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РЕФЕРАТ

Есеп 91 бет, 1 кітап, 10 сурет, 26 кест., 101 дерек., 6 қос.
ПОЛИМЕРЛІК ГИДРОГЕЛДЕР, ӨЗАРАӨТІМДІ ПОЛИМЕРЛІК ТОРЛАР, МОЛЕКУЛАЛЫҚ ТАҢБАЛЫ ПОЛИМЕРЛЕР, ИНТЕРГЕЛДІ ЖҮЙЕЛЕР, СОРБЦИЯ, НЕОДИМ, РЕНИЙ, СКАНДИЙ ИОНДАРЫ, ОРНАТУ.
Зерттеу нысаны: табиғаты қышқылдық және негіздік жекелеген сиректігілген гидрогелдер және олардың негізінде құрылған интергелді жүйелер; өзараөтімді полимерлік торлар және молекулалық таңбалы полимерлер. 
Жұмыстың мақсаты: «қашықтан әрекеттесу әсері» негізінде неодим, рений және скандий иондарына сұрыпты жаңа полимерлік жүйе дайындау. 
Зеттеу әдістері: колориметрия, атомды-эмиссионды спектроскопия. 
Алынған нәтижелер және өзектілігі: жаңа электрохимиялық, конформациялық және сорбциялық қасиеттерге ие сиректігілген полиқышқылдар мен полинегіздер синтезделді. Олардың негізінде интергелді жүйелер құрылды. Жекелеген полимерлік гидрогелдер мен олардың негізінде құрылған интергелді жүйелердің неодим, рений және скандий иондарына қатысты сорбциялық қасиеттері зерттелді. 
Сиректігілген полиқышқылмен тізбекті полинегіз негізінде өзараөтімді полимерлік торлар (ӨПТ) синтезделді. ӨПТ негізінде интергелді жүйелер құрылды. Жекелеген ӨПТ және интергелді жүйелердің неодим, рений және скандий иондарына қатысты сорбциялық қасиеттері зерттелді. 
Интергелді жүйелерде (гидрогелдер және ӨПТ негізіндегі) полимерлік құрылымдардың «қашықтан әрекеттесу әсерінен» олардың бастапқы сорбциялық қасиеттері айтарлықтай өседі (30% дейін). 
Неодим, рений және скандий иондарына сұрыпты молекулалық таңбалы полимерлер (МТП) синтезделді. МТП сорбциялық қасиеттері зерттелді. 
Неодим, рений және скандий иондарын сұрыптап шығару үшін қондырғы үлгісі дайындалды. Бұл үлгі интергелді жүйелердегі сорбенттердің мольдік қатынастарын; сорбенттің түрін жылдам өзгертуге болатын қарапайымдылығымен ерекшеленеді. Бұл үлгі оргшыныдан дайындалған, агрессивті ортаға тұрақты, жоғарыда аталған металдардың иондары бар ерітіндімен реакцияға түспейді. 
Модельдік және өнеркәсіптік ерітінділерден неодим, рений және скандий иондарын сұрыптап шығару үшін әзірленген сорбенттерге және қондырғы үлгісіне зертханалық, жартылай өнеркәсіптік және тәжірибелік-өнеркәсіптік сынақтар жүргізілді.

[bookmark: _Hlk53677984]ABSTRACT

[bookmark: _GoBack]Report 91 p., 1 book., 10 fig., 26 tabl., 101 ref., 6 app.
POLYMER HYDROGELS, INTER-PENETERING POLYMER NETWORK, MOLECULARLY IMPRINTED POLYMERS, INTERGEL SYSTEMS, SORPTION, IONS OF NEODYMIUM, RHENIUM, SCANDIUM, UNIT
Objects of research: individual readily cross-linked hydrogels of acidic and basic nature and intergel systems based on them; interpenetrating polymer networks and polymers with molecular imprints.
Goal of work: Development of new selective polymer systems with respect to neodymium, rhenium and scandium ions based on the "long-range effect".
Research methods: colorimetry, atomic emission spectroscopy.
Results and novelty: Rare-crosslinked polyacids and polybases with new electrochemical, conformational and sorption properties were synthesized. Intergel systems based on them were created. Sorption properties of individual rare-crosslinked polymer hydrogels and intergel systems in relation to neodymium, rhenium and scandium ions were studied.
Interpenetrating polymer networks (IPNs) based on rare-crosslinked polyacids and linear polybases were synthesized. Intergel systems were created on the IPNs basis. Sorption properties of individual IPNs and intergel systems in relation to neodymium, rhenium and scandium ions were studied.
In intergel systems (based on hydrogels and based on IPN), the initial sorption properties significantly increase (up to 30%) due to the "long-range effect" of polymer structures.
Molecularly imprinted polymers (MIPs) were synthesized for selective sorption of neodymium, rhenium and scandium ions. Sorption properties of these MIPs were studied.
A sample unit for selective extraction of neodymium, rhenium and scandium ions was developed. This sample is notable for its simplicity of design, which makes it possible to promptly change the molar ratio of sorbents in intergel pairs; change the type of sorbent. This sample is made of plexiglass, is resistant to aggressive environments, does not react with a solution containing the above metal ions.
Laboratory, semi-industrial and pilot-industrial tests of the developed sorbents and the developed unit sample for selective extraction of neodymium, rhenium and scandium ions from model and industrial solutions were carried out.
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LIST OF ABBREVIATIONS AND SYMBOLS

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

	α
	– swelling degree, g/g

	η
	– extraction degree of metals ions, %

	IER
	– ion-exchange resins

	ECH
	– epichlorohydrin

	MBAA
	– methylene bis-acrylamide

	DMFA
	– dimethylformamide

	AIBN
	– azobisisobutyronitrile

	EGDMA
	– ethylene glycol dimethacrylate

	DEGDMA
	– diethylene glycol dimethacrylate

	HEC
	– hydroxyethyl cellulose

	MAA
	– methacrylic acid

	4VP
	– 4-vinylpyridine

	REM
	– rare-earth metals

	RM
	– rare metals

	hPAA
	– polyacrylic acid hydrogel

	hPMAA
	– polymethacrylic acid hydrogel

	hP4VP
	– poly-4-vinylpyridine hydrogel

	hP2M5VP
	– poly-2-methyl-5-vinylpyridine hydrogel

	IPN
	– interpenetrating polymer networks

	SIPN
	– semi-interpenetrating polymer meshes

	IPN 1
	– IPN(hPAA-hP4VP)

	IPN 2
	– IPN(hPMAA-hP4VP)

	MIP
	– molecularly imprinted polymers

	MIP 1
	– MIP, in the synthesis of which EGDMA was used

	MIP 2
	– MIP, in the synthesis of which DEGDMA was used




[bookmark: _Hlk53654383]INTRODUCTION

[bookmark: _Hlk53497168]It is not for nothing that the demand for rare and rare-earth metals (RM and REM) has sharply increased in recent years all over the world, due to their increased role in leading industries that ensure the economic and defense 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 rare and rare-earth metals. However, today the production of RM, REM and their compounds in Kazakhstan can be characterized as unstable, far from corresponding to its potential. The production of these metals has decreased, and at some enterprises has stopped. 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. This means that for the Republic of Kazakhstan the priority direction in the future is extraction, selection, production of pure RM and REM and their compounds.
Neodymium is one of the most widely used metals from the lanthanide group, along with samarium, cerium, and lanthanum. The most important fields of application of neodymium are: alloying of structural alloys and steels; production of powerful permanent magnets.
Alloying with neodymium significantly increases the strength of thermoelectric materials based on bismuth and antimony tellurides and selenides and increases the thermo-EMF of these materials. There is an indication that doping thermoelectric alloys of the bismuth-tellurium-cesium system with neodymium also increases their strength, thermo-emf and temporary stability. Neodymium oxide is used as a dielectric with an ultra-low coefficient of linear thermal expansion and for the production of neodymium glass. Neodymium glass is a mineral glass containing neodymium oxide, sometimes a mixture of oxides of other rare earth elements and has several names: neodymium glass, didyme glass, chameleon glass, alexandrite glass [1], Moser glass ("Alexandrite", "Geliolite", "Royal") and many other trade names, among which "Neofan" or "neophanous glass" stands out [2]. Neodymium fluoride is used to produce high quality fiber optic light guides for fiber optics. Neodymium telluride is a very good thermoelectric material and a component of thermoelectric alloys, which gives increased strength and improves electrophysical characteristics (thermo-EMF is about 170 μV/K).
Rhenium under standard conditions is a dense, silvery-white transition metal. The most important properties of rhenium that determine its use are a very high melting point, resistance to chemical reagents, and catalytic activity (in this it is close to platinoids). However, rhenium is an expensive and rare metal, so its use is limited to those cases where it offers exceptional advantages over other metals.
Prior to the discovery of platinum-rhenium reforming catalysts, the main field of application of rhenium was high-temperature alloys [3]. Alloys of rhenium with molybdenum, tungsten and other metals are used to create parts for rocketry and supersonic aircraft. Nickel and rhenium alloys are used for the manufacture of combustion chambers, turbine blades and exhaust nozzles of jet engines. These alloys contain up to 6% rhenium, making the construction of jet engines the largest consumer of rhenium. In particular, monocrystalline nickel-containing rhenium-containing alloys with increased heat resistance are used for the manufacture of blades for gas turbine engines [4]. Rhenium is of critical military-strategic importance due to its use in the manufacture of military jet and rocket engines [5].
Tungsten rhenium thermocouples can measure temperatures up to 2200°C. As an alloying additive, rhenium is introduced into alloys based on nickel, chromium and titanium. Rhenium promotion of platinum metals increases their wear resistance. Such alloys are used to make nibs for automatic pens and spinnerets for artificial fibers. Also, rhenium is used in alloys for the manufacture of precision instrument parts, such as springs. Rhenium is used for the manufacture of filaments in mass spectrometers and ion pressure gauges, and cathodes. In these cases, rhenium-coated tungsten is also used. Rhenium is chemically resistant, so it is used to create coatings that protect metals from the action of acids, alkalis, sea water and sulfur compounds.
Since the discovery of platinum-rhenium reforming catalysts [6], rhenium has been actively used for the industrial production of such catalysts. This made it possible to increase the efficiency of production of high-octane gasoline components used to obtain commercial gasoline that does not require the addition of tetraethyl lead. The use of rhenium in oil refining has significantly increased the global demand for it.
In addition, self-cleaning electrical contacts are made from rhenium. When the circuit is closed and broken, an electrical discharge always occurs, as a result of which the contact metal is oxidized. Rhenium is also oxidized, but its oxide Re2O7 is volatile at relatively low temperatures (boiling point is only + 362.4°C), and during discharges it evaporates from the contact surface, so rhenium contacts serve for a very long time.
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 oxidation resistance 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 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].
The main application 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 of 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 electricity transportation (power lines). Scandium is used to produce superhard materials. 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, high-melting 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; scandium oxide surpasses all known and used materials in terms of resistance in a stream of liquid metal. 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 selective extraction of neodymium, rhenium and scandium from industrial solutions of hydrometallurgy in the Republic of Kazakhstan, synthetic ion-exchange resins (IER) 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 IERs are high molecular weight compounds with a three-dimensional tightly cross-linked macroporous structure, which contain functional groups of 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 the 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. According to 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 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 due to the presence of hydrophilic fixed groups capable of hydration. However, cross-linking prevents the infinite swelling of IER, that is, dissolution. The degree of cross-linking is set during the synthesis of ion exchangers through the amount of cross-linking agent introduced. In general, the degree of swelling of ion exchangers is determined by the amount of crosslinking, the concentration of hydrophilic ionogenic groups in the volume of the ion exchanger grain, and 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 crosslinked 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, cation exchangers attract positively charged ions [37-51].
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 flushing them out, renewing the resin's ion-exchange capacity.
Ion exchange processes are used for the separation and purification of metals, including the separation of uranium from plutonium and other actinides, as well as lanthanum and thorium; neodymium, ytterbium, samarium and lutetium from each other and from other lanthanides [52-56]. There are two series of rare earth metals: lanthanides and actinides. The metals in each row have similar physical and chemical properties. A very important case is the PUREX process (plutonium-uranium extraction process), which is used to extract and separate plutonium and uranium from spent fuel products of a nuclear reactor, and then be able to dispose of the waste. Thereafter, plutonium and uranium can again be used in the production of nuclear energy materials such as new reactor fuel and nuclear weapons. Ion exchange resins are also an important component in uranium mining by in situ leaching. Underground leaching involves the extraction of uranium-bearing water through boreholes. The leach solution containing the uranium is then passed through the resin. Resin granules extract uranium from solution by ion exchange. The process of ion-exchange uranium extraction is based on the ability of ion-exchange resins to selectively and quantitatively absorb uranium from solutions and slurries after leaching. In sulfuric acid solutions, hexavalent uranium can be present in the form of uranyl cation (UO22 +) and anionic sulfate complexes, which are in dynamic equilibrium with each other. After sulfuric acid leaching, uranium can be recovered from solutions and pulps using cation- or anion-exchange resins. Resins containing uranium are transported to a processing plant, where UO2 is separated from the resin pellets and yellowcake is produced. After that, the resin is regenerated and sent to re-recover uranium from the leach solution.
At present, there are no fundamentally new ideas designed to create new sorption technologies for the selective separation and extraction of neodymium, rhenium, and scandium ions from product solutions. Existing developments in the concentration and extraction of metal ions presuppose, in the main, the use of foreign-made ion-exchange resins (USA, France). It should be noted that ion exchangers do not have a high degree of metal recovery and their regeneration is a rather complicated process. In addition, the use of ion-exchange resins is aimed at selective extraction of only one metal, while the accompanying valuable components remain in the volume of product solution.
The innovativeness of the research is that, for the first time in world practice, for the selective sequential separation and extraction of neodymium, rhenium and scandium ions, it is planned to create fundamentally new highly selective polymer structures based on intergel systems, interpenetrating polymer networks (IPNs) and molecularly imprinted polymers (MIPs) with higher sorption properties (compared to existing analogues) and selectivity in relation to neodymium, rhenium and scandium ions.
The results of the previous stages of research are fully reflected in the intermediate reports for 2018 y. (Inv. No. 0218RK00595) and 2019 y. (Inv. No. 0219RK00661).


