentration, and perchloric acid (HCIO4) (Sigma-Al-
drich, Darmstadt, Germany) for standard solution preparation. Poly-4-vinylpyridine hydrogel (hP4VP) (2 %
cross-linked with divinylbenzene, Sigma-Aldrich) was used. Polyacrylic acid hydrogels were synthesized in
the presence of the N,N-methylene-bis-acrylamide crosslinking agent and the K,S,0s-Na,S;03 redox system
in an agueous medium in laboratory conditions.

Electrochemical research

The studies of the “hPAA-hP4VP” intergel system were carried out in the following order: each dry
hydrogel was placed in separate polypropylene mesh, the pores of which were permeable to low molecular
weight ions and molecules, but impermeable for dispersion of hydrogels. Then, the meshes with dry hydrogels
were placed in a glass with distilled water for 48 hours for swelling. Upon reaching an equilibrium state in
weight, the swollen hydrogels were taken, and according to molar ratios, the “hPAA-hP4VP” intergel system
were composed for further mutual activation. The activation of the intergel system is required to transfer the
hydrogels into a highly ionized state by changing their conformational and electrochemical properties by re-
mote interaction [7]. For activation, the polypropylene meshes with swollen hydrogels inside (Fig. 1) were
placed in a glass with distilled water at a distance of about 1-2 cm opposite each other, forming an interpolymer
system “hPAA-hP4VP”. After the activation, the meshes with swollen hydrogels were placed in glasses with
praseodymium nitrate solutions and the electrical conductivity with pH measurements of the overgel liquid
were determined. The experiments were carried out at room temperature.

Figure 1. Polypropylene meshes (left) and the illustration of the activation process of the intergel system (right)

The polymer chain binding degree of internode links of the polymer chain was calculated according to
Eq. (1):

0= s 100 04, (1)
9, +9,
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where 9 sorbed IS the amount of sorbed praseodymium ions (in mol), 9, is the amount of hPAA (in mol), and
9, is the amount of hP4VP(in mol).

The sorption degree was calculated using the following Eq. (2):
n= C:initial _Cresidual %100 % , (2)
initial
where Cinitial and Cresidual are the initial and residual concentration (in g/L) of praseodymium ions in the solution,
respectively.

For the experiments 1000 mL of the praseodymium (I11) nitrate hexahydrate solution (C = 100 mg/L) was
prepared and poured into 7 glasses with 100 mL each. The hydrogels were put separately into 2 polypropylene
meshes (1 common glass with solution) in accordance with their molar ratios X:Y (6:0, 5:1, 4.2, 3:3, 2:4, 1.5,
and 0:6) to form the intergel system hPAA:hP4VP (X:Y). For spectrophotometer analysis, one aliquot (1 mL)
was taken from each solution at the set time. Finally, 63 aliquots of solution were obtained.

Results and Discussions

The presence of the intergel system in an aqueous solution of praseodymium (I11) nitrate hexahydrate
leads to various processes that affect the electrochemical equilibrium in the solution. Fig. 2 shows the depend-
ence of the electrical conductivity of Pr(NOs)s-6H20 solutions on the molar ratios hPAA:hP4VP in time.
Mostly all ratios, an increase in electrical conductivity values was observed, which might be explained by an
increase in the OH™ medium in solutions, released by the additional dissociation of the strongly basic P4VP
hydrogel [8].

¥, S /cm
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Figure 2. Dependence of specific electrical conductivity on the molar ratio of hydrogels on time

The conductivity of solutions increased with time for almost all ratios of hydrogels. However, the char-
acter of the parameter change was different for different ratios of hydrogels. As can be seen from Figure 2,
there is an increase in electrical conductivity over time. This is due to the transition of the initial hydrogels of
polyacrylic acid and poly-4-vinylpyridine to a highly ionized state due to mutual activation during their remote
interaction.
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Figure 3. Dependence of pH on the molar ratio of hydrogels on time

The change in the pH of solutions is shown in Figure 3. As can be seen from the obtained results, an
increase in pH values with the time of remote interaction was observed. The increase in pH may be explained
due to the binding of the detached H* from the carboxyl group by poly-4-vinylpyridine, as a result, the process
of protonation of the heteroatom in a ring occurred. This was evidenced by the maxima at the 1:5 ratio of
hPAA-hP4VP, which correspond to the time of remote interaction after 24 and 48 hours. The minimum pH
values were observed in the presence of only polyacid. This is due to the appearance of charged ions (H*, OH™
) and groups (—COO"). The maximum pH values indicated that the rate of dissociation of —-COOH groups is
lower than the rate of protonation of the poly-4-vinylpyridine heteroatom. This phenomenon indicates the
process of ionization of the main polymer of the hydrogel. Consequently, both polymer hydrogels pass into a
highly ionized state, undergoing mutual activation.

Figure 4 shows the change in the concentration of praseodymium ions during sorption by the intergel
system hPAA-hP4VP,
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Figure 4. Dependence of the praseodymium ions concentration on the molar ratio of hydrogels
in the intergel system hPAA:hP4VP in praseodymium (I11) nitrate hexahydrate medium
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The data shows (Fig. 4) that the concentration of Pr3* ions in solution is much lower at molar ratios of
hydrogels equal to 1:5 (that means the sorption is higher) after 24 hours of interaction. This may be explained
that at aratio 1:5, the hydrogels of polyacrylic acid and poly-4-vinylpyridine in intergel system reach the highly
ionized state due to the mutual activation of hydrogels.

Table 1
Degree of praseodymium ionssorption, mol.%

Ratio Time, h

0.1 0.5 15 175 20.5 24 41.5 44.5 47.5
6:0 3.1 17.6 17.6 25 47.0 54.4 47.0 39.7 39.7
5:1 3.1 17.6 17.6 32.3 61.7 61.7 54.4 39.7 39.7
4:2 3.0 17.6 17.6 25.2 54.4 54.4 39.7 32.3 32.3
3:3 3.1 17.6 17.6 25.5 54.4 54.4 39.7 25.3 25.3
2:4 3.1 3.2 17.6 25.3 47.0 54.4 47.0 25.1 25.1
1:5 3.2 3.2 17.6 25.3 47.0 61.7 475 25.1 25.1
0:6 3.0 3.1 10.3 25 47.0 47.0 32.3 25.2 25.2

Table 2
Polymer chains binding degree, mol.%
Ratio Time, h

0.1 0.5 15 175 20.5 24 415 445 475
6:0 1.1 5.9 5.9 8.3 15.9 18.4 15.9 13.3 13.3
5:1 1.3 6.5 6.1 11.2 21 21 18.7 13.5 13.5
4:2 1.3 6.8 6.1 8.5 18.7 18.7 13.6 11.2 11.2
3:3 15 6.2 6.2 8.6 19.1 19.1 13.8 8.6 8.6
2:4 1.6 1.1 6.3 8.7 16.7 19.2 16.7 8.7 8.7
1.5 1.6 1.1 6.3 8.7 16.7 21.8 16.7 8.7 8.7
0:6 1.8 1.1 3.7 8.9 17 17 11.7 8.9 8.9

The polymer chain binding degree in relation to the praseodymium ions in the hPAA-hP4VP system is
presented in Table 2. The obtained results indicated that the most intense polymer chain binding degree of
praseodymium ions (21.8 %) by hPAA:hP4VP (1:5) intergel system occurred after 24 hours of sorption.

Conclusions

The obtained results demonstrate the potential of using intergel systems in rare-earth metal recovery. The
activated hydrogels showed an increase in sorption activity in comparison with the individual hPAA (6:0) and
hP4VP (0:6) hydrogels. This research showed that the maximum activation of hydrogels was revealed within
the molar ratio of hPAA:hP4VP equal to 1:5. The total praseodymium ions sorption degree after 24 h. of
sorption by individual hydrogels hPAA and hP4VP was 54 % and 47 %, respectively, whereas the praseodym-
ium ions sorption degree by the intergel system of hPAA:hP4VP (1:5) was 62 %. An increase in the sorption
degree of praseodymium ions by the intergel system of hPAA: hP4VP (1:5) in comparison with individual
hydrogels can be explained by the achievement of a high ionization degree of the intergel system activated by
the remote interaction effect, which opens up new opportunities for the development of innovative sorption
technologies in Kazakhstan for the target rare-earth elements.

This research was funded by the Science Committee of the Ministry of Education and Science of the
Republic of Kazakhstan, grant number AP08856668 within the framework of grant funding for scientific re-
search for 2020-2022.
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Iouakpua KbIMIKBIT MEH MO0JH-4-BUHHJINHUPHINH HHTEPrebliK xKyleciMeH
npaseoauMai 06J1yAiH epeKuIeJiKTepi

Keii0bip TeXHONOTHSIIBIK epiTiHAUIep KypaMblHAA KYHIHI KOMIOHEHTTEp 0ap JKoHE OHMIpIiCTIH opTypii
KQKSTTUIIKTEepiH KaHaFaTTaHBIPY YIIIH CUPEK Ke3JeCeTiH IIeMEHTTepAiH KOCHIMIIA Ko3i 00i1a anaxsl. Makana
nonmaxpui Kelukeuiel (TTIAK) sxone monmu-4-sunmnmumpunus (r114BIT) rugporenbaepiHiH KOCHIHIBICEIH OHBIH
HUTPATTHI EPITIHAICIHEH MPa3eoANM HOHAAPBIHBIH COPOIISACH YIIiH SPTYPIIi MOJBIIK KaTHIHACTA KOIJAHY IbI
3eprreyre OarpiTTanrad. Cy opTacklHAA THAPOTENbICPIiH 63apa aKTUBTECHY1 OJIAPBIH KAIIBIKTHIKTaH ©3apa
opekeTTecyi Ke3iHIe KOH(POPMAIMSIBIK JKOHE SJCKTPOXHMUSUIBIK KaCHETTEPHAIH e3repyiHe OalIaHBICTHI
THIPOTENbICPAiH JKOFaphl MOHAAIFaH KYWIe OTyiH KaMTaMachl3 eTedi. EpiTiHAinepaiH 3IeKTpOXUMHUSIBIK
KaCHeTTepl 9JIEKTp OTKI3TITIK jkoHe epitinainepmin PH emmey oxicrepiMen 3eprrenmi. 3eprrey
KOepCEeTKeH IeH, TuaporenbaepaiH Makcumaiabl akTuTeHyi rITAK: rI14BII-niH 1:5-ke TeH MOJIb KaThIHACBIHIA
anblkTanael. byn perre sxeke TITAK jxone rI14BII copOuusiciHaH KeifiH npa3eo UM MOHAAPBIHBIH COPOLUS
nopexeci TuiciHme 54 % xone 47 %-1p1 Kypansl, an npaseoquM noHaapbiHbiH rIIAK-r[14BII unTeprenmik
JKyheciMeH copOmust mopexeci 1:5 momp apakatsiHachkiHAa 62 %-mp1 Kypaael. JKeke ruaporensaepMeH
CaNTBICTBIPFaHAa TPa3eo M HOHAAPBIHBIH MHTEPTeNIiK KYHeMeH copOuus IopekeciHiH Oipmama apTybIH
KaIlIBIKTBHIKTaH —e3apa opekerrecy ocepine Oaimanpictel TIIAK-TII4BI1  wmHTeprenmixk sxyiiecinme
OeJceHAIpIITeH THAPOTeNbACPAiH HOHTATYBIHBIH JKOFaphl 9pEXKeciHe KOJI )KETKI3yMeH TYCiHAipyre 0oa bl

Kinm coe30ep: wHTeprenmik xyifenep, MONMAKPHI KBIIKBUIBIHBIH THAPOTENi, ITOIH-4-BHHIIIAPUIIH
THAPOTeNi, KAIIBIKTBIKTAH 9pEKeTTecy, COpOLHs, IPa3eoJuM HOHAAPHI.

T.K. Ixymanunos, 3.b. Manumbaena, X. XuMdIpCaH,
N.C. CanapOekoBa, A.M. Nmanra3el, O.B. Cybepisik

Oco0eHHOCTH U3BJIE€YEHUSI PA3e0IUMAa HHTEPre/ieBoil CMCTeMOii Ha OCHOBE
rUAporesieil MOJIMAKPHIOBO KHCIOTHI M MOJH-4-BUHUJINMAPUINHA

HexoTopble TeXHOIOTHYECKHe PACTBOPHI COJEPIKAT B CBOEM COCTABE LIEHHbIE KOMIIOHEHTHI U MOTYT CTaTh J10-
IIOJTHUTEIbHBIM UCTOUYHHKOM DPEIKO3EeMEbHBIX 3JIEMEHTOB AJsl YAOBJIETBOPEHHS Pa3lUYHBIX MOTpeOHOCTEH
npou3BoAcTBa. JlaHHas paboTa HampaBieHa Ha UCCIIEI0BaHNE MPUMEHEHHsT KOMOMHAIIMK THPOTesIe MoInaK-
puooit kucnotsl (TTIAK) u nomu-4-suanmmmupuanHa (rI14BI1) B pa3muuHBIX MONBHBIX COOTHOMICHHSX JUIS
copOIMY MOHOB Mpa3eo/JiMa U3 €ro HUTPATHOTO pacTBOpa. B3anMHas akTHBarms rugporeseil B BOXHOH cpene
obecrieqnBaeT Iepexo/] THAporesei B BRICOKOHOHN3NPOBAHHOE COCTOSTHHE 3 CIET KOH(GOPMAIIMOHHBIX U 3JIeK-
TPOXMMHUUECKNX U3MEHEHUH CBOICTB NPH MX AUCTAHIMOHHOM B3aHMOJICHCTBHH. DIEKTPOXUMUIECKUE CBOMH-
CTBa PacTBOPOB M3Y4aJHCh METOJIaMHU AJIEKTPONIPOBOJHOCTU M H3MepeHus pH pactBopos. MccnenoBanue mo-
Ka3ajo, 4YTO MaKCHMajbHas AaKTUBALMs THUAporeiedl Oblia BBISIBICHA IPU MOJBHOM COOTHOIICHUH
rITAK:rTI4BII, paBaom 1:5. IIpu 3TOM cTeneHs copOIMU HOHOB Tpa3eouma nocie 24 4 copOIry HHAUBULY -
anpubiME TITAK u rII4BII coctaBuna 54 u 47 % COOTBETCTBEHHO, TOT/a KakK CTEMEHb COPOIMH HOHOB
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npaseonuma uHtepreneoit cucremoi rIIAK-rII4BII B MmonbHOM cooTHOmmeHuu 1:5 coctaBuna 62 %. Heko-
TOPOE yBEIUUEHUE CTENIEHU COPOIMM HOHOB MTPA3e0AuMa HHTEPreleBO CUCTEMOI! 10 CpaBHEHUIO C WHUBU-
JyalbHBIMH THIPOTETIMHI MOXKHO OOBSICHUTB IOCTIDKEHHEM 00Jiee BEICOKOM CTENIEHN HOHW3AluH THIPOTeNeH,
aKTHBUPOBaHHBIX B MHTepreneBoi cucreme rIIAK-rII4BII 3a cuer a¢dexra TUCTAHIIMOHHOTO B3aNMOJEH-
CTBHSL.

Knrouegvie cnosa: HUHTEPIreJIeBbIC CUCTEMBL, THAPOTEIIb HOHHaKpPIHOBOﬁ KHCJIOTBI, THAPOTEIIb 01 -4-BHHHII-
nmipuanHa, TMCTaHIMUOHHOC B3aPIMO,I[eI710TBPIe, COp6III/I$[, HOHBI IIpa3eouma.
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New nanostructured manganites of LaMe''CuZnMnQOs (Me!' — Mg, Ca, Sr, Ba)

The copper-zinc manganites of LaMe''CuzZnMnQs (Me'' — Mg, Ca, Sr, Ba) have been synthesized with the
high-temperature interaction of alkaline earth metals carbonates with oxides of lanthanum (111), copper (1),
zinc (1) and manganese (I11). The synthesized polycrystalline copper-zinc manganites have been grinded on
the Retsch vibration mill MM301 (Germany). As a result their nanostructured particles have been obtained.
Their sizes have been determined using an electron microscope Mira3 LMU, Tescan. Methods of radiography
determined that all synthesized nanostructured copper-zinc manganites crystallize in the cubic syngony with
the following parameters of a lattice: LaMgCuZnMnOs — a = 13.53+0.02 A, V°=2476.81+0.06 A3, Z =4,
VOeect.cell = 619.20+0.02 AS, proent= 4.52;  ppick = 4.50£0.01 g/cm?; LaCaCuZnMnOs — a=13.69+0.02 A,
VO = 2565.73+0.06 A3, Z =4, VO%lect.cell. = 641.43+0.02 A3, Proent = 4.43; ppick = 4.41+0.01 g/cm3;
LaSrCuZnMnOs — a = 13.91+0.02 A, V°=2691.42+0.06 A%, Z = 4, VP%lect.cet = 672.85+0.02 A3, proent = 4.99;
ppick. = 4.96+0.01 g/cm®;  LaBaCuZnMnOs — a=14.55+0.02A, V°=3080.27+0.06 A%, Z=4,
VOelect.cell = 770.07+0.02 A3, proent = 4.95; ppick = 4.94+0.01 g/cm®. The X-ray investigations demonstrated that
the values of lattice parameters of the studied copper-zinc manganites have been increased from Mg to Ba. As
a result of the investigations, these compounds can be included in Pm3m spatial group.

Keywords: synthesis, copper-zinc manganite, lanthanum, alkaline-earth metals, nanostructured particles, elec-
tron microscopy, radiography.

Introduction

Cuprates, manganites, zincates of the rare-earth elements, which partially substituted by oxides of alka-
line-earth metals, have the unique physical and physicochemical properties [1-10]. Abishev Chemical-Metal-
lurgical Institute has been conducting the systematic and targeted investigation in this direction for many years.
Thus their results have been summarized in monographs [11-14]. This paper presents the results of synthesis
and the radiousgraphic studies of the new nanostructured copper-zinc manganites of lanthanum and the alka-
line earth metals. Zincates, cuprates and manganites have been combined into a single phase as the copper-
zinc manganites.

Experimental

In order to obtain the copper-zinc manganites of lanthanum and the alkaline earth metals of LaMe'"Cuz-
nMnOg (Me" — Mg, Ca, Sr, Ba) the stoichiometric ratios of La,Os (especially pure), ZnO (analytically pure),
CuO (analytically pure), Mn,O; (analytically pure) and MgCQs, CaCOs, SrCO; and BaCOs (analytically pure)
have been intensively mixed, milled in an agate mortar. Then the mixtures have been placed in the alundum
crucibles and placed in a muffle furnace SNOL. The annealing has been performed at 600 °C for 10 h, 800 °C
for 10 h, 1000 °C for 10 h, 1200 °C for 10 h and at 1100 °C for 20 h. After each annealing at these temperatures,
the mixtures have been cooled to a room temperature and intensively milled and mixed. The low temperature
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annealing of the mixtures have been performed at 400 °C for 10 h to obtain the stable and equilibrium phases
at low temperatures.

Then, the received polycrystalline samples of the copper-zinc manganites have been mixed under the
special conditions to the nanostructured particles on the Retsch vibration mill (Germany). Their sizes have
been determined on an electron microscope Mira3 LMU, Tescan (Fig.).

The X-ray phase analysis of the synthesized nanostructured copper-zinc manganite particles have been
performed on DRON-2.0. The operating conditions: CuKs-radiation, U = 30 kV, J=mA, rotation speed is
100 pps, time constant T = 5 s, an angle interval 20 from 10 to 90°. The intensity of the diffraction maxima has
been estimated on al00-point scale. The indexing of radiographs has been performed with the analytical
method [15]. The pycnometric density has been determined with a procedure described in [16]. Toluene has
been used as an indifferent liquid.

Results and discussion

It has been found that the nanoparticle sizes of the synthesized copper-zinc manganites exceed 100 nm.

Referring to [17], if a nanoparticle has a complex shape and structure, as a result the size of its structural
element is studied to be characteristic. Such particles are generally referred to as the nanostructured particles,
and their linear sizes can be significantly exceeded 100 nm [17].

“d = 214.90 nm

1 = 162,02 M

)N - A -
SEM HV: 20.0 KV WD: 6.21 mm | SEM HV: 10.0 kV WD: 9.01 mm | MIRA3 TESCAN|
View field: 10.0 um Det: SE View field: 20.4 pm Det: SE 5pm
SEM MAG: 27.6 kx SEM MAG: 13.6 kx Performance in nanospace

o}

"¢ = 4008w b e

.

el - ; L
SEM HV: 10.0 kv WD: 9.1 mm MIRA3 TESCAN| SEM HV: 10.0 kV 9. MIRA3 TESCAN|

View field: 20.4 ym Det: SE View field: 20.2 ym
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a— LaMgCuzZnMnQg; b — LaCaCuZnMnQg; ¢ — LaSrCuZnMnQs; d — LaBaCuZnMnOsg

Figure. The electron microscopy of samples
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It should also be pointed out that this compound can be referred to nanostructured clusters.
Referring to [18], the nanoclusters formed in the solid-phase reactions are measured from one to hundreds

of nanometers.

