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РЕФЕРАТ

Есеп 35 бет, 1 кітап, 7 сурет, 3 кест., 71 дерек., 1 қос.
СИНТЕЗ, МОЛЕКУЛАЛЫҚ ТАҢБАЛЫ ПОЛИМЕРЛЕР, СОРБЦИЯ, СКАНДИЙ ИОНДАРЫ, ОРНАТУ.
Зерттеу нысаны: молекулалық таңбалы полимерлер. 
Жұмыстың мақсаты: скандий иондарына селективті винил мономерлері негізінде молекулалық іздері бар полимерлердің синтезі үшін жағдай жасау.
Зеттеу әдістері: кондуктометрия, колориметрия, рН өлшеу, атомды-эмиссионды спектроскопия. 
[bookmark: _Hlk85841745]Алынған нәтижелер және өзектілігі: Скандий иондарына сұрыпты молекулалық таңбалы полимерлер (МТП) синтезделді. Бұл МТП-тердің скандий иондарына қатысты сорбциялық қасиеттері зерттелген. Скандий иондары мен МТП матрицасының десорбциялану процесі егжей-тегжейлі зерттелген.
Скандий иондарын сұрыптап шығару үшін қондырғы үлгісі дайындалды. Бұл үлгі сорбенттің түрін жылдам өзгертуге болатын қарапайымдылығымен ерекшеленеді. Осы үлгі оргшыныдан дайындалған, агрессивті ортаға тұрақты, жоғарыда аталған металдың иондары бар ерітіндімен реакцияға түспейді. 
Модельдік ерітінділерден скандий иондарын сұрыптап шығару үшін әзірленген МТП-ға және қондырғы үлгісіне зертханалық, жартылай өнеркәсіптік және тәжірибелік-өнеркәсіптік сынақтар жүргізілді.
Қолдану саласы: гидрометаллургия.
Негізгі конструкторлық және техникалық-экономикалық көрсеткіштер: Алынған МТП құрылымында скандий ионын толықтыратын қуыстардың болуы скандий иондарының селективті сорбциясының пайда болуына әкеледі.

ABSTRACT

Report 35 с., 1 book, 7 fig., 3 tabl., 71 ref., 1 app.
SYNTHESIS, MOLECULARLY IMPRINTED POLYMERS, SORPTION, SCANDIUM IONS, INSTALLATION
Objects of research: molecularly imprinted polymers.
Goal of work: Development of conditions for synthesis of molecularly imprinted polymers based on vinyl monomers selective to scandium ions.
Research methods: conductometry, pH measurement, colorimetry, atomic emission spectroscopy.
Results and novelty: Polymers with molecular imprints (MIPs) have been synthesized for the selective sorption of scandium ions. The sorption properties of these MIPs with respect to scandium ions have been studied. The process of desorption of scandium ions and the MIP matrix has been studied in detail.
A prototype of an installation for the selective extraction of scandium ions has been developed. This sample is simple in design and is made of plexiglass, is resistant to aggressive media, does not react with a solution which contains scandium ions.
Laboratory tests of the obtained MIPs and the developed sample of the installation for the selective extraction of scandium ions from model solutions have been carried out.
Field of application: hydrometallurgy.
Basic design and technical and economic indicators: The presence of cavities complementary to the scandium ions in the structure of the obtained MIP leads to selective sorption of scandium ions.
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LIST OF ABBREVIATIONS AND SYMBOLS

In this research report, the following abbreviations and symbols are used:

	η
	– extraction degree of metals ions, %

	AIBN
	– azobisisobutyronitrile

	EGDMA
	– ethylene glycol dimethacrylate

	[bookmark: _Hlk85792547]DEGDMA
	– diethylene glycol dimethacrylate

	HEC
	– hydroxyethyl cellulose

	REM
	– rare-earth metals

	RM
	– rare metals

	MIP
	– molecularly imprinted polymers

	[bookmark: _Hlk85596468]MIP-E (Sc)
	– MIP of Sc, in the synthesis of which EGDMA was used

