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Synthesis, Characterization and Application
of New Polymers Imprinted with Zinc (I1) lons

In this work, molecularly imprinted polymers with zinc imprints and their comparison polymers without im-
prints were synthesized. A comparative characterization of the physical parameters of the synthesized zinc-
imprinted (ZnlIP) and non-imprinted (NIP) polymers was carried out using the methods ofeelemental analysis,
conductometry, scanning electron microscopy, and IR-Fourier spectroscopy. The abilityyof the‘kesulting pol-
ymers to molecularly recognize zinc was evaluated. Based on experimental data on Static‘adsorption, the ad-
sorption capacity of ZnlIP and NIP was determined using an atomic emission spéctremeter. It was found that
ZnlP is characterized by better physical parameters and a higher ability fof molecular recognition of zinc
compared to NIP. ZnIP with zinc imprints were found to have better sorption‘€apacity for zinc than their ref-
erence polymers. The sorption of zinc by molecular imprinted ZnlIP is fainly, dde to the complex formation
and pores of the initial carbon product. The synthesized ZnIP have ingredasedsporosity. The presence of pores
with a diameter <50 nm in ZnIP is associated with voids formed after acid hydrolysis, which is clearly visible
in images recorded by scanning electron microscopy. Thus, the possibility of using ZnlIP as a selective
sorbent has been established.

Keywords: molecularly imprinted polymers, comparisomypolymer, sodium humate, polyvinyl alcohol, tem-
plate, zinc, sorption, adsorbent.

Introduction

Currently, water pollution with heavy. metals is constantly increasing and poses a great threat to the en-
vironment. Therefore, the analysis of enviroimental objects for the content of heavy metals and the devel-
opment of appropriate detoxifiers afe of great importance.

With the development of moderastechnologies, the interest of researchers in the problems of synthesis
of molecularly imprinted polymers*(MIP) in the field of molecular recognition is steadily growing. Due to
the unique properties and ¢he ability of MIP to molecular recognition, these polymers are finding new appli-
cations. To create neWw polymer materials with improved performance characteristics, it is possible to control
the process of templaté formation during the formation of MIP and after its removal from the polymer ma-
trix, the formation of a'seélective recognition cavity for the template of the molecule. Such polymers, which
recognize target molecules with high selectivity, are relevant and are attracting increasing attention [1-10].

The use of molecularly imprinted polymers in the development of sorption materials is based on their
ability to remove contaminants, including trace levels, in a highly selective manner, and the exceptional sta-
bility of polymer materials under harsh conditions makes it possible to simplify the process of water purifica-
tion in general.

In recent years, researchers have made extensive use of the rapidly developing molecular imprinting
technology to create new polymeric sorption materials [16-25]. The polymeric materials produced by mo-
lecular imprinting are widely and successfully used in industries such as chemical, pharmaceutical, biotech-
nological, and especially at the stages of purification of the final product [26—30].

As you know, zinc (Zn) is one of the most common heavy metals that is most often found in
wastewater. Zinc compounds penetrate into natural water treatment from industrial wastewater. Dangerous
forms of zinc in water are sulfates and chlorides, which belong to heavy metal salts. Both their excess and
deficiency can cause damage to the systems of all living organisms [11-15]. Therefore, water purification
from such a heavy metal as zinc is an important component of the water treatment system in production and
industry.
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Previously, molecular imprinted polymers have been synthesized and used for water purification from
heavy metals [16, 20, 31, 32]. Continuing the research on the development of MIP, in this work zinc-
imprinted polymers (ZnlIP) and non-imprinted polymers (NIP) were synthesized based on the product of pro-
cessing oxidized coal mining waste — humic acids (HA) and a functional monomer.

Humic acids are known to be a complex mixture of high-molecular and multifunctional compounds of
aromatic, heterocyclic and alicyclic nature, replaced by alkyl chains of different lengths with limiting and
unsaturated bonds. Humic acids are natural detoxifiers. The aromatic nuclei of humic acids contain a large
number of carboxyl, hydroxyl, and quinoid groups, which allow them to participate in a variety of redox re-
actions. In this regard, it is of interest to create a MIP based on functionalized humic acids with zinc imprints
using the molecular imprinting method for the selective isolation of zinc ions from an agqueous medium.