MAIN PART OF REPORT ON SRW

1 Creation of intergel systems based on rare-crosslinked hydrogels for selective extraction of neodymium, rhenium and scandium ions
Hydrogels are formed in a variety of reactions from both monomers and macromolecules; they can be represented by one type of monomers and semi-interpenetrating networks, in which one monomer is polymerized within an already formed network. Varying the type of hydrogel allows systems with different properties. The mechanisms of gel formation are different; hydrogels are formed as a result of physical and chemical gelation [57]. Polymer gels are long polymer chains swollen in a solvent, crosslinked to each other by cross-linked covalent bonds (crosslinks) into a single spatial network [58]. The properties of hydrogels (swelling, mechanical properties, degradability) are important for determining their scope. Hydrogels have low mechanical properties due to their high water content. A common way to control the mechanical properties of hydrogels is to change the crosslinking density of the polymer. The structure of hydrogels (lightly crosslinked polyelectrolytes) can be represented in the form of polymer chains consisting of monomer units containing ionic groups crosslinked with another comonomer, the so-called crosslinking agent.

1.1 Synthesis of hydrogels of different nature with required properties
In the preparation of polymer hydrogels by polymerization, the purification of the starting materials is of particular importance. Often, the course of reactions is significantly influenced by impurities present even in very small amounts (from 10-1 to 10 wt%). In unsaturated monomers, the following impurities are mainly present: by-products of the reaction formed during the preparation of the monomer; added stabilizers; inhibitors; products of oxidation and decomposition of monomers; impurities that get into the monomer during storage.
When choosing a purification method, it is necessary to be guided by the nature of the monomers, the expected impurities and, above all, the polymerization mechanism (for example, radical polymerization in an aqueous emulsion or ionic polymerization with a sodium naphthalene complex). Since it is impossible to create a universal cleaning scheme, in each case the most effective cleaning method should be chosen.
There are the following purification methods: fractional, azeotropic, or extractive distillation in an inert gas, crystallization, sublimation, and column chromatography. 
Preparation of acrylic and methacrylic acid monomers consisted of vacuum distillation of the available monomers. Linear polymers of poly-4-vinylpyridine and poly-2-methyl-5-vinylpyridine were synthesized by Sigma-Aldrich (USA). These polybases were of high purity and did not require purification.

1.1.1 Synthesis of PAA and PMAA hydrogels
[bookmark: _Hlk53593273]The synthesis of polyacrylic and polymethacrylic acid hydrogels (hPAA and hPMAA, respectively) was carried out according to the synthesis procedure based on the preparation of lightly crosslinked polymer hydrogels in the medium of a crosslinking agent N, N-methylene-bis-acrylamide (MBAA); a redox initiator was used as a polymerization initiator. system K2S2O8–Na2S2O3. The polymerization process was carried out as follows: 12 ml of monomer was added to a 100 ml volumetric flask, then 45 ml of water was added, then a crosslinking agent dissolved in water when heated was added to the solution, after which 1.5 ml of a reaction initiator was added. Then the mixture in the flask is brought to the mark with distilled water. After that, the entire mixture is poured into special ampoules and placed in an oven preheated to a temperature of 65°C for 60 minutes. The rare distribution of crosslinks along the chain length was ensured by a low concentration of the crosslinking agent in the polymer. The degree of swelling of the synthesized PAA and PMAA hydrogels is: α(hPAA) = 29.33 g/g; α(hPMAA) = 22.97 g/g.

1.1.2 Synthesis of P4VP and P2M5VP hydrogels
The synthesis of poly-4-vinylpyridine and poly-2-methyl-5-vinylpyridine hydrogels (hP4VP and hP2M5VP, respectively) was carried out according to the synthesis method, which is based on the crosslinking of linear polymers using a crosslinking agent - epichlorohydrin (ECH) in a solvent of dimethylformamide (DMFA). The synthesis was carried out as follows: a weighed portion of a linear polymer of 4 g is poured with 15 ml of solvent until the polymer sample is completely dissolved. This process includes the stage of polymer swelling. Thereafter, 2 ml of the crosslinking agent is added dropwise to the solution with stirring at 65°C. The degree of swelling of the synthesized hydrogels P4VP and P2M5VP is: α(hP4VP) = 3.15 g/g; α(hP2M5VP) = 2.99 g/g.

1.1.3 Purification of the synthesized PAA, PMAA, P4VP, P2M5VP hydrogels
The synthesized hydrogels PAA, PMAA, P4VP, P2M5VP were purified from unreacted products and soluble polymer fractions by long-term washing (for 14 days) under stationary conditions with two to three daily water changes. The synthesized hydrogel is washed in wash columns. The water is changed 2-3 times a day. The control of the degree of purification was carried out by determining the specific electrical conductivity and pH of water after gel purification. After 14 days, the values of specific electrical conductivity and pH of the wash water remained constant. This indicates that the process of purification of polymer hydrogels from unreacted products is over. Then the obtained samples of hydrogels were subjected to dispersion by grinding in a mortar.

1.2 Study of sorption properties of hydrogels in relation to neodymium, rhenium and scandium ions
An electrochemical equilibrium exists in salt solutions. Any interference into solution leads to a change in this balance. Rare-crosslinked polymer hydrogels are weak electrolytes, despite this, macromolecules interact with the metal ions present in solutions. Polyacids are prone to dissociation of carboxyl groups, sorption of neodymium, rhenium and scandium ions by attaching it to the oppositely charged carboxylate anion. Polybases undergo ionization of heteroatoms, leading to a change in their conformation.
Table 1 shows the values of the degrees of extraction of ions of neodymium, rhenium, scandium hydrogels PAA, PMAA, P4VP, P2M5VP at 48 hours of interaction of polymers with salt solutions. Extraction (sorption) degree of neodymium ions by hydrogels of PAA, PMAA, P4VP, P2M5VP is 61.6%; 59.9%; 54.6%; 51.5% respectively. Sorption degree of rhenium ions by hydrogels of PAA, PMAA, P4VP, P2M5VP is 66.5%; 63.3%; 58.1%; 54.9% respectively. Sorption degree of scandium ions by hydrogels of PAA, PMAA, P4VP, P2M5VP is 63.7%; 62.1%; 56.9%; 52.5% respectively. The highest values of the sorption degree are observed for hPAA, which is associated with a high degree of ionization of the polyacid. The difference in the values of sorption degree of rare-crosslinked polymer hydrogels is associated with different rates of ionization of the initial macromolecules. Ionization can be complicated if a bulky substituent (eg methyl) is present in the polymer structure.

Table 1 – Extraction degree of Nd, Re, Sc by PAA, PMAA, P4VP, P2M5VP hydrogels

	η, %
	PAA
	PMAA
	P4VP
	P2M5VP

	[bookmark: _Hlk54351158]η(Nd), %
	61.6
	59.9
	54.6
	51.5

	η(Re), %
	66.5
	63.3
	58.1
	54.9

	η(Sc), %
	63.7
	62.1
	56.9
	52.5



The results obtained on sorption of Nd, Re, Sc ions indicate that individual hydrogels of PAA, PMAA, P4VP, P2M5VP do not exhibit sufficiently high extraction degree of these metals ions. Extraction degree of these ions does not exceed 70%, what is directly related to low degree of their ionization. Different values of extraction degree in the case of each ion (Nd, Re, Sc) directly depend on the nature of the ions, atomic radius, charge density, and polarizability.

1.3 Creation of intergel systems based on the obtained hydrogels of acidic and basic nature for selective extraction of neodymium, rhenium and scandium ions. Determination of the optimal conditions for the selective extraction of neodymium, rhenium and scandium ions
Intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP were created from the synthesized polymeric hydrogels of PAA, PMAA, P4VP, P2M5VP. The main feature of intergel systems is the absence of direct contact between polymer hydrogels in solution - there is a remote interaction of hydrogels. Intergel system is schematically shown in figure 1.
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1 – polyacid, 2 – polybasis, 3 – glass filter, 4 – solution

Figure 1 – Scheme of intergel system

During remote interaction of hydrogels, dissociation of carboxyl groups into carboxylate anions and protons occurs, and it depends on dissociation degree. Due to association of a proton by heteroatoms of polybasis, the total number of protons in solution decreases, what leads to additional dissociation (according to the Le Chatelier principle due to a shift in equilibrium towards the formation of protons) of other (non-dissociated) carboxyl groups. These interactions lead to the formation of uncompensated, similarly charged functional groups on the interstitial units of both hydrogels (acidic and basic), which, in turn, repel each other according to the laws of electrostatics and lead to the unfolding of the macromolecular coil. As can be seen from the above processes, as a result of the "long-range effect" of polymer hydrogels, their mutual activation occurs. Mutual activation involves the transition of hydrogels to a highly ionized state. This results in a significant change in the electrochemical properties (specific conductivity, pH) of solutions, as well as changes in the conformational and sorption properties of macromolecules.

1.3.1 Study of the sorption properties of intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP in relation to Nd, Re, Sc ions
Table 2 shows the dependence of extraction degree of Nd, Re, Sc ions on the ratios of hPAA:hP4VP at 48 hours of interaction. Sorption degree in intergel pairs hPAA-hP4VP is much higher than in individual hydrogels. This is due to high degree of ionization of the initial polymers in the intergel system during their remote interaction as a result of mutual activation. The lowest values of sorption degree are observed in the presence of individual PAA and P4VP hydrogels, the parameter does not exceed 70%. The maximum values of sorption degree of neodymium are observed at ratios of 83%hPAA-17%hP4VP and 50%hPAA-50%hP4VP, sorption degree is 93.5% and 91.7%, respectively. The highest ionization of polymers during sorption of rhenium occurs at ratios of 50%hPAA-50%hP4VP and 17%hPAA-83%hP4VP, which leads to the fact that at these ratios, the maximum values of the degree of sorption are noted (93.5% and 95.1%, respectively). The maximum amount of scandium (94.3% and 92.8%, respectively) is extracted at ratios of 50%hPAA-50%hP4VP and 33%hPAA-67%hP4VP.

Table 2 – Extraction degree of Nd, Re, Sc ions by intergel system hPAA-hP4VP

	η, %
	hPAA:hP4VP, mol.%:mol.%

	
	100%
	83%:17%
	67%:33%
	50%:50%
	33%:67%
	17%:83%
	100%

	η(Nd), %
	61.6
	93.5
	86.7
	91.7
	61.6
	93.5
	86.7

	η(Re), %
	66.5
	74.9
	90.4
	93.5
	66.5
	74.9
	90.4

	η(Sc), %
	63.7
	73.8
	89.6
	94.3
	63.7
	73.8
	89.6



Table 3 shows the dependence of extraction degree of Nd, Re, Sc ions from the ratios of hPMAA:hP4VP at 48 hours of interaction. Low ionization of individual PMAA and P4VP hydrogels leads to the fact that they adsorb no more than 65% of these metals, while intergel pairs adsorb from 70% to 95%. The largest amount of neodymium (90.6% and 92.4%, respectively) is extracted at a ratio of 83%hPMAA-17%hP4VP and 67%hPMAA-33%hP4VP. Intensive sorption of rhenium occurs at ratios of 50%hPMAA-50%hP4VP and 33%hPMAA-67%hP4VP, while the recovery is 94.3% and 92.4%, respectively. The overwhelming majority of scandium ions are sorbed at ratios of 33%hPMAA-67% hP4VP and 17%hPMAA-83%hP4VP, the recovery rates are 91.7% and 93.1%, respectively.
Table 3 – Extraction degree of Nd, Re, Sc ions by intergel system hPMAA-hP4VP

	η, %
	hPMAA:hP4VP, mol.%:mol.%

	
	100%
	83%:17%
	67%:33%
	50%:50%
	33%:67%
	17%:83%
	100%

	η(Nd), %
	59.9
	90.6
	92.4
	84.3
	59.9
	90.6
	92.4

	η(Re), %
	63.3
	89.3
	74.5
	94.3
	63.3
	89.3
	74.5

	η(Sc), %
	62.1
	71.3
	87.8
	73.6
	62.1
	71.3
	87.8



Table 4 shows dependence of extraction degree of Nd, Re, Sc ions from ratios of hPAA:hP2M5VP at 48 hours of interaction. Intensive sorption of neodymium occurs at ratios of 50%hPAA-50%hP2M5VP and 17%hPAA-83%hP2M5VP, extraction degree is 91.9% and 88.3%. The maximum amount of rhenium (91.7% and 93.6%, respectively) is sorbed at ratios of 67%hPAA-33%hP2M5VP and 33%hPAA-67%hP2M5VP. Areas of high scandium sorption are the ratios of 67%hPAA-33%hP2M5VP and 33%hPAA-67%hP2M5VP, with 92.7% and 90.1% of the metal being recovered, respectively.