	MIP-D (Sc)
	– MIP of Sc, in the synthesis of which DEGDMA was used

	PMIP-E
	– pseudo-matrix of MIP, in the synthesis of which EGDMA was used

	PMIP-D
	– pseudo-matrix of MIP, in the synthesis of which DEGDMA was used




[bookmark: _Hlk53654383]INTRODUCTION

[bookmark: _Hlk53497168]In recent years, the demand for rare and rare earth metals (RM and REM) has sharply increased, due to their increased role in leading industries, such as, for example, space and military technology, the nuclear industry, energy-saving technologies, etc., ensuring economic security of any state. The Republic of Kazakhstan is one of the largest regions in the world with significant reserves and prospects for expanding the mineral resource base of RM and REM. However, today the production of RM and REM (and their compounds) in our country can be characterized as unstable, far from corresponding to its potential. The production of these elements at some enterprises has decreased, and sometimes even stopped altogether. Meanwhile, taking into account the current and future requirements of the development of science and technology in the world, the demand for rare metal and rare earth products is increasing, and the production of pure RM and REM and their compounds is highly profitable. Consequently, for our country, the priority area is extraction, selection, production of pure RM and REM and their compounds.
[bookmark: _Hlk85789496]Molecular imprinted polymers (MIPs) are gaining increased interest in the field of molecular recognition. Their distinctive characteristics are chemical and thermal stability. The ability of MIP to molecular recognition is due to the controlled process of the formation of the template of the molecule during the formation of the polymer, where the formation of binding cavities of molecules occurs due to the crosslinking of functional monomers preliminarily assembled around the template molecule, and where a matrix-functional monomer complex is formed by covalent or non-covalent interactions. After the copolymerization process with the crosslinking monomer, a solid polymer matrix is ​​formed, and after removal of the molecular template, selective recognition cavities for the template molecule remain in the polymer matrix.
Scandium is a monoisotopic element; only one stable isotope Sc45 is found in nature. The use of scandium in the form of a microalloying impurity has a significant effect on a number of practically important alloys, for example, the addition of 0.4 % scandium to aluminum-magnesium alloys increases the ultimate tensile strength by 35 %, and the yield strength by 65-84 %, and at the same time the relative elongation remains at the level of 20-27 %. The addition of 0.3-0.67 % to chromium increases its resistance to oxidation up to a temperature of 1290 °C, and has a similar, but even more pronounced effect on heat-resistant alloys of the «nichrome» type, and in this area the use of scandium is much more effective, than, for example, yttrium. Scandium oxide has a number of advantages for the production of high-temperature ceramics over other oxides, for example, the strength of scandium oxide when heated increases and reaches a maximum at 1030 °C, at the same time, scandium oxide has a minimum thermal conductivity and the highest resistance to thermal shock. Yttrium scandate is one of the best materials for high temperature structures. Scandium oxide is constantly used for the production of germanate glasses for optoelectronics [7].
[bookmark: _Hlk85203467]The main use of scandium in terms of volume is its use in aluminum-scandium alloys used in sports equipment (motorcycles, bicycles, baseball bats, etc.) – wherever high-strength materials are required. Alloyed with aluminum, scandium provides additional strength and ductility. An important and practically unexplored area of ​​application of scandium is the fact that, like alloying aluminum with yttrium, alloying pure aluminum with scandium also increases the electrical conductivity of wires, and the effect of sharp hardening has great prospects for using such an alloy for transporting electricity (power lines). Scandium is used to produce superhard materials. So, for example, alloying titanium carbide with scandium carbide sharply raises the microhardness (2 times), which makes this new material the fourth in hardness after diamond. In recent years, refractory alloys (intermetallic compounds) of scandium with rhenium (melting temperature up to 2575 °C), ruthenium (melting temperature up to 1840 °C), iron (melting temperature up to 1600 °C), (heat resistance, moderate density, etc.). Scandium oxide (melting point 2450 °C) plays an important role as a special-purpose refractory material in the production of steel-pouring nozzles for casting high-alloy steels; in terms of resistance in a liquid metal flow, scandium oxide surpasses all known and used materials (for example, the most stable yttrium oxide inferior in 8.5 times to scandium oxide) and in this area, one might say, is irreplaceable. Widespread use is hindered only by the high price; therefore, an alternative solution in this area is the use of yttrium scandates reinforced with whiskers of aluminum oxide to increase strength), as well as the use of scandium tantalate [8].
For the selective extraction of scandium from industrial solutions of hydrometallurgy in the Republic of Kazakhstan, synthetic ion-exchange resins of foreign production are widely used. As you know, ion-exchange resins are used in hydrometallurgy for the selective extraction of metal from a lean solution and obtaining a more concentrated solution of the recoverable metal, separating elements with similar properties, obtaining high-purity and softened water, purifying various industrial solutions from impurities and neutralizing wastewater, oxidizing ions in solutions with simultaneous sorption, for the recovery of metals with their sorption from dilute solutions and in other cases. Currently produced ion-exchange resins with high capacity, chemical resistance and mechanical strength have replaced other ion-exchange materials [9-16].
Synthetic ion exchange resins are high molecular weight compounds with a three-dimensional tightly cross-linked macroporous structure that contain functional groups of an acidic or basic nature, capable of ion exchange reactions. These resins are obtained by polymerization or polycondensation [17-23]. Synthetic ion exchange resins are organic ion exchangers. An organic matrix is ​​made by polymerization or polycondensation of monomeric organic molecules. Ionogenic groups (fixed ions) of acidic or basic type are chemically introduced into this matrix. Modern ion exchange resins have a high exchange capacity and stability in operation [24]. Ion exchange resins are solid, water-insoluble substances capable of absorbing positive or negative ions from solutions or pulps in exchange for equivalent amounts of other ions having a charge of the same sign. By the sign of the charge of the exchanged ions, cation resins (cation resins) and anion exchange resins (anion resins) are distinguished. The ability to ion exchange is determined by the structure of the ion exchanger. Each ion exchanger consists of a framework connected by valence or lattice forces. The framework has a positive or negative charge, which is compensated by the charge of ions of the opposite sign, called counterions. Counterions are mobile inside the framework and can be replaced by other ions with a charge of the same sign [25-28].
It should be noted that ion exchange resins are capable of swelling in water, which is due to the presence of hydrophilic fixed groups capable of hydration. However, the infinite swelling of the ion exchange resins, that is, dissolution, is prevented by cross-linking. The degree of cross-linking is set during the synthesis of ion exchangers through the amount of added cross-linking agent. In general, the degree of swelling of ion exchangers is determined by the amount of crosslinking of divinylbenzene, the concentration of hydrophilic ionogenic groups in the volume of the ion exchanger grain, and by what counterions are in the exchanger. Usually singly charged ions, especially hydrogen and hydroxyl ions, lead to the greatest swelling; multiply charged counterions lead to some compression and a decrease in the volume of grains [29–31].
The most widespread are ion-exchange resins obtained from cross-linked polystyrene. In fact, the ion exchange regions are introduced after the polymerization process. Crosslinking is of great importance (uncrosslinked polymers dissolve in water), in the case of polystyrene, it is introduced by copolymerizing styrene with a small amount of divinylbenzene. Crosslinking leads to a decrease in the ion exchange capacity of the resin and an increase in the time required for the ion exchange process, but at the same time, the reliability of the resin is increased. Also, the resin parameters are influenced by the particle size, smaller particles have a large outer surface, but at the same time there is a large loss of pressure in columnar processes [32-35]. Although ion exchange resins are produced as beads, they are also often produced as membranes. Membranes, which are made of highly crosslinked ion exchange resins that allow the passage of ions, but not water, are used for electrodialysis [36]. However, anion and cation resins are the two most common types of resins used in ion exchange processes. While anionic resins attract negatively charged ions, cationites attract positively charged ions [37-51].
[bookmark: _Hlk85201356]The regeneration process of ion exchange resins is the treatment of the resin with a solution (basic for anion exchangers and acidic for cation exchangers). During regeneration, the regenerating agent passes through the resin, capturing negative or positive ions for the anion and cation exchangers, respectively, and flushes them out, renewing the resin’s ion exchange capacity.
The innovativeness of the research is that for the first time in Kazakhstan, for the selective sequential separation and extraction of scandium ions, it is planned to create new highly selective polymer structures based on polymers with molecular imprints (MIPs), which have higher sorption properties (in comparison with existing analogues) and selectivity for relation to scandium ions.