These above mentioned arguments demonstrate that copper-zinc manganites of lanthanum and alkaline
earth metals can be studied as the nanostructured nanoclusters.
The Figure illustrates that the LaMgCuZnMnQs has particles within 122.6; 138.4; 159.3: 162.0:
214.9 nm; LaCaCuZnMnOe — 386.5; 543.6; 563.0; 1330.7 nm; LaSrMgCuZnMnQOs — 309.3; 400.2; 711.1
and 1180.2 nm; LaBaCuZnMnQOs — 244.1; 445.2; 476.9 and 842.9 nm.
The Table demonstrates results on the indexing of radiographs of LaMe''CuznMnQs (Me" — Mg, Ca,

Sr, Ba).
Table 1
The indexing of radiographs of LaMe""CuZnMnOs (Me" — Mg, Ca, Sr, Ba)
1/1° d, A 10*/d%exp. hkl 10%/d%calcul.
1 2 3 4 5
LaMgCuZnMnQs
17 3.905 655.8 422 656.0
100 2.763 1310 444 1312
15 2.509 1588 730 1585
13 2.458 1655 650 1667
25 2.245 1984 661 1995
9 2.126 2212 900 2213
4 1.989 2528 8.5.3 2541
32 1.948 2635 9.4.0 2651
7 1.746 3280 10.4.2 3279
33 1.586 3975 11.5.0 3990
8 1.499 4450 991 4454
12 1.379 5259 12.7.0 5274
14 1.230 6610 154.1 6613
LaCaCuZnMnQOg
10 3.862 670.4 500 670.0
100 2.738 1334 1341 1341
8 2.642 1433 1421 1421
13 2.480 1626 1636 1636
I 2.339 1828 1823 1823
15 2.233 2005 2011 2011
4 2.006 2485 2494 2494
35 1.928 2690 2682 2682
5 1.727 3353 3352 3352
I 1.626 3782 3781 3781
32 1.599 3911 3915 3915
15 1.365 5367 5363 5363
11 1.220 6719 6704 6704
LaSrCuZnMnOg
9 3.877 665.3 511 665.0
5 3.370 880.5 600 887.1
32 2.850 1231 550 1232
100 2.735 1337 552 1331
13 2.475 1632 741 1626
4 2.319 1859 555 1848
13 2.222 2025 910 2021
6 2.118 2229 931 2242
8 2.017 2458 10.0.0 2464
42 1.925 2699 952 2710
8 1.638 3727 12.2.2 3745
28 1.576 4026 10.8.0 4041
6 1.469 4634 13.4.2 4657
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Continuation of the Table

11° d, A 10%/d%exp. hkl 104/d%calcul.
1 2 3 4 5
15 1.363 5383 13.7.0 5372
12 1.216 6730 16.4.1 6727
LaBaCuZnMnOs

1 2 3 4 5
12 3.905 655.8 520 656.0
13 3.247 948.5 541 949.8
12 2.890 1197 720 1199
100 2.763 1310 730 1312
5 2.598 1481 811 1493
10 2.475 1632 822 1628
16 2.249 1977 664 1990
35 1.948 2635 104.1 2646
8 1.737 3314 115.1 3324
17 1.375 5289 12.9.3 5292
4 1.258 6319 12.10.6 6332
13 1.231 6599 17.0.0 6581

Correctness and assurance of results on the indexing have been confirmed with the experimental and
calculated values of 10%d?, the X-ray and pycnometric densities (Table).

Based on the indexing of radiographs of the nanostructured LaMe''CuZnMnQs (Me!' — Mg, Ca, Sr, Ba),
it has been found that all synthesized copper-zinc manganites are crystallized in the cubic syngony with the
following parameters of the lattice: LaMgCuZnMnOg — a = 13.53+0.02 A, V°=2476.81+0.06 A3, Z = 4,
VOt ceit. = 619.20+0.02 A%, pyray. = 4.52; ppick = 4.50+0.01 g/cm?; LaCaCuZnMnOs — a = 13.69+0.02 A,
VO=2565.73+0.06 A%,  Z=4,  VOuitcen. = 641.4340.02 A3, peray=4.43;  ppick= 4.4120.01 g/cm?;
LaSrCuZnMnQOs — a = 13.914+0.02 A, V°=2691.42+0.06 A3, Z = 4, Vit cenn = 672.85+0.02 A3, pyray = 4.99;
Ppick = 4.96£0.01 g/cm®;,  LaBaCuZnMnOs — a=14.55+0.02A, V°=3080.27+0.06 A%, Z=4,
Vounitce = 770.07 + 0.02 A3, pyeray = 4.95; ppick = 4.94+0.01 g/ecm?,

Referring to [19], the obtained LaMe"CuZnMnOs can be included in Pm3m spatial group.

In a row from Mg to Ba, the values of “a” parameters and cell volumes have been increased.

Conclusions

The polycrystalline copper-zinc manganites of LaMe"CuZnMnOs have been first synthesized with a
solid-phase method. Their nanostructured particles have been obtained with further milling.

Their parameters of lattices have been determined with the radiographic methods.

The results of investigations make a certain contribution to the nanochemistry, radiography of the new
inorganic oxide compounds. They are a basis for further thermodynamic and electrophysical studies of the
obtained nanostructured particles.

This investigation has been performed under the agreement concluded between the Committee of Science
of the Ministry of Education and Science of the Republic of Kazakhstan and Abishev Chemical-Metallurgical
Institute under the grant of IRN AP08855601.

References

1 Tperbsxos }0.J]. HoBbie mokoseHus: Heoprannueckux (yHKunoHanbHbiXx Marepuaios / F0.Jl. Tperbskos, O.A. bpoeuiés //
KypHn. Poc. xum. o6mi-Ba um. JI.1. Menneneesa. — 2000. — T. 45, Ne 4. — C. 10-16.

2 T'pronGepr I1.A. OT CIMHOBEIX BOJH K THTAaHTCKOMY MarHUTOCONpoTHBIeHNUIO U nanee / [I.A. I'prorGepr // Ycenexu ¢us. Hayk.
—2008. — T. 178, Ne 12. — C. 1349-1358.

3 Tlomepannes E.A. Cunre3 u cBoiictBa TBepgoro pactBopa CaCuxMnzxO12 ¢ KomoccanbHBIM MarHETOCONPOTUBIICHUEM /
E.A. INomepanues, .M. Utkuc, E.A. I'ynunun u ap. // lokn. Axagemunn Hayk. — 2003, — T. 388, Ne 3. — C. 344-348.

4 UYynaxmaa T.V. CuHTe3 M MarHUTHEIE CBOMCTBA citoxHOT0 oKcuaa Lai 55r15CuMnOe67/ T.U. Uymaxuna, I'.B. Bazyes, E.B. 3a-
6omormxkast, M.A. Menko3epoBa // XKyps. reopr. xum. — 2011. — T. 56, Ne 8. — C. 1248-1252.

CHEMISTRY Series. No. 3(103)/2021 63



Sh.B. Kasenova, Zh.l. Sagintaeva et al.

5 BeibopuoB H.A. CyOMHKPOKPUCTATIIMYECKOE COCTOSIHUE i MATHUTOPE3UCTUBHBIN AP (PEKT B rops4enpecCOBaHHbIX IEPOBCKH-
tornonobubx Manranutax / H.A. BeibopHos, B.K. Kapnaciok, A.M. Cmupsos u ap. // [lepcniexruBubie matepuaisl. — 2008. — Ne 4.
— C. 58-63.

6 Troyanchuk 1.O. Spin crossover and magnetic properties of Ba-substituted cobaltites/ 1.O. Troyanchuk, M.V. Bushinsky,
V.V. Sikolenko, ect. // Journal of Experimental and Theoretical Physics. — 2019. — Vol. 128, No.1. — P.98-104.
https://doi.org/10.1134/S1063776119010047

7 Gudin S.A. Colossal magnetoresistance of layered manganite Lai.2Sr1.sMn2(12O7 and its description by a “Spin-Polaron” con-
duction mechanism / S.A. Gudin, N.I. Solin, N.N. Gapontseva // Physics of the Solid State. — 2018. — Vol. 60, No. 6. — P. 1078-
1081. https://doi.org/10.1134/S1063783418060112

8 Troyanchuk I.O. Causes of the metamagnetism in a disordered EuCoo.sMno.s03 perovskite / 1.O. Troyanchuk, M.V. Bushinsky,
N.V. Tereshko, etc. // Journal of Experimental and Theoretical Physics. — 2018. — Vol. 126, No. 6. — P. 811-815.
https://doi.org/10.1134/S1063776118050072

9 Solin N.I. Exchange bias training effect in GdBaC020s 5 cobaltite / N.I. Solin, S.V. Naumov, S.V. Telegin // Journal of Exper-
imental and Theoretical Physics. — 2019. — Vol. 128, No. 2. — P. 281-289. https://doi.org/10.1134/S1063776119010035

10 Giraldo-Gallo, P. Scale-invariant magnetoresistance in a cuprate superconductor / P. Giraldo-Gallo, J.A. Galvis, Z. Stegen, etc.
// Science. — 2018. — Vol. 361. — P. 479-481. https://doi.org/10.1126/science.aan3178

11 KacenoB b.K. [IBoiiHble 1 TpOiHbIC MaHTAHUTHI, ()EPPUTHI U XPOMHUTHI IETOUHBIX, IIETOYHO3EMETbHBIX U PEAKO3EMEIbHBIX
metawio / B.K. Kacenos, II1.5. Kacenosa, JK.1. Carunraesa, b.T. Epmaram6er, H.C. Bexrypranos, I.M. OckembexoB. — M.: Hayu-
HBII Mup, 2017. — 416 c.

12 Kacenos b.K. HoBsle MaTepHaiisl Ha OCHOBE OKCHIOB s-, 0- u f-aementos / B.K. Kacenos, I11.b. Kacenosa, JK.11. Carunracsa,
E.E. Kyanpimbexos. — Kaparaaga: TOO «Literay, 2017. — 117 c.

13 Kasenov B.K. Physical properties of manganites / B.K. Kasenov, Sh.B.Kasenova, Zh.l.Sagintaeva, M.O. Turtubayeva,
E.E. Kuanyshbekov. — Karaganda: LPP «Litera», 2017. — 123 p.

14 Kacenos b.K. HoBble 3amelieHHBIC MOMUKPUCTALTHYECKHE M HaHOpasMepHble MaHranuThl / B.K. Kacenos, I11.b. Kacenoga,
.M. Carunraesa, b.T. Epmaramber, E.E. Kyansim6ekos, M.O. Typty6aeBa, A.2K. bekrypranosa. — Kaparanna: Oxoxan, 2019. —
108 c.

15 Kog6a JI.M. Pentrenodasonsrii ananus / J.M. Kosoa, B.K. TpyHoB. — M.: U3n-Bo MI'Y, 1969. — 232 c.

16 Kusumnc C.C. TexHuka nsmepeHuil miotHocTH xunkocteil 1 tBepasix ten / C.C. Kusume. — M.: Cranpaprrus, 1959. —
191c.

17 Tpetssixos 10./1. [Ipobiema pa3utrst HaHOoTexHONOrUK B Poccuu n 3a pyoexxom / FO.J1. Tperbsiko, O.A. bpsuiés // BectH.
PAH. —2007. —T. 77, Ne 1. — C. 3-10.

18 Ceprees II1.1. Hanokmactepsl U HaHOKIAcTepHble cucTeMbl. OpraHmsanus, B3aumoseiictsue, cBoiicta / ILU. Ceprees,
I1.1. Cy3panes // Ycmexu xumun. — 2001. — T.70, Ne 3. — C. 203-240.

19 Becr A. Xumus tBepaoro torumusa / A. Bect. — M.: Mup, 1988. — 588 c.

III.b. Kacenona, JXK.W. CarsiaraeBa, b.K. Kacenor, M.O. Typribaesa,
A. Hyxynsl, E.E. Kyansimbexkos, M.A. McabaeBa

LaMe''CuzZnMnOs (Me!' — Mg, Ca, Sr, Ba) :kaHa HAHOKYPbLILIMIbI MAHTAHUTTEP]

Cinrinibxep Metanmap kapOonarrapel MeH santaHa (III), mbic (II), meipemm (II) xene mapraner (III)
TOTBHIKTAPBIHGIH KOFAPLITEMIIEPATYPANIBIK dpekeTTecyi apkpuisl LaMe!'CuZnMnOs (Me!' — Mg, Ca, Sr, Ba)
KYpaMbl MBIC-MBIPBIIITHI-MaHTaHUTTEPi CHHTE3AeiHII anbHAbl. «MM301» mapkansr «Retschy (I'epmanns)
BUOPALMSUTBIK MIPMEHIH/Ie CHHTE3ASIIHIIN AJIBIHFAH MOJUKPUCTAIIBIK MBIC-MBIPBIITH-MAHTaHUTTEPl YTITy
apKBUTBl OJIAPABIH HAHOKYPBUIBIMIBIOOIeKTepi anbiHbm, Mira3 LMU, Tescan 35meKTpOHIBIK MHKPOCKOII
KOMETIMEH OJIapJbIH eJIeM/epi aHbIKTanIbl. PeHTreHorpadus omiciMeH CHHTE3IEeNiHIeH HaHOKYPBUTBIMIIBI
MBIC-MBIPBIITH-MaHTAaHUTTEPAIH KyOTBIK CHHTOHUSAA Kelleciiell TOp KepCeTKITepMeH KPHUCTAIAaHATHIHEI
ampikTangel: LaMgCuZnMnOs — a = 13,53+0,02 A, V° = 2476,81+0,06 A3, Z = 4, Vv, = 619,20+0,02 A3,
Ppenr. = 4,52; pumar. = 4,5020,01 r/em®; LaCaCuZnMnOs — a = 13,69+0,02 A, V°=2565,73+0,06 A3, Z =4,
VO y. = 641,43+0,02 A%, ppeur. = 4,43;  Puuen. = 4,4140,01 r/em®;  LaSrCuzZnMnOs — a = 13,91+0,02 A,
VO =2691,42+0,06 A3, Z=4, VO, 4. = 672,85+0,02 A%, Ppenr. = 4,99; P, = 4,96+0,01 r/em’;
LaBaCuZnMnOs — a = 14,55+0,02 A, V°=3080,27+0,06 A%, Z = 4, V .y, = 770,07+0,02 A3, ppeur. = 4,95;
P, = 4,9440,01 r/cm®. PeRTreHIiK 3epTTeyNEp HETI3iH e, SFHI HOHIBIK PaIHyCTapIbIH ocyiMen Mg-nen Ba-
Te 3epTTENN OTBIPFAH MBIC-MBIPBIITEI-MAHTAaHUTTEPAIH TOp KOPCETKIMTep ImaMachl yiFasasl. JKacamrax
3epTTeyJepi eCKepe OTHIPHIM, OYIT KOCBUTBICTApApl Pm3m KeHICTIKTIK TOITKA JKaTKbI3yFa OOabl.

Kinm coe30ep: cuHTe3, MBIC-MBIPBIITHI MAaHTaHUT, JIAHTAH, CUITUIDKEp MeTanaap, HaHOKYPBUIBIMIIBI
OeuteKTep, MEKTPOH Il MUKPOCKOIIHS, peHTTeHorpadus.
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I1.b. Kacenona, XK.W. Carunraea, b.K. Kacenos, M.O. Typty0aeBa,
A. Hyxynsl, E.E. Kyansim6ekos, M.A. HcabaeBa

HoBble HAHOCTPYKTYPUPOBAHHBbIC MAHTAHUTDI
LaMe""CuzZnMnOs (Me'' — Mg, Ca, Sr, Ba)

BeIcOKOTEMITEPATYPHBIM B3aUMOJICHCTBHEM KapOOHATOB LIEIOYHO3EMEIBHBIX METAIIOB C OKCU/IaMH JIAHTaHA
(1, memm (1), mmexa (1) u mapranma (I11) cuHTE3MpOBaHBI MEIHO-IIMHKOBBIE MAaHTAHHTHI COCTaBa
LaMe''CuZnMnOs (Me" — Mg, Ca, Sr, Ba). 3MenbueHneM CHHTE3UPOBAHHBIX MONHKPUCTATIIMYECKHX
ME/IHO-IIMHKOBBIX MaHTaHUTOB Ha BHOpauuoHHOW MenbHHIEe «Retschy (I'epmanus) mapku « MM301» mody-
YeHBI X HAHOCTPYKTYPHPOBAHHBIE YaCTHIIBI, Pa3Mephl KOTOPBIX ONPEIENICHBI C IOMOIIBIO AIEKTPOHHOTO MHK-
pockora Mira3 LMU, Tescan. Merosamu peHTreHorpaguu yCTaHOBIEHO, YTO BCE CHHTE3MPOBAHHBIE HAHO-
CTPYKTYPHUPOBAHHBIC MEIHO-IIMHKOBbIC MaHTAaHUTHI KPUCTAUIN3YIOTCS B KyOUUECKOH CHHIOHUM CO CIIEYIO-
IEME TlapameTpamm  pemeTkn: LaMgCuZnMnOs — a=13,53+0,02 A, V°=2476,81+0,06 A3, Z =4,
VO, a. = 619,20i0,02 AS, Ppent. = 4,52, Prmku. = 4,50i0,01 F/CMS; LaCaCuZnMnOs a= 13,69i0,02 A,
VO = 2565,73+0,06 A3, Z=4, VO = 641,43+0,02 A3, Ppenr. = 4,43; P, = 4,4140,01 r/em;
LaSrCuZnMnOs — a = 13,91+0,02 A, V°=2691,42+0,06 A3, Z = 4, V. = 672,85+0,02 A3, ppewr. = 4,99;
Puuce. = 4,960,001 r/em’®;  LaBaCuZnMnOs  —  a=14,5540,02 A, V°=3080,27+0,06 A%, Z=4,
V0,40 = 770,07+0,02 A3, Ppenr. = 4,95; P, = 4,9420,01 r/cm®. Ha ocHOBaHUM peHTreHorpaGHuecKux uccie-
JIOBaHUH yCTaHOBJIEHO, YTO C IOBBIIIEHHEM HOHHBIX paxuycoB oT M k Ba yBennumnBaroTcst BeIMYMHEI Tapa-
METPOB PEIIETKH MCCIEIYeMBIX MEIHO-IIMHKOBBIX MaHraHUTOB. C yd4eTOM IPOBEICHHBIX HCCIEIO0BAHUH
MO’KHO OTHECTH 3TH COSIMHEHMS K IIPOCTPAHCTBEHHOHU rpymme Pm3m.

Kniouesvie cnosa: cunte3, MEHO-IIMHKOBBII MaHTaHUT, JTaHTaH, IETOYHO3EMEIIbHBIE METAILIbI, HAHOCTPYKTY-
PHPOBaHHBIE YACTHIIBI, JIEKTPOHHASI MEKPOCKOIIHS, PEHTI€HOT pads.

References

1 Tretyakov, Yu.D., & Brylyov, O.A. (2000). Novye pokoleniia neorganicheskikh funktsionalnykh materialov [New generations
of inorganic functional materials]. Zhurnal Rossiiskogo khimicheskogo obshchestva im. D.l. Mendeleeva — Journal of the Russian
Chemical Society named after D.l. Mendeleev, 44, 4, 10-16 [in Russian].

2 Grunberg, P.A. (2008). Ot spinovykh voln k gigantskomu magnitosoprotivleniiu i dalee [From spin waves to giant magnetore-
sistance and further]. Uspekhi fizicheskikh nauk — Physics-Uspekhi, 178, 12, 1349-1358 [in Russian].

3 Pomerantsev, Ye.A. (2003). Sintez i svoistva tverdogo rastvora CaCuxMn7xO12 ¢ kolossalnym magnetosoprotivieniem [Syn-
thesis and properties of solid solution of CaCuxMn7-xO12 with colossal magnet resistance]. Doklady Akademii nauk — Reports of the
Academy of Sciences, 388, 3, 344-348 [in Russian].

4 Chupakhina, T.I. (2011). Sintez i magnitnye svoistva slozhnogo oksida La1 5Sr1,5CuMnQOs,67 [Synthesis and magnetic properties
of complex oxide of La15Sr1,5CuMnOe,67]. Zhurnal neorganicheskoi khimii — Journal of inorganic chemistry, 56, 8, 1248-1252 [in
Russian].

5 Vybornov, N.A. (2008). Submikrokristallicheskoe sostoianie i magnitorezistivnyi effekt v goriache pressovannykh perovskito
podobnykh manganitakh [Submicrocrystalline state and magnetoresistive effect in hot pressed perovskite manganites]. Perspektivnye
materialy — Promising materials, 4, 58-63 [in Russian].

6 Troyanchuk, 1.0. (2019). Spin crossover and magnetic properties of Ba-substituted cobaltites. Journal of Experimental and
Theoretical Physics, 128, 1, 98-104. https://doi.org/10.1134/S1063776119010047

7 Gudin, S.A. (2018). Colossal magnetoresistance of layered manganite Lai.2Sr1.8Mnz1-2O7 and its description by a “Spin-Po-
laron” conduction mechanism. Physics of the Solid State, 60, 6, 1078-1081. https://doi.org/10.1134/S1063783418060112

8 Troyanchuk, 1.0. (2018). Causes of the metamagnetism in a disordered EuCoosMno.sO3 perovskite. Journal of Experimental
and Theoretical Physics, 126, 6, 811-815. https://doi.org/10.1134/S1063776118050072

9 Solin, N.I. (2019). Exchange bias training effect in GdBaC020s 5 cobaltite. Journal of Experimental and Theoretical Physics,
128, 2, 281-289. https://doi.org/10.1134/S1063776119010035

10 Giraldo-Gallo, P. (2018). Scale-invariant magnetoresistance in a cuprate superconductor. Science, 361, 479-481.
https://doi.org/10.1126/science.aan3178

11 Kasenov, B.K., Kasenova, Sh.B., Sagintaeva, Zh.l., Ermagambet, B.T., Bekturganov, N.S., & Oskembekov, .M. (2017).
Dvoinye i troinye manganity, ferrity i khromity shchelochnykh, shchelochnozemelnykh i redkozemelnykh metallov [Double and triple
manganites, ferrites and chromites of alkali, alkaline earth and rare earth metals]. Moscow: Nauchnyi mir [in Russian].

12 Kasenov, B.K., Kasenova, Sh.B., Sagintaeva, Zh.l., & Kuanyshbekov, E.E. (2017). Novye materialy na osnove oksidov s-, d- i
f-elementov [New materials based on oxides of s-, d- and f-elements]. Karaganda: LPP “Litera” [in Russian].

13 Kasenov, B.K., Kasenova, Sh.B., Sagintaeva, Zh.l., Turtubaeva M.O., & Kuanyshbekov, E.E. (2017). Physical properties of
manganites. Karaganda: LPP “Litera”.

14 Kasenov, B.K., Kasenova, Sh.B., Sagintaeva, Zh.l., Yermagambet, B.T., Kuanyshbekov, E.E., Turtubaeva, M.O., & Bektur-
ganova, A.Zh. (2019). Novye zameshchennye polikristallicheskie i nanorazmernye manganity [New substituted polycrystalline and
nanodimensional manganites]. Karaganda: Ekozhan [in Russian].

CHEMISTRY Series. No. 3(103)/2021 65


https://doi.org/10.1134/S1063776119010047
https://doi.org/10.1134/S1063783418060112
https://doi.org/10.1134/S1063776118050072
https://doi.org/10.1134/S1063776119010035
https://doi.org/10.1126/science.aan3178

Sh.B. Kasenova, Zh.l. Sagintaeva et al.

15 Kovba, L.M., & Trunov, V.K. (1976). Rentgenofazovyi analiz [X-ray phase analysis]. Moscow: Moscow State Univ. Publ. [in
Russian].

16 Kivilis, S.S. (1959). Tekhnika izmerenii plotnosti zhidkostei i tverdykh tel [Technique of measuring of the density of liquids and
solids]. Moscow: Standartgiz [in Russian].

17 Tretyakov, Yu.D. (2007). Problema razvitiia nanotekhnologii v Rossii i za rubezhom [Problem of development of nanotech-
nology in Russia and abroad]. Vestnik Rossiiskoi akademii nauk — Bulletin of the Russian Academy of Sciences, 77, 1, 3-10 [in Rus-
sian].