As an analogue of the structural fragments of sodium humate (HNa), we considered a functional mon-
omer — polyvinyl alcohol (PVA), copolymerization with which should lead to enrichment of the imprinted
polymer product with sites designed for molecular recognition of target zinc molecules.

The purpose of the study. On the basis of sodium humate, polyvinyl alcohol, to synthesize molecular
imprinted polymers capable of molecular recognition of zinc and to conduct a comparative analysis of the
textural properties of synthesized polymers.

Experimental

Materials

In this study the following materials were used: sodium humate (HNa)miselated from oxidized coal
from the Shubarkol deposit (Karaganda, Kazakhstan); polyvinyl alcohok{(C.K4+O)x, M = 1-15-10%, produced
by Sigma-Aldrich); template — zinc acetate ((Zn(CHsCO;).:2H-0,4M=229.50 g/mol, produced by Sigma-
Aldrich)); crosslinking monomer — formaldehyde (CH2O, 37 % ‘aduedus solution, produced by Sigma-
Aldrich); initiator of free radical polymerization — benzoyl peroxide (BPO) (C1:H1004, M=242.23 g/mol,
produced by Sigma-Aldrich); solvent — distilled water.

Synthesis of Sodium humate (HNa)

Sodium humate was isolated from samples of oxidizedicoal from the Shubarkol deposit during alkaline
impregnation caused by intercalation of sodium hydgoxidéjinto it. The alkaline impregnation method includ-
ed the following stages: mixing dried coal with an aqueous alkali solution with a concentration providing a
given NaOH/substrate mass ratio (1:10); heating%(100 °C, 2 hours) with stirring and holding at room temper-
ature; separation of the liquid phase from the residual coal. The residual coal was further treated with water,
and the mixture was heated with stirging(and the boiling point of a water bath for further 30 minutes. The
first and second filtrates of sodium humate“selutions were combined, poured into a crystallizer and dried at
room temperature to a dry state. Dry sedium humate was weighed and the yield was determined. The yield of
sodium humate is 76.00-82.00 % byawetght of dry coal.

Synthesis of molecular imprifited polymers with Zn?*

The synthesis of a meglectllar’imprinted polymer with zinc was carried out according to a previously de-
veloped and modified method,{20] as follows: a solution of Zn(CHsCOO), was prepared, where the content
of zinc ions introduced during tuning was 4.50 mg-eq. Then this solution was introduced into a solution of
sodium humate. The mixttre was kept for 3 hours with stirring until a stable prepolymerization complex was
formed between the polymer molecules and the template. Next, a functional monomer (polyvinyl alcohol), a
crosslinking agent (formaldehyde) and an initiator (benzoyl peroxide) were added to the prepolymerization
complex. Benzoyl peroxide is an initiator of the oxidative process, which allows for the oxidative destruction
of polyvinyl alcohol macromolecules with the formation of oligomers with an additional number of ketone,
aldehyde and carboxyl groups. The oxidation process proceeds by a radical mechanism. Metals with variable
valence contained in the mineral part of HNa act as catalysts for this process [33]. Next, the mixture was sub-
jected to heat treatment at 70 °C for 180 minutes. At the end of the copolymerization process, the resulting
product was centrifuged (Hermle Labortechnik GmbH, Wehingen, Germany) at a speed of 4000 rpm,
washed with water to a neutral medium, dried, crushed and sieved. The template was removed from the pol-
ymer mesh by acid hydrolysis with 0.1 N HCI solution, heated to 50-60 °C and kept for 30 minutes. The re-
sulting product was filtered and the precipitate was washed with water until the CI~ ions disappeared. The
comparison polymers (non-printed polymers) were synthesized using a similar technique without the partici-
pation of a template, all other participants in the polymerization reaction remained the same.
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Investigation of the obtained results of zinc-imprinted and non-imprinted polymers

A complexometric analysis based on the titration of zinc ions with a solution of Trilon B in an acetate
buffer with xylene orange as indicator, after binding of interfering elements with complexing agents, was
used to determine the content of zinc ions in zinc-imprinted polymers (ZnlP). The content of zinc ions intro-
duced during tuning was 4.50 mg-eq per gram of imprinted polymer.