MAIN PART OF REPORT ON SRW

[bookmark: _Hlk85921536][bookmark: _Hlk85789925]1 Synthesis and study of a cross-linked analogue of the MIP («pseudomatrix») for predicting the sorption activity of the target MIP
A molecular imprinted polymer (MIP) is a polymer that has been processed using a special molecular imprinting technique, which results in the appearance of cavities in the polymer matrix with an affinity for the selected «template» of the molecule [52-53]. This process typically involves initiating polymerization of the monomers in the presence of a template molecule, which is subsequently removed, thus leaving complementary cavities. Molecular imprinting is, in fact, an artificial tiny «lock» for a particular molecule, which serves as a miniature «key» [54]. Like macromolecular receptors, the molecularly imprinted polymer captures specific chemicals.
Molecular imprinting is a fairly effective technique for incorporating specific pattern recognition of the analyzed object into polymers. The molecular recognition characteristics of these polymers directly depend on the complementary size, the shape of the binding objects, imparted to the polymers by the template molecules. The concept of complementarity includes the correspondence of an imprint to a template, both in size and shape, and in the presence of complementary functional groups in the imprint that are capable of interacting with the functional groups of the template molecule. The selectivity of MIP is based on molecular recognition. Molecular recognition is the selective binding between two or more molecules through non-covalent interactions. It differs from the usual binding between molecules in selectivity. Molecular recognition is based on the presence in one molecule (receptor, or «host») of a site (region) of selective binding to another molecule (ligand, or «guest»). For this, the «host» and «guest» must show complementarity, that is, structurally and energetically correspond to each other.
Molecular recognition can be subdivided into static molecular recognition and dynamic molecular recognition (Figure 1) [55-58]. Static molecular recognition is compared to the interaction between a key and a keyhole. It is a 1: 1 type of complexation reaction between a host molecule and a guest molecule to form a host-guest complex. To achieve enhanced static molecular recognition, it is necessary to synthesize recognition regions that are specific to guest molecules. In the case of dynamic molecular recognition, the binding of the first «guest» to the first binding region of the «host» affects the association constant of the second «guest» with the second binding region of the «host» [59]. Figure 1 shows a comparison between static molecular recognition and dynamic molecular recognition.
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Figure 1 – Static and dynamic molecular recognition

In recent studies based on molecular concepts and adherence constants, molecular recognition is defined as an organization phenomenon. The difficulties associated with molecular recognition are that even for small molecules such as carbohydrates, the recognition process cannot be predicted or developed even if the strength of each individual hydrogen bond is known precisely [60]. However, as Mobley and colleagues [61] concluded, accurate prediction of molecular recognition events must go beyond the static snapshot of a single frame between guest and host. Entropies are key factors in the binding of thermodynamics and must be taken into account in order to more accurately predict the molecular recognition process. Entropies are not observed in single linked structures (static recognition).