18 Sergeev, P.l. (2001). Nanoklastery i nanoklasternye sistemy. Organizatsiia, vzaimodeistvie, svoistva [Nanoclusters and
nanocluster Iscates. Organization, interaction, properties]. Uspekhi khimii — Successes of chemistry, 70, 3, 203-240 [in Russian].

19 Vest, A. (1988). Khimiia tverdogo tela [Chemistry of solid state]. Moscow: Mir [in Russian].

Information about authors:

Kasenova Shuga Bulatovna — Doctor of chemical sciences, professor, chief researcher of the laboratory
of thermochemical processes of Abishev Chemical-Metallurgical Institute, Karaganda, Kazakhstan; e-mail:
kasenovashuga@mail.ru, ORCID: 0000-0001-9755-7478

Sagintaeva Zhenisgul Imangalievha — candidate of chemical sciences, associate professor, leading
researcher of the laboratory of thermochemical processes of Abishev Chemical-Metallurgical Institute, Kara-
ganda, Kazakhstan; e-mail: kai_sagintaeva@mail.ru, ORCID: 0000-0001-8655-356

Kasenov Bulat Kunurovich (corresponding author) — Doctor of chemical sciences, professor, head of
the laboratory of thermochemical processes of Abishev Chemical-Metallurgical Institute, Karaganda, Kazakh-
stan; e-mail: kasenov1946@mail.ru, ORCID: 0000-0001-9394-0592

Turtubaeva Meruert Orazgalievna — PhD, docent of the Department of Chemistry and Chemical
Technology of Toraigyrov University, Pavlodar, Kazakhstan, e-mail: azat-2000@bk.ru, ORCID: 0000-0001-
7932-5075

Kuanyshbekov Erbolat Ermekovich — Master of engineering, researcher at the laboratory of thermo-
chemical processes of Abishev Chemical-Metallurgical Institute, Karaganda, Kazakhstan; e-mail:
mr.ero1986@mail.ru, ORCID: 0000-0001-9172-9566

Nukhuly Altynbek — Doctor of Chemical Sciences, Professor of Pavlodar Pedagogical University, Pav-
lodar, Kazakhstan; e-mail: nukhuly@mail.ru, ORCID: 0000-0001-5006-879x

Isabaeva Manara Amangeldievna — Candidate of Chemical Sciences, Professor of the Department of
Chemistry and Chemical Technology of Toraigyrov University, Pavlodar, Kazakhstan, e-mail:
isabaeva.manar@mail.ru, ORCID: 0000-0002-8119-3865

66 Bulletin of the Karaganda University


mailto:kasenovashuga@mail.ru
https://orcid.org/0000-0001-9755-7478
mailto:kai_sagintaeva@mail.ru
https://orcid.org/0000-0001-8655-356x
mailto:kasenov1946@mail.ru
https://orcid.org/0000-0001-9394-0592
mailto:azat-2000@bk.ru
https://orcid.org/0000-0001-9172-9566
https://orcid.org/0000-0001-9172-9566
mailto:mr.ero1986@mail.ru
https://orcid.org/0000-0001-9172-9566
mailto:nukhuly@mail.ru
https://orcid.org/0000-0001-9172-9566
mailto:isabaeva.manar@mail.ru
https://orcid.org/0000-0002-8119-3865

How to Cite: Toibek, A.A., Rustembekov, K.T., Kaikenov, D.A., Stoev, M. (2021) Synthesis and properties of double gadolinium
tellurites. Bulletin of the University of Karaganda — Chemistry, 103(3), 67-73. https://doi.org/10.31489/2021Ch3/67-73

UDC 546.244 https://doi.org/10.31489/2021Ch3/67-73

A.A. Toibek!, K.T. Rustembekov!®, D.A. Kaikenov! M. Stoev?

!Karagandy University of the name of academician E.A. Buketov, Kazakhstan;
2South-West University “Neofit Rilski 7, Blagoevgrad, Bulgaria
(*Corresponding author ’s e-mail: rustembekov_kt@mail.ru)

Synthesis and properties of double gadolinium tellurites

For the first time, double gadolinium tellurites of the composition GdM"TeOa4s (M'" — Sr, Ba) were synthesized
by the solid-phase method. The solid-phase synthesis of samples was carried out from decrepitated gadolinium
(1) and tellurium (1V) oxides, strontium, and barium carbonates according to the standard ceramic technology.
The synthesis was carried out in the temperature range of 800-1100 °C. The samples obtained were confirmed
by X-ray phase analysis. X-ray phase analysis was carried out on an Empyrean instrument in the XRDML
Pananalitical format. The intensity of the diffraction maxima was estimated on a 100-point scale. X-ray dif-
fraction patterns indexing of the powder of gadolinium tellurites — alkaline earth metals studied were carried
out by the homology method. The reliability and correctness of the results of indexing the X-ray diffraction
patterns are confirmed by the good agreement between the experimental and calculated values of the interplanar
distances (d) and the agreement between the values of the X-ray and pycnometric densities. It was found that
compounds GdSrTeO4.5 and GdBaTeOa4s crystallize in the monoclinic system and have the unit cell parameters,
namely GdSrTeOss —a=12.7610,b=10.4289, c=8.6235 A, V°=1141.83 A3, = 95.77°, Z = 5, prent. = 3.22,
ppikn. = (3.10£0.09) g/cm®; GdBaTeOss — a=157272, b=15.8351, c¢=7.1393 A, V°=1769.72 A3,
B =95.53°,Z =8, prent= 3.71, ppick = (3.610.10) g/cm?. Using the Landiya method, the standard heat capacities
of the compounds were estimated from the calculated values of the standard entropies, and the temperature
dependences of the heat capacities of the gadolinium tellurites synthesized were determined in the temperature
range of 298-850 K.

Keywords: double gadolinium tellurites, X-ray phase analysis, crystal system, lattice parameters, heat capacity.

Introduction

It is known that tellurium compounds with metals have semiconducting properties and superconductivity,
such as transition and non-transition metals tellurites. On the other hand, chalcogen compounds containing
three or more elements tend to polymerize, especially if in addition to tellurium there is an oxygen atom in the
composition. These kinds of compounds are used in the non-organic synthesis of composite materials with
organic substances.

Tellurium derivatives are characterized by high chemical activity, which determines the prospects of syn-
thetic transformations aimed at obtaining new semiconductor, ferroelectric, and radioluminescent materials of
a wide range of implementations. Recently, the attention of scientists has been especially attracted by com-
pounds based on rare earth, alkaline earth oxides, and transition metals in connection with their properties in
microelectronics [1]. The investigation of complex oxides of 3d- and 4f- elements with a perovskite structure
has great importance for non-organic materials science [2, 3]. In this regard, the purpose of this work was to
synthesize and study the properties of new phases — double tellurites of gadolinium with composition
GdM"TeOss (M" — Sr, Ba).

Experimental

The solid-phase synthesis of samples was carried out according to the standard ceramic technology from
decrepitated gadolinium (111) and tellurium (IV) oxides, strontium, and barium carbonates. The stoichiometric
amounts of the original materials were thoroughly mixed and ground in an agate mortar. Then they were an-
nealed in alundum crucibles in a SNOL furnace. The following heat treatment mode was used, namely, Stage |
for 15 hours at 400 °C, Stage I1 20 hours at 800 °C, Stage III 20 hours at 1100 °C, then annealing was carried
out at 400 °C for 20 hours in order to obtain stable compounds at low temperatures. After each stage, the
mixtures were cooled, mixed, and thoroughly ground.

An X-ray study of the equilibrium compositions of the tellurites synthesized was carried out on an Em-
pyrean device. Empyrean is the only platform that offers many benefits and high data accuracy for all sample
types. This instrument is designed for a wide range of applications that include X-ray diffraction and X-ray
scattering, as well as X-ray imaging. The Empyrean is designed to operate at 60 kV, which is optimal for X-ray
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tubes with an anode of Mo and Ag. The intensity of the diffraction maxima was evaluated on a 100-point scale.
The X-ray diffraction patterns of the obtained compounds were indexed by the homology method [4].

The pycnometric density of tellurites was determined by the method [5]. Toluene served as an indifferent
liquid. The density of each tellurite was measured 3-5 times and the data was averaged.

Using the Landiya method [6], the standard heat capacities of the compounds were estimated from the
calculated values of the standard entropies, and the temperature dependences of the heat capacities of the gad-
olinium tellurites synthesized were determined in the temperature range of 298-850 K.

Results and Discussion

X-ray phase analysis consists in identifying crystalline phases based on their inherent interplanar dis-
tances diy and the corresponding line intensities 1) of the X-ray spectrum. The individuality and distribution
of atoms determine the intensity of the diffracted rays. A powder diffraction pattern is an individual character-
istic of a crystalline substance [7].

Figure 1 shows X-ray diffraction patterns of double gadolinium tellurites synthesized.
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Figure 1. X-ray diffraction of the double-tellurite synthesized

The results of indexing the X-ray diffraction patterns of gadolinium tellurites synthesized are presented
in Table 1.
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Table 1
Radiographs indexing of tellurite GdM'' TeO4s(M'" — Sr, Ba) synthesized
h I k | I I dobs., & I deale., A I 2 thops, deg | 2 theaic, deg I 1/ 1max (%)
GdSrTeO4,5
2 1|-1 4.76531 4.76827 18.605 18.593 11.56
1 2 1 4.13362 4.13439 21.480 21.476 3.44
3 110 3.92007 3.91936 22.665 22.669 1.86
3 1|-1 3.69242 3.69683 24.083 24.053 2.64
0 310 3.47500 3.47408 25.614 25.621 4.03
2 0| 2 3.39862 3.39690 26.200 26.213 6.06
3 210 3.28648 3.28438 27.111 27.128 9.63
3 0| -2 3.17599 3.17418 28.073 28.089 18.58
4 0|0 3.17599 3.17278 28.073 28.102 18.58
4 0| -1 3.07721 3.07777 28.993 28.988 35.75
2 3 | -1 2.91623 2.91613 30.632 30.633 100.00
0 01| 3 2.85710 2.85733 31.282 31.279 4.29
2 0| -3 2.70951 2.70922 33.033 33.037 1.64
3 2 | -2 2.70951 2.71110 33.033 33.013 1.64
4 210 2.70951 2.71023 33.033 33.024 1.64
3 310 2.68234 2.68506 33.378 33.343 5.52
4 0| -2 2.68234 2.68220 33.378 33.380 5.52
0 4 10 2.60492 2.60591 34.400 34.387 2.28
1 3| 2 2.60492 2.60676 34.400 34.375 2.28
3 0| -3 2.48651 2.48655 36.093 36.093 4.16
1 3|3 2.14720 2.14661 42.046 42.059 8.35
6 1|-1 2.06222 2.06207 43.867 43.870 14.88
2 3|3 2.03531 2.03632 44.478 44.454 2.24
5 3 | -1 2.03111 2.03126 44.575 44.571 1.72
5 0| -3 2.00034 2.00021 45.298 45.301 1.78
GdBaTeO4_5

0 0| 2 3.55333 3.55306 25.040 25.042 16.47
4 1|-1 3.49081 3.48785 25.496 25,518 21.87
1 4 | -1 3.40853 3.41004 26.122 26.111 9.03
4 2 | -1 3.25760 3.25868 27.356 27.346 7.19
5 0|0 3.13071 3.13077 28.487 28.487 9.72
4 2 1 3.04373 3.04372 29.319 29.319 12.82
5 0| -1 2.97033 2.97194 30.061 30.044 100.00
0 5 1 2.89253 2.89227 30.889 30.892 6.74
4 3 1 2.79599 2.79629 31.984 31.980 7.69
3 510 2.70704 2.70698 33.064 33.065 7.69
3 2 | 2 2.65330 2.65161 33.754 33.776 10.43
4 4 | -1 2.55330 2.65330 33.754 33.754 10.43
1 0| 3 2.30952 2.30958 38.967 38.966 8.29
7 110 2.21459 2.21429 40.709 40.715 3.84
1 3 | -3 2.16622 2.16651 41.660 41.654 21.48
5 5] -1 2.16622 2.16697 41.660 41.645 21.48
6 3 1 2.16622 2.16702 41.660 41.644 21.48
4 1| -3 2.09957 2.09956 43.047 43.047 3.78
2 7 | -1 2.09470 2.09348 43.152 43.179 3.78
5 4 | -2 2.09470 2.09495 43.152 43.147 3.78
5 3 | -3 1.85549 1.85589 49.057 49.046 5.75
6 6 | O 1.85549 1.85524 49.057 49.064 5.75
3 7 | -2 1.82256 1.82241 50.004 50.008 3.70

Notes. hkl — Miller indices; dobs. — experimental interplanar distances; dca. — calculated interplanar distances; 2thops. — exper-
imental double angle of Bragg reflection; 2thcac. — calculated double angle of Bragg reflection; I/Imax. — is the relative intensity of the

X-ray patterns.
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As can be seen from the data in Table 1, the experimental and calculated values of (d) and the X-ray and
pycnometric densities values (Table 2) are in satisfactory agreement with each other, which shows the relia-
bility and correctness of indexing results.

Based on indexing radiographs of tellurites investigated, it was found that the compounds GdSrTeOas
and GdBaTeOss crystallize in the monoclinic system and have the unit cell parameters presented in Table 2.

Table 2

Type of syngonies and tellurites unit cell parameters

Density, g/cm®

The lattice parameters, A VO A3

Compound Syngony type B,deg. |Z

" b c Radiog. Pycnom.

GdSrTeOqs monoclinic | 12.7610 | 10.4289 | 8.6235 | 1141.83 95.77 5| 322 3.10+0.09
GdBaTeOss monoclinic | 15.7272 | 15.8351 | 7.1393 | 1769.72 95.53 8| 371 3.61+0.10

According to ASTM card files reference databases [8], tellurites synthesized X-ray diffraction patterns
have been compared with X-ray indices [I/lo, d] of original materials and with possible tellurites of this system.
It was revealed that the diffractograms of new tellurites had no analogues. This data additionally confirms that
synthesized tellurites are new compounds.

X-ray diffraction data shows that synthesized tellurites crystallize in the structural types of distorted per-
ovskite Pm3m. It allows supposing that these compounds can have unique electrophysical properties [9-12].

To calculate the temperature dependence of the heat capacities of the gadolinium tellurites synthesized,
we chose the Landiya method [6], which is the most reliable of those available in the literature. The standard
entropies were calculated using the Kumok ion increment method [13]. Using the Landiya method, the stand-
ard heat capacities of tellurites were estimated from the calculated values of the standard entropies, and the
temperature dependences of the heat capacity were calculated using the Mayer-Kelly equation. The calculation
results are shown in Table 3.

Table3
Calculated heats capacity of double gadolinium tellurites in the range of 298-831 K

C,°, J/(molK) C,°, J/(mol'K)
T,K T, K
GdSI’TEO4_5 GdB&TEO4_5 GdSI’TE‘O4,5 GdBaTeO4,5

298.15 152.84 154.42 575 181.69 177.19

300 153.20 154.37 600 183.47 180.38

325 157.31 154.36 625 185.19 183.65

350 160.86 155.12 650 186.87 186.97

375 163.98 156.46 675 188.52 190.34

400 166.78 158.25 700 190.14 193.75

425 169.33 160.37 725 191.73 197.20

450 171.69 162.76 750 193.30 200.68

475 173.90 165.36 775 194.85 204.18

500 175.98 168.13 780 195.15 204.89

525 177.96 171.04 800 196.38

550 179.86 174.07 831 198.26

Figure 2 below depicts graphically the temperature dependences of the heat capacity of the tellurites
investigated.
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Figure 2. The temperature dependence of tellurites heat capacity

Thus, based on the calculated values of S°(298.15) by the Landiya method, for the first time, the estimated
values of the standard heat capacity of double gadolinium tellurites are given and their equations for the tem-
perature dependence of the heat capacities are derived. The obtained values of the standard heat capacities of
tellurites are equal for GdSrTeO45(152.84+9.23) and GdBaTeO45(154.42+10.22) J/(mol-K). Equations of the
temperature dependence of the heat capacity are as follows:

for GASrTeOus Cp®=37.16 + 13-103T — 4.0-10%>T2 (298-831 K),
for GdBaTeO4s Cp®=19.98 +36:10°T + 5.5-10°>T2 (298-780 K).
Conclusions

New double gadolinium-strontium GdSrTeOas and gadolinium-barium GdBaTeOuss tellurites were syn-
thesized by the method of ceramic technology. The formation of equilibrium compositions in the compounds
synthesized was controlled by X-ray phase analysis. The XRF method was used to determine the system types,
unit cell parameters, X-ray, and pycnometric densities. Tellurites crystallize in the structural types of distorted
perovskite Pn3m. It allows supposing that these compounds can have unique electrophysical properties.

Using the Landiya method, the compounds standard heat capacities were estimated from the standard
entropies calculated values, and the heat capacities temperature dependence of the tellurites synthesized in the
temperature range of 298-850 K was presented. The data obtained is of certain interest for chemistry and non-
organic materials science of rare earth elements and chalcogenes complex oxide compounds.
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I'agoanHuMii KOC TEJJIYPUTTEPiHIH CMHTE3] )KOHE KacueTTepi

Auram per kartel (azansik spiciien GAM''TeOss (M!" — Sr, Ba) Kypampl TafoNMHUHLIH KOC TETYpUTTEp]
CHHTe3/eN/l. YIrinepaiH KaTThl (a3aiblK CHHTE31 alablH-ana Kyiaipinren ragonunuii (111) xxone Temmyp (IV)
OKCHATEpi, CTPOHLIUI jkoHe Oapuii kKapOOHATTaphIHAH CTAaHAAPTTHI KepAaMHKAJIBIK TEXHOJIOTUS OOMBIHIIA icKe
aceipbuiibl. Cuate3 800-1100 °C TemnepaTypa apaibiFbIHAA KYPTi3iii. ANBIHFaH YiIriep peHTreHda3aibik
aHanu3 oxiciMe 3epTrensi. Pentrendasansik anann3 Empyrean KOHIBIPFEICHIHIA XY Pri3inai. Judpaknusursik
MaKCHUMyM/IapAblH KapKbIHABUIBIFBl JKY3 Oaj/pblK IIKalaMeH OaramaHipl. 3epTTENCeTiH TaJOiUHHA —
KEPCUITIIIK MeTangapsl TEJUTypPUTTEPiHIH YHTAKTaphIHBIH PEHTICHOIPaMMallapblH HHAWLUPIICY TOMOJIOTHS
oniciMeH >Xyprisinai. PeHTreHorpaMmanapiasl MHIWIMpPIECY HOTHIKENEPIHIH TYPHICTHIFBIH JKOHE MQNIIriH
JKa3BIKTHIKAPAIBIK KAIIBIKTHIKTEIH (d) TOXIpHOETIK >KOHE €CENTeNreH MOHAEpI MEH PEHTTeHIIK >KoHe
MUKHOMETPJIIK THIFBI3IBIKTAPBIHBIH MOHEPiHIH coiikectiri momenneimi. GdSrTeOss xone GdBaTeOss
KOCBUIBICTaphl MOHOKIMHJI CHHIOHHUSJA KPHUCTAJJ[AHATBHIHBL JKOHE KeNECied AIIEMEHTApIIBIK YSIIBIK
napamerpiepi Tabsunasl: GdSrTeOss —a = 12,7610, b = 10,4289, ¢ = 8,6235 A, V° = 1141,83 A3, B = 95,77°,
Z=5, pperr. = 3,22, puun = (3,10£0,09) r/cm®; GdBaTeOss — a=15,7272, b=15,8351, ¢=7,1393 A,
V© =1769,72 A3, p=95,53°, Z=8, ppenr.= 3,71, pruu. = (3,61£10) r/cm®. Jlanaus onicimen ecenrenren
CTaHJIApPTTHl SHTPOIHMS MOHJEPIHEH KOCHUIBICTAp/ABIH CTaHAAPTTHI JKbUTY CHIMBIMIBUIBIKTAPEI TAOBUIIBI JKOHE
298-850 K  Temmeparypa  apaibIFbIHOa ~ CHHTE3IENI€H  TaJONMHUHA  TEJUTyPUTTEPIiHIH  JKBLIY
CBIMBIMIBUIBIKTAPBIHBIH TEMIEPATyPAJIbIK TYEIAUTIKTEP] aHBIKTAIIIBI.

Kinm ce30ep: TagomuHuil KOC TEIUTypUTTEPi, peHTreH(pa3aIbIK aHAIN3, CHHTOHUS, TOP HapaMeTpiepi, KbUry
CBHIABIMIBLIBIK.

A.A. Toitbek, K.T. Pycrembexos, J[.A. Kaiikenos, M. Ctoes

CuHTe3 M cBOliCcTBa Z[BOﬁHBIX TCJUIYPUTOB IraI0JIMHUS

TrepnodasHbIM METOAOM BIIEPBLIE CUHTE3UPOBAHbI JBONHBIE TELTYPUTHI ragoimuus cocraa GAM''TeO4s
(M" — Sr, Ba). Teepaodasubiii cuuTe3 06pa3oB ObUT OCYIECTBIIEH M0 CTAHIAPTHON KEPAMUYECKON TEXHO-
JIOTUH M3 NPE/IBAPUTENILHO MpOKajeHHbIX okcuaoB ragoiunus (I11) u temtypa (IV), kapboHATOB CTPOHIMS 1
Oapust. CunTe3 npoBoauics B TemmeparypHoMm uatepsaie 800—1100 °C. TTomyuyeHHble 00pa3ibl ObLTH aTTe-
CTOBaHBI METOJIOM PEHTTeHO(a30BOro aHaIM3a. PeHTrenodaszoBrlii ananmu3 nposeneH Ha nmpubope Empyrean.
MHTencuBHOCTD TU(PPAKINOHHBIX MAKCHMYMOB OLICHUBATIACH IO CTOOAIUTBHON mIKate. HANIMpOBaHUE PEHT-
TEHOTPaMM ITOPOIIKA HCCIEYEMBIX TEJUTyPHTOB I'aIOIMHIUS — IIEI0YHO3EMETbHBIX METAJIOB MPOBOHIIN Me-
TOJIOM FOMOJIOTHH. JIOCTOBEPHOCTh M KOPPEKTHOCTh PE3yIbTaTOB HMHANIMPOBAHMUS PEHTTEHOTPaMM MOTBEp-
JKJTAIOTCSI XOPOIIUM COOTBETCTBHEM AKCIEPUMEHTATBHBIX M PACIETHBIX 3HAYSHUH MEXIUTOCKOCTHBIX PacCTOsI-
Hui (d) ¥ COTITaCOBAHHOCTBIO BETMYMH PEHTTEHOBCKON ¥ IMKHOMETPHUYECKOH IIIOTHOCTEH. Y CTaHOBIIEHO, YTO
coenuneHnst GdSrTeOs5 u GdBaTeOs5 KpuCTAIUIU3YIOTCS B MOHOKIIMHHOM CHHTOHUHM M UMEIOT HapaMeTphl
sneMeHTapHBIX sueek: GdSrTeOss — a = 12,7610, b = 10,4289, ¢ = 8,6235 A, V' =1141,83 A3, p = 95,77°,
Z=5, ppenr.= 3,22, pumar. = (3,10£0,09) r/cm®; GdBaTeOss — a=157272, b=158351, ¢=7,1393 A,
Vo =1769,72 A3, B=95,53°, Z = 8, ppenr. = 3,71, puun. = (3,61£0,10) r/em®. Metonom JIaHAuS U3 BEIYHCICH-
HBIX 3HAQUCHUH CTaHAAPTHBIX SHTPONHI pacCUNTAHbI CTAHAAPTHBIE TEIIOEMKOCTH COSIMHEHUH, OTPEeIeHb
TeMIIepaTypHbIE 3aBHCHMOCTH TEIIOEMKOCTEH CHHTE3UPOBAHHBIX TEJUTYPHTOB T'aJJOJIMHUS B HHTEPBAJe TEM-
nepatyp 298-850 K.