The reaction in zinc-impregnated and non-imprinted (NIP) polymers was monitored by reverse titration,
according to the content of oxygen-containing groups using the laboratory conductometer Anion-4100 (In-
fraspak-Analyte, Novosibirsk, Russia).

The number of carboxyl groups was determined by the acetate method. The measurements were carried
out sequentially on three hitches, and the average value of the three experiments was taken as the final value.

The elemental analysis of ZnIP and NIP for the content of carbon, hydrogen, nitrogen and oxygen was
carried out on an elemental analyzer (Elementar Unicube, Langenselbold, Germany).

The composition of the zinc-imprinted and non-imprinted polymers obtained was confirmed by IR
spectroscopy data performed on the FSM-1201 IR Fourier spectrometer (Infraspec Company, St. Petersburg,
Russia). The range of wave numbers was 4000-400 cm™, the error in the determination of the wave numbers
did not exceed 2 cm™,

A MIRA 3 scanning electron microscope (Tescan Orsay Holding, Brno-Kohoutavice, Czech Republic)
equipped with a system of detectors registering different signals was used te estimatejthe particle size and
surface morphology of the obtained ZnlIP and NIP. Images with topographic ‘eontrastavere obtained using
secondary electron detectors. The elemental composition on the ZnIP and{NIPssurfaces was determined by
X-ray energy dispersive microanalysis.

The sorption properties of synthesized zinc-imprinted ZnIP apd®nonsimprinted polymers (NIP) were
studied using the method described in [16]. To do this, 1 g of composite samples were mixed with a solution
of zinc salt. The mixture was stirred at 120 rpm in a thermestatically controlled rocking chair at 25 °C for
24 hours. The solutions were then centrifuged and filtered to determine the concentration of free zinc in them
using an inductively coupled plasma atomic emission speetrometer ICAR6500 DUOLA (SPECTRO ARCOS
EOP SPECTRO Analytical instruments GmbH, Germanyy).

Results and, Discussion

Zinc-imprinted polymers (ZnIP) based on functionalized sodium humate capable of recognizing tem-
plate molecules were obtained using the_moleéeular imprinting method. Their composition and physico-
chemical properties have been studied, The scheme for the preparation of ZnIP is shown in Figure 1.

Removing a template

57

Molecular imprints

Template
Polymer with imprints

Polymer chains

Figure 1. The scheme of obtaining a zinc-imprinted polymer

The results of the chemical studies of synthesized zinc-imprinted polymers are confirmed by data from
elemental analysis, IR spectroscopy, complexometry, conductometry and electron microscope. The physico-
chemical characteristics of zinc-imprinted polymers (ZnIP) in comparison with non-imprinted polymers
(NIP) are shown in Table.

As can be seen in Table, the oxygen content decreases by 4.54—6.41 % with the introduction of imprint-
ed zinc polymers. This indicates the possibility of binding zinc ions by carboxyl and hydroxyl groups. A de-
crease in the content of oxygen-containing groups in zinc-imprinted polymers also makes it possible to as-
sume their binding to zinc ions by the mechanism of complexation. Thus, in zinc-imprinted polymers, their
content is 4.21-4.98 mg-eq/g, and in non-imprinted polymers — 4.82-5.75 mg-eq/g. The ZnIP yield is
78.42-80.69 %, and NIP yield is 77.26-79.84 %.
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Table
Characteristics of imprinted polymers
. Component Ratio g0 g0 g0 Z(COOH+O0OH) o
Ne Sample (HNa:PVA) CY% % HY, % 09, % mg-eqlg Yield, %
1 NIP, 11 56.30+£0.2 3.83+0.1 39.22+0.4 4.82+0.2 77.26
2 ZnlPy ' 60.74+0.2 3.95+0.1 34.68+0.4 4.21+0.2 78.42
3 NIP» 51 57.20+0.2 3.86+0.1 38.29+0.4 5.75+0.2 79.84
4 ZniP; ' 63.52+0.2 3.97+0.1 31.88+0.2 4.98+0.2 80.69
The IR spectra of non-imprinted and zinc-imprinted polymers are shown in Figure 2.
1
2
500 "~ 1000 1500 " 2000 © 2500 " 3000 3500 em!