1.1 Synthesis of a pseudomatrix MIP at marginal concentrations of a crosslinking agent and a reaction initiator
[bookmark: _Hlk85445267]In MIP, the crosslinking agent has three main functions: 1) The crosslinker is essential in controlling the morphology of the polymer matrix, depending on whether the polymer is a gel, microporous, or micropowder; 2) The cross-linking agent serves as a stabilizer for the binding site of molecular imprints; 3) The crosslinking agent imparts mechanical stability to the polymer matrix. From a polymerization point of view, high ratios of crosslinking agent are generally preferred to obtain permanently porous materials and also to be able to synthesize polymeric materials with the required mechanical stability.
[bookmark: _Hlk85792276][bookmark: _Hlk85794844][bookmark: _Hlk85792316][bookmark: _Hlk85792638]Synthesis of the MIP pseudomatrix. The MIP pseudo-matrices (PMIP-E and PMIP-D) were synthesized by the method of suspension polymerization. The synthesis of pseudo-matrices differs from the synthesis of MIPs in that the salt of the target metal is not added during their synthesis (template). Methacrylic acid (MAA) and 4-vinylpyridine (4VP) were chosen as functional monomers, ethylene glycol dimethacrylate (EGDMA) and diethylene glycol dimethacrylate (DEGDMA) were used as a crosslinking agent, azobisisobutyronitrile (AIBN) was used as an initiator, and hydroxyethyl cellulose (HEC) was used as a stabilizer, toluene was chosen as a blowing agent. Deionized water was used as a polymerization medium. The composition of the reaction mixture was as follows: MAA:4VP:EGDMA (or DEGDMA) = 2:2:8. The polymerization reaction was carried out in a 50 ml three-necked round bottom flask (reactor) with a mechanical stirrer. The components were added to the reactor in the following sequence: 1) MAA 2) 4VP; 3) EGDMA (7.5 and 15 ml) or DEGDMA (7.5 and 15 ml); 4) 10 ml of toluene; 5) HEC in an amount of 3% of the amount monomer system (MAA + 4VP); 6) deionized water. The stirring speed is 250 rpm. The reaction was carried out for 15 minutes at room temperature, then for 6 hours at 70 °C in a stream of nitrogen. After polymerization, the resulting PMIP-E and PMIP-D particles (in the synthesis of PMIP-E, the crosslinking agent EGDMA was used, in the synthesis of PMIP-D, DEGDMA was used) were thoroughly washed with deionized water and acetone to remove impurities and residues of unreacted monomers. The resulting granules were vacuum dried for 24 hours.

1.2 Investigation of the possible sorption activity of the pseudomatrix to scandium ions by electrochemical and volumetric-gravimetric methods of analysis
[bookmark: _Hlk85582208][bookmark: _Hlk85596170][bookmark: _Hlk85793207][bookmark: _Hlk85793604]The study of the possible sorption activity of the obtained pseudomatrix was carried out at room temperature. PMIP-E and PMIP-D were investigated in the following order: Each pseudomatrix in a dry initial state was placed in a cell made of polypropylene mesh, which was then placed in a setup containing a solution of scandium sulfate to study the possible sorption of scandium ions by pseudo-matrices PMIP-E and PMIP-D electrochemical and volumetric gravimetric methods. Measurements of Ph values ​​and electrical conductivity were carried out as a function of time and in the presence of pseudo-matrices with further sampling of aliquots for spectrophotometry.
The method for determining scandium ions in aliquots is based on the formation of a colored complex compound of the organic analytical reagent Arsenazo III with scandium ions; the concentration of scandium ions was calculated on a KFK-3M spectrophotometer at a wavelength of 650 nm. The degree of extraction (sorption) of scandium was calculated by the formula:

	𝜂 = ((Сinit−Сres)/Сinit) ∗ 100%
	(1)



where Сinit – initial concentration of scandium ions in solution (g/l); Сres – residual concentration of scandium ions in solution (g/l).
Figure 2 shows the Ph values measurements in solutions with MIP and pseudo-matrix. According to the data obtained, it can be noted that the changes in Ph values for PMIP-E are extremely low compared to the target MIP-E (Sc), which indirectly indicates a low value of the sorption activity of the obtained pseudomatrix.




Figure 2 – Measurements of Ph values in solutions




Figure 3 – Change in the specific electrical conductivity of solutions depending on time in the presence of a pseudomatrix and the target MIP

[bookmark: _Hlk85794050]Figure 3 shows the dependence of the specific electrical conductivity of solutions depending on time when studying the sorption activity of PMIP-E and target MIP-E (Sc). Measurements of electrical conductivity revealed a slight increase in this parameter in the pseudomatrix with time; the maximum values ​​of which were reached after 24 hours (Figure 3). Moreover, analyzing the Ph data of solutions (Figure 2), it can be assumed that the acidity of solutions increases, most likely due to the sorption of scandium ions from solutions and their introduction into the structures of the pseudomatrix (to a lesser extent) and MIP-E (Sc) (in to a higher extent), filling the cavities complementary to scandium ions.