Table 4 – Extraction degree of Nd, Re, Sc ions by intergel system hPAA-hP2M5VP

	η, %
	hPAA:hP2M5VP, mol.%:mol.%

	
	100%
	83%:17%
	67%:33%
	50%:50%
	33%:67%
	17%:83%
	100%

	η(Nd), %
	61.6
	82.3
	65.4
	91.9
	61.6
	82.3
	65.4

	η(Re), %
	66.5
	87.8
	91.7
	76.1
	66.5
	87.8
	91.7

	η(Sc), %
	63.7
	85.6
	92.7
	74.3
	63.7
	85.6
	92.7



Table 5 shows the dependence of the degree of extraction of Nd, Re, Sc ions on the ratios of hPAA:hP2M5VP at 48 hours of interaction. At the ratios of 50%hPMAA-50%hP2M5VP, 33%hPMAA-67%hP2M5VP, the maximum sorption of neodymium occurs, extraction degree is 86.0% and 90.7%. In intergel pairs of 67%hPMAA-33%hP2M5VP and 50%hPMAA-50%hP2M5VP, the maximum sorption of rhenium occurs, extraction degree is 89.9% and 92.7%. The areas of maximum sorption of scandium are ratios of 83%hPMAA-17%hP2M5VP and 67%hPMAA-33%hP2M5VP, the recovery rates being 91.5% and 88.3%.




Table 5 – Extraction degree of Nd, Re, Sc ions by intergel system hPMAA-hP2M5VP

	η, %
	hPMAA:hP2M5VP, mol.%:mol.%

	
	100%
	83%:17%
	67%:33%
	50%:50%
	33%:67%
	17%:83%
	100%

	η(Nd), %
	59.9
	61.8
	66.1
	86.0
	59.9
	61.8
	66.1

	η(Re), %
	63.3
	69.1
	89.9
	92.7
	63.3
	69.1
	89.9

	η(Sc), %
	62.1
	91.5
	88.3
	82.6
	62.1
	91.5
	88.3



A significant increase (by more than 30%) of sorption degree of Nd, Re, Sc ions in intergel systems in comparison with individual hydrogels is primarily associated with a high degree of ionization of hydrogels. The initial rare-crosslinked polymers undergo transition to highly ionized state during their remote interaction, as a result of which there is a significant increase in sorption properties due to formation of an optimal conformation for the sorption of Nd, Re, Sc ions.

1.3.2 Determination of optimal ratios of hydrogels in intergel systems for sorption of neodymium, rhenium and scandium
An analysis of the obtained results showed that each of the studied intergel systems has a certain hydrogels ratio, at which maximum sorption of Nd, Re, Sc ions occurs. Tables 6-8 show the maximum values of extraction degrees of Nd, Re, Sc ions of intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP.

Table 6 – Extraction degree of Nd ions by the intergel systems

	Intergel system
	83%hPAA-
17%hP4VP
	67%hPMAA-
33%hP4VP
	50%hPAA:
50%hP2M5VP
	33%hPMAA:
67%hP2M5VP

	η(Nd), %
	93.5
	92.4
	91.9
	90.7



Table 7 – Extraction degree of Re ions by the intergel systems

	Intergel system
	17%hPAA-
83%hP4VP
	50%hPMAA-
50%hP4VP
	33%hPAA:
67%hP2M5VP
	50%hPMAA:
50%hP2M5VP

	η(Re), %
	95.1
	94.3
	93.6
	92.7






Table 8 – Extraction degree of Sc ions by the intergel systems 

	Intergel system
	50%hPAA-
50%hP4VP
	17%hPMAA-
83%hP4VP
	67%hPAA:
33%hP2M5VP
	83%hPMAA:
17%hP2M5VP

	η(Sc), %
	94.3
	93.1
	92.7
	91.5



As can be seen from the obtained data, among the studied intergel systems, the highest values of extraction degree of Nd, Re, Sc ions are observed in the intergel system hPAA-hP4VP. The lowest values of sorption degree sorption of the above mentioned ions are observed in the intergel system hPMAA-hP2M5VP. The difference in the values of these parameters in intergel systems is due to the fact that systems containing PMAA or P2M5VP hydrogels are less susceptible to mutual activation due to the presence of a bulky methyl substituent in the structure of these hydrogels, which interferes with the unfolding of the polymer globe, and, as a consequence, limits the transition of the macromolecules into a highly ionized state.

2 Creation of intergel systems based on interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions
An interpenetrating polymer network (IPN) is a polymer made up of two or more networks that are partially entangled with the polymer, but not covalently bound to each other. The network cannot be separated if there is no breaking of chemical bonds. Two or more meshes can be intertwined in such a way that they are connected and cannot be separated, but there are no chemical bonds. In other words, interpenetrating polymer networks (IPNs) are a monolithic system consisting of two or more three-dimensional network polymers, in which individual networks are not chemically linked to each other, but are inseparable due to the mechanical interlacing of chains, determined by the conditions of their synthesis [59- 69].
Figure 2 reflects two main methods of synthesis (sequential and parallel) of IPNs [70-77]. The general sequential synthesis procedure of IPN requires mixing monomer 1 and crosslinker 1 and polymerization to form network 1. Then monomer 2 and crosslinker 2 are swollen and polymerized in situ. Parallel synthesis of IPN, as the name suggests, begins with the combined use of both monomers and both polymers. They are polymerized at the same time, but in different ways, such as chain and step polymerization. Thus, during the reaction, the two polymers do not interfere with each other, but only dilute the mixture.
Investigation of effective density of nodes of network polymers filled with inorganic fillers introduced into the polymer at the stage of the formation of a three-dimensional network showed that in the presence of a developed surface a more defective network is formed than during polymerization in the absence of a filler [78–81]. This is due to the fact that a highly developed filler surface at the initial stage of the reaction can lead to an increase in the rate of termination of reaction chains on the surface, as a result of which the network density decreases and it becomes more defective. At deep stages of the reaction, due to the adsorption of growing polymer chains on the filler surface, a significant decrease in their mobility occurs, which is also reflected in both the growth rate and the termination rate. All this contributes to the appearance of a more defective structure of the three-dimensional mesh.
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Figure 2 – Methods of obtaining of IPN: sequential (a) and parallel (b)

2.1 Synthesis of interpenetrating polymer networks with the required properties
To study the sorption properties of pseudo-interpenetrating polymer networks, IPNs based on polyacrylic acid (PAA) and poly-4-vinylpyridine (P4VP) hydrogels (content of linear P4VP relative to PAA is 20 mol%) and polymethacrylic acid (PMAA) and poly-4- vinylpyridine (P4VP) (the content of linear P4VP relative to PMAA is 20 mol%) were obtained. The IPNs structure is shown in figure 3 (a and b).
The synthesis of the above IPNs was carried out as follows: synthesis of PAA and PMAA hydrogels was carried out in the medium of the MBAA crosslinking agent, initiator was the K2S2O8–Na2S2O3 redox system. The polymerization process was carried out as follows: 12 ml of monomer was added to a 100 ml volumetric flask, then 45 ml of water was added, then a crosslinking agent dissolved in water when heated was added to the solution, after which 1.5 ml of a reaction initiator was added. Then the mixture in the flask is brought to the mark with distilled water. After that, the whole mixture is poured into special ampoules and placed in an oven preheated to a temperature of 65°C for 60 minutes. The rare distribution of crosslinks along the chain length was ensured by a low concentration of the crosslinking agent in the polymer. Swelling degree of synthesized PAA and PMAA hydrogels is: α(hPAA) = 29.33 g/g; α(hPMAA) = 22.97 g/g. The synthesized lightly crosslinked hydrogels of polyacrylic and polymethacrylic acids were taken in the amount of 0.036 g, the linear poly-4-vinylpyridine hydrogel was taken in the amount of 0.0105 g. The redox system K2S2O8–Na2S2O3 (1 ml) was used as an initiator, temperature – 65-70°C. The polymerization time is 6 hours. After synthesis, the IPNs were washed with distilled water for 7 days to remove unreacted impurities. After that, these samples of IPNs: IPN(hPAA-gP4VP), IPN(hPMAA-hP4VP)) were subjected to dispersion.
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Figure 3 – IPNs based of PAA and P4VP (а) and PMAA and P4VP (b)

2.2 Study of sorption properties of the interpenetrating polymer networks in relation to neodymium, rhenium and scandium ions
Table 9 shows the sorption properties of IPN(hPAA-hP4VP) and IPN(hPMAA-hP4VP) in relation to Nd, Re, Sc ions at 48 hours of interatction with the corresponding salt solutions. The maximum values of extraction degree of Nd ions (52.6% and 50.9%) are reached at 48 hours. The maximum values of extraction degree of Re ions (56.3% and 54.4%) are observed at 48 hours. The maximum values of extraction degree of Sc ions (53.9% and 52.5%) are observed at 48 hours.





Table 9 – Extraction degree of IPNs in relation to Nd, Re, Sc ions

	η, %
	IPN(hPAA-hP4VP)
	IPN(hPMAA-hP4VP)

	η(Nd), %
	52.6
	50.9

	η(Re), %
	56.3
	54.4

	η(Sc), %
	53.9
	52.5



As can be seen from the results obtained, insufficiently high values of the degree of sorption of Nd, Re, Sc ions are associated with the fact that the process of ionization of these polymer structures (IPNs) is hampered by the fact that the structure contains interlacing of polymer chains. This complicates the unfolding of the macromolecular coil upon interaction with the solution and subsequent ionization.

2.3 Creation of intergel systems based on the obtained interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions. Determination of the optimal conditions for extraction of neodymium, rhenium and scandium ions
Intergel systems were developed on the basis of the previously synthesized IPNs IPN(hPAA-hP4VP), IPN(hPMAA-hP4VP). The basic hydrogel of P4VP was chosen as the second component in intergel pairs. Intergel systems IPN(hPAA-hP4VP)-hP4VP (hereinafter IPN1-hP4VP) and IPN(hPMAA-hP4VP)-gP4VP (hereinafter IPN2-hP4VP) were obtained.
Table 10 shows the values of extraction degree of Nd, Re, Sc ions of the intergel system IPN1-hP4VP at 48 hours of interaction. The individual structures of IPN1 and hP4VP sorb about 55% of the metal.

Table 10 – Extraction degree of Nd, Re, Sc ions of the intergel system IPN1-hP4VP

	η, %
	IPN(hPAA-hP4VP):hP4VP, mol.%:mol.%

	
	100%
	83%:17%
	67%:33%
	50%:50%
	33%:67%
	17%:83%
	100%

	η(Nd), %
	52.6
	71.5
	80.9
	66.3
	91.6
	61.1
	54.6

	η(Re), %
	56.3
	77.7
	67.4
	93.7
	71.5
	86.9
	58.1

	η(Sc), %
	53.9
	83.5
	69.6
	65.2
	74.6
	92.5
	56.9



Table 10 shows that the highest amount of neodymium ions is sorbed by the intergel system at ratio 33%IPN-67%hP4VP, extraction degree of neodymium ions is 91.6%. The maximum amount of rhenium (93.7%) is sorbed at ratio of 50%IPN1-50%hP4VP. The maximum sorption area of scandium is the ratio 83%IPN1-17%hP4VP, extraction degree is 92.5%.
Table 11 shows values of extraction degree of Nd, Re, Sc ions of the intergel system IPN2-hP4VP at 48 hours of interaction. Extraction degree of Nd, Re, Sc ions by individual structures of IPN2 and hP4VP does not exceed 55%. The maximum sorption of neodymium ions occurs at ratio of 17%IPN2-83%hP4VP at 48 hours of interaction, while 90.5% of the metal is sorbed. The maximum sorption of rhenium (93.1%) is observed at ratio 33%IPN2-67%hP4VP. The highest amount of scandium (91.8%) is sorbed at ratio 50%IPN2-50%hP4VP.

Table 11 – Extraction degree of Nd, Re, Sc ions of the intergel system IPN1-hP4VP

	η, %
	IPN(hPMAA-hP4VP):hP4VP, mol.%:mol.%

	
	100%
	83%:17%
	67%:33%
	50%:50%
	33%:67%
	17%:83%
	100%

	η(Nd), %
	50.9
	70.1
	60.3
	78.9
	64.6
	90.5
	54.6

	η(Re), %
	54.4
	84.8
	74.3
	69.9
	93.1
	65.4
	58.1

	η(Sc), %
	52.5
	67.3
	81.6
	91.8
	72.7
	63.4
	56.9



In both intergel systems (IPN1-hP4VP, IPN2-hP4VP), there is significant increase (about 30%) of sorption degree of neodymium, rhenium and scandium ions due to "long-range effect" of polymer structures. High ionization degree of macromolecules leads to the formation of optimal conformation for sorption of neodymium, rhenium, and scandium ions. High values of extraction degree in intergel pairs are the result of high ionization of the initial polymers. Additional activation of functional links occurs in the process of mutual activation of macromolecules. Compared to individual IPN1 and IPN2, intergel pairs extract more than 30% ions of neodymium, rhenium and scandium.