Figure 2. IR spectra: 1 —ZnlP1, 2 — NIP;

Analysis of thedR3speetra’ of the zinc-imprinted polymers shows that the stretching peak characteristic
of both the carboxylic/groups at 1713 cm and the hydroxyl groups at 3443 cm™ suggest the possibility of
zinc ions binding by the4on exchange and complexation mechanisms. There is a significant increase in ab-
sorption in the region of valence vibrations of methylene and methyl C-H at 2923 and 2857 cm™, as well as
deformation of C-CHj3 groups at 1385 cm™. The observed facts can be explained by destructive processes
leading to a reduction in the length of the aliphatic chain and an increase in the number of ring —CHs; groups.
The stretching peaks in the region of 1695-1713 cm™ are attributed to the carboxyl and ketocarbonyl (C=0)
groups, whereas peaks 1130-1190 cm™ and 1150 cm™ are associated with the stretching of C-O molecules
of carbohydrates, alcohol and ether groups, respectively. An increase in the intensity of the band with a max-
imum at 915-933 cm™? is associated with an increase in the content of substituted aromatic structures. The
absence of absorption of the characteristic band of the COOH-group 1713 cm™ and the appearance of new
bands characteristic of the carboxylate grouping 1585 and 1385 cm™ in zinc-imprinted polymers suggests
that part of the zinc ions is bound by the carboxyl group to the chelate complex. The bond between Zn-O is
in the range from 400 to 600 cm™. This means that peaks 467 and 485 cm™ clearly represent Zn—-O bonds.
The evidence of the presence of coordination nodes with the participation of C—O on the surface and in the
volume of composites is the absorption in the region of 600-800 cm™, which relate to the valence vibrations
of carboxyls. The absence of absorption bands characterizing the valence oscillations of the Zn—-O bond in
the spectra of non-imprinted polymers indicates the decay of these bonds.
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The textural characteristics of ZnIP and NIP with topographic contrast were obtained using a TESCAN
MIRA 3 scanning electron microscope (Fig. 3-4). The elemental composition of the samples was determined
by quartering in different areas of the sample surface using X-ray energy dispersive microanalysis X-Act
(Oxford Instruments).
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Figure 4. NIP; microstructure with elemental analysis

A comparative analysis of micrographs obtained of zinc-imprinted and non-imprinted polymers indi-
cates a difference in their surface morphology and particle size. The ZnlIP; electron micrographs (Fig. 3)
show spherical and cubic formations and are characterized by increased porosity compared to NIP;. It should
be noted that removing the template from the polymer mesh uncorks additional pores, which is clearly visi-
ble in the images recorded by scanning electron microscopy (Fig. 3). The elemental composition and multi-
layer EDS-map confirm the composition of the products obtained, and the distribution of chemical elements
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on the microstructure confirms the presence of elements that make up both zinc-imprinted and non-imprinted
polymers.

To study the binding capacity of the zinc-imprinted and non-imprinted obtained, experiments on static
adsorption of zinc were carried out (Fig. 5).
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Figure 5. Results of sorption properties of synthesized polymets: QIPL 2 —ZnIP;, 3— NIPy; 4 — ZnlP,

P re-tuned to zinc ions showed a sharp in-
ers. The effect of improving sorption properties

Sorption of Zn2* ions. %

A study of the adsorption properties of imprinte
crease in sorption capacity compared to non-imprinted
for Zn?* is 78.90 % and 85.07 % for ZnIP, and 1 samples, respectively. This confirms the assumption
that there are pores in the system that corresponding e ionic radius of the hydrolyzed metal and the ef-
fectiveness of the polymer selectively tuned to tﬁorbed ion.

nclusions

Thus, two types of polymer sox ere synthesized: zinc-imprinted polymers (ZnIP) and non-
imprinted polymers (NIP). Synthe -imprinted and non-imprinted polymers were obtained with dif-
ferent ratios of sodium hum %myl alcohol. It was found that increasing the content of the func-
tional polymer did not affe ield of zinc-imprinted polymers. The decrease in oxygen-containing
groups in the composition, o e inc-imprinted polymers indicates the possible binding of the template via
the complexation me