1.3 Investigation of the sorption activity of the pseudomatrix in the presence of target scandium ions in the prepared solution
For the experiments, 500 ml of a solution of scandium (III) sulfate with a concentration of 100 mg/l was prepared. Then the solution was poured into 4 glasses of 100 ml of solution each. For spectrophotometric analysis, aliquots (1 ml) with an unknown concentration of the test solution were taken and transferred to 50 ml volumetric flasks. Then, 12 ml of arsenazo (0.015 %) and 2 ml of perchloric acid solution (0.08 M) were poured into each flask. In addition, the volume of each solution was made up to 50 ml with distilled water, and measurements were started 15 min later. The method for determining scandium ions in aliquots is based on the formation of a colored complex compound of the organic analytical reagent Arsenazo III with scandium ions; the concentration of scandium ions was calculated on a KFK-3M spectrophotometer at a wavelength of 650 nm.
[bookmark: _Hlk85806963]The degree of extraction (sorption) of scandium was calculated using formula 1.
[bookmark: _Hlk85794356]The values of the degree of extraction (sorption) of scandium ions by the structures PMIP-E and PMIP-D were obtained at 48 hours of interaction with salt solutions. The maximum values of the sorption degree of scandium ions for PMIP-E was 50.4 %, for PMIP-D – 24.3 %. For further comparative study, the pseudo-matrix PMIP-E was chosen, which showed the best result.
Relatively low values of scandium ions sorption by PMIP structures, which may be directly related to the absence of cavities in the template of the target scandium ion. The data obtained confirm the fact that the target MIP should have the main undeniable advantage, it should be able to sorb only the «template» metal, since the cavity in its structure becomes complementary only to the target ion template.

1.4 Synthesis of MIP with a scandium template molecule in the assumed concentration ranges of active components
The process of obtaining MIP is shown in Figure 4. First, a prepolymerization complex is formed between the functional monomers and the template, followed by the formation of a polymer matrix containing template molecules in its structure. The final step is the removal of the molecular template and the formation of cavities that are complementary to the template molecule.

[image: ]
Figure 4 – Synthesis of molecularly imprinted polymers [62]


Currently, the most widely used method for the synthesis of MIP is bulk polymerization [63–64], which includes several stages:
1) Preparation of the reaction mixture. The template is added to the polymerization mixture, which contains a functional monomer and a crosslinking agent, as well as a polymerization initiator and a solvent required for pore formation [65-69].
2) Polymerization reaction. Polymerization can be initiated either by heating the reaction mixture to 50–60 °C, or by ultraviolet irradiation. The reaction consists of three stages — initiation, growth of polymer chains, and their termination [70].
3) Obtaining polymer particles. Since MIP is most often used in the form of a powder of micron-sized particles, the resulting rigid porous polymer monolith is mechanically ground to obtain non-uniform particles. Size homogenization is carried out by repeated sieving through sieves with a certain pore diameter and subsequent sedimentation. The loss of polymer material during these procedures can be 50 % or more [71].
4) Washing off the polymer. The final stage of obtaining MIP is the release of molecular prints from the template. How the template is removed depends on the nature of its bond with the monomer. With covalent imprinting, chemical destruction of bonds is carried out, with non-covalent imprinting, repeated extraction with a mixture of organic solvents. Vacuum-dried particles are stored for a long time without prejudice to their physicochemical and applied properties.
MIP was synthesized by the method of suspension polymerization. Methacrylic acid (MAA) and 4-vinylpyridine (4VP) were chosen as functional monomers, ethylene glycol dimethacrylate (EGDMA) and diethylene glycol dimethacrylate (DEGDMA) were used as a crosslinking agent, azobisisobutyronitrile (AIBN) was used as an initiator, and hydroxyethyl cellulose (HEC) was used as a stabilizer, toluene was chosen as a blowing agent. Deionized water was used as a polymerization medium. The composition of the reaction mixture was as follows: MAA:4VP:EGDMA (or DEGDMA) = 2:2:8. The polymerization reaction was carried out in a 50 ml three-necked round bottom flask (reactor) with a mechanical stirrer. The components were added to the reactor in the following sequence: 1) MAA 2) 4VP; 3) EGDMA (7.5 and 15 ml) or DEGDMA (7.5 and 15 ml); 4) 10 ml of toluene; 5) HEC in an amount of 3% of the amount monomer system (MAA + 4VP); 6) deionized water. The stirring speed was 250 rpm. The reaction was carried out for 15 minutes at room temperature, then for 6 hours at 70 °C in a stream of nitrogen. After polymerization, the resulting MIP-E (Sc) and MIP-D (Sc) particles (in the synthesis of MIP-E (Sc), the crosslinking agent EGDMA was used, in the synthesis of MIP-D (Sc), DEGDMA was used) were thoroughly washed with deionized water and acetone to remove impurities and residues of unreacted monomers. The resulting granules were vacuum dried for 24 hours. To remove the template from the MIP cavities, 1M nitric acid was used. To completely remove the metal, the washing cycle was repeated 30 times, after which the obtained MIPs were washed with deionized water and dried in vacuum for 24 hours.