Knrouesvle cnosa: NBOMHBIC TEIUTYPUTHI TaOJIMHUS, PEHTIeHO(A30BbIN aHANIN3, CHHIOHHS, MapaMeTphl pe-
IIETKHU, TeTJIOEMKOCTb.

References

1 Yerin, Y. (2009). Naideno veshchestvo s gigantskim znacheniem dielektricheskoi pronitsaemosti [Found a substance with a
giant value of the dielectric constant]. Khimiia i khimiki — Chemistry and chemists, 1, 16-22. http://chemistryandchemists.narod.ru [in
Russian].

72 Bulletin of the Karaganda University


https://doi.org/10.1134%20/%20S003602441909020
http://chemistryandchemists.narod.ru/

Synthesis and properties of double gadolinium tellurites

2 Tretyakov, Yu.D., & Brylev, O.A. (2000). Novye pokoleniia neorganicheskikh funktsionalnykh materialov [New generations
of inorganic functional materials] Zhurnal Rossiiskogo khimicheskogo obshchestva im. D.l. Mendeleeva — Journal of the Russian
Chemical Society D.l. Mendeleev, 45, 4, 10 [in Russian].

3 Rustembekov, K.T. (2018). Oksoselenity, selenaty i tellurity riada s-, d- i f-elementov [Oxoselenites, selenates and tellurites of
a series of s-, d- and f-elements]. Karaganda: Glasir [in Russian].

4 Covba, L.M., & Trunov, V.K. (1976). Rentgenofazovyi analiz [X-ray phase analysis]. Moscow: Publishing house of Moscow
State University [in Russian].

5 Kivilis, S.S. Tekhnika izmerenii plotnosti zhidkostei i tverdykh tel [Technique for measuring the density of liquids and solids].
Moscow: Standartgiz [in Russian].

6 Landia, N.A. (1962). Raschet vysokotemperaturnykh teploemkostei tverdykh neorganicheskikh veshchestv po standartnoi en-
tropii [Calculation of high-temperature heat capacities of solid inorganic substances by standard entropy]. Thilisi: Publishing House
of the Academy of Sciences of the Georgian SSR [in Russian].

7 Kuznetsova, G.A. (2005). Kachestvennyi rentgenofazovyi analiz [Qualitative X-ray phase analysis]. Irkutsk [in Russian].
8 Retrieved from http://docs.cntd.ru/search/internationalstandards/astm/offset/1000 [in Russian].
9 Shriver, D., & Atkins, P. (2004). Neorganicheskaia khimiia [Inorganic chemistry]. Moscow: Mir [in Russian].

10 Rustembekov, K.T., & Dyusekeeva, A.T. (2012). Tellurites of some s-f-elements: synthesis, X-ray diffraction, and electro-
physical properties. Russian Journal of General Chemistry, 82, 8, 1357-1360. https://doi.org/10.1134/S1070363212080051

11 Rustembekov, K.T., Kasymova, M.S., Minayeva, Ye.V., & Bekturganova, A. Zh. (2019). Lanthanum — magnesium — nicel
tellurite: thermodynamic and electrophysical characteristic. Bulletin of the University of Karaganda — Chemistry, 94-2, 69-75.
https://doi.org/10.31489/2019Ch2/69-75

12 Rustembekov, K.T., Kasenov, B.K., Bekturganova, A. Zh., & Kasymova, M.S. (2019). Thermodynamic and Electrophysical
Properties of La2SrNiTeO~. Russian Journal of Physical chemistry A. 9, 1657-1661. https://doi.org/10.1134 / S003602441909020

13 Kumok, V.N. (1987). Priamye i obratnye zadachi khimicheskoi termodinamiki [Direct and Inverse Problems of Chemical
Thermodynamics]. Novosibirsk: Nauka [in Russian].

Information about authors:

Toibek Aitolkyn Ablaikyzy — PhD student Faculty of Chemistry Karagandy University of the name of
academician E.A. Buketov, Universitetskaya str., 28, 100024, Karaganda, Kazakhstan; e-mail: ai-
toka_95@miail.ru; https://orcid.org/0000-0002-8616-5257;

Rustembekov Kenzhebek Tusupovich — Academician of Kazakhstan National Academy of Natural
Sciences (KazNaNs), Doctor of chemical sciences, Professor, Karagandy University of the name of academi-
cian E.A.Buketov, Universitetskaya str., 28, 100024, Karaganda, Kazakhstan; e-mail:
rustembekov_kt@mail.ru; https://orcid.org/0000-0003-0853-523X;

Kaikenov Dauletkhan Asanovich — Leading researcher of the laboratory of engineering profile “Phys-
ical and chemical methods of research”, Karagandy University of the name of academician E.A. Buketov,
Universitetskaya str., 28, 100024, Karaganda, Kazakhstan; e-mail: krg.daykai@mail.ru;

Stoev Mitko — PhD, Associate Professor, South-West University “Neofit Rilski”, Blagoevgrad, Bul-
garia.

CHEMISTRY Series. No. 3(103)/2021 73


http://docs.cntd.ru/search/internationalstandards/astm/offset/1000
https://doi.org/10.1134/S1070363212080051
https://doi.org/10.31489/2019Сh2/69-75
https://doi.org/10.1134%20/%20S003602441909020
mailto:aitoka_95@mail.ru
mailto:aitoka_95@mail.ru
https://orcid.org/0000-0002-8616-5257
mailto:rustembekov_kt@mail.ru
https://orcid.org/0000-0003-0853-523X
https://e.mail.ru/compose?To=krg.daykai@mail.ru

How to Cite: Baikenov, M.1., Aitbekova, D.E., Balpanova, N.Zh., Tusipkhan, A., Baikenova, G.G., Aubakirov, Y.A., Brodskiy, A.R.,
Fengyun Ma, & Makenov, D.K. (2021) Hydrogenation of polyaromatic compounds over NiCo/chrysotile catalyst. Bulletin of the Uni-
versity of Karaganda — Chemistry, 103(3), 74-82. https://doi.org/10.31489/2021Ch3/74-82

CHEMICAL TECHNOLOGY

UDC 662.642:678.742 https://doi.org/10.31489/2021Ch3/74-82

M.1. Baikenov!?, D.E. Aitbekoval®, N.Zh. Balpanoval, A. Tusipkhan!, G.G. Baikenova? 3,
Y.A. Aubakirov*, A.R. Brodskiy®, Fengyun Ma®, D.K. Makenov!

!Karagandy University of the name of academician E.A. Buketov, Kazakhstan;
2South Ural State University, Chelyabinsk, Russia;
3Karagandy Economic University of Kazpotrebsoyuz, Kazakhstan;
4Al-Farabi Kazakh National University, Almaty, Kazakhstan;
5D.V. Sokolskiy Institute of Fuel, Catalysis and Electrochemistry, Almaty, Kazakhstan;
8Xinjiang University, Xinjiang Uyghur Autonomous Region, People's Republic of China
(*Corresponding author 5 e-mail: darzhan91@mail.ru)

Hydrogenation of polyaromatic compounds over NiCo/chrysotile catalyst

The activity and selectivity of the bimetallic NiCo/chrysotile catalyst during the hydrogenation of model objects
(anthracene and phenanthrene) for 1 hour at an initial hydrogen pressure of 3 MPa and a temperature of 400 °C
were studied. The chrysotile mineral used as a substrate for active centers of nickel and cobalt is a waste product
of ashestos production at Kostanay Minerals JSC (the Republic of Kazakhstan). The catalyst was characterized
by a complex of methods of physical and chemical analysis. The chrysotile mineral consists of nanotubes with
an inner diameter of about 10 nm and an outer diameter of about 60 nm. The amount of hydrogenation products
is 61.91 %, destruction — 15.08 % and isomerization — 8.37 % during the hydrogenation of anthracene. The
amount of hydrogenation products is 26.09 %, and that of destruction is 2.51 % during the hydrogenation of
phenanthrene. It was found that the catalyst selectively accelerates the hydrogenation reaction and allows in-
creasing the yields of hydrogenation products. The schemes of the hydrogenation reaction of model objects
were drawn up according to the results of gas chromatography-mass spectrometric analysis of hydrogenates.

Keywords: polyaromatic hydrocarbons, anthracene, phenanthrene, nanocatalyst, hydrogenation, chrysotile,
nickel, cobalt.

Introduction

Research on the processing of heavy and solid hydrocarbon raw materials has been a topical theme in
recent years. Increasing the depth of processing of heavy oil residues, primary coal tar and improving the
guality of the obtained low-boiling low-molecular compounds are one of the key areas of coal and oil refining
[1, 2]. Heavy oil residue and primary coal tar usually contain a large amount of undesirable aromatic com-
pounds and are much more difficult to convert into a pure transport fuel. In this regard, the hydrotreating
process is introduced into the structure of coal and oil refining, which makes it possible to obtain a wide range
of products of high demand [3, 4].

Therefore it is highly desirable to improve the efficiency of aromatic hydrogenation. This can be achieved
by optimizing the process and improving the catalysts, which in turn requires a deeper understanding of the
aromatic hydrogenation process.

Comparison with previous studies has shown that the nature of the catalyst strongly affects the relative
reactivity of aromatic compounds [5]. Currently there is a wide range of catalysts for the hydroconversion of
heavy hydrocarbon feedstock, which are due to their various purposes. As is known, metals of the VIII group
of the periodic system (nickel, cobalt, iron) are usually used as the hydrogenating component [6, 7], as well as
oxides and sulfides of the metals of the VIII group [6, 8]. It is known from literary sources [8, 9] that a com-
bination of nickel and tungsten has a greater hydrogenating activity.
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Model combinations, such as anthracene, phenanthrene, pyrene, naphthalene, etc., are often used to de-
termine the mechanisms of activity and selectivity of the selected catalysts in the hydrogenation process, which
make it possible to establish a more detailed mechanism for heavy hydrocarbons concentration and scientifi-
cally based methods for predicting their control [10].

Sahle-Demessie et al. [11] and Liu et al. [12] show the results of catalytic hydrogenation, where anthra-
cene is hydrogenated to di-, tetra- and octa-hydroanthracene, depending on the conditions. Phenanthrene, in
comparison with the linear isomer — anthracene, undergoes hydrogenation more difficultly [13, 14]. A com-
pletely hydrogenated molecular form — perhydrophenanthrene was obtained along with di-, tetra- and octa-
hydroderivatives under more severe conditions and in a larger amount of catalyst [15].

The aim of this work is to evaluate the activity and selectivity of the NiCo/chrysotile catalyst during the
hydrogenation of polyaromatic model objects, such as anthracene and phenanthrene.

Experimental

Obtaining and physicochemical studies of the catalyst

Preliminary leaching with a 20 % hydrochloric acid solution was carried out to remove magnesium and
calcium salts in the original chrysotile. The preparation of a binary catalyst was carried out by first dissolving
nickel nitrate (20 %) in water with heating, followed by the addition of leached chrysotile to the resulting
solution. The resulting mixture was stirred and dried at room temperature, and then dried in an oven at 105 °C
until constant weight. Then, cobalt nitrate was dissolved in water and the process was repeated with the already
obtained dry mass of chrysotile with a nickel salt. Further, the heat treatment of nickel and cobalt salts depos-
ited on chrysotile was carried out in a muffle furnace at 500 °C for 2 hours. The mass fraction of nickel and
cobalt in the total mass of the obtained NiCo/chrysotile catalyst is 5 % each.

A Dron-4-07 X-ray diffractometer was used (a tube with a cobalt anode, tube parameters: 30 kV, 20 mA)
to determine the phase composition of the catalyst obtained.

The surface morphology of the leached chrysotile and the NiCo/chrysotile catalyst were obtained using a
MIRA3 TESCAN scanning electron microscope and a Jeol JEM-1400Plus transmission electron microscope.

Using a NanoS90 laser particle sizer and Zetasizer Nano (DTS) software, the particle size and distribution
of the catalyst were determined, and water was used as the dispersant.

Process of catalytic hydrogenation of model objects

Hydrogenation of polyaromatic hydrocarbons (anthracene (Interchem, Russia) and phenanthrene (Merck,
Russia)) was carried out in an autoclave (manufactured in the People’s Republic of China) with an internal
stirrer with a capacity of 0.05 L. Hydrogenation of anthracene and phenanthrene lasts 60 minutes at an initial
hydrogen pressure of 3.0 MPa, a temperature of 400 °C. The working pressure was ~6.0 MPa. The mass of the
polyaromatic hydrocarbon of 1 g and the mass of the catalyst of 0.01 g were premixed. Then the prepared mass
was loaded into the autoclave. The reactor was purged with hydrogen, and required gas pressure was supplied.
The reactor was held for a specified time after reaching the temperature required. The reaction mixture was
dissolved in benzene when it was cooled to room temperature.

The gas chromatography-mass spectrometry analysis of anthracene and phenanthrene hydrogenation prod-
ucts was performed on an Agilent Technologies 7890A gas chromatograph with a 5975C mass-spectrometric
detector. The column temperature was gradually varied from 60 to 300 °C with time; a flow rate of helium was
8 mL/s. The test sample with a volume of 1 uLL was introduced into the column using a 7683B autosampler. The
test sample entered the ionization chamber of the mass spectrometer after separation in the column. The incoming
molecules underwent fragmentation by electron impact with energy of 70 eV at a temperature of 250 °C in the
chamber. After extracting from the ionization chamber by an electrostatic field the fragments arrived at a quad-
rupole capacitor. The mass spectra of test sample components were obtained with the use of the quadrupole
capacitor. The chromatograms and mass spectra were processed using the MSD ChemStation E02.00.493 soft-
ware. The NIST-8 database of mass spectra was used to identify compounds.

Results and Discussion

Parameters of NiCo/chrysotile catalyst

The chrysotile mineral used as a substrate for active centers of nickel and cobalt is a waste product of
asbestos production at Kostanay Minerals JSC (the Republic of Kazakhstan), which is a serpentine raw mate-
rial 3MgO-2Si0,-H,O. Man-made waste contains a significant amount of magnesium oxide, on average
38-42 % by weight, and derivatives of silicon dioxide as main accompanying components [16]. Chrysotile
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fibers consist of 12—20 twisted planes. It was found that the twist of the fibers decreases after leaching of
chrysotile using a hydrochloric acid solution due to the removal of magnesium oxide. Thus, the acidity of
chrysotile increases due to an increase in the concentration of SiO-.

The natural mineral chrysotile is of great interest because its macroscopic matrix consists of nanotubes,
the inner diameter of which is about 10 nm, and the outer diameter is about 60 nm. These nanotubes can be
about 1 cm long, and they are arranged in a close-to-hexagonal packing. Chrysotile has been successfully used
for the formation of semiconductor, ferroelectric, and metal nanowires [17]. When a catalyst is prepared by
wet mixing, chrysotile nanotubes can be filled with nickel and cobalt ions from the corresponding salts solu-
tions. Figure 1 shows the diffraction pattern of the catalyst obtained.

Intensity, imp/sec

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 20 95 100
degree of 20 angle, °

Figure 1. X-ray diffractograms of NiCo/chrysotile

According to the diffraction pattern, the reflections are 7.31; 4.48; 3.65; 2.52; 2.09; 1.53 A correspond to
the crystal structures of chrysotile Mgs[OH].{Si.Os}, reflections 2.88; 2.45; 2.03; 1.56; 1.43 A — cobalt oxide
C0C0,04, reflections 2.42; 2.09; 1.48; 1.26; 1.20 A — nickel oxide NiO.

Figure 2 shows photomicrographs of leached chrysotile and catalyst NiCo/chrysotile.

Figure 2. SEM (1) and TEM (2) micrographs of chrysotile (a) and NiCo/chrysotile (b)

The micrographs (al and a2) show that the chrysotile tubes are tightly packed in the short order. However,
in the long range order, chrysotile can be described as “amorphously” packed. The mineral consists of
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nanotubes with an inner diameter of about 10 nm and an outer diameter of about 60 nm. Oxides of nickel and
cobalt with a diameter of ~50 nm deposited on the surface of chrysotile tubes are visible (micrographs b1 and
b2).

The particle size and distribution of the catalytic additive particles, determined using a laser particle sizing
device, are shown in Figure 3.

1|:|_.._\ ............... ...............

Wolume (%)
[ms]

01 1 10 100 1000 10000
Size (d.nm)

Figure 3. Size and distribution of particles in an aqueous suspension of NiCo/chrysotile

According to the laser determiner, the average particle size of the catalyst is 546.5 nm.
Influence of the catalyst on hydrogenation of model objects

Table 1 shows the results of the hydrogenation of anthracene and phenanthrene in the presence of
NiCo/chrysotile catalyst.

Table 1

The yield of products of anthracene and phenanthrene hydrogenation process in the presence of NiCo/chrysotile

. . - The yield of products, %
No. Individual chemical composition Anthracene Phenanthrene
1 |1-Methyl-2-(phenylmethyl)-benzene 3.51 0.20
2 |2-Ethyl-naphthalene 1.38 1.10
3 |2-Butyl-naphthalene 2.20 0.25
4 |Biphenyl — 0.40
5 [2-Methyl-1,1"-biphenyl 1.04 -
6 [2-Ethyl-1,1-biphenyl 6.95 0.37
7 |Fluorene — 2.75
8 |9-Methyl-9H-fluorene — 0.90
9 19,10-Dihydro-anthracene 24.83 2.82
10 |1,2,3,4-Tetrahydro-anthracene 34.92 1.68
11 11,2,3,4,5,6,7,8-Octahydro-anthracene 2.16 -
12 19,10-Dihydro-phenanthrene — 13.45
13 |1,2,3,4-Tetrahydro-phenanthrene — 4.09
14 |Anthracene 14.65 -
15 |Phenanthrene 8.37 74.70
16 |Undetermined — 0.57
Conversion 76.99 28.60

It was noted that phenanthrene is hydrogenated less selective than anthracene, although the order of the
shortened bond in it is greater than in anthracene. Obviously, the number of shortened bonds should also be
taken into account: in phenanthrene, one with an order of 1.775, in anthracene — four, although with an order
of 1.738. Thus, an important tendency determining the rate of hydrogenation of aromatic hydrocarbons is its
dependence on the presence of shortened bonds and their number if the process is not complicated by the
peculiarities of the catalysts effect [18].
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Diagrams have been presented in Figures 4 and 5 according to the results of the hydrogenation of anthra-
cene and phenanthrene in the presence of NiCo/chrysotile catalyst at an initial hydrogen pressure of 3 MPa
and a temperature of 400 °C.

14,7% 24.8% 34.9% 22%

Figure 4. Scheme of anthracene hydrogenation reactions according to hydrogenated product composition

During the hydrogenation of anthracene the amount of hydrogenation products is 61.91 %, destruction —
15.08 % and isomerization — 8.37 %. It is known that the first reaction in anthracene hydrocracking is step-
wise hydrogenation to di-, tetra- and octahydro-anthracenes, alternately [11, 12]. The cyclohexane ring of the
tetrahydroanthracene is then cracked to naphthalenes. The conversion of anthracene to 1-methyl-2-(phenylme-
thyl)-benzene occurs stepwise through the formation of dihydro-anthracene.

A general pattern of naphthenic rings opening along with a-bonds has been observed according to the
results of model objects hydrogenation. The preferential cleavage of this bond under conditions simulating
coal liguefaction, i.e., under the hydrogen pressure is explained by the ipso-attack of atomic hydrogen, formed
by the interaction of molecular hydrogen with radicals [18]. The formation of 1-methyl-2-(phenylmethyl)-
benzene from dihydroanthracene (1) and 2-butyl-naphthalene from tetrahydroanthracene (2) occurs by cleav-
age of a-bonds initiated by ipso-attack He (Fig. 5).

H CH,
Clr0- -
H
Y . (2)
- CH3

Figure 5. Scheme of 1-methyl-2-(phenylmethyl)-benzene formation from dihydroanthracene (1) and 2-butyl-naphtha-
lene from tetrahydroanthracene (2)

The amount of hydrogenation products is 26.09 %, and that of destruction is 2.51 % during the phenan-
threne hydrogenation.

74.7% 13.5%

el oo
&-GO-CO

1.1%

2.8% 1.7%
™

Figure 6. Scheme of phenanthrene hydrogenation reactions according to hydrogenated product composition
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Successive hydrogenation and cracking reactions prevail in the process of phenanthrene hydrogenation.
Apparently, 9,10-dihydrophenanthrene and 1,2,3,4-tetrahydrophenanthrene formed as a result of phenanthrene
hydrogenation are isomerized to 9,10-dihydroanthracene and 1,2,3,4-tetrahydroanthracene, respectively [19].
The formation of 2-butyl-naphthalene from tetrahydrophenanthrene also occurs by cleavage of the a-bond
initiated by ipsoattack He (Fig. 7).

H
CHj

Figure 7. Scheme of 2-butyl-naphthalene formation from tetrahydrophenanthrene

9-methyl-9H-fluorene formed during the hydrogenation of phenanthrene is a Fluorene product present in
the starting phenanthrene (3.7 %). Also, most likely, 1-methyl-2-(phenylmethyl)-benzene, 2-ethyl-1,1'-bi-
phenyl, biphenyl are the degradation products of dibenzothiophene present in the starting phenanthrene
(2.1 %).