ni this case, the sequential cross-linking of the prepolymerization complex
with the functiona er creates an imprinted sorption layer. An analysis of zinc-imprinted and non-
imprinted polymers wa rrled out using modern physicochemical methods. The results of the evaluation
the sorption properties of zinc-imprinted polymers and comparison polymers showed that imprinted poly-
mers synthesized on the basis of sodium humate and polyvinyl alcohol at a ratio of 1:1 have the highest af-
finity for zinc. The obtained zinc-imprinted polymers using molecular imprinting technology can be recom-
mended as sorption materials, the operating principle of which is based on the effect of molecular recogni-

tion and selective extraction.
Funding

This research is funded by the Science Committee of the Ministry of Science and Higher Education of
the Republic of Kazakhstan (Grant No. AP19678338) “Fundamentals of creating molecularly imprinted pol-
ymers from coal waste”.

50 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 2(114)



Synthesis, Characterization and Application of New Polymers ...

Author Information*

*The authors' names are presented in the following order: First Name, Middle Name and Last Name

Alma Khassenovna Zhakina (corresponding author) — Candidate of chemical sciences, Assoc. Pro-
fessor, Head of the Laboratory of Polymer Chemistry of LLP “Institute of Organic Synthesis and Coal
Chemistry of the Republic of Kazakhstan”, Alikhanov str. 1, Karaganda, 100012, Kazakhstan; e-mail:
alzhakina@mail.ru; https://orcid.org/0000-0001-5724-2279

Oxana Vasilievna Arnt — Master of technical sciences, Researcher of the Laboratory of Polymer
Chemistry of LLP “Institute of Organic Synthesis and Coal Chemistry of the Republic of Kazakhstan”,
Alikhanov str. 1, Karaganda, 100012, Kazakhstan; e-mail: oxana230590@mail.ru; https://orcid.org/0000-
0002-8996-4572

Yevgeniy Petrovich Vassilets — Master of pedagogical sciences, Researcher of the Laboratory of Pol-
ymer Chemistry of LLP “Institute of Organic Synthesis and Coal Chemistry of the Republic of Kazakhstan”,
Karaganda, Alikhanov str. 1, 100012, Kazakhstan; e-mail: vassilets88@mail.ru; https://orcid.org/0000-0003-
2242-486X

Arailym Alzhankyzy — Master of chemical sciences, Junior Research, ofythe™aboratory of Polymer
Chemistry of LLP “Institute of Organic Synthesis and Coal Chemistry of the Republic of Kazakhstan”,
Alikhanov str. 1, Karaganda, 100012, Kazakhstan; e-mail: arailym_aljan@gaifwu; https://orcid.org/0000-
0001-5790-8659

Almat Maulenuly Zhakin — Master of technical sciences, JuniorsResearch of the Laboratory of Poly-
mer Chemistry of LLP “Institute of Organic Synthesis and Coal Chemistry of the Republic of Kazakhstan”,
Alikhanov str. 1, Karaganda, 100012, Kazakhstan; e-mail” zZffakin-almat@mail.ru; https://orcid.org/0000-
0002-5940-7097

Author Contgibutions

The manuscript was written through contributions of/all authors. All authors have given approval to the
final version of the manuscript. CRediT: Alma Khassenovna Zhakina conceptualization, data curation,
methodology, project administration, resources, seftware, writing — original draft, writing — review & edit-
ing; Oxana Vasilievna Arnt formal analysis, investigation, visualization; Yevgeniy Petrovich Vassilets
formal analysis, investigation, visualizatien; Arailym Alzhankyzy formal analysis, investigation; Almat
Maulenuly Zhakin formal analysis, investigation.

Conflicts of Interest
The authors declare no eonflict of interest.

References

1 Jumadilov, T., Kondaurov, R., & Imangazy, A. (2022). Application of the Remote Interaction Effect and Molecular Imprint-
ing in Sorption of Target lons of Rare Earth Metals. Polymers, 14(2), 321. https://doi.org/10.3390/polym14020321

2 Kadhem, A. J,, Gentile, G. J., & Figalgo de Cortalezzi, M. M. (2021). Molecularly Imprinted Polymers (MIPs) in Sensors for
Environmental and Biomedical Applications: A Review. Molecules, 26(20), 6233-6267. https://doi.org/10.3390/molecules26206233