1.5 Determination of the sorption and desorption properties of MIP to the target scandium ion
For laboratory tests, the MIP-E (Sc) structures were chosen as a sorbent for the selective extraction of Sc ions. Preliminary studies have shown that the maximum sorption of the above scandium ions occurs when they are extracted by these polymer structures.
[bookmark: _Hlk85796033]The study of the sorption activity of MIP-E (Sc) was carried out at room temperature. MIP-E (Sc) was investigated in the following order: MIP with a scandium template in a dry initial state was placed in a cell made of polypropylene mesh, which was then placed in an installation containing a solution of scandium sulfate to study the possible sorption of scandium ions by electrochemical, volumetric-gravimetric, and spectrophotometric methods. Measurements of Ph and electrical conductivity were carried out as a function of time and in the presence of MIP-E (Sc) with further sampling of aliquots for spectrophotometry.
For the experiments, 1000 ml of a scandium (III) sulfate solution with a concentration of 100 mg/l was prepared. Next, the solution was filled with the installation shown in Figure 6. For spectrophotometric analysis, at a certain time, aliquots (1 ml) with an unknown concentration of the test solution were taken and transferred into volumetric flasks with a volume of 50 ml. Then, 12 ml of arsenazo (0.015%) and 2 ml of perchloric acid solution (0.08 M) were poured into each flask. In addition, the volume of each solution was made up to 50 ml with distilled water, and measurements were started 15 min later. The method for determining scandium ions in aliquots is based on the formation of a colored complex compound of the organic analytical reagent Arsenazo III with scandium ions; the concentration of scandium ions was calculated on a KFK-3M spectrophotometer at a wavelength of 650 nm.
The degree of extraction (sorption) of scandium was calculated using formula 1.
Infrared spectroscopy was used to identify the chemical structure of MIP-E (Sc) before and after the sorption of scandium ions. Figure 5 shows the IR spectrum of scandium imprinted polymer before and after removal of the scandium ion template.
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Figure 5 – Infrared spectrum of the MIP (Sc) before (a) and after (b) removal of the template

According to the obtained IR spectroscopy data (figure 5), it can be assumed that water also participates in the formation of the MIP crystal lattice. In MIP (Sc), before and after removal of the template, water molecules are bound unequally. This is clearly seen in the vibrations of water (cm-1) -1600 and 1637, 2950 and 2516. The incorporation of water into the composition of scandium sulfate before the removal of the template is very significantly manifested in the nature of the vibration of SO4- groups: a fine structure of bands appears in the region of 1118-1296 and 518-749 cm-1, which may indicate unequal positions of SO4- groups in the structure of compounds.
Table 1 shows the values of Sc ions extraction degrees during their sorption by MIP-E (Sc) structures from a model solution containing also erbium ions. Erbium was chosen to study the selectivity of the obtained MIP-E (Sc) due to the close values of the ionic radii of scandium and erbium.

Table 1 – Values of the degree of extraction of Sc ions by the structure MIP-E (Sc)

	[bookmark: _Hlk85616420]τ, h
	MIP-E (Sc)

	
	η(Er), %
	η(Sc), %

	0,5
	0
	20,50

	1
	0
	35,57

	2
	0
	43,76

	6
	0
	61,52

	24
	0
	76,48

	48
	0
	[bookmark: _Hlk85616012]88,36



Table 2 – Values of the degree of extraction of Sc ions by the structure MIP-D (Sc)

	[bookmark: _Hlk85619787]τ, h
	MIP-D (Sc)

	
	η(Er), %
	η(Sc), %

	0,5
	0
	14,55

	1
	0
	25,60

	2
	0
	31,58

	6
	0
	48,42

	24
	0
	55,64

	48
	0
	72,35



[bookmark: _Hlk85621980][bookmark: _Hlk85808829]The obtained MIP-E (Sc) shows a higher degree of extraction (sorption) of scandium ions (88.36 % after 48 hours of sorption), while MIP-D (Sc) only showed the maximum sorption value of scandium ions of 72.35 %. The selectivity of the obtained MIP is confirmed by the fact that the associated metal erbium is not extracted from the total solution.
The process of desorption of scandium ions from the MIP-E (Sc) matrix over time is presented in table 3. The first 6 hours is the region of high desorption of scandium ions from the MIP-E (Sc) structure during its contact with the desorbing agent with a solution of 1M nitric acid. Of the total amount of sorbed scandium at the end of the experiment (48 hours), the total degree of desorption of scandium by the MIP-E (Sc) was 93.28 %.

Table 3 – Values of the degree of desorption of Sc ions by the structure MIP-E (Sc)

	τ, h
	MIP-E (Sc)