Earlier, we found that during the hydrogenation of a mixture of anthracene and phenanthrene with a ratio
of 1:1 in the presence of a catalytic additive CoO/microsphere, at an initial hydrogen pressure of 3 MPa and a
temperature of 420 °C, the conversion of the mixture is 92.5 %, where the amounts of unreacted anthracene
and phenanthrene accounted for 1.3 % and 6.2 %, respectively [20]. The high conversion of the mixture can
be explained by the fact that the products of anthracene hydrogenation (di-, tetrahydroanthracene) act as a
hydrogen donor. 9,10-Dihydroanthracene and 1,2,3,4-tetrahydroanthracene formed during the phenanthrene
hydrogenation in the presence of a NiCo/chrysotile catalyst can also be hydrogen donors.

Conclusions

Thus, when studying the effect of the NiCo/chrysotile catalyst on the hydrogenation of anthracene and
phenanthrene for 1 hour at an initial hydrogen pressure of 3 MPa and a temperature of 400 °C, it was found
that the catalyst selectively accelerates the hydrogenation reaction and allows increasing the yields of hydro-
genation products and is ~62 % and ~26 %, respectively. The yields of the degradation products of anthracene
and phenanthrene are ~15 % and ~2.5 %, respectively. Anthracene conversion is ~77 % and phenanthrene
conversion is ~29 %.
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HommapomaTThl KOChLIbICTAPABIH NiC0/XpH30TH/I KATAJIU3ATOPbIHA
TUAPOTreHU3ANUSAIAY

Monenbaik 00BeKTiIEpAl (aHTpaLleH MeH eHaHTpeH) 1 caraT OOWBI cyTeriHiH OacTanKe! KbIckIMbI 3 MI1a sxoHe
400 °C rtemmeparypana THApPOTCHM3AIMsIIaFraH Ke3ne Oummerannslk NiCo/XpH30THIAI KaTalu3aTOpP.IBbIH
OeJICeHITIr MEH CENeKTUBTLIIr 3epTTenai. Hukemp MeH Ko0anbTTHIH OSJICEH I OpTaNBIKTaphl YIIiH CyOCcTpaT
peTiHae maiinanaHpuFaH XpU30THI MuHepaisl «Kocranait munepanmape» AK (Kasakcran PecmyGnmkacsr)
acOecT eHMIpICIHIH KaiapFel Oonbin TaObutazbel. Karamuzatop (U3MKa-XUMHSUIBIK Tanjay oSmicTepiHiH
KEIIeHIMEH CHIaTTaNIbl. XPU30THI MHHepaibl ilIKi quamerpi mamameH 10 HM )KSHE CBIPTKBI TUaMeTpi
mamameH 60 HM OONaThIH HAHOTYTIKTEpAEH Typajsl. AHTpaleHAlI THAPOTeHH3alMsIay Ke3iHae TUapiey
eHiMIepiHiH Memepi 61,91 %, nectpykuus enimaepi 15,08 % xoue u3omepusarus eHiMaepi 8,37 % Kypasl.
DeHaHTpeH I THAPOTeHU3ANSIIAY Ke3iH e THApIey eHiMaepiHiH Memmiepi 26,09 %, an gecTpykuus eHiMIepi
2,51 % Oomnpl. Katanmsarop ruapriey peakUsChIH CEIEKTHBTI TYple KbBUITAMAATATHIHBI JKOHE THIApIEY
OHIMICPiHIH IIBIFBIMBIH apTTHIPyFa MYMKIHIIK OepeTiHi aHBIKTanabl. [MaporeHu3aTTapsl XpoMaTo-Mace-
CHEKTPOMETPIIIK Talay HOTIKeNepi OOMBIHIIA MOACTBIIK OO BEKTIIEpAl THAPOTCHN3AIMSIAY PEaKIUSICHIHBIH
cXeMaapsbl >KacaJiibl.

Kinm ce30ep: monuapoMaTThl KeMIpCyTeKTep, aHTpaleH, (eHaHTpPEeH, HaHOKATaJIu3aTop, 'MIPOreHH3als,
XPU30TUII, HUKEb, KOOAJIBT.

M.U. baiikenos, [I.E. AitoexoBa, H.)K. bannanosa, A. Tycunxan, I'.I'. BaiikeHoBa,
E.A. Ay6akupos, A.P. bpoackuii, ®en FOn Ma, /I.K. Makenos

I'maporenn3anusi mnoMapoMaTHYecKuX coeJuHeHn Ha kaTaau3arope NiCo/xpuzoruia

HccnenoBaHbl aKTHBHOCTD U CEIEKTHBHOCTh OMMETAIIIMYeCKOTo Katanu3aropa NiCo/XpH30THII IPU THAPOTe-
HH3alUH MOJICIIbHBIX 00BEKTOB (aHTpalleHa U ()eHAaHTPEeHA) B TeUCHUE | U TIPU MCXOTHOM JaBJICHUH BOIOPOIA
3 MIla u temneparype 400 °C. Munepan Xpu30THII, HCIIOJIB30BAHHBIH B KAUECTBE MOJIOKKHU ISl aKTUBHBIX
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Hydrogenation of polyaromatic compounds ...

LEHTPOB HUKEJIS M K0oOasbTa, sIBIsieTcss 0TX070M acbectoBoro npousBonactBa AO «KocTraHalickre MUHEPAITB)
(Pecny6nuka Kazaxcran). Karanuzarop oxapakTepru3oBaH KOMIUIEKCOM METOAOB (PHU3UKO-XUMUUECKOTO aHa-
nm3a. MUHepal XpU30THII COCTOUT U3 HAHOTPYOOK ¢ BHYTPEHHUM JHaMeTPOM Okoiio 10 HM M BHEIIHUM JAua-
MeTpoM okoio 60 HM. [Ipn rugporeHn3anuy aHTpaleHa KOJIUYECTBO IPOIYKTOB THAPUPOBAHUS COCTABIISIET
61,91 %, nectpyxunu — 15,08 % n nzomepuzarmuu — 8,37 %. [Ipu rugporennsanun peHaHTpEeHa KOJTHIECTBO
HPOJYKTOB THAPUPOBAHMS cocTaBiseT 26,09 %, a nectpykunu — 2,51 %. Y cTaHOBIEHO, YTO KaTaIU3aTop ce-
JIEKTHBHO YCKOPSIET PEaKINIO THAPUPOBAHUS U ITO3BOJIIET YBEJIMUUTE BEIXOJ MPOAYKTOB TuapupoBanus. 1o
pe3yJibTaTaM XpoMaTo-Macc-CIEKTPOMETPHUECKOTO aHAIN3a THAPOTeHU3aTOB ObIIN COCTABIEHBI CXEMBI PeaK-
I[Y THAPOTEHU3AIN MOJIEIbHBIX OOBEKTOB.

Kniouesvie cnosa: monnapoMaTHIeCKHe yTIeBOAOPOIbI, aHTPALEH, PeHAHTPEH, HAHOKATAIU3aTOP, THIPOTEHH-
3aIMsl, XPU30TUII, HUKENb, KOOAJBT.
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The effect of chemical composition on the biodegradation rate and physical
and mechanical properties of polymer composites with lignocellulose fillers

The results of TPLC scientific research, practical experience of their preparation, and application as of 2016
are presented in eight volumes of the “Handbook of Composites from Renewable Materials” (2017, John Wiley
& Sons, Inc.). This article provides an analysis of books and articles with open access to the Science Direct
(Elsevier) database for the period 2017-2020 to assess the biodegradation rate and physical and mechanical
properties of polymer composites with lignocellulosic fillers. The production and use of polymer composites
with a thermoplastic polymer matrix and lignocellulosic fillers (TPLC) have significant ecological and eco-
nomic prospects since waste biomass from forests, agriculture, and polymers obtained from petroleum raw
materials can be used for their production. However, depending on the TPLC application area, there are oppo-
site requirements for the biodegradation rate. For the use in construction and medicine materials and products
must have a minimum biodegradation rate. Materials and products for single-use packaging must have the
necessary biodegradability potential and have an adjusted biodegradation rate in soil, water, compost environ-
ment. Research results show that the properties of TPLC can be significantly influenced not only by the physical
but also by the chemical structure of all components of these composites. The chemical properties of polymers,
fillers, additives for various purposes can affect their industrial production efficiency.

Keywords: composite, chemical structure, thermoplastic polymer, filler, cellulose, lignin, biodegradation, prop-
erties.

Introduction

To date there is no conventional terminology in the scientific literature to designate composites based on
rapidly renewable raw materials. These composites are ordinarily termed “biocomposites”, “green compo-
sites”, “bioplastics”. Composite materials obtained from recycled synthetic polymers with plant-based fillers
began to be called "eco-composites” [1].

Lignocellulosic-filled composites are an enormous group of materials that include composites with an
organic and inorganic binder phase. CMLC with binders based on thermoplastic polymers finds a wide and
varied practical application. Composites with a thermoplastic polymer phase and lignocellulose fillers (TPLC)
are used in significant volumes in the automotive industry, furniture, and construction materials. The results
of the TPLC scientific research, practical experience and application as of 2016 are presented in eight volumes
of “Handbook of Composites from Renewable Materials” (2017, John Wiley & Sons, Inc.).

According to scientific materials published in journals and books in 2017-2020 and the first half of 2021
[2—-4], an increase in commercial interest in the production of TPLC and their use in medicine, water treatment,
heat power engineering, packaging, aerospace industry, automotive structural parts, building materials, furni-
ture, and driveways is predicted. At the same time there is also an environmental interest, as waste thermo-
plastic polymers (polyethylene, polypropylene) may be used to produce TPLC. TPLC products may be recy-
cled after use as well. The chemical sciences play an essential role in the processing of various wastes, includ-
ing not only polymeric materials [5] but also the residues of forest biomass [6] and agriculture [7] due to their
use for the production of popular marketable products from TPLC.

Until now, the priority goal of scientific TPLC research is to study the influence of their components'
morphological, physical, and chemical parameters on the physicomechanical and functional properties. How-
ever, the studies of the TPLC component's chemical composition influence their biodegradation rate have not
been systemic and are difficult to meta-analysis since a great variety of methods for its assessment.

Depending on the area of application of TPLC there are opposite requirements for the rate of their bio-
degradation. For example, construction materials and products that directly contact soil, water, microorgan-
isms, and solar radiation must have a minimum biodegradation rate. The medical industry also needs bio-
resistant products. On the other hand, materials and products for single-use packaging must have the necessary
biodegradability potential and have a given biodegradation rate in soil, water, and compost environment.
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Currently, in connection with the tightening of requirements for the environmental safety of consumer waste
in several countries, there is a need for TPLC products with a given biodegradation rate and the change dy-
namics of physical and mechanical properties.

Many countries enacted laws prohibiting the production of non-biodegradable plastics for reducing plas-
tic waste. Thanks to this, scientific research of biodegradable TPLC is actively developing. The activity in
conducting scientific research on the production and study of biostable TPLC is low. There is an erroneous
opinion [2, 3] that TPLC with a synthetic polymer matrix has a very high biostability. Rapid laboratory test
results often form this opinion. A.A. Klyosov [8] noted that ASTM standard microbial resistance tests gener-
ally showed that TPLCs have excellent microbial resistance properties. However, in his opinion, laboratory
results and environmental impacts do not always correlate.

Recent studies [9-12] have confirmed the biodegradability of TPLC materials. Biodegradation of TPLC
occurred primarily due to the action on lignocellulose fillers (LCP) in the composite of various rotting and
mold fungi, algae, and termites.

In the study [10] an express assessment of the biodegradation potential in active soil of various TPLC
products obtained by multiple methods was carried out. The authors assessed biodegradation by the dynamics
of changes in their morphological and visual characteristics. They used five types of soil substrates with dif-
ferent compositions of microbiocenosis. The maximum exposure time of the samples in soil substrates was at
least nine months. At the same time, to analyze the potential phytotoxicity of TPLC biodegradation products,
a test with growing annual plants in soil substrates was carried out. The research results showed that all tested
TPLC products have a higher biodegradability potential in soil than polyethylene, polypropylene, and poly-
ethylene terephthalate. In addition, the breakdown of the lignocellulosic filler gave the polymer composites a
characteristic spongy appearance by “emptying” the polymer matrix (Fig. 1).

Figure 1. A sample of a strand obtained by extrusion from a mixture of polyethylene
and wheat husk after holding in an active soil for nine months (<160 magnification)

A.A. Klyosov gave the factors influencing the TPLC biodegradation rate in the book [8]. According to
him and the results of many recent studies [11, 12], moisture content (absorption) is one of the critical param-
eters for the growth of microorganisms in TPLC materials. However, there is a strong correlation between the
total moisture content of the TPLC and its susceptibility to microbial degradation.

As noted by the authors of many recent studies, in addition to the moisture content the following physi-
cochemical parameters of the composites also significantly affect the physical and mechanical properties and
the TPLC biodegradation rate under the influence of various microorganisms:

— Physicochemical structure and composition of the polymer phase;

— Content and chemical structure of lignin and cellulose in fillers;

— Content and chemical structure of special additives (biocides, plasticizers, and others).

Influence of the polymer phase physicochemical structure and composition
on the TPLC properties and biodegradation rate

Until now the names of polymers used in publications have often not matched with their chemical struc-
ture. For example, a polymer synthesized by polymerization reactions of ethylene obtained by a
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microbiological method is called “bio polyethylene” and belongs to the group of biopolymers. The name “mi-
crobiological cellulose” appears similarly. In this article we use polymers' words corresponding to their chem-
ical composition rather than the origin of the monomers for their synthesis. Natural polymers are obtained from
natural raw materials, and synthetic polymers are obtained by industrial synthesis from monomers. The term
“bio-polymers” combines natural polymers and synthetic polymers of a similar chemical composition obtained
from monomers of natural origin.

Based on many research results in the review [13], the authors proposed to divide biodegradable polymers
into three groups: unmodified biopolymers, structurally modified biopolymers, and chemically modified bi-
opolymers. Review authors concluded that the structural modification has practically no effect on its biodeg-
radation in soil, and chemically modified biopolymers can be subjected to different biodegradation mecha-
nisms and, consequently, have different rates of biodegradation. In many cases, biodegradable plastics made
from biopolymers retained the regularities of biodegradation in soil, characteristic of biopolymers. These con-
clusions followed the example of thermoplastic starch, cellulose acetate, and lignin. When the chemical struc-
ture of the polymer changes, as in the case of cellulose acetate, various microorganisms and enzymes were
involved in biodegradation. Based on the biodegradation process of cellulose acetate, the authors of the review
proposed a conceptual model that can be used as a starting point for predicting biodegradation, the rate of
decomposition of other chemically modified biopolymers used as bioplastics. This review noted that cellulose,
like starch, is a glucose polysaccharide, but cellulose is more resistant to biodegradation because it contains
prepotent B-glycosidic bonds. The degree of cellulose crystallinity affected the rate of biodegradation in soil.
The biodegradation of amorphous cellulose was faster than the biodegradation of crystalline cellulose. Acety-
lation of cellulose slowed down its biodegradation rate, i.e., the acetyl groups protected against microbial at-
tack. The degradation rate depended on the degree of cellulose acetylation, the distribution of acetyl groups
along the cellulose chain, and its molecular weight. The results of studies that have established a negative non-
linear dependence of the rate of enzymatic decomposition of films based on cellulose on the degree of its
acetylation are cited.

The review [14] drawn attention to the industrial production of composites with a polymer matrix from
two or more polymers mixtures, and due to this, proposed a viable alternative for reducing the cost of industrial
products. These blends in various combinations have been used to produce traditional and biodegradable plas-
tics to improve some of their mechanical properties, regulate product life cycles and reduce manufacturing
costs.

Currently, the most prominent polymer matrix for producing biodegradable composites is polylactide
(PLA). Its availability has significantly increased in the past decade, and its prices have dropped. That was
making polylactide a competitive material. The polylactide biodegradation process has been well studied not
only in tests but also in practical terms. The fundamental limitations that prevent the use of pure PLA are its
fragility and toughness. However, this problem can be solved by mixing PLA with other bio-based polymers,
including thermoplastic starch (TPS), polyhydroxybutyrate valerate (PHBYV), which allows the use of compo-
sites with a polymer matrix from these mixtures in almost any conditions. The example of PLA, which is
increasingly used in commercial solutions, demonstrates the necessity to continue large-scale research on the
use of its mixtures with other polymers, for example, polyhydroxyalkanoates (PHB) polybutylene succinate
(PBS), modified starch, modified polyethylene terephthalate (PET). The biodegradation of composites with
such mixtures under practical terms has not been sufficiently studied. Synthetic polymers containing fragments
that accelerate the biodegradability process can be used to make composites biodegradable. These can be pol-
yesters and polyesteramides, copolyesters based on aliphatic diols, and organic dicarboxylic acids. Unfortu-
nately, this work does not provide a comparative assessment of the effect of the type and amount of functional
groups introduced into the structure of synthetic polymers on the rate of TPLC biodegradation. The method of
producing biodegradable polymeric materials consists in obtaining composites based on natural polymers:
starch, cellulose, chitosan, proteins. However, a comparative assessment of various factors' effect on the bio-
degradation rate is given only for polymers. Data on the performance properties of composites during their
biodegradation are not provided.

Considering the possible prospects for the industrial production of TPLC products, scientific research
continues to study the properties of composites with synthetic biodegradable polymer matrices, mixtures of
biopolymers with synthetic biodegradable polymers with chemical modification of these polymers and addi-
tives.

The review [12] presented a detailed analysis of the effect of the physicochemical structure and compo-
sition of the polymer phase consisting of some synthetic polyolefins and their mixtures (polyethylene,
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polypropylene and their mixtures, propylene-ethylene copolymers, ethylene-vinyl acetate, ethylene-octene,
and their combinations), on the biodegradation of TPLC. In these composites, cellulose and wood flour were
used as fillers with a content of 0 to 30 %. This work analyzed the influence of the following factors on the
composites biodegradable properties:

— chemical structure and conformation of monomeric units and branching of the macromolecular chain;

— chemical composition of copolymers of ethylene with propylene, ethylene with vinyl acetate, ethylene
with octene;

—regularity of distribution of ethylene units in copolymers with propylene;

— supramolecular structure of polymers, including the degree of crystallinity and orientation effect;

— phase structure of polymer blends of polyolefins. The authors made conclusions about the influence of
these factors on the processes of rupture of polymer macromolecules, water absorption of composites,
and their assimilation by microorganisms by the following mechanisms:

— chemical structure of polymer monomer units;

— the presence of hydrolyzable functional groups in the polymer backbone;

— conformation and branching of the main macromolecular chain;

— type of distribution of monomer units in the copolymer.

This work did not provide information on the effect of the polymer physicochemical structure on the

properties of the composites during biodegradation.

Biodegradation studies of composites with synthetic and natural polymers associated with assessing their
functional properties are ongoing. At the same time, methods are being developed for obtaining new compo-
sites not only with above mentioned synthetic, natural polymers and their mixtures but also with others. How-
ever, based on the results of these studies, it is impossible to draw general conclusions about the effect of the
polymer phase physicochemical structure and composition on the TPLC biodegradation rate since the studied
composites did not have an accurate same chemical composition.

Influence of the content and chemical structure of lignin and cellulose in fillers
on the TPLC properties and biodegradation rate

The origin of the natural lignocellulosic filler usually determines its chemical composition and structure.
However, these fillers contain cellulose, lignin, hemicelluloses, extracts, and other substances regardless of
genesis. There are no doubts about the conclusions based on the results of the studies performed on a higher
rate of TPLC biodegradation with a decrease in the lignin content in the cell walls of lignocellulose fillers.
Therefore, in many studies, the content of cellulose and lignin in LCPs is controlled. In addition, new data
have appeared on the effect of the fiber content in the filler on the TPLC properties [1], which, in addition to
cellulose and lignin, may contain other chemical substances.

The review [2] presented a comprehensive analysis of the components and their features and many other
factors that influence the mechanical properties and prospects for the composites with a biopolymer matrix.
The physicochemical structure of the polymer matrix, fillers, plasticizers, and other biocomposites components
significantly affected the properties of such composites. A significant aspect for obtaining composites with
desired properties was searching for optimal parameters for their preparation: homogeneous distribution of
components in the polymer matrix, the optimal amount of filler, and the optimal interfacial connection of
elements. Biocomposite's mechanical properties could be adjusted by choosing an appropriate biopolymer.
Adaptation of functional groups to potent compounds due to their physical and chemical modifications im-
proved interfacial bonding. The work [15] provided data on all-cellulosic composites (ACC) properties with a
cellulosic polymer matrix and cellulosic fillers. Films made of these composites had high physical and me-
chanical properties, as well as light transmission. In terms of their mechanical properties, these materials were
superior to most commercial composites with nano cellulosic fillers and other polymer matrices due to the
ideal bonding of the cellulosic filler to the cellulosic matrix because of their identical chemical composition.
Furthermore, experiments on the burial of composites in soil have shown that ACC biodegradability is better
than other biodegradable polymers such as polylactic acid. In this case, the biodegradation of ACC occurred
mainly in the matrix phase.

The authors of the review [14] classed lignin as an amorphous polyester heteropolymer with aromatic
alcohol groups. Lignin is a more rot-resistant polymer than starch and cellulose due to its complex chemical
structure. Therefore, the lignin biodegradation rate in the composition of lignocellulose complexes was lower
than that of free lignin obtained in the pulp and paper industry. Consequently, many physical and mechanical
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properties of composites with a polymer matrix of lignin and starch were inferior to those of composites with
a cellulose matrix.

Recently, studies of the effect of various fillers, including cellulose and lignin, isolated from plant mate-
rials, various plant wastes, and products of their chemical modification on the biodegradability and other TPLC
properties have intensified [1, 14, 16-21].

The review [16] analyzed the studies of composites with a polyurethane polymer phase and fillers ob-
tained by functionalizing lignin with various chemical compounds. The use of lignin chemical modification
products significantly improved the mechanical properties of polyurethane composites compared to unmodi-
fied lignin. Therefore, the review authors believe that its use as a filler for thermoplastic polyurethanes has an
industrial perspective.

The review [17] analyzed the studies of lignin nanoparticles and products of their chemical modification
as fillers for various thermoplastic polymers. During the chemical modification of nano lignin by different
reactions new functional groups are formed (functionalization) on the surface of lignin nanoparticles. Accord-
ing to the conclusions of the review authors, functionalized nano lignin in composites with different polymer
phases retained the antimicrobial properties inherent in ordinary lignin. Improvement of the performance prop-
erties of composites with varying phases of a polymer depends on the type and content of functional groups in
nano lignin, depending on the chemical structure of the polymer. According to the reviewers, nano lignin is an
ideal material with a promising future in nanocomposites.

The authors of the article [18], based on the results of their research on composites with a polymeric
phase of polylactic acid and a filler based on cellulose waste fibers, noted that chemical modification of the
filler with lactic acid improves the biodegradability of the composite and some of its mechanical properties.

