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РЕФЕРАТ

Есеп 80 бет, 1 кітап, 5 сурет, 27 кест., 63 дерек., 9 қос.
ПОЛИМЕРЛІК ГИДРОГЕЛДЕР, ИНТЕРГЕЛДІ ЖҮЙЕЛЕР, СОРБЦИЯ, ДЕСОРБЦИЯ, ЛАНТАН, ЦЕРИЙ, НЕОДИМ, САМАРИЙ ИОНДАРЫ, ОРНАТУ
Зерттеу нысаны: полиакрилқышқылының (ПАҚ), полиметакрилқышқылының (ПМАҚ), поли-4-винилпиридиннің (П4ВП), поли-2-метил-5-винилпиридиннің (П2М5ВП) жекелеген гидрогелдері және ПАҚг-П4ВПг; ПМАҚг-П4ВПг; ПАҚг-П2М5ВПг; ПМАҚг-П2М5ВПг интергелді жүйелері. 
Жұмыстың мақсаты: Гидрометаллургияның өндірістік ерітінділерінен сирек жер металдарының (мысалы, лантан, церий, неодим, самарий) иондарын топтап шығару технологиясын құру. 
Зерттеу әдістері: колориметрия; атомды-эмиссионды спектроскопия
Алынған нәтижелер және өзектілігі: Жаңа электрохимиялық, конформациялық және сорбциялық қасиеттерге ие полиқышқыл және полинегізді гидрогелдер синтезделді.   ПАҚг, ПМАҚг, П4ВПг, П2М5ВПг жекелеген гидрогелдердің сорбциялық қасиеттеріне (шығару дәрежесі, полимерлік тізбектердің байланысу дәрежесі, тиімді динамикалық алмасу қабілеті ) зерттеу жүргізілді. 
ПАҚг-П4ВПг; ПМАҚг-П4ВПг; ПАҚг-П2М5ВПг; ПМАҚг-П2М5ВПг интергелді жүйелері құрылды. Осы жүйелердің сорбциялық қасиеттері зерттелді. Қашықтан әрекеттесу барысында гидрогелдердің өзара активтенуі олардың бастапқы сорбциялық қасиеттерінің анағұрлым өсуіне (30%-ға дейін) әсер ететіні анықталды.
Полимерлік гидрогелдер матрицасынан сирек жер металдарының иондарын (мысалы, лантан) этил спиртімен және азот қышқылымен десорбциялау процесі зерттелді. Азот қышқылымен десорбция жүргізу анағұрлым тиімді екені анықталды, себебі ол барлық металды десорбциялауға мүмкіндік береді (96%-ға дейін).
La, Ce, Nd, Sm иондарын іріктеп шығару үшін қондырғы үлгісі дайындалды. Бұл үлгі  интергелді жұптардағы сорбенттердің мольдік қатынастарын өзгерту үшін картридждерді тез алып тастауға мүмкіндік беретін құрылымының қарапайымдылығымен ерекшеленеді. Бұл үлгі оргшыныдан жасалған, агрессивті ортаға төзімді, жоғарыда аталған сирек жер металдарының иондары бар ерітіндімен әрекеттеспейді.
Модельдік және өнеркәсіптік ерітінділерден La, Ce, Nd, Sm иондарын сұрыптап шығару үшін әзірленген сорбенттерге және қондырғы үлгісіне зертханалық, жартылай өнеркәсіптік және тәжірибелік-өнеркәсіптік сынақтар жүргізілді.