3 Creation of highly selective structures based on molecularly imprinted polymers for selective extraction of neodymium, rhenium and scandium ions
A molecular imprinted polymer (MIP) is a polymer was treated by using a special molecular imprinting technique, which results in the appearance of cavities in the polymer matrix with an affinity for the selected molecular "template" [82-83]. This process typically involves initiating the 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” [84]. 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. Molecular recognition characteristics of these polymers directly depend on complementary size, shape of binding objects, imparted to the polymers by 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 4) [85-88]. 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 host binding region affects the association constant of the second guest with the second host binding region [89]. Figure 4 shows a comparison between static molecular recognition and dynamic molecular recognition.
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Figure 4 – 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 [90]. However, as Mobley and colleagues [91] 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 accounted for to more accurately predict the molecular recognition process. Entropies are not observed in single linked structures (static recognition).

3.1 Synthesis of molecularly imprinted polymers with required properties
Figure 5 shows the process of MIP obtaining. First, a prepolymerization complex is formed between functional monomers and template, followed by 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.
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Figure 5 – Synthesis of molecularly imprinted polymers

Currently, the most widely used method for the synthesis of MIP is bulk polymerization [92-94], 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 [95–99].
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 break [100].
3) Obtaining of polymer particles. Since MIPs are most often used in the form of a powder of micron-sized particles, the resulting rigid porous polymer monolith is mechanically ground to obtain inhomogeneous 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 [101].
4) Washing off the polymer. The final stage of obtaining MIP is the release of molecular imprints 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 Synthesis. Molecularly imprinted polymers were synthesized by suspension polymerization. Neodymium, rhenium, and scandium nitrates were chosen as templates. 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 hydroxy ethyl cellulose (HEC), toluene was chosen as a blowing agent. Deionized water was used as a polymerization medium. The composition of the reaction mixture is as follows: metal ion (Nd3+, Re3+, Sc3+):MAA:4VP:EGDMA = 1:2:2:8. The polymerization reaction was carried out in a 500 ml three-necked round bottom flask (reactor) with a mechanical stirrer. The components were added to the reactor in the following sequence: MAA, 4VP, metal salt, EGDMA, 10 ml of toluene, HEC in an amount of 3% of the amount of the monomer system (MAA + 4VP). Stirring speed - 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 MIP1 and MIP2 particles (in the synthesis of MIP1 EGDMA was used, in the synthesis of MIP2 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 control the selectivity of MIP1 and MIP2, control samples cMIP1 and cMIP2 were synthesized, differing in that no metal salt is added during their synthesis (template). To remove the template, 1M nitric acid was used with stirring for 1 hour. To completely remove the metals, the washing cycle was repeated 30 times, after which the MIPs were washed with deionized water and dried in vacuum for 24 hours.

3.2 Study of sorption properties of molecularly imprinted polymers in relation to neodymium, rhenium and scandium ions
Tables 12-14 show the values of extraction degree of Nd, Re, Sc ions of structures MIP1(Nd) and MIP2(Nd); MIP1(Re) and MIP2(Re); MIP1(Sc) and MIP2(Sc) at 48 hours of interaction with salt solutions. The maximum values of sorption degree of neodymium ions are 88.9% for MIP1(Nd) and 85.5% for MIP2 (Nd). The maximum values of sorption degree of rhenium ions are 92.1% and 90.9%, respectively, for MIP1(Re) and MIP2(Re). The maximum values of the degree of sorption of scandium ions are 90.9% and 88.3% for MIP1(Sc) and MIP2(Sc).




Table 12 – Extraction degree of Nd, Re, Sc ions by structures MIP1(Nd) and MIP2(Nd)

	η, %
	MIP1(Nd)
	MIP2(Nd)

	η(Nd), %
	52.6
	50.9

	η(Re), %
	0
	0

	η(Sc), %
	0
	0



Table 13 – Extraction degree of Nd, Re, Sc ions by structures MIP1(Re) and MIP2(Re)

	η, %
	MIP1(Re)
	MIP2(Re)

	η(Nd), %
	0
	0

	η(Re), %
	56.3
	54.4

	η(Sc), %
	0
	0



Table 14 – Extraction degree of Nd, Re, Sc ions by structures MIP1(Sc) and MIP2(Sc)

	η, %
	MIP1(Sc)
	MIP2(Sc)

	η(Nd), %
	0
	0

	η(Re), %
	0
	0

	η(Sc), %
	53.9
	52.5



Each MIP exhibits selectivity only for the metal ion that was used as a "template" in its synthesis. This feature can become the main advantage when creating fundamentally new methods for extracting ions of target metals.

3.3 Creation of highly selective structures based on the obtained molecularly imprinted polymers for selective extraction of neodymium, rhenium and scandium ions. Determination of the optimal conditions for selective extraction of neodymium, rhenium and scandium ions
From the obtained results (tables 12-14), it can be seen that MIP1 shows better results in sorption of Nd, Re and Sc in comparison with MIP2. This is directly related to the use of a cross-linking agent (when using EGDMA, less dense cross-linking occurs compared to DEGDMA). In the case of a denser crosslinking (when using DEGDMA), the ionization of MIP2 becomes more difficult, which is reflected in the lower values of sorption degree.
Maximum values of extraction degree of neodymium, rhenium, scandium ions by macromolecular structures MIP1(Nd) and MIP2(Nd); MIP1(Re) and MIP2(Re); MIP1(Sc) and MIP2(Sc) are achieved at 48 hours of interaction of these MIPs with the corresponding salt solutions.
For selective sorption of neodymium, rhenium, and scandium ions from a common solution, it is advisable to use the following MIPs: MIP1(Nd), MIP1(Re), MIP1(Sc). Moreover, these MIPs have one indisputable advantage over the previously developed intergel systems and IPNs – each MIP (MIP1(Nd), MIP1(Re), MIP1(Sc)) will sorb only the "template" metal, since the cavity in its structure is complementary only to that or another metal (neodymium, rhenium, scandium). This advantage can be used to create a technology for selective extraction of neodymium, rhenium, and scandium ions from industrial solutions.

4 Development of structure units and elements of laboratory unit and a technological scheme for selective extraction of neodymium, rhenium and scandium ions. Carrying out of laboratory and pilot-industrial tests on selective extraction of neodymium, rhenium and scandium ions
The development of a unit for selective extraction of neodymium, rhenium and scandium ions presupposes the development of requirements to be met by the developed sample of the unit, the drawing and the subsequent development of the layout of the unit, creation of a technological scheme for selective extraction of the above-mentioned metals ions. After creating a sample of the unit, it is necessary to conduct laboratory and pilot-industrial tests to assess the feasibility of application in industry.

4.1 Development of technical requirements for assemblies and elements of a plant designed for selective extraction of neodymium, rhenium and scandium ions
The creation of a prototype of a unit for selective extraction of neodymium, rhenium, and scandium ions presupposes the initial development of technical requirements for the structure of the unit itself. The following basic requirements were developed:
1) The design and elements of the unit must be resistant to aggressive environments, since testing involves interaction with strongly acidic solutions (pH = 3.5-4.5) containing ions of rare-earth and rare metals.
2) The material from which the sample of the unit is made should not enter into chemical reactions with product solutions;
3) The sample of the unit should provide the ability to quickly change the filling polymer structures with sorbed ions of neodymium, rhenium and scandium to unused ones (ready for sorption). The laboratory unit should be able to be relatively easily reconstructed for the use of various highly selective polymer structures: highly selective intergel systems, interpenetrating polymer networks, molecularly imprinted polymers.

4.2 Development of a laboratory unit sample for selective extraction of neodymium, rhenium and scandium ions
Work on the design of a prototype installation for the selective extraction of neodymium, rhenium and scandium ions from industrial solutions of hydrometallurgy has been carried out. Figure 6 is a photograph of an assembled installation sample. The laboratory sample of the installation is a structure made of plexiglass, glued with dichloroethane, containing 2 cartridges inside. The placement of the cartridges inside the unit is shown in figure 7. Operational removal of the cartridges is shown in figure 8 (the cartridges move along special skids back and forth). Each cartridge is covered with a special polymer membrane (material - polypropylene). A pair of cartridges enables remote interaction of polymer structures (polyacids are placed in one cartridge, and polybases in the other) in the case of using intergel systems for sorption of neodymium, rhenium, scandium ions. The dimensions of the installation sample (outer contour) – 300x200x500 mm. The size of the cartridges is 280x18x480 mm. The pore size in the membrane is 1 micron. The cartridges involve the loading of functional polyacids and polybases in intergel pairs (certain molar ratios) hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP and hPMAA-hP2M5VP, which have the maximum sorption capacity with respect to neodymium, rhenium and scandium ions. In addition to the above intergel systems, in the developed laboratory sample of the installation, it is possible to use interpenetrating polymer networks and polymers with molecular imprints.
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Figure 6 – Unit for selective sorption of neodymium, rhenium and scandium ions
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Figure 7 – Location of cartridges inside the unit
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Figure 8 – Way of quickly removement of the cartridge

4.3 Development of a technological scheme for selective extraction of neodymium, rhenium and scandium ions
The developed IPNs do not have a sufficiently high extraction degree; therefore, it is proposed to use the intergel systems and the MIPs for development of technological scheme.

4.3.1 Development of a technological scheme based on intergel systems
Among the developed intergel systems, the hPAA-hP4VP system exhibits the best sorption properties (in relation to Nd, Re, Sc ions); therefore, this system is supposed to be used.
Figure 9 shows the scheme of selective extraction of Nd, Re, Sc ions using the developed unit sample and the hPAA-hP4VP intergel system. For sorption of the above-mentioned ions from the common solution, it is proposed to use 3 identical samples of the developed unit, each of which will be sequentially supplied with a common solution (the solution is supplied to each sample of the unit for 48 hours for maximum sorption of each ion). For sorption of neodymium 83%hPAA-17%hP4VP system will be used; for sorption of rhenium – 17%hPAA-83%hP4VP; for sorption of scandium – 50%hPAA-50%hP4VP.
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Figure 9 – Scheme of Nd, Re, Sc ions extraction by intergel system hPAA-hP4VP

4.3.2 Development of a technological scheme based on molecularly imprinted polymers
Figure 10 presents a scheme for the selective extraction of Nd, Re, Sc ions using the developed unit sample and structures MIP1(Nd), MIP1(Re), MIP1(Sc). For sorption of the above-mentioned ions from the common solution, it is proposed to use 3 identical samples of the developed unit, each of which will be sequentially supplied with a common solution (the solution is supplied to each sample of the installation for 48 hours for maximum sorption of each ion). For the sorption of neodymium MIP1(Nd) structure will be used; for sorption of rhenium – MIP1(Re); for sorption of scandium – MIP1(Sc).
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Figure 10 – Scheme of Nd, Re, Sc ions extraction by structure MIP1(Nd), MIP1(Re), MIP1(Sc)

4.4 Carrying out laboratory and pilot-industrial tests on selective extraction of neodymium, rhenium and scandium ions using the developed unit
For laboratory, semi-industrial, and pilot-industrial tests, the intergel system hPAA-hP4VP and the structures MIP1(Nd), MIP1(Re), MIP1(Sc) were chosen as a sorbent for selective extraction of Nd, Re, Sc ions. Preliminary studies have shown that maximum sorption of these ions occurs when they are extracted by these polymer structures.

4.4.1 Laboratory tests of developed sorbents
Laboratory tests of the developed unit sample of and the developed sorbents were carried out in the enrichment and flotation reagents laboratory of JSC “Institute of Metallurgy and Ore Beneficiation”. The experiment is described in details in Appendix C (paragraph 3.1). The laboratory test report is attached in Appendix D.
Tables 15-17 show values of extraction degrees of Nd, Re, Sc ions during their sorption by the intergel systems 83%hPAA-17%hP4VP, 17%hPAA-83%hP4VP, 50%hPAA-50%hP4VP from the total solution.




Table 15 – Values of extraction degree of Nd, Re, Sc ions of intergel system 83%hPAA-17%hP4VP

	τ, h
	83%hPAA-17%hP4VP

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	[bookmark: _Hlk54617358]0.5
	15.84
	1.88
	2.15

	1
	26.37
	2.17
	2.65

	2
	39.61
	3.87
	4.33

	6
	51.22
	5.63
	7.08

	24
	73.67
	8.44
	11.01

	48
	81.43
	13.41
	18.22



Table 16 – Values of extraction degree of Nd, Re, Sc ions of intergel system 17%hPAA-83%hP4VP

	τ, h
	17%hPAA-83%hP4VP

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	1.78
	16.87
	1.92

	1
	1.95
	35.62
	2.33

	2
	2.84
	48.41
	3.15

	6
	6.37
	57.88
	6.89

	24
	9.06
	71.35
	10.01

	48
	11.54
	83.44
	12.77



Table 17 – Values of extraction degree of Nd, Re, Sc ions of intergel system 50%hPAA-50%hP4VP

	τ, h
	50%hPAA-50%hP4VP

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	1.17
	1.54
	19.87

	1
	1.76
	1.90
	32.45

	2
	2.33
	2.56
	50.58

	6
	4.09
	5.01
	60.20

	24
	7.06
	7.89
	71.23

	48
	10.58
	11.94
	82.57



Tables 18-20 show values of extraction degrees of Nd, Re, Sc ions during their sorption by the structures MIP1(Nd), MIP1(Re), MIP1(Sc) from the total solution.