The authors of [19] described the chemical interaction of two silanes with surface functional groups of
lignocellulose particles and the chemical bond between them. The authors suggested that functionalization of
the lignocellulose surface leads to stronger bonds in the composite between the LCP and the polymer matrix
of the ethylene-norbornene copolymer. Furthermore, the modification of lignocellulose by silanes increased
the thermal stability of these composites, and the effect on the elastic modulus of the composites is the oppo-
site: N-(2-aminoethyl)-3-aminopropyltrimethoxysilane decreases this index, while vinyltrimethoxysilane in-
creases. Thus, in future studies the authors hoped to obtain epy evidence of an increase in the hydrophobic
properties of composites with lignocellulosic fillers with a silane-modified surface.

The authors of the article [20] investigated the preliminary treatment of bagasse powder with choline
acetate to improve the properties of polypropylene composites. The results showed a positive effect of filler
functionalization on the tensile strength of the composite and a decrease in its porosity by increasing the com-
patibility of the polypropylene phase with the filler treated with choline acetate.

In [21] the influence of aspen sawdust treatment with a water-soluble polyelectrolyte complex (LPEC),
consisting of hardwood soda lignin and polyethyleneimine on the properties of a wood-polymer composite
(WPC) with recycled polypropylene were established. The treatment of sawdust with LPEC nanoparticles
increased the content of fixed nitrogen in them and led to a slight improvement in the mechanical properties
of WPC and a decrease in their wettability. Furthermore, the authors explained the revealed effect of a reduc-
tion in the ability of WPC to be wetted with water because of the imine and amide bonds formed between the
free amino groups of LPEC and the carbonyl and carboxyl groups of the lignocellulose matrix of the modified
topics.

In general, it can be considered that the results of recent studies confirmed not only a significant effect
on the TPLC properties of cellulose and lignin content in fillers but also the prospects of regulating this effect
using a chemical modification of lignocellulosic fillers by various methods. However, systematic studies of
the impact on TPLC properties of the content of hemicelluloses and extractives in lignocellulosic fillers were
not carried out.

Influence of content and chemical structure of special additives
on TPLC properties and biodegradation rate

For the production of TPLC products various chemicals are used as special purpose additives. For exam-
ple, biocides (antiseptics) are added to the TPLC to increase biostability. In addition, depending on the manu-
facturing technology of TPLC products, the composite contains plasticizers, compatibilizers, lubricants, and
other additives [8]. There is no doubt that some of these additives can affect the chemical structure of the
surfaces of the polymer and filler phases in TPLC, the processes of physicochemical interactions between
phases, and change the structure and properties of composites.
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With the wide variety of environmental parameters leading to TPLC biodegradation, to decrease the rate
of composites biodegradation (increase their biostability) modern scientific research continues mainly to find
effective biocides for specific operating conditions of products made from these composite materials. At the
same time, the search for biocides is carried out among inorganic compounds of various metals, organic com-
pounds of different chemical structures, and the origins of their mixtures. Therefore, nanobiocides are of great
interest to scientists [2].

Many factors, including the chemical structure of TPLC components, affect the effectiveness of biocides.
For example, the article [9] reported that for composites with a polyethylene matrix and lignocellulosic fillers
(flour from wood and bamboo), the composition and chemical structure of the extractive substances of the
fillers affect the effectiveness of biocides. The biocides used were 4,5-dichloro-2-octithiazolone, zinc pyrithi-
one, and carbendazim. The extractive matters of the fillers in the presence of biocides had a positive or negative
effect on the resistance to algal and fungal degradation of TPLC.

Chinese scientists continued their studies [22] to assess the effect on the properties of TPLC of organo-
montmorillonite (OMMT) additives synthesized in situ by the exchange of montmorillonite sodium cations for
dodecyl dimethyl ammonium chloride. Composites were prepared by hot pressing from mixtures of polypro-
pylene (PP), lignocellulose flour, and OMMT obtained in a twin-screw extruder. The mass ratio of lignocellu-
lose flour/PP was 1:1. Three types of lignocellulose flour were used: poplar flour (WF), cellulose flour (CF),
and lignin flour (LF). Studies results showed that the OMMT conferred on TPLC with a polypropylene matrix
and lignocellulose flour against fungi of brown (Gloeophyllum trabeum) and white (Coriolus Versicolor) rot.
The TPLC mass loss after exposure to rot-fungi for 12 weeks ranged from 0 to 6 %, in contrast to solid pine
and poplar wood (over 45 %). The TPLC resistance to brown and white rot varied and depended on the type
of lignocellulosic filler.

The review [22] assessed the state and prospects of obtaining antimicrobial composite materials for active
packaging of food products, which contain antibacterial nanoparticles (metals, metal oxides, mesoporous sil-
ica, and graphene-based nanomaterials) with biodegradable polymers (gelatin, alginate, cellulose, and chi-
tosan).

The state and prospects of using oxo-biodegradable additives to obtain TPLC based on synthetic polymers
with increased resistance to UV radiation and microorganisms are reviewed [23].

The general regularities of the influence of special additives chemical structure on TPLC biodegradation
rate have not been revealed. TPLC production forecasts, considering their environmental friendliness and eco-
nomic feasibility, are presented in reviews [1, 24, 25].

Conclusions

The production and use of composites with a thermoplastic polymer matrix and lignocellulosic fillers
(TPLC) have environmental and economic prospects since waste biomass from forests, agriculture, and plas-
tics is obtained from raw petroleum materials be used for their production. The results of recent studies have
confirmed and, in some cases, established the influence of the chemical composition of the polymer phase and
lignocellulosic fillers of composites on the performance properties of products obtained from TPLC. This in-
fluence on TPLC's physical and mechanical properties and, to a lesser extent, on the rate of their biodegradation
in various media has been studied in more detail. Furthermore, TPLC's biodegradability rate is associated with
various microorganisms and bacteria used in research and their composition and technological modes of prep-
aration.

The overall conclusion of recent studies is experimental confirmation of a significant effect of TPLC's
ability to absorb water and its vapor on their biodegradation rate. The authors of several studies [26—30] pre-
dicted the biodegradation rate based on water absorption or sorption by the composites. Another conclusion is
that the TPLC biodegradation rate rises with increasing lignocellulose content while its chemical composition
remains constant.

The influence of thermoplastic synthetic polymers' physicochemical structure on the TPLC biodegrada-
tion rate is explained by the presence of functional groups in the polymer phase that affect its degree of crys-
tallinity, interaction with functional groups of the lignocellulosic filler, uniform distribution of filler particles,
and their agglomeration in the composite. However, assessing the effect of the natural polymers' physicochem-
ical structure and the presence and amount of functional groups in the polymer phase on TPLC biodegradation
rate is still uncertain.

There is no doubt only the previously established regularity of decrease in TPLC biodegradation rate with
an increase in the polymer phase composites deacetylation degree based on cellulose acetate [31].
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The modern assessment of TPLC biodegradation rate from the physicochemical structure of lignocellu-
losic fillers requires simultaneous consideration of their particle size and morphology, which significantly
affect the water absorption of composites. Recent studies have confirmed a significant impact on the TPLC
biodegradation rate of cellulose and lignin content in fillers and the promise of regulating this effect using a
chemical modification of lignocellulose fillers. However, one should consider that the range of plant fillers in
which the content of not cellulose and lignin, but other compounds predominates is expanding.

Research on reducing the TPLC biodegradation rate due to the introduction of biocides into their compo-
sition continues, but unfortunately, in modern research the environmental hazard of degradation products in
soil and water is not assessed.
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B.B. I'nyxux, A.E. llIkypo, I1.C. KpuBonoros

JIMrHOLEJITI0J103AJIBIK TOJTBHIPFBILITAPHI 0ap MOJUMEPJIi KOMIIO3UTTEPAIH
Ononerpasanus ;KbLUIAAMAbIFbIHA KOHE (PU3HKATBIK-MEXaHUKAJIBIK KacHeTTepiHe
KOMIIOHEHTTEPAIH XMMHSJIBbIK KYPAMBIHBIH JCEPiH KapacThIpy

TepMmorutacTUKanbIK moauMep (azackl MEH JIMTHOLEIUTIONO3aibIK TonTeipreirapmMer (TPLC) xommosutTi
FBUIBIMU 3€PTTEYJIEPiH HOTKENEPi, OJIapAbl JalbIHAAY MEH KOJIJaHyIbIH MPaKTHKAIBIK ToXipuOeci 2016 x.
«KaHapThUIaThIH MaTepUAAapIaH KacaFaH KOMIO3UTTEP IiH aHbIKTaMachiHBIHY (2017, John Wiley & Sons,
Inc.) ceri3 TOMIBIFBIHIA YCHIHBUIFAH. Makanajga JIMTHOLEIUTIONO03a TOJTHIPFBINTAPE Oap IMoimMepii
KOMIIO3UTTEP/IiH OHOBLIBIPAY JKBULIAMIIBIFBIH JKoHE (DU3MKAIBIK-MEXaHUKAIBIK KaCHETTepiH Oaramay yIIiH
2017-2020 xpuimap MeH 2021 sxpuTIbIH OipiHINI KapTHDKBUIABIFBIHA apHAJFAH KiTallTap MEH Makajajapra
tangay xacanrad. TPLC amy MeH KONJaHyIbIH SKOJOTHSJIBIK KOHEe SKOHOMHKAJIBIK OOJNaIIaFel 30p, OMTKeH1
OJIap bl OH/AIPY YIIiH OpMaH/Iap/AbIH, aybUT MIApyalIblIbIK )KOHE MYHail MKi3aTHIHAH ATBIHFAH TOJIUMEPIIePAiH
KanaslkTapel maiigananenrysl MyMKiH. TPLC kompmany aiimarpiHa OaiiaHbBICTBI ONapIblH OHOAETpajaIlvs
JKBUIIAMIBIFBIHA KapaMa-Kapesl Tananrap 6ap. KypbiibicTa koHe MeANIMHAAA KOJJaHy YIIiH MaTepHangap
MeH OyHBIMIapIblH OWOJOTHSIBIK BIABIPAYBIHBIH MHHUMAIIBI KbUIIAMIBIFBI OONyBl Kepek. bip per
KOJIIaHBIIAThIH KallTaMara apHaJIFaH MaTepHaaap MeH OyibIMIap OHONOTHSIIBIK BIABIpayFa OeifiMai 00ys
JKOHE TOIBIPAKTa, Cy/1a, KOMIIOCT OPTACBhIHAA OENrili )KbIIJaMAbIKTa OMONOTHSUIBIK, BIABIpayFa YIIbIpai atysl
Kaxer. 3eprrey HoTmkenepi TPLC kacuerTepine GU3NKANIBIK FaHA €MEC, COHBIMEH KaTap OChl KOMITO3UTTEP/IiH
0apIIbIK KOMITOHEHTTEPIHIH XHMIBUIBIK KYPBUIBIMBI J1a KAaTTBl dcep €TeTiHiH kepcereni. [lommmMeprepuis,
TONTBIPFBIITAP/BIH, OPTYPI MakcaTTarbl KOCTANapAblH XHUMISUIBIK KAacHeTTepi OJapAblH ©HEPKICINTIK
OHJIIPICIHIH THIMAUTITIHE dCep €Tyi MYMKIH.

Kinm cesdep: KOMITO3UT, XUMHUAJIBIK KYPBUIbIMbI, TECPMOIUIACTUKAJIBIK MOJMMEP, TOJTBIPFBINI, LEIUIK0JI03a,
JIMTHHH.
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The effect of chemical composition on the biodegradation rate ...

B.B. I'nyxux, A.E. llkypo, I1.C. KpuBonoros

0030p BIAMSAHUA XHMHYECKOT0 COCTABA KOMIIOHEHTOB HA CKOPOCTh
Onopaso:xkenus U GU3NKO-MeXaHUYeCKHe CBOCTBA NMOJMMEPHBIX KOMIIO3UTOB
€ JIUTHOUEJIJIIOJIO3HBIMM HANOJTHUTEIAMH

PesynpTaTel HayuHBIX UCCIEIOBAaHUI KOMIIO3UTOB C TEPMOIIACTHYHON MOJUMEPHOH (a30if U JTUTHOLEIUTIO-
no3ubpivu HamodHUTensiMu (TPLC), mpakTuueckuit OonbIT MX MOMyYeHHS W NPHUMEHEHHS MO COCTOSIHUIO Ha
2016 r. npencrasnensl B BocbMu Tomax «Handbook of Composites from Renewable Materials» (2017, John
Wiley & Sons, Inc.). B cratbe npuBeaén 0630p KHUT U cTateil 3a nepruon 2017-2020 rosl ¥ HEPBYIO TIOJOBUHY
2021 1. IO OIEeHKE CKOPOCTH OHOpa3iokeHNs U (PU3MKO-MEXaHNUECKUX CBOMCTB MOIMMEPHBIX KOMIIO3UTOB C
JIMTHOLIEIUTIONIO3HBIMY HanonHuTesiMu. [Tomydenne u npumenerne TPLC umeroT Gonblnue 3K0JI0THIecKre 1
SKOHOMHYECKHE EePCHEeKTUBEI, TaK KaK UL UX IPOM3BOACTBA MOTYT OBITH UCIIOIB30BaHBI OTXO/BI OMOMAcCHI
Jjieca, CelIbCKOTO XO034HCTBA U TOJNMMEPOB, TOMyJaeMbIX U3 HE(TSIHOTO ChIpbA. B 3aBucumoctu oT obnactu
npumereHus: TPLC, cylecTBYIOT IPOTHBOMOIOKHbBIE TPEOOBaHUS K CKOPOCTH UX Onopasnoxenus. [ npu-
MEHEHUS B CTPOUTENBCTBE U MEAULMHE MaTePHaIIbl M U3/1eNHs JODKHBI UIMETh MUHUMAJIBHYIO CKOPOCTh OHO-
pasnoxxkeHus. MaTepuaibl ¥ H3Je1s JUI 0JHOPa30BOH YIAaKOBKH JODKHBI 00/1a1aTh HEOOXOAUMBIM MTOTEHIIH-
aJIOM OMOPA3IOKEHHU U HIMETh 3aJJaHHyI0 CKOPOCTh OMOpPA3I0kKEHHs B TpyHTE, BOJE, KOMIIOCTHOH cpene. Pe-
3yJBTaThl UCCIIEAOBAHUN ITOKA3bIBAIOT, YTO Ha cBolicTBa TPLC Gomblioe BIMSHHE MOXET OKa3blBaTh, HE
TOJIBKO (PM3MYECKOE, HO M XMMHYECKOe CTPOCHHUE BCEX KOMIIOHEHTOB 3THX KOMIIO3UTOB. XHMIYECKUE CBOM-
CTBa IMOJMMEPOB, HANIOJHUTENEH, J00ABOK PAa3IMYHOTO Ha3HAUSHUS] MOTYT IOBJIMATH HA SKOHOMHYHOCTH HX
MPOMBIIIIEHHOTO IIPONU3BOJICTBA.

Kniouesvie cnosa: KOMNO3UT, XUMUYECKast CTPYKTypa, TEPMOIIACTUYHBIA MOIMMEp, HAIOIHUTENb, IEIII0-
71034, JIUTHHH.
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The study of thiadiazole derivatives as potential corrosion inhibitors
of low-carbon steel in hydrochloric acid

The inhibition effect of series of thiadiazole derivatives against the corrosion of mild steel in 15 % HCI was
studied by weight-loss method and electrochemical measurements. The experiments were performed on steel
St3 at 293 K, the exposure time of the samples in solution for weight-loss measurements was 24 h. Potentiody-
namic polarization curves were obtained in a typical three electrode cell with the help of electrochemical meas-
uring complex SOLARTRON 1280 C. A scan rate was 1 mV-s and a measurement point was taken every
0.2 s. 2-aminothiazole, 5-amino-1,3,4-thiadiazole-2-thiol, 2-amino-1,3,4-thiadiazole, 2-amino-5-(furan-2-yl)-
1,3,4-thiadiazole, 1,3,4-thiadiazole-2-ylamide of acetic acid were studied as potential inhibitors. The maximal
inhibition efficiency was obtained at concentration 0.10-0.20 g-L™%. The best result was demonstrated by
5-amino-1,3,4-thiadiazole-2-thiol (inhibition effect was more than 90 %). The minimal inhibition effect had
1,3,4-thiadiazole-2-ylamide acetic acid. The corrosion inhibition effect calculated from data of the corrosion
current density and from the weight-loss measurements were in sufficiently good agreement. The effective
activation energy of the corrosion of St3 increased significantly due the presence of the inhibitors (from 3.3 to
94.8 kJ-molt). The results point to promising of investigating of series of thiadiazole derivatives and inhibitory
compositions based on thiadiazole as potential acid corrosion inhibitors.

Keywords: low-carbon steel, corrosion, inhibitors, thiadiazole, thiazole, weight-loss method, impedance spec-
troscopy, adsorbtion.

Introduction

Corrosion of metals and alloys is a big problem for the oil and gas industry. The use of acidic media leads
to the failure of well equipment, oil collection and distillation units, and pipelines [1-3]. Inhibitors are specially
selected compounds that are used to prevent the destruction of metals and alloys from corrosion [4, 5]. They
are added into the corrosion system in a low concentration and reduce the rate of corrosion without significantly
changing the composition of the system. At the present time, the development of new environmentally friendly
corrosion inhibitors that do not contain toxic metals and inorganic phosphates is of great importance [6-9].

Many organic compounds containing heteroatoms are able to slow down metal corrosion in acidic media.
The most widespread are inhibitors based on nitrogen-containing compounds [10]. However, compounds con-
taining sulfur atom in the molecule are also of great interest today. Such compounds include thiols, thiosulfonic
acids, thiophenes, and sulfur-containing triazoles [11, 12].

Thus, the purpose of this work was the research of some thiadiazole derivatives as corrosion inhibitors
for mild steel in a 15 % solution of hydrochloric acid.

Experimental

The material for the study were the samples made of low-carbon steel St3 of composition, wt%, Fe, 98.36;
C, 0.2; Mn, 0.5; Si, 0.15; P, 0.04; S, 0.05; Cr, 0.3; Ni, 0.2; Cu, 0.2. All measurements were conducted in
unstirred 15 % HCI solutions prepared on the basis of distilled water and HCI of the chemically pure grade.
Products of organic synthesis, thiadiazole derivatives, were used as corrosion inhibitors (Table 1).

All the data presented in the work was obtained by averaging the results of three parallel measurements.
MS Excel software was used to calculate the average results and standard deviations of direct and indirect
measurements.

The main parameters of steel corrosion were estimated according to generally accepted methods [13].
Rectangular samples made of St3 steel with a size of 25%20x2 mm were used for weight-loss analysis. The
working surface area was 1180 mm?,
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Table 1
Chemical compounds studied in the work as corrosion inhibitors
Cipher Formula Name by nomenclature
N
AK-9 [\ 2-aminothiazole
s)\NHz inothiaz
N_N - - - -
AK-10 NHZ/QS»\SH 5-amino-1,3,4-thiadiazole-2-thiol
N—N
AK-23 /o 2-amino-1,3,4-thiadiazole
ks)\NHz
N—-N
/ »\ . -
AK-44 \ AN S NH, 2-amino-5-(furan-2-yl)-1,3,4-thiadiazole
(0]
N-N S
AK-69 ( >\ )&\ 1,3,4-thiadiazole-2-yl acetic acid amide
s N

The corrosion rates (K), the inhibition factor (y) and the degree of protection (Zy) were calculated using
equations:

K:mo—m
S.t '
KO

Y—K,

K,-K

Z, = -100 %,
KO

where mg is the mass of the initial sample, g; m is the mass of the sample after corrosion testing and removal
of corrosion products, g; S is the surface area of the sample, m?; 1 is the immersion time, h; Ko and K are the
corrosion rates of steel in pure solution and with the addition of an inhibitor, g-m-hour, respectively.

Electrochemical measurements were performed in a three-electrode cell with cathode and anode com-
partments separated by a porous glass diaphragm using a potentiostat-galvanostat with a built-in
SOLARTRON 1280C frequency analyzer (Solartron Analytical). Polarization curves were obtained by poten-
tiodynamic polarization from the cathode region to the anode region with scan rate of 1 mV-s*. All values of
potential are presented in the standard hydrogen electrode scale.

Polarization measurements were carried out in the temperature range from 293 to 353 K. The cell was
connected to an LT 100 thermostat with external circulation to set the required temperature.

Thanks to this method, it is also possible to determine the Tafel sections of the polarization curves and
calculate the degree of protection from electrochemical data:

Zatjen :Ioiﬂ'loo %,
0
where ip and iiny are the current densities of steel corrosion in pure solution and with the addition of an inhibitor,
A-m?, respectively.

Based on the electrochemical results the activation energy of the corrosion process was calculated. The
calculations were performed according to the temperature-kinetic method. The effect of temperature on the
current density when concentration polarization or delayed discharge stage is described by an equation similar
to the Arrhenius equation:

Ini=-E, /RT,

where i is the corrosion current density, A-m?; Ee is the effective activation energy of corrosion process,
J-mol?; T is the temperature, K.
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A straight line in the coordinates Ig(i)= f(1/T) allows to calculate Eef/R as the tangent of the angle of

inclination.

Measurements of the impedance spectra were carried out at a temperature of ~293 K. The range of fre-
quencies used in impedance measurements was f from 20 kHz to 0.01 Hz, and the amplitude of the alternating
signal was 5-10 mV. The electrodes were immersed into the solution for an hour to establish the corrosion
potential.

Parameter »? (calculated in ZView?2) was used as an evaluation criterion for equivalent electrical circuits
for their suitability for simulation of experimental impedance spectra. The equivalent circuit was considered
satisfactory at ¥?< 10~ (using weight coefficients calculated by the experimental values of the impedance
module) [14].

The surface coverage (0) of C1018-electrode by corrosion inhibitor was determined from equation:

C,-C
0=—2 ,
Co - Cl
where C,, C and C; are the capacity of the double electric layer in a pure acid solution, in a solution with a
given concentration of the inhibitors and in a solution where 6 = 1, respectively.
The value of C; was determined by extrapolating the curve in coordinates

C=f i to (ij:o,
Cinh mh

where Cin is the concentration of the inhibitor in solution, g-L.

Results and Discussion

At the first stage of the study, the corrosion rate of the St3 steel in 15 % HCI solution was studied by the
weight-loss method. Then the corrosion rate of mild steel in the presence of some thiadiazole derivatives was
measured. In the course of the work, it was found that some of the testing samples are not-well soluble in 15 %
HCI solution. As the result the following concentrations were used: 0.05-0.2 g-L ™.

The results are presented in Table 2.