3 Sun, D, Song, Z., Zhang, Y., Wang, Y. Lv, M,, Liu, H., Wang, L., Lu, W., Li, J., & Chen, L. (2021). Recent Advances in
Molecular-Imprinting-Based SolidPhase Extraction of Antibiotics Residues Coupled With Chromatographic Analysis. Front. Envi-
ron. Chem, 2:703961. https://doi.org/10.3389/fenvc.2021.703961

4 Arabi, M., Ostovan, A., Li, J., Wang, X., Zhang, Z., Choo, J., & Chen, L. (2021). Molecular Imprinting: Green Perspectives
and Strategies. Adv. Mater, 2100543. https://doi.org/10.1002/adma.202100543

5 Azizi, A., Shahhoseini, F. & Bottaro, C. S. (2020). Magnetic Molecularly Imprinted Polymers Prepared by Reversible Addi-
tion Fragmentation Chain Transfer Polymerization for Dispersive Solid Phase Extraction of Polycyclic Aromatic Hydrocarbons in
Water. J. Chromatogr. A., 1610, 460534. https://doi.org/10.1016/j.chroma.2019.460534

6 Cavalera, S., Anfossi, L., Di Nardo, F., & Baggiani, C. (2024). Mycotoxins-Imprinted Polymers: A State-of-the Art Review.
Toxins, 16(47). https://doi.org/10.3390/toxins16010047

7 Saylan, Y., Kilig, S. & Denizli, A. (2024). Biosensing Applications of Molecularly Imprinted-Polymer-Based Nanomaterials.
Processes, 12, 177. https://doi.org/10.3390/pr12010177

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 51


mailto:alzhakina@mail.ru
https://orcid.org/0000-0001-5724-2279
mailto:oxana230590@mail.ru
https://orcid.org/0000-0002-8996-4572
https://orcid.org/0000-0002-8996-4572
mailto:vassilets88@mail.ru
https://orcid.org/0000-0003-2242-486X
https://orcid.org/0000-0003-2242-486X
mailto:arailym_aljan@mail.ru
https://orcid.org/0000-0001-5790-8659
https://orcid.org/0000-0001-5790-8659
mailto:zhakin-almat@mail.ru
https://orcid.org/0000-0002-5940-7097
https://orcid.org/0000-0002-5940-7097
https://credit.niso.org/
https://doi.org/10.3390/polym14020321
https://doi.org/10.3390/molecules26206233
https://doi.org/10.3389/fenvc.2021.703961
https://doi.org/10.1002/adma.202100543
https://doi.org/10.1016/j.chroma.2019.460534
https://doi.org/10.3390/toxins16010047
https://doi.org/10.3390/pr12010177

Zhakina, A.Kh., Arnt, O.V. et al.

8 Zhang, L., Mo, H., Wang, C., Li, X., Jiang, S., Fan, W., & Zhang, Y. (2023). Synthesis and Properties of Cefixime Core-
Shell Magnetic Nano-Molecularly Imprinted Materials. Polymers, 15, 4464. https://doi.org/10.3390/polym15224464

9 Fang, L., Miao, Y., Wei, D., Zang, Y., & Zhou, Y. (2021). Efficient removal of norfloxacin in water using magnetic molecu-
larly imprinted polymer. Chemosphere, 262, 128032. https://doi.org/10.1016/j.chemosphere.2020.128032

10 Khalili, Z. & Nezhadali, A. (2024). A novel molecularly rabeprazole imprinted electrochemical sensor based on
Fe304@SiO2—MWNTSs nanocomposite. Microchemical Journal, 199, 109926. https://doi.org/10.1016/j.microc.2024.109926

11 Hassan, M. U., Nawaz, M., Mahmood, A., Shah, A. A, Shah, A. N., Muhammad, F., Batool, M., Rasheed, A., Jaremko, M.,
Abdelsalam, N. R., Hasan, M. E., & Qari, S. H. (2022).The role of zinc to mitigate heavy metals toxicity in crops. Frontiers in Envi-
ronmental Science, 10. https://doi.org/10.3389/fenvs.2022.990223

12 Alsafran, M., Saleem, M. H., & Rizwan, M. (2023). An overview of heavy metals toxicity in plants, tolerance mechanism,
and alleviation through lysine-chelation with micro-nutrients — A novel approach. Plant Growth Regul, 100, 337-354
https://doi.org/10.1007/s10725-022-00940-8