Table 18 – Values of extraction degree of Nd, Re, Sc ions of structure MIP1(Nd)

	τ, h
	MIP1(Nd)

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	18.10
	0
	0

	1
	29.95
	0
	0

	2
	41.13
	0
	0

	6
	61.60
	0
	0

	24
	83.45
	0
	0

	48
	88.78
	0
	0



Table 19 – Values of extraction degree of Nd, Re, Sc ions of structure MIP1(Re)

	τ, h
	ПМО1(Re)

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	0
	23.41
	0

	1
	0
	36.55
	0

	2
	0
	46.26
	0

	6
	0
	65.37
	0

	24
	0
	88.34
	0

	48
	0
	91.80
	0



Table 20 – Values of extraction degree of Nd, Re, Sc ions of structure MIP1(Sc)

	τ, h
	ПМО1(Sc)

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	0
	0
	21.30

	1
	0
	0
	33.56

	2
	0
	0
	44.69

	6
	0
	0
	62.43

	24
	0
	0
	85.78

	48
	0
	0
	90.81


From the results of laboratory tests, it can be seen that the intergel system hPAA-hP4VP exhibits selectivity to Nd, Re, Sc ions at certain ratios of hydrogels. The developed sorbent possesses a sufficiently high degree of extraction; the unit design allows one to quickly change the molar ratios of hydrogels. The disadvantage of the developed sorbent is the associated sorption of the metals present in the solution in small amounts. The developed MIP structures showed a higher sorption degree of the ions; it can also be considered an advantage that associated metals are not recovered. However, the main disadvantage of each developed MIP – is its focus on selective extraction of only one metal.

4.4.2 Semi-industrial tests of developed sorbents
Semi-industrial tests of the developed unit sample of and the developed sorbents were carried out in the enrichment and flotation reagents laboratory of JSC “Institute of Metallurgy and Ore Beneficiation”. The experiment is described in details in Appendix C (paragraph 3.2). The laboratory test report is attached in Appendix D.
Tables 21-23 presents values of extraction degrees of Nd, Re, Sc ions during their sorption by the intergel systems 83%hPAA-17%hP4VP, 17%hPAA-83%hP4VP, 50%hPAA-50%hP4VP from the total solution.

Table 21 – Extraction degree of Nd, Re, Sc ions of intergel system 83%hPAA-17%hP4VP

	τ, h
	83%hPAA-17%hP4VP

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	[bookmark: _Hlk54618675]0.5
	15.05
	1.79
	2.04

	1
	25.05
	2.06
	2.52

	2
	37.63
	3.68
	4.11

	6
	48.66
	5.35
	6.73

	24
	69.99
	8.02
	10.46

	48
	77.36
	12.74
	17.31








Table 22 – Extraction degree of Nd, Re, Sc ions of intergel system 17%hPAA-83%hP4VP 

	τ, h
	17%hPAA-83%hP4VP

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	1.69
	16.03
	1.82

	1
	1.85
	33.84
	2.21

	2
	2.70
	45.99
	2.99

	6
	6.05
	54.99
	6.55

	24
	8.61
	67.78
	9.51

	48
	10.96
	79.27
	12.13



Table 23 – Extraction degree of Nd, Re, Sc ions of intergel system 50%hPAA-50%hP4VP

	τ, h
	50%hPAA-50%hP4VP

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	1.11
	1.46
	18.88

	1
	1.67
	1.81
	30.83

	2
	2.21
	2.43
	48.05

	6
	3.89
	4.76
	57.19

	24
	6.71
	7.50
	67.67

	48
	10.05
	11.34
	78.44



Tables 24-26 show values of extraction degrees of Nd, Re, Sc ions during their sorption by the structures MIP1(Nd), MIP1(Re), MIP1(Sc) from the total solution.

Table 24 – Values of extraction degree of Nd, Re, Sc ions of structure MIP1(Nd)

	τ, h
	MIP1(Nd)

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	17.20
	0
	0

	1
	28.45
	0
	0

	2
	39.07
	0
	0

	6
	58.52
	0
	0

	24
	79.28
	0
	0

	48
	84.34
	0
	0


Table 25 – Values of extraction degree of Nd, Re, Sc ions of structure MIP1(Re)

	τ, h
	MIP1(Re)

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	0
	22.24
	0

	1
	0
	34.72
	0

	2
	0
	43.95
	0

	6
	0
	62.10
	0

	24
	0
	83.92
	0

	48
	0
	87.21
	0



Table 26 – Values of extraction degree of Nd, Re, Sc ions of structure MIP1(Sc)

	τ, h
	MIP1(Sc)

	
	η(Nd), %
	η(Re), %
	η(Sc), %

	0
	0
	0
	0

	0.5
	0
	0
	20.24

	1
	0
	0
	31.88

	2
	0
	0
	42.46

	6
	0
	0
	59.31

	24
	0
	0
	81.49

	48
	0
	0
	86.27



From the results of semi-industrial tests (Tables 21-26), it can be seen that the developed sorbents (intergel system hPAA-hP4VP and structures MIP1(Nd), MIP1(Re), MIP1(Sc)) selectively sorb Nd, Re, Sc ions from the total solution. In the case of the intergel system, there is a slight decrease (up to 5%) in extraction degree in comparison with laboratory tests. This is directly related to the fact that the reaction medium is acidic, while ionization of polymer hydrogels is hindered, and some of the links of the polymer chain undergo insignificant degradation. The MIP structures showed a higher degree of extraction of ions of n Nd, Re, Sc, also the advantages of higher strength compared to polymer hydrogels.

4.4.3 Pilot-industrial tests of the developed sorbents
Pilot-industrial tests of the developed sample of the installation and sorbent (intergel system hPAA-hP4VP) were carried out in the laboratory for research and analysis of materials of LLP “Institute of High Technologies”. The experiment is detailed in Appendix C (paragraph 3.3). Act of carrying out of pilot-industrial tests is attached in Appendix F.
The maximum values of extraction degree of cerium and neodymium ions are observed at 48 hours of interaction of the above-mentioned polymer structures with saline solutions. The sorption of cerium ions by individual polymeric hydrogels of PAA and P4VP in the hydrometallurgical solution is not intensive enough; after 2 days sorption degree is 58.6% and 51.3%, respectively, for PAA and P4VP. The maximum extraction of cerium ions from the solution is observed at a molar ratio of hydrogels of 17%hPAA-83%hP4VP, while extraction degree is 86.4%. The extraction of neodymium ions by individual PAA and P4VP hydrogels in the product solution does not reach sufficiently high values; sorption degree is 56.5% for hPAA and 50.3% for hP4VP. The intergel system hPAA-hP4VP maximally sorbs neodymium ions at a ratio of the initial hydrogels of 83%hPAA-17%hP4VP, sorption degree of neodymium ions is 85.3%.
The results of pilot-industrial tests showed that sorption of cerium and neodymium ions by the intergel system hPAA-hP4VP is almost 30% more efficient than the individual components. It should be especially noted the following advantage of using an intergel system – the ability to "control" the selectivity of a given polymer system by changing the molar ratio of the components. The developed sample of sorption unit seems to be promising for the selective extraction of cerium and neodymium ions from real industrial hydrometallurgical solutions.


CONCLUSION

Based on the obtained data during research and testing, the following conclusions can be drawn:
1) Polymer hydrogels of PAA, PMAA, P4VP, P2M5VP sorb neodymium, rhenium and scandium ions. Extraction degree of neodymium ions by PAA, PMAA, P4VP, P2M5VP hydrogels is 61.6%; 59.9%; 54.6%; 51.5% respectively. Extraction degree of rhenium ions by PAA, PMAA, P4VP, P2M5VP hydrogels is 66.5%; 63.3%; 58.1%; 54.9% respectively. Extraction degree of scandium ions by PAA, PMAA, P4VP, P2M5VP hydrogels is 63.7%; 62.1%; 56.9%; 52.5% respectively.
2) In intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP hydrogels of PAA, PMAA, P4VP, P2M5VP undergo ionization at remote interaction during sorption of neodymium, rhenium and scandium ions, as a result of what their properties increase significantly. It should be noted that the highest ionization of macromolecules occurs during 6 hours of remote interaction as a result of mutual activation of the initial polymer hydrogels.
3) The maximum values of extraction degree of neodymium ions are observed at the following ratios of hydrogels: 83%hPAA-17%hP4VP (93.5%), 67%hPMAA-33%hP4VP (92.4%), 50%hPAA-50%hP2M5VP (91.9%), 33%hPMAA-67%hP2M5VP (90.7%). The maximum values of the degree of extraction of rhenium ions are observed at the following ratios of hydrogels: 17%hPAA-83%hP4VP (95.1%), 50%hPMAA-50%hP4VP (94.3%), 33%hPAK-67%hP2M5VP (93.6%), 50%hPMAA-50%hP2M5VP (92.7%). The maximum values of extraction degree of scandium ions are observed at the following ratios of hydrogels: 50%hPAA-50%hP4VP (94.3%), 17%hPMAA-83%hP4VP (93.1%), 67%hPAA-33%hP2M5VP (92.7%), 83%hPMAA-17%hP2M5VP (91.5%).
4) The above-mentioned REM differ in atomic radius, charge density and polarizability, which affects different values of sorption properties both in individual hydrogels PAA, PMAA, P4VP, P2M5VP, and in intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP.
5) Individual IPNs do not have sufficiently high degree of sorption: at 48 hours extraction degree of neodymium ions is 52.6% for IPN(hPAA-hP4VP) and 50.9% for IPN(hPMAA-gP4VP); sorption degree of rhenium ions is 56.3% for IPN(hPAA-hP4VP) and 54.4% for IPN(hPMAA-hP4VP); extraction degree of scandium ions is 53.9% for IPN(hPAA-hP4VP) and 52.5% for IPN(hPMAA-hP4VP).
6) In intergel systems IPN1:hP4VP and IPN2:hP4VP there is significant increase (about 30%) of sorption degree of neodymium, rhenium and scandium ions due to "long-range effect" of polymer structures. Additional activation of functional units occurs in the process of mutual activation of macromolecules.
7) The optimal ratios for sorption of neodymium, rhenium and scandium ions are 33%IPN1-67%hP4VP, 50%IPN1-50%hP4VP, 17%IPN1-83%hP4VP, extraction degree is 91.6%; 93.7%; 92.5% respectively. The maximum amount of neodymium, rhenium and scandium ions in the intergel system IPN2-hP4VP is extracted at ratios 17%IPN2-83%hP4VP, 33%IPN2-67%hP4VP, 50%IPN2-50%hP4VP, sorption degree is 90.5%; 93.1%; 91.8% respectively. The difference in the values of extraction degree lies in the presence of a bulky methyl substituent in the structure of the IPN2, as a result of which the degree of ionization is lower in the system of IPN2-hP4VP.
8) When comparing sorption properties of MIP1 and MIP2, it can be seen that MIP1 shows better results on the sorption of Nd, Re and Sc in comparison with MIP2. This is 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, the ionization of MIP2 becomes more difficult, which is reflected in lower values of the degree of extraction.
9) The maximum values of extraction degree of neodymium ions (89.9% and 85.5%) by the MIP1(Nd) and MIP2(Nd) polymers are observed at 48 hours. The highest amount of rhenium ions is sorbed at 48 hours, sorption degree is 92.1% and 90.9% respectively for MIP1(Re) and MIP2(Re). The highest sorption degree of scandium ions is observed at 48 hours, extraction degree is 90.9% and 88.3% for MIP1(Sc) and MIP2(Sc).
10) For the selective sorption of neodymium, rhenium and scandium ions from the total solution, it is advisable to use the following MIPs: MIP1(Nd), MIP1(Re), MIP1(Sc).
11) The developed unit sample for selective extraction of neodymium, rhenium and scandium ions is distinguished by its versatility, which makes it possible to quickly remove the cartridges to change the molar ratio of sorbents in intergel pairs. This sample is made of plexiglass, is resistant to aggressive media, does not react with a solution containing the above-mentioned rare earth ions.
12) When sorption of neodymium, rhenium and scandium ions by intergel systems from real solutions, there is a slight decrease (up to 5%) of extraction degree of macromolecules in comparison with directly related to the fact that the reaction medium is acidic (pH = 3.5). As a result, ionization of polymer hydrogels becomes difficult, and some of the links of the polymer chain undergo insignificant degradation.
13) Technological scheme for extraction of neodymium, rhenium and scandium from total solution was developed using the developed intergel systems and the molecularly imprinted polymers.
14) As a result of laboratory, semi-industrial and pilot-industrial tests, it was established that the developed sample of the sorption unit and the developed sorbents seem to be promising for selective extraction of neodymium, rhenium and scandium ions from industrial hydrometallurgical solutions.
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Appendix 1.1
to Agreement No. ____ dated ____________ 2018
for grant funding

TECHNICAL SPECIFICATION AND 
CALENDAR PLAN OF WORKS

On Agreement No. ____ dated ____________ 2018

1. JOINT-STOCK COMPANY
«INSTITUTE OF CHEMICAL SCIENCES AFTER A.B. BEKTUROV» 

1.1 On priority: 1. Rational use of natural resources, including water resources, geology, processing, new materials and technologies, safe products and structures.
1.2 On sub-priority: 1.26 Polymeric materials with special properties, applied researches.
1.3 On project theme: № AP05131302 «Creation of new selective polymer systems in relation to neodymium, rhenium and scandium ions based on “long-range effect”».
1.4 Total sum of the project 27 180 000 (Twenty seven million one hundred eighty thousand) tenge, including with a breakdown by years, for the performance of work in accordance with paragraph 3:
- for 2018 year – in the amount of 9 000 000 (Nine millions) tenge;
- for 2019 year – in the amount of 9,081,000 (Nine million eighty-one thousand) tenge;
- for 2020 year – in the amount of 9,099,000 (Nine million ninety-nine thousand) tenge.