Table 2

The main parameters of the St3 corrosion in 15 % HCI solution and in the presence of inhibitors

Cipher | Cim, g-L! | K, g-m2hour! | Zg, % Y
— — 15.2+0.8 — -
0.20 6.9+0.4 54+3 2.19+0.11
AK-9 0.10 8.0+0.4 4842 1.91+0.04
0.05 9.4+0.3 38+2 1.62+0.03
0.20 1.5+0.1 90+3 10.22+0.32
AK-10 0.10 2.6+0.1 83+3 5.91+0.13
0.05 4.0+0.2 74+3 3.83+0.11
0.20 6.1+0.2 67+2 2.51+0.09
AK-23 0.10 10.0+0.5 4642 1.53+0.04
0.05 15.7+0.7 16+1 0.96+0.01
0.20 5.5+0.2 92+4 12.30+0.43
AK-44 010 12:0.1 643 | 2.77:0.04
0.20 11.6+0.6 4042 1.67+0.03
AK-69 0.10 9.5+0.4 37+1 1.60+0.03
0.05 9.1+0.4 24+1 1.32+0.02

According to the results of weight loss measurements presented in Table 2, the nature of the substituent
in the thiadiazole molecule has a significant influence on the values of the inhibition effect. The corrosion rate
of St3 increases in the presence of potential inhibitors with increasing in the acid concentration. From weight-
loss measurements (Table 2) and the results of solubility of substances we can conclude that the optimal inhi-
bition effect has been shown by AK-9, AK-10, AK-23. Then, a number of electrochemical studies for estima-
tion of the mechanism of the action of inhibitors were made.
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The polarization curves were obtained in 15 % HCI solution without and with addition of 0.1 gL? of
thiadiazoles. The temperature range varied from 293 to 353 K. The polarization curves are given in Figure 1,
and the electrochemical parameters of the processes are presented in Table 3.
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Figure 1. Polarization curves of St3 in solution of 15 % HCI in the presence of 0.10 gL inhibitor AK-9 (a), AK-10 (b),
AK-23 (c) at temperatures of: 1 — 293 K; 2 — 313 K; 3 — 333 K; 4 — 353 K

In the solutions of 15 % HCI containing 0.10 g-L* of inhibitors, the corrosion potential of the St3 is
shifted to the cathodic region.

The currents in the system are reduced in both the cathodic and anodic processes for each inhibitor.
Therefore, testing substances can be classified as inhibitors possessing relatively mixed effect (anodic/cathodic
inhibition) in acidic solutions. From the results of Table 3, it follows that the values of the Tafel coefficients
b. decrease in comparison with the pure solution of 15 % HCI. This result indicates that hydrogen can be
removed from the steel surface in two ways — by electrochemical desorption and recombination.

As can be seen from these polarization results, all inhibitors have significant effect on the b, values in the
temperature range of 293-333 K. A sharp increase in b is observed for AK-10 and AK-23 inhibitors at a tem-
perature of 353 eK. The Tafel coefficients obtained in the presence of AK-9 are less affected by temperature.

This result indicates that the AK-9 protects St3 from corrosion effectively with increasing temperature,
while in the case of the AK-10 and AK-23 protective effect significantly decreases with increasing tempera-
ture. It can be assumed that AK-10 and AK-23 slow down the corrosion process due to physical adsorption on
the steel surface and they desorb from the electrode surface into the solution with temperature. In contrast, in
the case of AK-9, a chemisorption process is likely.

The temperature dependence of the St3 steel dissolution in deaerated 15 % HCI and in the presence of
thiadiazoles is ploted in Arrhenius coordinates In i — 1/T (where i is the corrosion current density). The calcu-
lated values of the apparent activation corrosion energy in the absence and presence of AK-23, AK-10 and
AK-9 are 23.3, 120.7, 60.8 and 35.3 kJ-mol*, respectively.

The presence of the inhibitor increases the energy barrier for the dissolution process of St3 and this leads
to a decreasing of the corrosion rate.
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Table 3

Polarization parameters and the corresponding inhibition efficiency for the corrosion of the St3
in solution of 15 % HCI containing 0.10 g-L"* of inhibitors in the temperature range 293-353 K

Cipher | T,K | ba, mV | be, MV | icor 103, Am2 | —Ecorr, V. | Zetien, %
— 9342 140+2 1.58+0.04 0.200+0.002 -
AK-9 293 471 1332 0.06+0.01 0.192+0.001 | 962
AK-10 13343 | 12542 0.10+0.01 0.235+0.003 | 94+3
AK-23 65+1 154+3 0.06+0.01 0.208+0.001 | 96+2
— 7442 148+2 2.01+0.03 0.197+0.001 -
AK-9 303 431 140+2 0.06+0.01 0.197+0.001 | 97+2
AK-10 13843 | 12342 0.45+0.01 0.250+0.003 | 78+2
AK-23 59+1 154+3 0.22+0.01 0.209+0.002 | 89+2
— 62+1 154+4 3.16+0.03 0.190+0.001 -
AK-9 313 401 143+3 0.08+0.01 0.201+0.002 | 97+2
AK-10 1444 | 120+£2 1.20+0.02 0.2584+0.002 | 62+1
AK-23 54+1 154+5 0.40+0.01 0.208+0.001 | 87+3
- 55£1 | 167+£5 5.01+0.02 0.180+0.001 -
AK-9 333 36+1 143+2 0.32+0.01 0.183+0.001 | 94+3
AK-10 160+£3 | 1674 2.0£0.02 0.191+0.001 | 60+2
AK-23 44+1 154+3 1.00+0.01 0.177+0.001 | 20+2
— 201 182+5 199.50+9.98 | 0.120+0.002 -
AK-9 353 31+2 1512 0.71+0.01 0.167+0.001 | 99+1
AK-10 174+4 | 200+3 79.43+4.32 0.177+0.001 | 60+4
AK-23 28+1 | 25044 158.50+6.98 | 0.168+0.002 | 20+3

In the case of AK-23 and AK-10 the corrosion process proceeds with kinetic control, but in the case of
an uninhibited solution and AK-9 with a mixed one. One can notice definite contradiction between high inhi-
bition effect and low values of activation energy of corrosion for AK-9 as compared to AK-23 and AK-10.
This fact be explained possibly by the film formation in chemisorption process, which creates an additional
diffusion barrier [15].
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Figure 2. Nyquist diagrams of the St3 electrode in 15 % HCI solution at Ecor (1) in presence of the compounds:
(a) — AK-9, (b) — AK-10, (c) — AK-23 with concentration: 2— 0.01 g-L!; 3—0.05g-L;

4—0.10gL%5—0.20g-L*?
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The impedance spectra of St3 in 15 % HCI solution at corrosion potential Ecorr Were in the form of com-
bination of one semicircle in the high-frequency range and one inductive or capacity arc in the low-frequency
range. In Figure 2 ReZ is the real component of impedance and ImZ is the imaginary e component of imped-
ance.

The diameter of the capacitive semicircle increased the in the high frequency region in the solutions
containing inhibitors. This growth is stronger at high concentrations of the inhibitor. This fact can be explained
probably by the difficulties of realization of the electrode reactions.

To simulate the corrosion-electrochemical behavior of the St3 electrode in 15 % HCI solutions in the
presence of AK-10 inhibitor the equivalent electrical circuit is proposed as shown in Figure 3a. In the presence
of AK-9 and AK-23 inhibitors, the behavior of the St3 electrode in 15 % HCI solutions is acceptably described
by the equivalent scheme in Figure 3b.

The values of the parameter y for the schemes calculated in ZView2 were in the range of (2-6)-10*,
which indicates a good correlation with experimental data. The values of the parameters of the equivalent
schemes are given in Table 4.

R R R Ry
5 1
WAV . AW, VAN \?f o
R L AN —
NS ——D—
| B
4
b

Figure 3. Equivalent electrical circuits for the St3 electrode in 15 % HCI solutions at Ecor

Table 4
Numerical values of parameters of equivalent circuits
for St3 electrode in 15 % HCI solution without and in the presence of inhibitors
-em-2-g(-D)
Con LT | ReQem? | R Qcm? CP(';"" ”F| cm Sp CIL, F-em?/H-cm? 0
Without inhibitor
- | 31.97+0.12 | 389.4+53 | 1.92+0.10 | 0.83+0.02 | 0.000195+0.000010 | —
AK-9
0.01 41.424+0.13 829.0+10.2 1.484+0.10 | 0.84+0.02 0.000225+0.000010 0.21+0.01
0.05 54.18+0.12 977.7+11.0 1.26+0.10 | 0.84+0.03 0.000378+0.000012 0.44+0.01
0.10 64.77+0.14 1156+15.4 1.22+0.10 | 0.82+0.02 0.000211+0.000010 0.66+0.01
0.20 77.56+0.16 2573+21.1 1.10+0.10 | 0.80+0.02 0.000070+0.000013 0.86+0.01
AK-10
0.01 37.79+0.11 393.9+3.2 0.95+0.10 | 0.86+0.02 11.7+0.6 0.56+0.01
0.05 54.34+0.13 556.0+5.4 0.83+0.10 | 0.87+0.02 85.5+3.2 0.77+0.01
0.10 113.6+0.32 757.3+8.9 0.78+0.10 | 0.89+0.03 482.5+28.0 0.91+0.01
0.20 128.6+0.22 1263.0+9.3 0.82+0.10 | 0.86+0.02 786.5+35.1 0.93+0.01
AK-23
0.01 29.46+0.11 711.0+11.2 1.38+0.10 | 0.86+0.02 0.000175+0.000019 0.15+0.01
0.05 33.28+0.12 1429.0+16.7 1.45+0.10 | 0.84+0.02 0.000140+0.000015 0.31+0.01
0.10 39.41+0.13 1508.0+12.9 1.31+0.10 | 0.84+0.01 0.000203+0.000010 0.64+0.01
0.20 91.38+0.15 1906.0+19.4 1.14+0.10 | 0.80+0.01 0.000125+0.000010 0.84+0.01

There is a regular increase in resistances R: and R, and a decrease in parameter Q. of constant phase
element CPE; (with comparable p1) with the increase of the concentration of AK compounds (it follows from
Table 4). The latter increase indicates the inhibition of electrode processes (mainly the cathodic process) in the
presence of the studied compounds and their adsorption on the electrode surface. The parameters R, and C:
can also be associated with the kinetics of the adsorption of AK compounds on the electrode surface (the
Frumkin—Melik-Gaikazyan impedance without diffusion impedance).
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The capacity of the double-electric layer and the degree of the surface coverage by inhibitors were calcu-
lated (Table 4) from the obtained values of the parameters of the equivalent circuit (Fig. 5). These results were
processed in the coordinates of the Langmuir and Freundlich equations (Fig. 4, Table 5).
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Figure 4. Langmuir (a) and Freundlich (b) isotherms of adsorption of AK-9 (curve 1), AK-10 (curve 2)
and AK-23 (curve 3) on the surface of St3 in 15 % HCI solutions

Table 5

Parameters of Langmuir and Freundlich isotherms for the adsorption of AK-9, AK-10, and AK-23
on the surface of St3 in 15 % HCI solutions

Inhibitor Langmuir Freundlich
K, dmé-g? Q, umol-m? R? K n R?
AK-9 13.99 1.15 0.9870 1.85 0.47 0.9972
AK-10 133.80 0.95 0.9927 1.27 0.17 0.9925
AK-23 7.06 1.38 0.9838 2.11 0.59 0.9854

The calculated values of the correlation coefficients indicate that the process of the surface coverage by
inhibitor molecules to a greater extent follows the Freundlich isotherm. It describes adsorption on an energet-
ically inhomogeneous surface [16].

Conclusions

Thiadiazole derivatives act as effective inhibitors of acid corrosion for the mild steel St3. They possess a
mixed effect, reducing the rates of partial cathodic and anodic reactions. The mechanism of action of thiadia-
zoles changes with increasing temperature, that is expressed in a sharp increase in the coefficients by of the
Tafel equation. At the same time, the free corrosion potential shifts to the cathodic region. The analysis of the
polarization curves correlates with the results that have been obtained by the impedance spectroscopy and they
confirm mostly the cathodic mechanism of inhibitors action.

The degree of the surface coverage by inhibitor with growing of its concentration causes an increase in
the protective effect. It was established from the analysis of the impedance spectra. The coverage of the St3
surface is described by the Freundlich isotherm for an energetically inhomogeneous surface. The activation
energy values have been calculated and they indicate that the corrosion process is slowed down due to the
physical adsorption on the surface of St3 in the case of AK-10 and AK-23. But the chemisorption process is
more likely for AK-9. The values of the inhibiting effect calculated from the results of weight-loss and elec-
trochemical measurements are qualitatively correlated. The differences in the results of the experimental meth-
ods used in this work are related to the peculiarities of the rate of the adsorption equilibrium establishing.

The research was supported by the Perm Research and Education Centre for Rational Use of Subsoil,
2021.
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M. Ilnotuukosa, A.b. llleun, M.I". lllep6ans, A.Jl. ConoBreB

TuaanazoJ TYBIHABLIAPBIH TY3 KbIIIKbLIBIHAAFBI A3KOMIPTEKTI
00JIaTTBIH KOPPO3HAFAa KAPChl HHTMOUTOPJIAPBI PeTiH/Ie 3epTTey

Makanazna 6ipkatap THaARa30J TYBIHABUIAPBIH 15 % Ty3 KBIMIKBUIEI €piTIHALIEpIHAET] a3KOMIPTEKTi 00IaTThIH
KOppO3Usl MHTUOWUTOPNApPHl PETIHAE 3ePTTEY HOTIKENEpi KenrTipinreH. [paBUMETPHSIIBIK CHIHAKTap >KOHE
JIEKTPOXUMIIIBIK 3epTTeynep St3 a3 kemiprekti 6omarra 293 K temmepartypaa *Kypri3ingi, cbiHaMazapIbH
acep ery yakweIThl 24 car. [lomspu3anmsi KHMCBIKTapbhl KaTOATHI aiMaKTaH YII SJEKTPOATHI jkKacyllajaa
noreHnuoguHaMuKaIbiK pexxumae SOLARTRON 1280 C 3neKkTpOXUMHUSIIBIK OJIIIIEY KEHICHIH KoJaaHa
OTBIPHIT TipKeIi. 2-aMHUHOTHA30J, S-amuHO0-1,3,4-THaauaszon-2-tuom, 2-aMmuHo-1,3,4-tnanuaszon, 2-aMuHO-5-
(pypan-2-nm)-1,3,4-Tnanuason, cipke KbIIKBUIBIHEIH 1,3,4-THaana3on-2-uiaMuATepl 3epTTeii. 3epTTenreH
kocuisictap  0,10-0,20 rr!  KOHIEHTpanUACHIHAA OapbIHIIA JKAKCH KOPFAHBIC OCEPIH KOPCETETiHi
aHbIKTaNABL 90 %-maH >KOFaphl KOPFAHBIII KacHETKe He OOJFaH KOCBUIBICKA S-aMuH-1,3,4-THanmaszon-2-tuomn
JKaTaThIHBI aHBIKTANIBL. EH a3 kopraHbic Kacuetke (60 %-naH a3) ne 00IFaH KOCBUIBICKA CipKe KBIIIKBUTBIHBIH
1,3,4-tnaguazon-2-unamMugi. DIEKTPOXUMISIIBIK 3epTTeyJIepIiH HOTIXeCi KapacThIPbUFaH KOCBUIBICTAP/IBIH
apanac (KaToATBHI-aHONTHIK) THIITI WHTHOWUTOpIAp OOJNBINT KENeTiHIiH KepcerTi. MHruOuTopiapaslH Kopray
9CepiH TOK THIFBI3BIFBIHBIH ©3repici OOWBIHINA ecenTey IpaBUMETPHSUIBIK CHIHAKTAPIBIH HOTIDKENEepiMeH
colikec KeneTiH HoTmxkenep Oepeni. THruOUTOpIapapl KOPPO3HUSIIBIK OpTaFa eHrizy St3-TiH epy MpolLeciHiy
THIMJI aKkTHBTeHAIpYy dHeprusickiH 3,3-teH 94,8 k/lx / Mombra neillin endyip apTrhipaasl. JKYMBICTBIH
HOTIIKENEPiH KBIIIKBUIABI KOPPO3HUSHBIH MOTSHIMAIABl TEXETIMITEepiH THAaHa30J TYBIHABLIAPhl apachblHAa
i34ey KOHE ONapAbIH HeTi3iHIe HHIHOMpJeyNl KOMIO3ULMSIIAPABl JaMBITY TEPCIEKTHBAIbI EKeHIIrH
KepceTesi.

Kinm coe30ep: xymcak 06onar, KbIIKBUIIBI KOPPO3Ws, WHTHOWTOpPIAp, THAAHA30J, THAa30JI, TPaBUMETPHS,
UMITEJIaHC, aJICOPOIIHSL.
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M. [Tnotaukosa, A.b. lllenn, M.I". llep6ans, A.Jl. ConoBreB

HccienoBanue nNpou3BOIHBIX THAAHA30/1a B KaUeCTBe NOTEHIUATbHBIX
HHTHOUTOPOB KOPPO3UH MAJIOYIJIEPOAUCTOMN CTATU B COJISTHOMH KUCJIOTE

B craTtbe mpuBeneHEI pe3ybTaThl HCCISIOBaHUS psijia MPOU3BOJHBIX THAAMa30Jla B KaUeCTBE MHTHOUTOPOB
KOPPO3UH MaJIOYTJIEPOAUCTOH CTaimy B 15-TPOLIEHTHBIX PACTBOPAX COISIHON KUCIOTHI. [ paBuMeTprueckue uc-
IbITAaHHUA ¥ JIEKTPOXUMHYECKHE UCCIICJOBAHMS BBIIIOJIHEHBI Ha Mayoyriaepoauctoi cranu Ct3 mpu temnepa-
Type 293 K, Bpems 3Kkcro3unuu 00pasnos cocTaBuwio 24 4. [lonspusanroHHble KpUBbIE CHUMAIN B TOTEHIINO-
JMHAMHYECKOM PEXUME B TPEXIMEKTPOAHOI suelike N3 KaTOXHOW 00NacTH B aHOJHYIO CO CKOPOCTBIO pas-
BepTKM ToTeHImMana 1 MB-c™, UCHONB3ys NMEKTPOXUMUIECKUH M3MepuTenbHb kommiekc SOLARTRON
1280 C. UccnemoBaHbl 2-aMUHOTHA30JI, S5-amuHO-1,3,4-THamuason-2-Toji, 2-amuHo-1,3,4-Tnaguason, 2-
aMuHO-5-(ypan-2-nm)-1,3,4-tnaguazomn, 1,3,4-traguazon-2-miaMu yKCyCHON KHCIIOTHL. Y CTaHOBIICHO, YTO
UCCIEN0BAHHbIE COEMMHERHs B KOHIeHTpamuax 0.10-0.20 r-1! IposBIsAIOT J0CTATOYHO XOPOLIEE 3alUTHOE
neicteue. Hammyummit pesyneTar naer S-amuHO-1,3,4-THaana3on-2-THON C 3alIUTHBIM JeWCTBHEM Ooiee
90 %. HaumeHpmmm 3ammuTtHEIM jaeiictBueM (MeHee 60 %) oGmamaer 1,3,4-THanua3zon-2-uiaaMu YKCYCHON
KUCJIOTBL. DJIEKTPOXUMHUYECKIMH HCCIIE0BaHUAME YCTAHOBJIICHO, YTO JAHHBIC COCIMHEHUS SBIISTIOTCS MHIH-
OuTOpaMM CMELIAHHOTO (KaTOIHO-aHOIHOT0) THHa. PacyeT 3auTHOro AeHCTBHS HHTHOUTOPOB IO H3MEHEHHIO
BEJIMYMH IUIOTHOCTH TOKA KOPPO3UH MOKa3al Pe3y/bTaThl, KAYECTBEHHO COBIAJAIOINE C Pe3yJIbTaTaMH Ipa-
BUMETPHYECKHX HCIBITaHUI. BBeeHHE HHTHOUTOPOB B KOPPO3HOHHYIO CPEly 3HAYUTENIBHO MOBBINIACT (-
(PEeKTUBHYIO SHEPTHIO AKTHBAIIMK KOPPO3UOHHOTO Mporecca pacTsopenns C13 ¢ 3,3 1o 94,8 xIx-moms L. Pe-
3yJIbTaThl PabOTHI YKa3bIBAIOT Ha MEPCIEKTUBHOCTD TOMCKA IOTEHIMAIbHBIX HHTHOUTOPOB KHCIOTHOH KOPPO-
3MH B psi/ly HPOM3BOHBIX THAANA30J1a U pa3pabOTKU MHIMOUPYIONMX KOMIIO3UIIMH HAa X OCHOBE.

Kniouesvie cnosa: ManoyriepoaucTas CTaib, KUCJIOTHAsS KOPPO3Us, HHTHOUTOPHI, THAHA30JI, THA30]I, TPaBH-
METPHSI, UMITCIAHC, aICOPOITHSL.
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Students’ opinions toward interactive apps used for teaching chemistry

The solution of the problem of effective use of apps is not only in the analysis of learning outcomes, but also
in consideration of the students’ opinions toward learning chemistry with the help of these applications. Good
results can undoubtedly be achieved in teaching chemistry if traditional and interactive teaching methods are
intelligently combined. Mobile interactive apps allow educators to teach regardless of place and time, they
provide the opportunity to learn both in the classroom and outside, and this is their big advantage. It also gives
the teacher opportunity to interact with students on a more personal level with the help of mobile digital devices
that the learners use regularly. This article, presents the results of a study of students' opinions about the use of
mobile interactive applications in chemistry lessons. The approbation was carried out at a specialized school of
information technologies in Karaganda (Kazakhstan), at the school Chyn¢, and at the first private language
gymnasium Hradec Kralové (Czech Republic). The results showed that more than 60 % of the students enjoy
interactive apps, which positively affects their opinions towards the subject.

Keywords: chemistry, interactive apps, interactive teaching, information and communication technologies,
smart devices, bring your own device (BYOD), secondary school, students’ opinions, students’ engagements.

Introduction

In the past two decades, despite the boom in information and communication technologies (ICT) for
education, the dominant paradigm of the educational system around the world has not changed. It is still largely
based on the transfer of knowledge to passive learners, where teachers impose content and methods on stu-
dents. According to Falcao et al. [1], technologies were simply aggregated into this outdated structure, despite
the radical changes they brought in people's lives. Schools are at the core of education systems. At the same
time, the ratio of computers to school size has been identified as a potential factor that influences student
academic achievement [2].