	
	η(Sc), %

	0,5
	22.45

	1
	37.60

	2
	44.86

	6
	67.75

	24
	88.26

	48
	93.28



1.6 Synthesis of MIP with the required properties
The target MIP was synthesized by the method of suspension polymerization, where scandium sulfate was used as a scandium template. Methacrylic acid (MAA) and 4-vinylpyridine (4VP) were also chosen as functional monomers, ethylene glycol dimethacrylate (EGDMA) – a crosslinking agent which imparted improved sorption properties to the obtained MIP. Azobisisobutyronitrile (AIBN) was used as an initiator and hydroxyethyl cellulose (HEC) was used as a stabilizer. Toluene was chosen as a blowing agent. Deionized water was used as a polymerization medium. The composition of the reaction mixture: Scandium sulfate (Sc3+): MAA: 4VP: EGDMA = 0.5:2:2:8. The polymerization reaction was carried out in a 50 ml three-necked round-bottom flask-reactor) with a mechanical stirrer. The components were added to the reactor flask in the following sequence: 1) MAA; 2) 4VP; 3) scandium salt; 4) 10 ml of EGDMA; 5) 10 ml of toluene; 6) HEC in the amount of 3 % of the amount of the monomer system (MAA + 4VP); 7) 20 ml of deionized water. The stirring speed was 250 rpm. The reaction was carried out for 15 minutes at room temperature, then for 6 hours at 70 °C in a stream of nitrogen. After polymerization, the resulting MIP (Sc) particles were thoroughly washed with deionized water and acetone to remove impurities and residues of unreacted monomers. The resulting granules were vacuum dried for 24 hours. To remove the template from the MIP, 1M nitric acid was used with stirring for 1 hour. To completely wash out scandium from the MIP, the washing cycle was repeated 30 times, after which the final MIP was washed with deionized water and vacuum dried for 24 hours.
1.7 Conducting the extended laboratory tests of MIP
To carry out extended laboratory tests of the MIP, it was planned to develop a facility. The creation of a sample of an installation designed for the selective extraction of scandium ions assumed the initial development of technical requirements for the design of the installation itself and the following basic requirements were developed: 1) The design and elements of the installation must be resistant to aggressive media, since testing involves interaction with highly acidic solutions (Рн = 3.5-4.5) containing ions of rare earth and rare metals. 2) The material from which the sample of the installation is made should not enter into chemical reactions with product solutions; 3) The sample of the installation should provide the ability to quickly change the filling polymer structures with sorbed scandium ions to unused and ready for sorption.

[image: ]

Figure 6 - Installation for selective sorption of scandium ions

The research has been carried out to design a prototype installation for the selective extraction of scandium ions from model solutions. Figure 6 is a current photograph of the assembled installation. The laboratory sample of the installation is a structure made of plexiglass, glued with dichloroethane, containing 2 cartridges inside. Placement of cartridges inside the unit is shown in figure 7. Each cartridge is covered with a special polymer membrane (material - polypropylene). The dimensions of the installation sample (outer contour) are 300 x 200 x 500 mm. The size of the cartridges is 280 x 18 x 480 mm. The pore size in the membrane is 1 micron. The cartridges are loaded with molecular imprinted polymers with the highest scandium ion sorption capacity.
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Figure 7 – Arrangement of cartridges in the sorption unit

The studied MIP-E (Sc) showed increased sorption activity with respect to scandium ions, which was used as a «template» in the synthesis and showed a higher degree of extraction (sorption) of scandium ions (88.36 % after 48 hours of sorption). From the results obtained (table 1), it can be seen that MIP-E (Sc) shows the best results in sorption of scandium in comparison with MIP-D (Sc).

CONCLUSION

MIP is a synthetic polymer with selective molecular recognition properties due to the presence of recognition cavities in the polymer matrix that are structurally and functionally complementary to the molecule of the studied element.
Based on the experimental data obtained during research and testing, the following conclusions can be drawn:
1) While comparing the sorption properties of MIP-E (Sc) and MIP-D (Sc), it can be seen that MIP-E (Sc) shows better results for the sorption of Sc in comparison with MIP-D (Sc). This is possibly directly related to the use of a crosslinking agent (when using EGDMA, less dense crosslinking occurs compared to DEGDMA). In the case of denser crosslinking, ionization of MIP-D (Sc) becomes more difficult, which is reflected in lower values of the degree of recovery.
2) The highest degree of scandium ions sorption was observed at 48 hours, the degree of extraction was 88.36 % and 72.35 % for MIP-E (Sc) and MIP-D (Sc), respectively. Whereas the maximum values of the degree of scandium ions sorption for the pseudomatrices PMIP-E and PMIP-D were 50.4 % and 24.3 %, respectively.
3) For the selective sorption of scandium ions from the total solution, it is advisable to use MIP-E (Sc), which showed the best sorption characteristics.
4) [bookmark: _Hlk85637548]To carry out the extended laboratory tests of MIP, an installation for the selective extraction of scandium ions was developed, which is versatile and allows you to quickly remove the cartridges with sorbed MIP. The installation is made of plexiglass and is resistant to corrosive media, does not react with a solution containing scandium ions.
5) The development of conditions for the synthesis of polymers with molecular imprints based on vinyl monomers selective to scandium ions showed that the use of the crosslinking agent EGDMA makes it possible to obtain highly selective sorbents for extracting scandium from solutions.
6) The extended laboratory tests of MIP showed that the developed sample of the sorption unit and the developed sorbents are promising in the selective extraction of scandium ions from solutions of various nature.
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Appendix 1.1
to this agreement 
No. ____ dated ____________ 2021year

CALENDAR PLAN OF WORKS

1. Joint-stock company «Institute of chemical sciences named after A.B. Bekturov»

1.1 On priority: 10. Scientific research in the field of natural sciences.
1.2 On sub-priority: 10.3 Fundamental and applied research in the field of chemistry.
1.3 On project theme: IRN AP09563137 «Development of conditions for synthesis of molecularly imprinted polymers based on vinyl monomers selective to scandium ions».
1.4 Total sum of the project for 2021 year 7 679 200 (seven million six hundred seventy-nine thousand two hundred) tenge for 2021 year to perform the work in accordance with clause 3.

