How to Cite: Jumadilov, T.K., Malimbayeva, Z.B., Khimersen, Kh., Saparbekova, 1.S., Imangazy, A.M., Suberlya, O.V. (2021) Spe-
cific features of praseodymium extraction by intergel system based on polyacrylic acid and poly-4-vinylpyridine hydrogels. Bulletin of
the University of Karaganda — Chemistry, 103(3), 53-59. https://doi.org/10.31489/2021Ch3/53-59

UDC 541.132/.132.4:541.49 https://doi.org/10.31489/2021Ch3/53-59

T.K. Jumadilov!, Z.B. Malimbayeva?", Kh. Khimersen' 3,
1.S. Saparbekova?, A.M. Imangazy?, O.V. Suberlyak*

1Bekturov Institute of Chemical Sciences, Almaty, Kazakhstan;
2Kazakh National Women's Teacher Training University, Almaty, Kazakhstan;
3Abai Kazakh National Pedagogical University, Almaty, Kazakhstan;
4Lviv Polytechnic National University, Lviv, Ukraine
("Corresponding author 5 e-mail: malimbayeva.zamira@gmail.com)

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= Jsoea_ 100 05, (1)
1+82
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where 3 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):

1y = St = Cresinar 100 05, ;

initial
where Cinitiat and Cresiqual 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].
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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.

References

1 Gazulla, M.F., Ventura, M.J., Andreu, C., Gilabert, J., Ordufia, M., & Rodrigo, M. (2019). Praseodymium oxides. Complete
characterization by determining oxygen content. Microchem. J, 148, 291-298. https://doi.org/10.1016/j.microc.2019.05.013

2 Donia, A.M. (2011). Selective Separation of Uranium (VI), Thorium (IV), and Lanthanum (I11) from their aqueous solutions
using a chelating resin containing amine. Journal of dispersion science and technolog, 1673-1681.

3 Rombach, E., & Friedrich, B. (2014). Recycling of Rare Metals. Handbook of Recycling, 125-150.
https://doi.org/10.1016/b978-0-12-396459-5.00010-6

4 Miller, D.D., Siriwardane, R., & Mcintyre, D. (2018). Anion structural effects on interaction of rare earth element ions with
Dowex 50W X8 cation exchange resin. Journal of Rare Earths, 36(8), 879-890. https://doi.org/10.1016/j.jre.2018.03.006

5 Noshin Mir, Carlos E. Castano, Jessika V. Rojas, NazgolNorouzi, Amir R. Esmaeili, & Reza Mohammadi (2021). Self-sepa-
ration of the adsorbent after recovery of rare-earth metals: Designing a novel non-wettable polymer, Sep. Purif. Technol., 118-152.
https://doi.org/10.1016/j.seppur.2020.118152.

6 Jumadilov, T.K., Kondaurov, R., Imangazy, A., Myrzakhmetova, N., & Saparbekova, I. (2019). Phenomenon of remote inter-
action and sorption ability of rare cross—linked hydrogelsn of polymethacrylic acid and poly-4-vinylpyridine in relation to erbium ions,
Chem. Chem. Technol., 13(4), 451-458.

7 Jumadilov, T, Khimersen, K, Malimbayeva, Z, & Kondaurov, R. (2021). Effective Sorption of Europium lons by Interpolymer
System Based on Industrial lon-Exchanger Resins Amberlite IR120 and AB-17-8. Materials, 14(14), 3837.
https://doi.org/10.3390/mal4143837

8 Petrukhin, O.M. (1987). Workshop on Physical and Chemical Methods of Analysis. Moscow: Chemistry.

Information about authors:

Jumadilov Talkybek Kozhataevich — Doctor of Chemical Sciences, Professor, Chief Researcher at
Bekturov Institute of Chemical Sciences, Academician of the Russian Academy of Natural History,106
Valikhanov str., 050013, Almaty, Kazakhstan; e-mail: jumadilov@mail.ru; https://orcid.org/0000-0001-9505-
3719

Malimbayeva Zamira Bakytzhankyzy (corresponding author) — Master of Science, PhD candidate at
the Kazakh National Women's Teacher Training University, 99 Ayteke bi street, 050000, Almaty, Kazakhstan;
e-mail: malimbayeva.zamira@gmail.com; https://orcid.org/0000-0003-0029-0522;

Khimersen Khuangul — Master of Science, PhD student at Abai Kazakh National Pedagogical Univer-
sity, 13 Dostyk avenue, 050013, Almaty, Kazakhstan; e-mail: huana88@mail.ru; https://orcid.org/0000-0002-
5138-5997;

Saparbekova Indira — Candidate of Chemical Sciences, Kazakh National Women's Teacher Training
University, 99 Ayteke bi street, 050000, Almaty, Kazakhstan; e-mail: indiaru74@gmail.com; https://or-
cid.org/0000-0003-3551-9526;

Aldan Imangazy — Master of Science, PhD candidate, Scientific Researcher at Bekturov Institute of
Chemical Sciences, 106 Valikhanov street, 050013, Almaty, Kazakhstan; e-mail: imangazy.aldan@mail.ru;
https://orcid.org/0000-0001-7834-1022

Oleg Suberlyak — Doctor of Chemistry, Professor, Head of the Department of Chemical Technology of
Plastics Processing, Institute of Chemistry and Chemical Technology, Lviv Polytechnic National University,
Academician of the Technological Academy of Ukraine, Lviv Polytechnic National University, 12Bandera
street, 79013, Lviv, Ukraine; e-mail:suberlak@polynet.lviv.ua; https://orcid.org/0000-0002-6046-5972

CHEMISTRY Series. No. 3(103)/2021 59


https://doi.org/10.1016/j.microc.2019.05.013
https://doi.org/10.1016/b978-0-12-396459-5.00010-6
https://doi.org/10.1016/j.jre.2018.03.006
https://doi.org/10.1016/j.seppur.2020.118152
https://doi.org/10.3390/ma14143837
mailto:jumadilov@mail.ru
https://orcid.org/0000-0001-9505-3719
https://orcid.org/0000-0001-9505-3719
mailto:malimbayeva.zamira@gmail.com
https://orcid.org/0000-0003-0029-0522
mailto:huana88@mail.ru
https://orcid.org/0000-0002-5138-5997
https://orcid.org/0000-0002-5138-5997
mailto:indiaru74@gmail.com
https://orcid.org/0000-0003-3551-9526
https://orcid.org/0000-0003-3551-9526
file:///C:/Users/imang/AppData/Local/Temp/Rar$DIa0.612/imangazy.aldan@mail.ru
https://orcid.org/0000-0001-7834-1022
mailto:suberlak@polynet.lviv.ua
https://orcid.org/0000-0002-6046-5972