According to OECD (Organisation for Economic Co-operation and Development) [3] statistics, the av-
erage percentage of households with internet access at home increased from 74 % in 2012 to 88 % in 2017
among its member countries. Moreover, 96 percent of 15-year-old students have a computer, smartphone, or
tablet at home across the OECD countries [4]. The growing use of smartphones and tablets by the population,
in general, increases opportunities to support learning and motivation in the educational domain. Students’
access to ICT at schools and homes has also been improved by increased national investment in ICTs and
lower prices for ICT tools [5]. Integration of mobile digital devices with learning has been validated as a
promising way to improve the educational achievements, motivations, and interests of students [6], to engage
learners [7], improve academic performance through sharing learning with social networks [8]. Ally and
Prieto-Blazquez [9] emphasized that smart devices are crucial for both teachers and students, as learning can
be available in different time zones and locations. However, Moos and Marroquin [10] research have shown
that the effects of participation in technological activities on students' academic interests are often short-lived
because the technology novelty wears out quickly.
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Interactive apps can be used not only as software applications but also for communication and entertain-
ment [11, 12]. From an educational community perspective, interactive apps can be viewed as communication
channels used for information sharing, social and learning support, as well as for problem solving [13]. Stu-
dents can quickly find information online, but finding out which sources are credible and useful is difficult for
them [14]. Weimer [15] and McCombs [16] suggest that successful implementation of educational apps re-
quires changes in content function instructor’s role, learning responsibility, personalization of learning, pro-
cesses and purposes of assessment. This often means establishing positive interpersonal relationships, facili-
tating the learning process adapting to the individual, social and class learning needs, and encouraging students
to take responsibility and personal challenges. In another study, 1-Chun et al. [17] have created some of the
steps to introduce digital lesson applications. First, the teacher starts with a brief introduction and expresses
motivation regarding the learning content at the beginning of the lessons. Then, the prompting activity: the
student is asked a question, and the learner has some time for reflection before answering. After that, within
the framework of activity students should complete a small exercise or a simple simulation related to a learning
concept. During the period of performing, the embodied experience becomes learning clues to assist the stu-
dents’ mental processing for knowledge construction. Through this example, student gains knowledge regard-
ing what and how the concept can be applied when the character provides further analysis and explanation.
After the exemplifying process the student can better understand the learning concept by speaking out the
summary of the example or ideal case in a concise sentence. Finally, the student can ask as many times as
he/she wants to clearly understand the learning concept, which would be obscure to him/her.

The aim of the paper was to study the students’ opinions based on interactive apps application in chem-
istry teaching. This article also covers 10 popular and mostly free apps in 5 areas of activity that can be used
to learn chemistry.

1. Chemical molecular viewers. This type of apps can simulate models of molecular systems, and users
can manipulate the model to visualize it under different conditions (Fig. 1). Moreover, students can visualize
abstract concepts as well as explore and test scientific modelling to promote deep learning and conceptual
understanding in science [11].
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Figure 1. Chemical molecular viewer

Some students tend to prefer to learn from animations compared to other forms of representation. For
these reasons, animation is an attractive option for educators. Examples of molecular viewer apps for lower-
secondary schools:

» Chem Tutor provides visual representations of atoms: Lewis structures, energy diagrams, and orbital
diagrams. Students receive an introduction to the representations and worked on two problem sets, in which
they used representations to learn about atomic structure. Moreover, Chem Tutor provides error-specific feed-
back [18].

» ACD/Chemsketch is designed specifically to support the teaching of chemistry, so it contains many
graphical options to facilitate the creation and editing of various chemical structures. Students can drag and
rotate 3D models, zoom in and out, record frames, and manipulate the view in many ways [19].

«Jmol is a computer app for molecular modelling chemical structures in 3 dimensions. It can be integrated
into web pages to display molecules in a variety of ways (ball-and-stick models, space-filling models, ribbon
diagrams) [20].
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2. Periodic Table and databases apps. Several apps address the need for portable devices as study guides
or easy chemistry helpers [21]. Although the web browsers on mobile devices can access modern Periodic

Table and online databases for browsing, there is also an increasing shift to lightweight apps dedicated to the
platform (Fig. 2).

Figure 2. Periodic Table and databases apps

These apps can also be integrated to search chemical names or other identifiers of chemical structures in
chemistry lesson [22]:

« Periodic Table is a digital application that is more geared towards learning general or inorganic chem-
istry and reinforcing various aspects of the periodicity of elements.

« iElements provides a good Periodic Table with a lot of information for each element such as its name,
symbol, atomic number, phase, density, melting point, boiling point, heats of fusion and vaporization, specific
heat, oxidation states, electronegativity.

* Mobile Reagents provides access to an 11 million reagent database and can be searched by exact or
partial name and formula, or by using the camera to take a photograph of a chemical structure and automatically
convert it to a structure search query.

3. Chemical calculation and reaction apps. In addition to chemical compounds and related chemical

reactions, their balancing, common calculations, search and associated details are certainly of interest to chem-
ists (Fig. 3).

Chemical Reactions

LDy

Reaction101

EROCBE
CEEERP

Chemical reaction

Figure 3. Chemical calculation and reaction apps
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These applications are intended to aid routine calculations in the field of chemistry [21-22]:

* MolWeight is a tool that allows calculation of the molecular weight and other key properties of the
compound. Moreover, a calculator is provided to determine the molecular weight of any substance by its chem-
ical formula.

» Chemical reaction and Reaction101 are used as a chemical reaction editor with features for reaction
balancing. The individual reaction components can be easily found by name, formula, structure or structure
similarity methods. These apps use molecular weight (calculated from structures) and stoichiometry to derive
any of the missing quantities, saving laborious calculations and manual checking.

4. Virtual chemical laboratory apps (Fig. 4). In traditional laboratory work students usually spend a lot
of time in data collection while doing only simple manipulation and analysis of data. However, this tactile
experience of learning might produce naive and mistaken explanation by students. Such experience would not
be enough to prepare future scientist [23]. As a consequence, virtual application labs are still considered the
most effective approach, as students can instantly run a high-quality lab [24], save time in data collection and
processing, and change the system configuration that often cannot be changed in a real laboratory [25]. The
main advantage of a virtual lab is the safety that it offers for handling dangerous equipment and reagents [26].
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Figure 4. Virtual chemical laboratory apps

Here are examples of virtual chemical laboratory apps for lower-secondary schools:

» Chem Collective offers several virtual chemistry experiments and includes tools such as scenario-based-
learning activities, tutorials and tests [27];

» ChemLab is the interactive chemistry lab simulation that is necessary to create your own virtual labor-
atory experiment. The database contains a large selection of chemicals and commonly used laboratory equip-
ment [28].

5. Game-based learning apps. In game-based learning self-explanation can help students to generate more
explicit representations of their knowledge, and, in turn, can positively affect accessibility, recall and transfer
of knowledge [29]. Sadykov and Ctrnactova [30] stated in their research that students enjoy working with
interactive tasks, and this has a positive effect on their attitude towards the subject. In addition, gamification
involves the use of features such as scores, badges, rankings, and rewards, making immediate feedback possi-
ble. It encourages students to participate in the learning environment and allows them to complete tasks
(Fig. 5). During gamification it is possible to monitor and assess successful learning and provide feedback on
the assessment to students for formative purposes [31].

Here are some examples of game-based learning apps for lower-secondary schools:

« Learningapps.org is an interactive game-based app that allows the teacher to create personal interactive
tasks and exercises. These programs also allow students to use their mobile devices for learning, and the
teacher, respectively, can see the results of students on their own device. This model of organization of educa-
tional interaction is called Bring Your Own Device (BYOD) or Bring Your Own Technology (BYOT). The
ability to provide immediate feedback to all participants increases the interactivity and adaptability of learning
[30].
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f
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Figure 5. Game-based learning apps

+» Kahoot is game-based learning and platform used in classrooms. It can be used with any subject, any
age, and any device equipped with either cell signal or internet, and players do not even need to register to sign
up for an account. This game also provides a tool for creating quizzes including adding pictures and videos to
the questions. It also makes it possible to publish and share your own quizzes, as well as edit quizzes made by
others [32].

Experimental

We have developed our questionnaire to study the students’ opinions based on application interactive
lessons with mobile apps during ten interactive lessons. The questionnaire used in this research consisted of
ten closed-ended questions. A three-level rating scale from 1 to 3 (1 — Agree, 2 — Neutral, 3 — Disagree)
was chosen as the most appropriate for measuring participants’ opinions.

In the introductory part the students were briefed on the purpose of the questionnaire. The first part of the
guestionnaire collected factual data concerning, in addition to age and gender, the type of school and the level
of students in chemistry for the last year. The second part of the questionnaire concerned the attitude of lower-
secondary school students towards interactive forms of learning.

Questions 1, 2, 7, 9 were aimed at determining the interest and motivation of the students in the interactive
lesson conducted using interactive apps compared to traditional lessons. Questions 3 and 4 determined how
interactive lesson is understandable and does not pose any significant difficulties. In questions 5, 6, 8, 10 we
were interested in whether students find this method interesting or useful and would they like to learn this way
more often.

The survey participants were asked the following questions:

1. Do you like interactive lessons with the use of mobile apps?

2. Do you think that interactive lessons are more interesting than traditional?

3. Was the explanation in the interactive lesson with the use of mobile apps clear enough to understand
the topic well?

4. Do you think that the interactive lessons had too much information, diagrams, and images, so you
found it difficult?

5. Was knowledge gained in an interactive chemistry lesson with the use of mobile apps applied in real
life?

6. Would you like if an interactive lesson with the use of mobile apps like these could be carried out more
often?

7. Were you interested in using the mobile apps with a mobile phone or tablet?

8. Do you like the Kahoot and Learningapps.org apps? Is it quick and interesting and does it help you to
check your knowledge?

9. Do you think that solving tasks with interactive apps more interesting than traditional ways?

10. Would you like if interactive apps like these could be used more often?

Results and Discussion

Part 1. The verification of interactive materials was carried out in two groups of students: 8-KZ (15 male
and 11 female adolescents) from specialized school-board information technologies in Karaganda (Kazakh-
stan); 8-CZ (8 male and 10 female adolescents) from first private language gymnasium Hradec Kralové (Czech
Republic). Interactive materials were tested on the topics: “Chemical reaction, Factors affecting the rate of
chemical reaction, and Classification of chemical reactions” (Fig. 6-7). Among the respondents there were
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52 % male and 47 % female adolescents. The average age of students was 13.5 years. According to the types
of schools, we used Chemical reaction, Reaction101, Kahoot apps in our interactive lessons.
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Figure 6. The results of the survey. Part 1 for 8-KZ group students
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Figure 7. The results of the survey. Part 1 for 8-CZ group students

As can be seen in Figure 8, the majority of respondents (64 %) rated interactive lessons with using mobile
apps positively, and more than 60 % of respondents think that interactive lessons are more interesting than the
traditional (questions 1-2). 62 % of respondents would like to an interactive lesson more often, about 30 % of
respondents rated their attitude to this form of learning with the answers “neutral”, and only 5-8 % of respond-
ents expressed a completely negative attitude to this form of learning (question 6).

Most of the students (64 %) believe that interactive lessons with the mobile apps were illustrative and did
not contain too much information, diagrams, and pictures, 30 % of the surveyed students answered “neutral”,
16 % of students find it too difficult (question 4). About 70 % of students believe that the knowledge that was
obtained in an interactive chemistry lesson can be applied in real life, only 5 % of students consider this chem-
istry lesson to be of little use for real life (question 5).
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Figure 8. Total results of the survey. Part 1

More than two-thirds of respondents were interested in using interactive apps on a mobile phone or tablet,
only 15 % of respondents were not interested in this form of learning (question 7). More than 70 % of respond-
ents rated solving tasks using interactive apps more interesting than the traditional way, and 53 % of respond-
ents would like to be engaged in this way of learning more often (question 9-10).

There was a significant difference between the two group’s grades from Kazakhstan and the Czech Re-
public regarding answers. It can be seen from Figures 6-7 that group 8-KZ rated the interactive materials more
positively than group 8-CZ, which had a significantly higher “neutral” response rate.

Part 2. The verification of interactive materials was carried out in two groups of students: 8-KZ (15 male
and 10 female adolescents) from specialized school-board information technologies in Karaganda (Kazakh-
stan); 8-CZ (8 male and 10 female adolescents) from school in Chyné (Czech Republic). Interactive materials
were tested on the topics: “Periodic table, Chemical bond” (Fig. 9-10). Among the respondents there were
48 % male and 52 % female adolescents. The average age of students was 13.5 years. In this part 2 we used
various applications such as Learningapps.org, Periodic table and Database apps.
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Figure 9. The results of the survey. Part 2 for 8-KZ group students
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Figure 10. The results of the survey. Part 2 for 8-CZ group students
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Figure 11. Total results of the survey. Part 2

As can be seen in Figure 11, the majority of respondents (70 %) rated interactive lessons with using
mobile apps positively and think that interactive lessons are more interesting than the traditional, only 9 %
prefer the traditional form of the lessons (questions 1-2). Further question 4 showed that 56 % of respondents
believe that interactive lessons with the mobile apps were illustrative and did not contain too much information,
diagrams and pictures, 16 % of students find it too difficult.

45 % of students answered “agree”, 43 % — “neutral” and 12 % — “disagree” at the question 5 “Do you
think that the knowledge that was obtained in an interactive chemistry lesson can be applied in real life?”.
Questions 7 and 8 were asked to find out whether students like to use mobile apps on a mobile phone and
tablet. The respondents rated this method of learning mostly positively (70 %), only 8 % of respondents believe
that it is not suitable for learning.

In questions 6 and 9 respondents were asked if they would like an interactive lesson and solving tasks
with mobile apps carried out more often, 65 % of respondents answered positively.

There was a significant difference between two group’s grades from Kazakhstan and the Czech Republic
regarding answers. It can be seen from Figures 9-10 that group 8-KZ rated the interactive materials more
positively than group 8-CZ, which had a significantly higher “neutral” response rate.
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Figures 12-13 showed a significant difference in some responses to the questionnaire in Kazakhstan and
Czech Republic. The differences are particularly evident in questions 2, 6, 7, and 9. In our opinion, this differ-
ence is due to the fact that verification of interactive lessons with mobile apps carried out in one school and
two groups in Kazakhstan, and two schools and two groups of students taught by two different teachers in the
Czech Republic. Another factor may be the generally lower interest in learning using ICTs, due to the wide-
spread and frequent use of this technique only for entertainment purposes in the Czech Republic.
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Figure 12. Total results in Kazakhstan
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Figure 13. Total results in Czech Republic

Conclusions

A literature review of previous studies has shown that mobile apps used for lower-secondary school im-
prove achievement and engagement. It is clear that students with mobile digital devices can access virtual
information equivalent to a large research library.

During the verification of interactive materials we are faced with the willingness of teachers to use tablets
and mobile phones, but also with the lack of scientific training and understanding of current science and
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technology issues on the application market. There was no statistically significant difference between the use
of different types of mobile apps during ten interactive lessons. One of the possible alternative explanations
for this result is the small amount of methodological literature for the use of interactive applications for tablets
and mobile phones in teaching chemistry.

Special chemical software can help students to generate more explicit representations of their knowledge,
positively affect accessibility, recall and transfer of the knowledge to chemists. In this study we have defined
and described the interactive apps supporting an increase in the activity of students, and the effectiveness of
the learning process for lower secondary schools. This study was limited by a relatively small sample size;
however, the findings have important implications for teacher professional development and educational app
design.

This result suggests that interactive apps support learning and increase student enjoyment, and this posi-
tively affects their attitude towards the subject. We think that one way to solve this problem is to involve
teachers in the app’s development process. Moreover, we believe that the combination of mobile phones and
tablets allows multiple students to perform the activities at the same time, and this encouraged them to interact
with each other. Therefore, in the next research we will focus on verification of the use of interactive apps as
well as identifying the most effective apps for teaching chemistry in other schools in both Kazakhstan and the
Czech Republic.
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T. Cagpixos, I'. Urpnanrona, I'.T. Kokubacosa

XUMHSHBI OKBITY/Ia HHTEPAKTUBTI KOCBIMILIAJAP NMaiiajgany 00MbIHIIA
OKYLIbLIAPABIH HMiKipJepi

MHTepakTHBTI KOCHIMIIANApABI THIM/I MaianaHy MacelleciH IIelry Tek Oaraiay apKbUIBI OKY HOTHIKENIepiH
Tajyjay FaHa eMec, COHBIMEH KaTap OKYIUBUIApABIH OCHl KOCHIMIIAJIAp apKbUIBI XUMUSHBI OKBITYFa IereH
nikipyepin eckepy Oousbin TaObIaabl. Ce3cCi3, OKBITYIBIH IOCTYPIi JKOHE MHTEPAKTHBTI 9MICTEPiH YTHIMIIBI
y#JecTipe OTBIPBIN, XHMHSHBI OKBITyJa JKOFapbl HOTIDKeJepre KO JKeTKi3yre Oosamsl. MoOwmimbai
MHTEPAKTUBTI KOCHIMINAJIAPABIH YJIKEH apTHIKUIBUIBIFBL OJAP OKBITYIIBUIAPFA OpPHBI MEH YaKbIThIHA
KapamacTaH cabak Oepyre, CBIHBINTA J1a, OJ1aH THIC JKepiepAe A€ OKyFa MyMKiHIik Oepeni. CoHpaii-ak, Oy
MYFaJliMre OKYIIBIAp MEH JKYHenmi TypHAe KOJAaHAaThIH MOOWIBAI CaHIBIK KYPBUIFBUIAPIBIH KOMETiMeH
OKyLIBUIAp MEH JKeKe JeHrelae KapbIM-KaThlHaC »kacayFa MYMKIHAIK TyFbI3anbl. Makanaga XuUMUs
cabakrapbiHIa MOOMIIBAI UHTEPAKTHBTI KOCHIMIIANAPAbI KOJIAHY TYPAaIbl OKYIIBUIAPABIH MiKipJIepiH 3epTTey
HoTIDKeNepi KenripinreH. Amnpo6aums Kaparanaeinarsl (KasakcTaH) MaMaHIAHABIPBUIFAH —aKMapaTThIK
TexHosorusap Mektebinme, XbiHs MekteOinne (Uexus) sxone I'pamen Kpanosteir (Yexust) OipiHmi jxeke
TIIMIK TUMHa3WAChIHAA OKyprisinmi. Hormkecinme oxkymbuiapasiH 60 %-maH  acTaMbl  MHTEPAKTHBTI
KOCBIMIIIaJIap MEH JKYMBIC iCTey/Ii YHATATHIHBIH KOPCETTi, OYJI ONap/IbIH XUMUS MTOHIHE JIereH Ko3KapacklHa OH
acep erei.

Kinm ce30ep: XxuMusi, MHTEPaKTHBTI KOCBHIMIIAIAP, MHTEPAKTHBTI OKBITY, aKMapaTThIK-KOMMYHUKAIMSIIBIK
TEXHOJIOTHSIIAP, MHTEIUIEKTYaIIbl KYPBUIFBLIAP, JKeKe KYPBUIFBIHBI3IB albl KemiHi3 (BYOD, Herisri mexrer,
OKYILIBUIAPABIH MiKipiepi, OKYIIbIIAPABIH KbI3BIFY ITBUTBIFBI.

T. Canpixos, I'. Urpuanrosa, I'.T. Kokubacosa

MHuenus Yaamuxcst 00 HHTCPAKTUBHBIX IPUJI0KCHUAX,
IMPUMECHACMBIX JIJISI Oﬁy‘leHI/Iﬂ XHMHUH

Penrexne npooneMsl 3 HEKTHBHOTO HCIOI30BaHNUS HHTEPAKTHBHBIX NPHIIOKEHHUIT 3aKIII09aeTCs HE TOJIBKO B
aHaIM3e Pe3yJIbTaTOB 00YUYEHHs C IIOMOIIBIO OLIEHOK, HO U B y4eTe MHEHHI ydaIuxcsi Ha 00yueHHe XUMHH C
MOMOLIBIO STUX TPUIIOKEHUH. BecCropHO, pasyMHO coYeTast TPaJULMOHHBIC U HHTEPAKTHBHBIC METOIbI 00Y-
YEHHMs1, MOXKHO JOOUTHCS BBICOKUX PE3YJIbTaTOB B 00y4YEHHH XMMHH. BOIBIINM IITF0OCOM MOOMIIBHBIX HHTEPaK-
TUBHBIX IPHJIOKEHHUH SBISETCS U TO, YTO OHU MO3BOJISIIOT TPETIOAaBaTelsiM 00y4aTh BHE 3aBUCHMOCTH OT Me-
CTa M BPEMEHH, Jal0T BO3MOXKHOCTh YYHUTHCS KaK B KJIACCe, TaK U 3a €ro MpejeiaMi. JTO TakKe BO3MOXKHOCTD
B3aMMOJEIHCTBOBATh C YYallUMHUCS Ha OoJjiee JIMYHOCTHOM YPOBHE C IOMOIIBIO MOOWIIBHBIX LH(POBBIX
YCTPOWCTB, KOTOPBIE yUallrecs UCIONB3YIOT Ha PEryJIsipHOil ocHOBe. B 1aHHOM cTaThe aBTOpaMu MPUBEICHBI
Ppe3yJIbTaThl HCCIEA0BAHUS MHEHHUS YYAIHXCsl 00 UCHOJIb30BAHUH MOOHIBHBIX HHTEPAKTUBHBIX MPUIIOKEHUN
Ha ypoKax XUMHH. Anpobanus nposoamiack B Crerpann3npoBaHHOHN IIKoJIe HH(OPMAIIMOHHBIX TEXHOJIOTHit
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B Kaparaune (Ka3zaxcran), B mkone XsiHe (Uexus) u B mepBoit YactHol s3p1k0B0# rumuaszuu ['panen Kpanose
(Yexus). PesynbpraThl nmokasany, 4ro 6omnee 60 % ydamuxcs Moiy4aroT yAOBOJILCTBHE OT PabOTHI C MHTEPaK-
THBHBIMH IPHIIOKEHUSMH, YTO IOJOKUTEIBHO BIHACT HA UX OTHOLICHUE K IIPEMETY.

Knioueswvie crosa: XuMust, THTEpaKTUBHBIE IIPHJIOXKEHNS, HHTEPAaKTHBHOE 00ydeHHe, HHPOPMAIMOHHO-KOMMY-
HHUKAaI[MOHHBIE TEXHOJIOTHH, HHTEJUICKTyalbHbIE YCTPOWCTBA, IPHHECH CBOE COOCTBEHHOE YCTPOWCTBO
(BYOD), ocHOBHasI IIKOJIA, MHEHHS! Y4YaIlIUXCsl, BOBICYCHHOCTD yUAIIMXCS.
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