13 Briffa, J., Sinagra, E., & Blundell, R. (2020). Heavy metal pollution in the environment and their toxicological effects on
humans. Heliyon, 6(9), 1-26. https://doi.org/10.1016/j.heliyon.2020.04691

14 Alengebawy, A., Abdelkhalek, S. T., Qureshi, S. R., & Man-Qun Wang (2021). Heavy Metals and Pesticides Toxicity in Ag-
ricultural Soil and Plants: Ecological Risks and Human Health Implications. Toxics, 9(3), 42. https://doi.org/10.3390/toxics9030042

15 Su, S., Huang, Y., Han, G., Guo, Z., & Liu, F. (2019). Study of the Adsorption of Humic Acid with Zn?* by Molecular Dy-
namic Simulation and Adsorption Experiments. Characterization of Minerals, Metals, §and Materials, 33-41.
https://doi.org/10.1007/978-3-030-05749-7_4

16 Zhakina, A. Kh., Rakhimova, B. B., Vassilets, Ye. P., Arnt, O. V., & Muldakhmetov Z(2024). Synthesis and Modification
of a Natural Polymer with the Participation of Metal Nanoparticles, Study of Their Compasitionyand®Properties. Polymers, 16(2),
264. https://doi.org/10.3390/polym16020264

17 Kondaurov, R., Melnikov, Y., & Agibayeva L. (2023). Application of Molecularlmprinting for Creation of Highly Selective
Sorbents for Extraction and Separation of Rare-Earth Elements. Polymers, 15, 846. hiipss//dei.org/10.3390/polym15040846

18 Zhakina, A. Kh., Muldakhmetov, Z., Zhivotova, T. S., Rakhimova, B. Bg Vassilets, Ye. P., Arnt, O. V., Alzhankyzy, A., &
Zhakin, A. M. (2023). Synthesis of a Polymer Composite Based on a Mgdified Amindhumic Acid Tuned to a Sorbed Copper lon.
Polymers, 15(6), 1346. https://doi.org/10.3390/polym15061346

19 Zhakina, A. Kh., Amt, O. V., Vassilets, Ye. P., Shur, V. Ya., &/olegow, A. S. (2020). Magnetoactive Compounds Based on
Humic Acid and Magnetite as a Sorbent for Heavy MetalSy Russian®Journal of Applied Chemistry, 93(9), 1152-1159.
https://doi.org/10.1134/S1070427220090086

20 Muldakhmetov, Z. M., Gazaliev, A. M., Zhakina, A. Khy, Vassilets, Ye. P., & Arnt, O. V. (2022). Synthesis of a composite
based on humic acid tuned to sorbed copper ion. Bulletin of*the University of Karaganda. Chemistry, 4(108), 182-189.
https://doi.org/10.31489/2022Ch4/4-22-14.

21 Ferreira, V. R. A., Azenha, M. A., Pereira, GauM.%& Silva, A. F. (2022). Molecularly Imprinted Methyl-Modified Hollow
TiO2 Microspheres. Molecules, 27, 8510. https://doforg/10.3390/molecules27238510

22 Cavalera, S., Anfossi, L., Nardo, F., & Baggiani{ C. (2024). MycotoxinsImprinted Polymers: A State-of-theArt Review. Tox-
ins, 16, 47. https://doi.org/10.3390/toxins16@1004 7

23 Seitz, W. R., Grenier, C. J., Csarosyd. R., Yang, R., & Ren, T. (2021). Molecular Recognition: Perspective and a New Ap-
proach. Sensors, 21, 2757. https://dortergkl0.3390/s21082757

24 Reville, E. K., Sylvester, E."H., Benware, S. J., Negic, S. S., & Berda, E. B. (2022). Customizable molecular recognition: ad-
vancements in design, symthesis, and application of molecularly imprinted polymers. Polymer Chemistry, 13, 3387-3411.
http://dx.doi.org/10.103@/01piadd 728

25 Haller, P., Machad@, I., Forres, J., Vila, A., & Veiga, N. (2021). Fe (I11)-Complex-Imprinted Polymers for the Green Oxida-
tive Degradation of the Methyl"Orange Dye Pollutant. Polymers, 13, 3127. https://doi.org/10.3390/polym13183127