2. Characteristics of scientific and technical products by qualification characteristics and economic indicators
2.1 Direction of work: Creation of technology for group selective extraction of ions of rare-earth elements from industrial solutions of hydrometallurgy.
2.2 Field of application: Chemical industry.
2.3 Final result:
- for 2018: Intergel systems based on rare-crosslinked hydrogels for selective extraction of neodymium, rhenium and scandium ions are created. Articles are published in a domestic scientific journal with a non-zero impact factor;
- for 2019: Intergel systems based on interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions are created. Highly selective structures based on molecularly imprinted polymers are created for selective extraction of neodymium, rhenium and scandium ions. 1 monography is published. An application for a patent for a utility model is submitted to the Kazakhstan patent office. Articles are published in a domestic scientific publication with a non-zero impact factor;
- for 2020: Structure units and elements of laboratory unit and a technological scheme for selective extraction of neodymium, rhenium and scandium ions are developed. Laboratory and pilot-industrial tests for the selective extraction of neodymium, rhenium and scandium ions are carried out. 2 articles in foreign scientific journals included in the SCOPUS or Web of Science databases are published. 1 chapter in the book of a foreign publishing house is published. 1 Chapter is published in the book of a Kazakh publishing house. Articles are published in a domestic scientific journal with a non-zero impact factor.
2.4 Patentability: Patentable.
2.5 Scientific and technical level (novelty): High, as it allows the development of new methods for the selective extraction of rare earth elements from industrial solutions
2.6 The use of scientific and technical products is carried out: by the Contractor.
2.7 The type of use of the result of scientific and (or) scientific and technical activities: Providing initial data for the creation of highly selective to neodymium, rhenium and scandium ions polymer systems based on lightly cross-linked polymer hydrogels, interpenetrating polymer networks and polymers with molecular imprints.

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
	

	1.
	Creation of intergel systems based on rare-crosslinked hydrogels for selective extraction of neodymium, rhenium and scandium ions.
	January 2018
	until November 1, 2018
	Intergel systems based on rare-crosslinked hydrogels for selective extraction of neodymium, rhenium and scandium ions will be created. Articles will be published in a domestic scientific journal with a non-zero impact factor

	1.1
	Synthesis of hydrogels of different nature with required properties.
	January 2018
	March 2018
	Hydrogels of different nature with required properties will be synthetized.

	1.2
	Study of sorption properties of hydrogels in relation to neodymium, rhenium and scandium ions.
	April 2018
	June
2018
	Sorption properties of hydrogels in relation to neodymium, rhenium and scandium ions will be studied.

	1.3
	Creation of intergel systems based on the obtained hydrogels of acidic and basic nature for selective extraction of neodymium, rhenium and scandium ions. Determination of the optimal conditions for the selective extraction of neodymium, rhenium and scandium ions.
	July
2018
	until November 1, 2018
	Intergel systems based on the obtained hydrogels of acidic and basic nature for selective extraction of neodymium, rhenium and scandium ions will be created. The optimal conditions for the selective extraction of neodymium, rhenium and scandium ions will be determined.

	2.
	Creation of intergel systems based on interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions.
	January 2019
	June
2019
	Intergel systems based on interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions will be created. 1 monograph will be published. An application for a patent for a utility modewill be submitted to the Kazakhstan patent office l. Articles will be published in a domestic scientific journal with a non-zero impact factor.

	2.1
	Synthesis of interpenetrating polymer networks with the required properties.
	January 2019
	January 2019
	Interpenetrating polymer networks with the required properties will be synthetized.

	2.2
	Study of sorption properties of the interpenetrating polymer networks in relation to neodymium, rhenium and scandium ions.
	January 2019
	January 2019
	Sorption properties of the interpenetrating polymer networks in relation to neodymium, rhenium and scandium ions will be studied.

	2.3
	Creation of intergel systems based on the obtained interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions. Determination of the optimal conditions for extraction of neodymium, rhenium and scandium ions.
	February 2019
	June
2019
	Intergel systems based on the obtained interpenetrating polymer networks for selective extraction of neodymium, rhenium and scandium ions will be created. The optimal conditions for extraction of neodymium, rhenium and scandium ions will be determined.

	3
	Creation of highly selective structures based on molecularly imprinted polymers for selective extraction of neodymium, rhenium and scandium ions.
	July
2019
	until November 1, 2019
	Highly selective structures based on molecularly imprinted polymers for selective extraction of neodymium, rhenium and scandium ions will be created.

	3.1
	Synthesis of molecularly imprinted polymers with required properties.
	July
2019
	July
2019
	Molecularly imprinted polymers with required properties will be synthetized.

	3.2
	Study of sorption properties of molecularly imprinted polymers in relation to neodymium, rhenium and scandium ions.
	July
2019
	July
2019
	Sorption properties of molecularly imprinted polymers in relation to neodymium, rhenium and scandium ions will be studied.

	3.3
	Creation of highly selective structures based on the obtained molecularly imprinted polymers for selective extraction of neodymium, rhenium and scandium ions. Determination of the optimal conditions for selective extraction of neodymium, rhenium and scandium ions.
	August
2019
	until November 1, 2019
	Highly selective structures based on the obtained molecularly imprinted polymers for selective extraction of neodymium, rhenium and scandium ions will be created. The optimal conditions for selective extraction of neodymium, rhenium and scandium ions will be determined. 

	4
	Development of structure units and elements of laboratory unit and a technological scheme for selective extraction of neodymium, rhenium and scandium ions. Carrying out of laboratory and pilot-industrial tests on selective extraction of neodymium, rhenium and scandium ions.
	January 2020
	until November 1, 2020
	Structure units and elements of laboratory unit and a technological scheme for selective extraction of neodymium, rhenium and scandium ions will be developed. Laboratory and pilot-industrial tests on selective extraction of neodymium, rhenium and scandium ions will be carried out. 2 articles will be published in foreign scientific journals included in SCOPUS or Web of Science databases. 1 chapter will be published in the book of a foreign publishing house. 1 chapter will be published in the book of a Kazakh publishing house. Articles will be published in a domestic scientific publication with a non-zero impact factor.

	4.1
	Development of technical requirements for assemblies and elements of a plant designed for selective extraction of neodymium, rhenium and scandium ions.
	January 2020
	March
2020
	Technical requirements for assemblies and elements of a plant designed for selective extraction of neodymium, rhenium and scandium ions will be developed.

	4.2
	Development of a laboratory unit sample for selective extraction of neodymium, rhenium and scandium ions.
	April 2020
	June
2020
	Laboratory unit sample for selective extraction of neodymium, rhenium and scandium ions will be developed.

	4.3
	Development of a technological scheme for selective extraction of neodymium, rhenium and scandium ions.
	July
2020
	September
2020 
	Technological scheme for selective extraction of neodymium, rhenium and scandium ions will be developed.

	4.4
	Carrying out laboratory and pilot-industrial tests on selective extraction of neodymium, rhenium and scandium ions using the developed unit.
	October
2020
	until November 1, 2020
	Laboratory and pilot-industrial tests on selective extraction of neodymium, rhenium and scandium ions using the developed unit will be carried out.
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The chairman
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________________ Ergozhin E.E.
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Experimental part
Оборудование. To measure the specific electrical conductivity and pH during sample purification, a conductometer MAPK 603 (Russia) and a Metrohm 827 pH-Lab pH meter (Switzerland) were used. The mass of swollen samples of hydrogels for subsequent calculation of the degree of swelling (α) was determined by weighing on a SHIMADZU AY220 electronic analytical balance (Japan). Determination of the optical density of neodymium nitrate solutions for subsequent calculation of the concentration of neodymium ions was carried out on a Jenway-6305 spectrophotometer (UK) and on iCE 3400 atomic absorption spectrometer (USA). Determination of the concentration of rhenium and scandium ions was performed on iCE 3400 atomic absorption spectrometer (USA) and on ARCOS Simultaneous ICP Spectrometer (ICP-AES) atomic emission spectrometer (Germany).
Experiment. Swelling degree of hydrogels in determining of their initial conformational properties was calculated by the formula:

	
	(1)



where m1 – mass of dry hydrogel, m2 – mass of swollen hydrogel.
1 The study of the sorption properties of individual polymer hydrogels, interpenetrating polymer networks and molecularly imprinted polymers was carried out as follows:
The calculated amount of each polymer structure is placed in a glass beaker. Sorption of Nd, Re and Sc ions is carried out for 2 days from solutions of the corresponding salts (concentration 0.005 M). During this time, aliquots were taken for the subsequent determination of the concentration of these ions.
2 The study of the sorption properties of intergel systems based on rare-crosslinked hydrogels and interpenetrating polymer networks was carried out as follows:
The calculated amount of each macromolecule in dry form was placed in a special glass filter, the pores of which are permeable to low molecular weight ions, but impermeable to polymer dispersion (thus, remote interaction is achieved). Sorption of Nd, Re and Sc ions is carried out for 2 days from solutions of the corresponding salts (concentration 0.005 M). During this time, aliquots were taken for the subsequent determination of the concentration of the above ions.



Extraction (sorption) degree was calculated by the equation:

	
	(2)



where Сinitial – initial concentration of metal in solution, g/L; Сresidual – residual concentration of metal in solution, g/L.
3. Carrying out of laboratory, semi-industrial and pilot-industrial tests of the developed unit sample and the developed sorbents
3.1 Carrying out of laboratory tests
3.1.1 Sorption of neodymium, rhenium, scandium ions by intergel system hPAA-hP4VP
One cartridge is filled by rare-crosslinked polyacrylic acid hydrogel, the other cartridge is filled by rare-crosslinked poly-4-vinylpyridine hydrogel. After that, both cartridges are placed in the unit. The unit is fed with a model solution containing neodymium, rhenium, scandium ions m (concentration 0.005 mol/L). Aliquots of the solution are taken after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
3.1.2 Sorption of neodymium, rhenium scandium ions by molecularly imprinted polymers
The cartridge contains a polymer with molecular imprints, complementary to neodymium, rhenium and scandium ions. The unit is fed with a model solution containing neodymium, rhenium, scandium ions m (concentration 0.005 mol/L). Aliquots of the solution are taken after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
3.2 Carrying out of semi-industrial tests
3.2.1 Sorption of neodymium, rhenium, scandium ions by intergel system hPAA-hP4VP
One cartridge is filled by rare-crosslinked polyacrylic acid hydrogel, the other cartridge is filled by rare-crosslinked poly-4-vinylpyridine hydrogel. After that, both cartridges are placed in the unit. The unit is fed with a model solution containing neodymium, rhenium, scandium ions m (concentration 0.005 mol/L). The solution has a pH of 3.5, which corresponds to industrial conditions. Aliquots of the solution are taken after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. Determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
3.2.2 Sorption of neodymium, rhenium scandium ions by molecularly imprinted polymers
The cartridge contains a polymer with molecular imprints, complementary to neodymium, rhenium and scandium ions. The unit is fed with a model solution containing neodymium, rhenium, scandium ions m (concentration 0.005 mol/L). The solution has a pH of 3.5, which corresponds to industrial conditions.Aliquots of the solution are taken after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
3.3 Carrying out of pilot-industrial tests
The calculated equimolar amount of each polymer in dry form was placed in special cartridges. Previously, all macromolecules (intergel system hPAA-hP4VP and individual hydrogels PAA and P4VP) were swollen and activated. Subsequently, the cartridges were loaded into a sorption unit, into which solutions of 6-aqueous cerium nitrate (Ce(NO3)3*6H2O, concentration by Ce3+ ions = 100 mg/L) and 6-aqueous neodymium nitrate (Nd(NO3)3*6H2O , concentration for Nd3+ ions = 100 mg/L). The salt solution has a pH of 3.5, which corresponds to real product solutions of hydrometallurgy. The sorption of cerium and neodymium ions by individual polymer hydrogels PAA and P4VP, as well as by the intergel system hPAA-hP4VP, was carried out for 48 hours. The determination of the residual concentration was carried out by atomic emission spectroscopy.
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Act of carrying out of laboratory tests
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APPROVED"
General director
JSC "Institute of Metallurgy and Ore Beneficiation"
____________ B.K. Kenzhaliev
"___" __________ 2020


ACT

on laboratory tests of an intergel system consisting of rare-crosslinked hydrogels of polyacrylic acid and poly-4-vinylpyridine and polymers with molecular imprints based on methacrylic acid, 4-vinylpyridine and ethylene glycol dimethacrylate as sorbents for the selective extraction of neodymium, rhenium and scandium ions in an aqueous medium (within the framework of the grant financing project AR05131302).
We, the undersigned members of the commission consisting of the General Director of JSC "Institute of Metallurgy and Ore Beneficiation" Kenzhaliev B.K., Head of the laboratory for enrichment and flotation reagents Tusupbaev N.K. and employees of the laboratory of synthesis and physical chemistry of polymers of JSC "Institute of Chemical Sciences named after A.B. Bekturov" Jumadilov T.K. and Kondaurov R.G. carried out laboratory tests of a unit sample for group extraction of rare-earth elements ions. Sorbent (intergel system of polyacrylic acid hydrogel – poly-4-vinylpyridine hydrogel (hPAA-hP4VP) was developed under the guidance of doctor of chemical sciences, professor Jumadilov T.K. Sorbent (molecularly imprinted polymer MIP) based on methacrylic acid, 4- vinylpyridine and ethylene glycol dimethacrylate (Nd, Re, Sc ions were chosen as a template) was developed under the guidance of PhD Kondaurov R.G. The sorption unit is a parallelepiped design, consisting of an outer casing, cartridges in the amount of 2 pieces, drain and filler holes.
Laboratory tests of sorbents were carried out as follows:
1. Selective sorption of neodymium, rhenium and scandium ions by the intergel system hPAA-hP4VP
One cartridge holds a rare-crosslinked polyacrylic acid hydrogel, the other cartridge holds a rare-crosslinked poly-4-vinylpyridine hydrogel. After that, both cartridges are placed in the unit housing. The unit is fed with a model solution consisting of neodymium and scandium nitrates and rhenium chloride (concentration 0.005 mol/L). The selection of aliquots of the solution occurs after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
1.1) Selective sorption of neodymium ions. For the selective sorption of neodymium ions, the intergel system 83%hPAA-17%hP4VP was used. The maximum values of extraction degree of neodymium ions and accompanying metals are shown in table 1.
Table 1 – Extraction degree of Nd, Re, Sc ions of the intergel system 83%hPAA-17%hP4VP

	τ, h
	η(83%hPAA-17%hP4VP), %

	
	Nd
	Re
	Sc

	48
	81.43
	13.41
	18.22



1.2) Selective sorption of rhenium ions. For the selective sorption of rhenium ions, the intergel system 17%hPAA-83%hP4VP was used. The maximum values of extraction degree of neodymium ions and associated metals are shown in table 2.