2. Characteristics of scientific and technical products by qualification characteristics and economic indicators

2.1 Direction of work: Chemistry of high-molecular compounds.
2.2 Field of application: Chemical sciences.
2.3 Final result for 2021: A cross-linked analogue of MIP - a pseudomatrix for predicting the sorption activity of the target MIP was synthesized and studied. By studying the pseudomatrix, the electrochemical and volumetric-gravimetric properties were determined to predict the conditions for obtaining MIP with the maximum sorption activity with respect to scandium ions. MIP was synthesized with a scandium template molecule in the assumed concentration ranges of active components. The sorption and desorption properties of MIP to the target scandium ion have been determined. The synthesis of the MIP with the required properties has been carried out.
One article was published, accepted for publication or submitted to a peer-reviewed scientific publication in the scientific direction of the project, included in the 1 (first), 2 (second) or 3 (third) quartiles in the Web of Science database and (or) having a CiteScore percentile in the database Scopus at least 50 (fifty).
2.4 Patentability: Research results are patentable.
2.5 Scientific and technical level (novelty): for the first time in world practice, it is planned to develop conditions for the synthesis of fundamentally new polymers with molecular imprints based on vinyl monomers with selectivity to scandium ions, based on studies of the electrochemical, volumetric-gravimetric properties and sorption activity of the pseudomatrix. Based on these results, it is proposed to synthesize polymers with molecular imprints, to study their sorption activity with respect to scandium ions.
2.6 The use of scientific and technical products is carried out: by the Contractor.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: Report, article publication.

3. Name of work, terms of their implementation and results

	Task code, stage
	Name of works under the Agreement and the main stages of its implementation
	Period of execution
	Expected result

	
	
	start
	end
	

	
2021 year


	1.
	Synthesis and study of a cross-linked analogue of MIP - a pseudomatrix for predicting the sorption activity of the target MIP.
By studying the pseudomatrix, determine the electrochemical and volumetric-gravimetric properties to predict the conditions for obtaining MIP with the maximum sorption activity with respect to scandium ions.
	May
	December
	A cross-linked analogue of MIP - a pseudomatrix for predicting the sorption activity of the target MIP will be synthesized and investigated. By studying the pseudomatrix, electrochemical and volumetric-gravimetric properties will be determined to predict the conditions for obtaining MIP with the maximum sorption activity in relation to scandium ions.
One article will be published, accepted for publication or submitted to a peer-reviewed scientific publication in the scientific direction of the project, included in the 1 (first), 2 (second) or 3 (third) quartile in the Web of Science database and (or) having a CiteScore percentile in Scopus database at least 50 (fifty).

	1.1
	Synthesis of a pseudomatrix at extreme concentrations of a crosslinking agent and a reaction initiator.
	May
	May
	A pseudomatrix will be synthesized at extreme concentrations of a crosslinking agent and a reaction initiator.

	1.2
	Investigation of the possible sorption activity of the pseudomatrix to scandium ions by electrochemical and volumetric-gravimetric methods of analysis.
	June
	June
	The possible sorption activity of the pseudomatrix to scandium ions will be investigated by electrochemical and volumetric-gravimetric methods of analysis.

	1.3
	Investigation of the sorption activity of the pseudomatrix in the presence of target scandium ions in the prepared solution.
	July
	July
	The sorption activity of the pseudomatrix in the presence of target scandium ions in the prepared solution will be investigated.

	1.4
	Prediction of the optimal concentration regions of the crosslinking agent and initiator based on the obtained results of the study of the pseudo-matrix. Further synthesis of PMO with a scandium template molecule in the assumed concentration ranges of active components.
	August
	August
	Optimal ranges of crosslinking agent and initiator concentrations will be predicted based on the obtained results of the pseudomatrix study. Further synthesis of MIP with a scandium template molecule will be carried out in the assumed ranges of concentrations of active components.

	1.5
	Determination of the sorption and desorption properties of MIP to the target scandium ion.
	September
	September
	The sorption and desorption properties of MIP to the target scandium ion will be determined.

	1.6
	Based on the results obtained, making adjustments to the concentrations of the crosslinking agent and initiator. Implementation of the final synthesis of the MIP with the required properties.
	October
	October
	Based on the results obtained, adjustments to the crosslinker and initiator concentrations will be made. The final synthesis of the MIP with the required properties will be carried out.

	1.7
	Synthesis of MIP in the required volume for carrying out extended laboratory tests.
	November
	December
	The synthesis of the MIP will be carried out in the required volume for providing the extended laboratory tests.

	

	From customer:
The chairman
State Institution "Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan"


______________  Kurmangaliyeva Zh.D.
        s.p.
	From the Contractor:
General director
JSC "Institute of Chemical Sciences
named after A.B. Bekturov 



________________  Fischer D.E.
               s.p.              

Familiarized with:
Scientific supervisor of the project

___________________ Kondaurov R.G.
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