26 Agriopoulou, S., Stamatelopoulou, E., & Varzakas, T. (2020). Advances in Analysis and Detection of Major Mycotoxins in
Foods. Foods, 9(4), 518. https://doi.org/10.3390/foods9040518

27 Yang, Y., Li, G., Wu, D., Liu, J,, Li, X,, Luo, P., Hu, N., Wang, H., & Wu, Y. (2020). Recent advances on toxicity and de-
termination methods of mycotoxins in foodstuffs. Trends in Food Science & Technology, 96, 233-252.
https://doi.org/10.1016/j.tifs.2019.12.021

28 Lamaoui, A., Mani, V., Durmus, C., Salama, K. N., & Amine A. (2024). Molecularly imprinted polymers: A closer look at
the template removal and analyte binding. Biosensors and Bioelectronics, 243, 115774. https://doi.org/10.1016/].bios.2023.115774

29 Ma, Q., Wei, Y., Zhao, N., Wang, S., Zhang, B., Liu, D., & Yuan, P. (2023). Construction of an allophane-based molecularly
imprinted polymer for the efficient removal of antibiotic from aqueous solution. Science of The Total Environment, 903, 166464.
https://doi.org/10.1016/j.scitotenv.2023.166464

30 Pérez-Cejuela, H. M., Herrero-Martinez, J. M., & Simo-Alfonso, E. F. (2020). Recent Advances in Affinity MOF-Based
Sorbents with Sample Preparation Purposes. Molecules, 25, 4216. https://doi.org/10.3390/molecules25184216

31 Zhakina, A. Kh., Arnt, O. V., Vassilets, Ye. P., Zhivotova, T. S., Muldahmetov, Z. M., Gazaliev, A. M., & Semenova, S. A.
(2020). Synthesis and Properties of a Composite Material Based on Coal Mining Waste. News of the National Academy of Sciences
of the Republic of Kazakhstan. Series of Chemistry and Technology, 2 (440), 6-13. https://doi.org/10.32014/2020.2518-1491.17

52 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 2(114)


https://doi.org/10.3390/polym15224464
https://doi.org/10.1016/j.chemosphere.2020.128032
https://doi.org/10.1016/j.microc.2024.109926
https://doi.org/10.3389/fenvs.2022.990223
https://doi.org/10.1007/s10725-022-00940-8
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.3390/toxics9030042
https://doi.org/10.1007/978-3-030-05749-7_4
https://doi.org/10.3390/polym16020264
https://doi.org/10.3390/polym15040846
https://doi.org/10.3390/polym15061346
https://doi.org/10.1134/S1070427220090086
https://doi.org/10.31489/2022Ch4/4-22-14
https://doi.org/10.3390/molecules27238510
https://doi.org/10.3390/toxins16010047
https://doi.org/10.3390/s21082757
http://dx.doi.org/10.1039/d1py01472b
https://doi.org/10.3390/polym13183127
https://doi.org/10.3390/foods9040518
https://doi.org/10.1016/j.tifs.2019.12.021
https://doi.org/10.1016/j.bios.2023.115774
https://doi.org/10.1016/j.scitotenv.2023.166464
https://doi.org/10.3390/molecules25184216
https://doi.org/10.32014/2020.2518-1491.17

Synthesis, Characterization and Application of New Polymers ...

32 Zhakina, A. Kh. & Amnt, O. V. (2023). Molecular Imprinted Polymers From Coal Waste. Current questions of modern sci-
ence. Proceedings of the X International Scientific and Practical Conference (pp. 12-14). Tallinn, Estonia.. https://conference-
w.com/wp-content/uploads/2024/01/EST.T-2829122023.pdf

33 Zimin, Yu. S., Ageeva, A. F., Shamsetdinova, I. F., Borisov, I. M., & Monakov, Yu. B. (2006). Kinetics and mechanism of
oxidation of polyvinyl alcohol under the influence of hydrogen peroxide. Bashkir Chem. J., 13, 1, 118-122

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 53


https://conference-w.com/wp-content/uploads/2024/01/EST.T-2829122023.pdf
https://conference-w.com/wp-content/uploads/2024/01/EST.T-2829122023.pdf