Table 2 – Extraction degree of Nd, Re, Sc ions of the intergel system 17%hPAA-83%hP4VP

	τ, h
	17%hPAA-83%hP4VP, %

	
	Nd
	Re
	Sc

	48
	11.54
	83.44
	12.77



1.3) Selective sorption of scandium ions. For the selective sorption of rhenium ions, the intergel system 50%hPAA-50%hP4VP was used. The maximum values of extraction degree of neodymium ions and accompanying metals are shown in table 3. 

Table 3 – Extraction degree of Nd, Re, Sc ions of the intergel system 50%hPAA-50%hP4VP

	τ, h
	50%hPAA-50%hP4VP, %

	
	Nd
	Re
	Sc

	48
	10.58
	11.94
	82.57



2. Selective sorption of neodymium, rhenium and scandium ions by molecularly imprinted polymers
The cartridge contains molecularly imprinted polymer. After that the cartridge is placed in the unit body. The unit is fed with a model solution consisting of neodymium and scandium nitrates and rhenium chloride (concentration 0.005 mol/L). Aliquots of the solution are taken after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
2.1) Selective sorption of neodymium ions. Molecularly imprinted polymer (template – neodymium) – MIP(Nd) is placed in the cartridge. The maximum values of extraction degree of neodymium ions and associated metals are shown in table 4.

Table 4 – Extraction degree of Nd, Re, Sc ions of the polymer structure MIP(Nd) 

	τ, h
	η(MIP(Nd)), %

	
	Nd
	Re
	Sc

	48
	88.78
	0
	0



2.2) Selective sorption of rhenium ions. The cartridge contains molecularly imprinted polymer (template - rhenium) – MIP(Re). The maximum values of extraction degree of rhenium ions and associated metals are shown in table 5.

Table 5 – Extraction degree of Nd, Re, Sc ions of the polymer structure MIP(Re)

	τ, ч
	η(MIP(Re)), %

	
	Nd
	Re
	Sc

	48
	0
	91.80
	0



2.3) Selective sorption of scandium ions. The cartridge contains molecularly imprinted polymer (template - scandium) – MIP(Sc). The maximum values of extraction degree of scandium ions and associated metals are shown in table 6.

Table 6 – Extraction degree of Nd, Re, Sc ions of the polymer structure MIP(Sc)

	τ, h
	η(MIP(Sc)), %

	
	Nd
	Re
	Sc

	48
	0
	0
	90.81



From the results of laboratory tests, it can be seen that the intergel system hPAA-hP4VP at certain molar ratios of hydrogels exhibits selectivity to neodymium, rhenium and scandium ions. The developed sorbent possesses a sufficiently high degree of extraction of these metals; the design of the unit allows one to quickly change the molar ratios of the hydrogels. Despite its versatility, the disadvantage of the developed sorbent is the associated sorption of the metals present in the solution in small amounts. The developed structures of the MIP showed a higher degree of extraction of neodymium, rhenium and scandium ions; it can also be considered an advantage that the associated metals are not extracted. However, the main disadvantage of each developed PMO is its focus on selective extraction of only one metal.
It is recommended to test the developed installation and sorbents in an acidic medium (conditions close to industrial ones) to establish the effectiveness of developments for use in industry for the selective extraction of target ions of rare earth and rare metals from product hydrometallurgical solutions.

Head of laboratory
enrichment and flotation reagents ________________ Tusupbaev N.K.

Chief Researcher of the Laboratory
synthesis and chemical chemistry of polymers
JSC "Institute of Chemical Sciences
after A.B. Bekturov"________________ Jumadilov T.K.

Acting head of laboratory
synthesis and chemical chemistry of polymers
JSC "Institute of Chemical Sciences
after A.B. Bekturov "________________ Kondaurov R.G.
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Act of carrying out of semi-industrial tests
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APPROVED"
General director
JSC "Institute of Metallurgy and Ore Beneficiation"
____________ B.K. Kenzhaliev
"___" __________ 2020


ACT

on semi-industrial tests of an intergel system consisting of rare-crosslinked hydrogels of polyacrylic acid and poly-4-vinylpyridine and polymers with molecular imprints based on methacrylic acid, 4-vinylpyridine and ethylene glycol dimethacrylate as sorbents for the selective extraction of neodymium, rhenium and scandium ions in an aqueous medium (within the framework of the grant financing project AR05131302).
We, the undersigned members of the commission consisting of the General Director of JSC "Institute of Metallurgy and Ore Beneficiation" Kenzhaliev B.K., Head of the laboratory for enrichment and flotation reagents Tusupbaev N.K. and employees of the laboratory of synthesis and physical chemistry of polymers of JSC "Institute of Chemical Sciences named after A.B. Bekturov" Jumadilov T.K. and Kondaurov R.G. carried out laboratory tests of a unit sample for group extraction of rare-earth elements ions. Sorbent (intergel system of polyacrylic acid hydrogel – poly-4-vinylpyridine hydrogel (hPAA-hP4VP) was developed under the guidance of doctor of chemical sciences, professor Jumadilov T.K. Sorbent (molecularly imprinted polymer MIP) based on methacrylic acid, 4- vinylpyridine and ethylene glycol dimethacrylate (Nd, Re, Sc ions were chosen as a template) was developed under the guidance of PhD Kondaurov R.G. The sorption unit is a parallelepiped design, consisting of an outer casing, cartridges in the amount of 2 pieces, drain and filler holes.
Semi-industrial tests of sorbents were carried out as follows:
1. Selective sorption of neodymium, rhenium and scandium ions by the intergel system hPAA-hP4VP
One cartridge holds a rare-crosslinked polyacrylic acid hydrogel, the other cartridge holds a rare-crosslinked poly-4-vinylpyridine hydrogel. After that, both cartridges are placed in the unit housing. The unit is fed with a model solution consisting of neodymium and scandium nitrates and rhenium chloride (concentration 0.005 mol/L). The solution has a pH of 3.5, which corresponds to industrial conditions. The selection of aliquots of the solution occurs after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
1.1) Selective sorption of neodymium ions. For the selective sorption of neodymium ions, the intergel system 83%hPAA-17%hP4VP was used. The maximum values of extraction degree of neodymium ions and accompanying metals are shown in table 1.

Table 1 – Extraction degree of Nd, Re, Sc ions of the intergel system 83%hPAA-17%hP4VP

	τ, h
	η(83%hPAA-17%hP4VP), %

	
	Nd
	Re
	Sc

	48
	77.36
	12.74
	17.31



1.2) Selective sorption of rhenium ions. For the selective sorption of rhenium ions, the intergel system 17%hPAA-83%hP4VP was used. The maximum values of extraction degree of neodymium ions and associated metals are shown in table 2.

Table 2 – Extraction degree of Nd, Re, Sc ions of the intergel system 17%hPAA-83%hP4VP

	τ, h
	17%hPAA-83%hP4VP, %

	
	Nd
	Re
	Sc

	48
	10.96
	79.27
	12.13



1.3) Selective sorption of scandium ions. For the selective sorption of rhenium ions, the intergel system 50%hPAA-50%hP4VP was used. The maximum values of extraction degree of neodymium ions and accompanying metals are shown in table 3. 

Table 3 – Extraction degree of Nd, Re, Sc ions of the intergel system 50%hPAA-50%hP4VP

	τ, h
	50%hPAA-50%hP4VP, %

	
	Nd
	Re
	Sc

	48
	10.05
	11.34
	78.44



2. Selective sorption of neodymium, rhenium and scandium ions by molecularly imprinted polymers
The cartridge contains molecularly imprinted polymer. After that the cartridge is placed in the unit body. The unit is fed with a model solution consisting of neodymium and scandium nitrates and rhenium chloride (concentration 0.005 mol/L, pH=3.5). Aliquots of the solution are taken after 0.5 h; 1 h; 2 h; 6 h, 24 h; 48 h after the start of the experiment. The determination of the residual concentration is carried out by the method of atomic emission spectroscopy.
2.1) Selective sorption of neodymium ions. Molecularly imprinted polymer (template – neodymium) – MIP(Nd) is placed in the cartridge. The maximum values of extraction degree of neodymium ions and associated metals are shown in table 4.

Table 4 – Extraction degree of Nd, Re, Sc ions of the polymer structure MIP(Nd) 

	τ, h
	η(MIP(Nd)), %

	
	Nd
	Re
	Sc

	48
	84.34
	0
	0



2.2) Selective sorption of rhenium ions. The cartridge contains molecularly imprinted polymer (template - rhenium) – MIP(Re). The maximum values of extraction degree of rhenium ions and associated metals are shown in table 5.

Table 5 – Extraction degree of Nd, Re, Sc ions of the polymer structure MIP(Re)

	τ, ч
	η(MIP(Re)), %

	
	Nd
	Re
	Sc

	48
	0
	87.21
	0



2.3) Selective sorption of scandium ions. The cartridge contains molecularly imprinted polymer (template - scandium) – MIP(Sc). The maximum values of extraction degree of scandium ions and associated metals are shown in table 6.

Table 6 – Extraction degree of Nd, Re, Sc ions of the polymer structure MIP(Sc)

	τ, h
	η(MIP(Sc)), %

	
	Nd
	Re
	Sc

	48
	0
	0
	86.27



It can be seen from the results of semi-industrial tests that the intergel system hPAA-hP4VP at certain molar ratios of hydrogels exhibits selectivity to neodymium, rhenium, and scandium ions. The developed sorbent possesses a sufficiently high degree of extraction of these metals; the design of the unit allows one to quickly change the molar ratios of hydrogels. The disadvantage of the developed sorbent is the associated extraction of metals present in the solution in small amounts. A slight decrease (up to 5%) in the recovery rate in comparison with laboratory tests is directly related to the fact that the reaction medium is acidic. The ionization of polymer hydrogels is hindered, and some of the links of the polymer chain undergo insignificant degradation.
The MIP structures showed a higher degree of extraction of neodymium, rhenium and scandium ions, and the advantages can also be considered the fact that the associated metals are not extracted at all, higher strength compared to polymer hydrogels.
The developed unit and sorbents are promising for the selective sorption of neodymium, rhenium, scandium ions from product hydrometallurgical solutions.

Head of laboratory
enrichment and flotation reagents ________________ Tusupbaev N.K.

Chief Researcher of the Laboratory
synthesis and chemical chemistry of polymers
JSC "Institute of Chemical Sciences
after A.B. Bekturov"________________ Jumadilov T.K.

Acting head of laboratory
synthesis and chemical chemistry of polymers
JSC "Institute of Chemical Sciences
after A.B. Bekturov "________________ Kondaurov R.G.
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____________ Kopbaeva M.P.
"___" ___________ 2020

ACT
on pilot testing of an intergel system consisting of lightly crosslinked hydrogels of polyacrylic acid and poly-4-vinylpyridine as a sorbent for cerium and neodymium ions

In the period from 09/01/2020 - 09/11/2020 comparative tests of sorbents were carried out in the Laboratory of Materials Research and Analysis of Institute of High Technologies LLP: lightly crosslinked polymer hydrogels of polyacrylic acid (hPAA) and poly-4-vinylpyridine (hP4VP), as well as an intergel system based on macromolecules data. The tested sorbent was developed by the chief researcher of JSC "Institute of Chemical Sciences after A.B. Bekturov" doctor of chemical sciences, professor Jumadilov Talkybek Kozhatayevich.
Pilot tests of these polymer hydrogels (PAA and P4VP) and the hPAA-hP4VP intergel system were carried out as follows: the equimolar calculated amount of each polymer in dry form was placed in special cartridges. Previously, all macromolecules (intergel system hPAA-hP4VP and individual hydrogels PAA and P4VP) were swollen and activated. Subsequently, the cartridges were loaded into a sorption unit, into which solutions of 6-aqueous cerium nitrate (Ce(NO3)3*6H2O, concentration by Ce3+ ions = 100 mg/L) and 6-aqueous neodymium nitrate (Nd(NO3)3*6H2O, concentration for Nd3+ ions = 100 mg/L). The salt solution has a pH of 3.5, which corresponds to real product solutions of hydrometallurgy. The sorption of cerium and neodymium ions by individual polymer hydrogels PAA and P4VP, as well as by the intergel system hPAA-hP4VP, was carried out for 48 h.
The maximum values of the degree of extraction of cerium and neodymium ions are observed at 48 hours of interaction of the above polymer structures with saline solutions. The sorption of cerium ions by individual polymeric hydrogels PAA and P4VP in the hydrometallurgical solution is not intensive enough; after 2 days, the recovery rates are 58.6% and 51.3%, respectively, for PAA and P4VP. The maximum extraction of cerium ions from the solution is observed at a molar ratio of hydrogels of 17%hPAA-83%hP4VP, while the degree of extraction is 86.4%. The extraction of neodymium ions by individual PAA and P4VP hydrogels in the product solution does not reach sufficiently high values, the degree of sorption is 56.5% for hPAA and 50.3% for hP4VP. The intergel system hPAA-hP4VP maximally sorbs neodymium ions at a ratio of the initial hydrogels of 83%hPA-17%hP4VP, the degree of sorption of neodymium ions is 85.3%.
The results of pilot tests showed that the sorption of cerium and neodymium ions by the intergel system hPAK-hP4VP is almost 30% more efficient than the individual components. It should be especially noted the following advantage of using an intergel system - the ability to "control" the selectivity of a given polymer system by changing the molar ratio of components. The developed sample of the sorption unit seems to be promising for the selective extraction of cerium and neodymium ions from real industrial hydrometallurgical solutions.

Head of LMRA
LLP "Institute of High Technologies" 						Saidullaeva S.А.

Chief Researcher
JSC "Institute of Chemical Sciences
after A.B. Bekturov"								Jumadilov T.K.
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W3 pe3ynpTaroB J1abOpaTOpPHBIX HCIBITAHMI, BHIHO, YTO WHTEpreseBast
cuctema rITJAK-rTI4BII npu onpeneneHHbIX MOIBHBIX COOTHOIIEHUAX THAPOTreNeH
TIPOSIBIISET CENIEKTUBHOCT K MOHAM HEOAMMA, PeHHs M cKaHaus. PaspaboTaHHbIi
copbeHT 00J1aaeT TOCTATOUHO BEICOKOH CTETIEHBIO U3BJICUEHHS TaHHBIX METAILIOB,
KOHCTPYKI[HSI YCTaHOBKH II03BOJISIET ONEPATUBHO MEHSTH MOJIBHBIE COOTHOUIEHUS
runporeneit. HecMOTps Ha yHHBepCalbHOCTb, HEIOCTaTKOM pa3paboTaHHOro
copbeHTa  sBIsieTCss  INIOMYTHOE  W3BIEYEHHE B MaJblX  KOJNMYECTBAX
NPHCYTCTBYIOIIMX B pacTBOpe MeTamwnoB. Paspaborannsle ctpykTypsl IIMO
moKkazanu 6oJiee BEICOKYIO CTeIeHb U3BJIeUeHNs HIOHOB HEOJMMa, PeHHs U CKaHAN,
TaKKe MPEUMYILECTBOM MOYKHO CYHTATh, YTO IOy THbIE METaJlIbl HE U3BJIEKAIOTCS.
OnHako, TIaBHBEIM HENOCTaTKOM Kaxzaoro paspaborannoro ITMO sBnsercs
HaNpaBJIeHHOCTh Ha CeJICKTUBHOE U3BJIEYEHHE TOJIBKO OJHOTO MeTala.

PexomenmyeTcs anpobarus pa3paboTaHHON yCTaHOBKH M COPOSHTOB B KUCIIOH
cpeme (ycioBus TpPHONMKEHHBIE K IPOMBIIUICHHBIM) JUIl YCTaHOBIICHUS
9QPEeKTHBHOCTH pa3paboTOK Uil TNPUMEHEHHS B -IIPOMBIIIIEHHOCTH IS
CEJIEKTUBHOTO W3BJICYEHHs IIeJIEeBbIX HOHOB PEeIKO3EMENBHBIX U PEIKUX MeTajloB
U3 MPOLYKTOBBIX THAPOMETAITy PrTUUECKUX PACTBOPOB.
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W3 pe3ynbTaToB IONYNPOMBIIUIEHHBIX UCIBITAHHHN BHHO, YTO HHTEpreneBas
cuctema rITAK-rTT14BII mpu onpeneneHHbIX MOJIBHBIX COOTHOLIEHHSAX THAPOTeei
HPOSABJIAET CENIEKTUBHOCTh K MOHAM HEOAUMa, PeHUS M cKaHIus. PaspaboraHHBII
copOeHT 06J1a/1aeT JOCTATOYHO BEICOKOH CTETIEHBIO H3BIIEUEHMUS JaHHBIX METALIOB,
KOHCTPYKIHs yCTaHOBKH I103BOJISIET ONEPATUBHO MEHSITh MOJIbHBIE COOTHOLIEHHUS
rupporenel. HepocraTkoM pa3pabGoTaHHOro copOeHTa SIBISETCS IOIyTHOE
U3BJI€YEHHE B MAaJlbIX KOJMYECTBAX IIPUCYTCTBYIOLIMX B PacTBOPE METAJIOB.
HesnauntenpHoe cHmxeHHe (10 5%) CTeleHH W3BJICYEHHMS B CPABHEHHH C
1abOPATOPHEIMH HCTIBITAHHAMH HAIPSIMYIO CBS3aHO C TEM, YTO PeaKLMOHHAs cpea
ABJIAETCA KHCJIOH. 3aTpyAHsAETCS MOHU3ALUs IIOJUMEPHBIX THApOTesel, 9acThb
3BEHbEB IOJIMMEPHOM LIeNH IOBepraeTcsl He3HAUUTEIBHON IeTpaiallii.

Crpyxtypsl [IMO mnokasanu Gojiee BBICOKYIO CTENEHb H3BJIEUEHHS HOHOB
HEONMMa, PEeHMs M CKaHIWA, Takke MPeUMYIIeCTBAMH MOXHO CUYMTATh TO, YTO
NOTTyTHBIE METAJUIbl HE H3BIEKAIOTCS BOOOIIe, 6ojee BBICOKAs MPOYHOCTH IIO
CPABHEHHIO C NOJUMEPHBIMU THIAPOTEISIMH. ==t

PaspaGoTanHass ycTaHOBKAa M COpPOEHTHI SBISIIOTCS MEPCHEKTUBHBIMU JUII
CENIEKTUBHOH COPOIMM HMOHOB HEOOMMa, PEHHMsI, CKAHIUSA W3 MPOMyKTOBBIX
THIPOMETaITy pTHYECKAX PACTBOPOB.
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AKT
O IIPOBEAEHUU OIIBITHO-TIPOMBIINIIEHHBIX WUCTIBITAHUN HHTCpI‘eHeBOﬁ CHUCTEMBEI,
cOCTOsIIIIeN U3 PEAKOCHIUTBIX FHHpOFGHeﬁ HOHHaKpHHOBOfI KHUCIIOTHI ¥ TTOJIH-4-
BUHUIIIIAPUIWHA B KQUECTBE cop6eHTa HOHOB LIEpHA U HEOAUMA

B mepuox ¢ 01.09.2020-11.09.2020 rr. B JlabopaTopuu HCCIeIOBaHHS U
anann3a MatepuanoB TOO «HCTUTYT BBICOKMX TEXHOJIOIHMI» OBUIM NPOBEIEHBI
CpaBHHUTENbHbIE UCTIBITAHMS COPOSHTOB: PEIKOCIINTEIX IONUMEPHEIX THApPOreNel
nonrakpuiaoBoit kucaotsl (TITAK) u monu-4-sunmnmupunusa (rI14BIT), a Takxe
VWHTEprelieBOf CHUCTeMBl Ha OCHOBE JaHHBIX MakpoMoseKyid. McmeiTyemslit
copbeHT pa3paboTaH TIJaBHBIM HaydHbIM coTpynHukoM AO  «MHetHTyT
xuMudeckux Hayk uM. A.B. BektypoBa» 1.X.H., mpodeccopoM J[KyMaauioBbIM
Tanxsi6exom KosxaraeBuuem.

OMNBITHO-TIPOMBIIIIIEHHBIE HCIBITAHUS JTAHHBIX IIOJMMEPHBIX THAporenei
(ITAK wu II4BII) u wuHtepreneBoii cuctemsl rIIAK-rII4BI1 mpoBoamnuchk
CIIeIFOLMM 00pa3oM: SKBUMOJIBHOE pacdeTHOE KOJIMYECTBO KaXJI0ro T0JIUMepa B
CYyXOM BHJE IIOMEINAIOCh B CIeLHUaJbHble KapTpUIKH. lIpenBapuTesbHO Bce
makpomoiekynel (mHTepreneBast cucrtema TIIAK-rII4BIl m wuHOuBHIyadbHEIE
rugporenu [TAK u IT4BII) Obuid moAgBeprHYTH HaOyXaHMIO W aKTUBaUUH. B
JMaTbHENIIeM KapTpUIKKU 3arpy’KalluCh B COPOLMOHHYIO YCTaHOBKY, B KOTOPYIO
MofaBalkch  pactBopsl  6-BomHoro  Hutpata Hepus  (Ce(NO;);*6H,0,
KoHueHTpauuss 1m0 womaM Ce’*=100 Mr/m) u 6-BOJHOTO HHTpaTa HeOAUMA
(NdA(NO»);*6H,0, xoHIeHTpaIus 110 HOHaM Nd**=100 mr/x). PacTBOp COMH MMeeT
pH=3,5, dro  COOTBETCTByeT  pEaIbHBIM  IPOXYKTHBHEIM  PacTBOpaM
ruapomertanyprui. CopOLHs HOHOB LepHs W HeoJuMa WHIWBHUIYalIbHBIMU
nonumMepueiMu tuaporensiMu [TAK u T14BII, a Taxke umHTepreneBoil cucremoit
1TTIAK-1TI4BIT uposopuitacs s reyeHue 48 u.

MakcuManbHBle 3HaYeHHs] CTEICHH HM3BIEUeHUS HOHOB Iepus U HeoquMma
HabmromaroTcss mpu 48 wacax B3aMMOJEWCTBUS BBINICYKa3aHHBIX ITOJUMEPHBIX
CTPYKTYp € CONeBBIMH pacTBOpamd. COpOLIUS HOHOB IepUs UHIWBUIYaIbHBIMU
nonmumepHbiME Tuzporensavu [TAK u I14BI1 B runpomMeTaurypruieckoM pacTBope
MPOUCXOIMUT HEJOCTATOYHO WHTEHCHBHO, dYepe3 2 CyTOK 3HAueHMs CTeleHH
u3BneueHus: paBHel 58,6% u 51,3% coorBerctBenHo i ITAK um II4BIL
MakcumanabHOe HW3BJIEYEHWE WOHOB IIEpUsl W3 pacTBOpa HaOIIomaeTcss Mpu
MoJIbHOM cooTHomeHuu ruaporeneit 17%rIIAK-83%rII4BII, npu 3ToM creneHb
u3BiedeHus coctaBisier §6,4%. V3BneueHre HOHOB HEOaMMa HHIUBUAYalIbHBIMHU
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ruzporensvu TTAK i T14BIT B poAyKTOBOM pacTBope He J0CTHIAET J0CTATONHO
BBICOKHX 3Ha4YeHHIl, CTereHb copdunu coctasnset 56,5% s rTTAK u 50,3% s
rTI4BIT. Wuteprenesas cuctema rITAK-rl14BIT Makcnmansho copGHpyer HOHBI
HEOMMa TNpPH COOTHOWCHAM HCXOAHBIX THaporeneii 83%rlIAK-17%rl14BI1,
cTenerb copoLHU HOHOB HeoaHMa 85,3%.

Pe3y/IbTaThl OMBITHO-MPOMBIIILIGHHEIX HCTIBITaHMI TOKA3ATH, HTO COPOLIS
HOHOB LIepHA 1 HeOAHMA HHTepre:esoii cHeremofi ITIAK-rTI4BIT aextusiee
noutH Ha 30% N0 CPABHEHMIO C MHAMBHAYRILHBIMH KOMIOHEHTamMH. OC0G0
CleAyeT OTMETHT ClEAyIOWee PEHMYLIECTBO PHMEHeHHS HHTepreleBoii
CHCTEMBI — BO3MOKHOCTD «yTIPABICHHS» CE/ICKTHBHOCTHIO JAHHOM MOAMMEPHO
CHCTEMBI  NYTEM  W3MEHEHHS  MOJIBHOTO  COOTHOLICHHA  KOMIIOHEHTOB.
PaspaGorannbii  0Opasel  COPOUMOHHOH  YCTAHOBKH  NPCCTABIACTCH
TIePCTICKTHBHBIM JUTA CEICKTHBHOTO HM3BICUCHHS HOHOB LEPHA H HEOANMA U3
PeatbHbiX POMBILLICHHBIX FHAPOMETALTYPrHYECKHX PACTBOPOB.
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