[bookmark: _Hlk54271411]ABSTRACT

Report 80 p., 1 book., 5 fig., 27 tabl., 63 ref., 9 app.
POLYMER HYDROGELS, INTERGEL SYSTEMS, SORPTION, DESORPTION, IONS OF LANTHANUM, CERIUM, NEODYMIUM, SAMARIUM, UNIT
Research objects: individual hydrogels of polyacrylic acid (PAA), polymethacrylic acid (PMAA), poly-4-vinylpyridine (P4VP), poly-2-methyl-5-vinylpyridine (P2M5VP) and intergel systems hPAA-hP4VP; hPMAA-hP4VP; hPAA-hP2M5VP; hPMAA-hP2M5VP.
Aim of the work: Creation of technology for group extraction of rare-earth metal ions (on example of lanthanum, cerium, neodymium, samarium) from industrial solutions of hydrometallurgy.
Research methods: colorimetry; atomic emission spectroscopy.
Results and novelty: Polyacids and polybases hydrogels with new electrochemical, conformational and sorption properties were synthesized. Studies for study the sorption properties (extraction degree, polymer chain binding degree, effective dynamic exchange capacity) of individual hydrogels PAA, PMAA, P4VP, P2M5VP were carried out.
Intergel systems hPAA-hP4VP; hPMAA-hP4VP; hPAA-hP2M5VP; hPMAA-hP2M5VP were created. The sorption properties of these systems have been studied. It was found that the mutual activation of hydrogels during their remote interaction leads to a significant increase (up to 30%) of the initial sorption properties.
The process of desorption of ions of rare-earth elements (on the example of lanthanum) from the matrix of polymer hydrogels by ethyl alcohol and nitric acid has been studied. It was found that desorption with nitric acid is more promising because it allows desorption of almost all metal (up to 96%).
A sample unit for the selective extraction of La, Ce, Nd, Sm ions was developed. This sample is distinguished by its simplicity of design, 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 environments, does not react with a solution containing the above ions of rare-earth metals.
Laboratory, semi-industrial and pilot-industrial tests of the developed sorbents and the developed sample of the installation for the selective extraction of La, Ce, Nd, Sm ions from model and industrial solutions were carried out.


CONTENT

	INTRODUCTION.…………………………………………………………............................
	8

	MAIN PART OF REPORT ON SRW……………………………………………………...
	10

	1 Synthesis of hydrogels of acidic and basic nature with the required properties…….……...
	10

	  1.1 Preparation of monomers and polymers for synthesis of hydrogels.……………………
	10

	  1.2 Synthesis of hydrogels, purification, drying, dispersion, determination of initial properties………………………………………………………………………………...
	12

	  1.3 Study of the hydrogels sorption properties in relation to rare-earth metals ions…...…...
	13

	2 Development of methods for group separation and extraction of rare-earth metals ions…..
	15

	  2.1 Determination of the range of rare-earth metals, simultaneously extracted with selected elements………………………………………………………………………………….
	15

	  2.2 Study of sorption capacity of industrial ion exchangers after their mutual activation in relation to ions of rare earth metals……………………………………………………...
	15

	  2.3 Creation of intergel systems based on the obtained rare-crosslinked hydrogels of acidic and basic nature for group extraction of rare-earth metals ions…………………………
	17

	  2.4 Study of sorption capacity of the developed intergel systems in relation to target ions of rare-earth elements……………………………………………………………………
	18

	  2.5 Determination of optimal conditions for group extraction of target ions of rare-earth metals by intergel systems……………………………………………………………….
	22

	3 Development of methods for selective desorption of rare-earth metal ions from a matrix of polymer hydrogels………………………………………………………………………..
	24

	  3.1 Study of various desorbents for selective desorption of target rare-earth metal ions from a hydrogel matrix…………………………………………………………………..
	24

	4 Development of structure units and elements of a laboratory unit and technological scheme for group extraction and desorption of target ions of rare-earth metals. Carrying out laboratory and pilot-industrial tests for the group extraction of target ions of rare-earth metals………………………………………………………………………………………..
	26

	  4.1 Development of technical requirements for structure units and elements of units, intended for group extraction of rare-earth metals ions………………………………….
	26

	  4.2 Development of laboratory unit sample for hydrogels mutual activation, group extraction and desorption of rare-earth metals target ions, regeneration of initial hydrogels…………………………………………………………………………………
	
26

	  4.3 Development of technological scheme for group extraction and desorption of target ions of rare-earth metals…………………………………………………………………
	30

	  4.4 Carrying out laboratory and pilot-industrial tests on group extraction and desorption of target ions of rare-earth metals using the developed unit………………………………..
	31

	    4.4.1 Laboratory tests of intergel system hPAA-hP4VP………………….……………......
	31

	    4.4.2 Semi-industrial tests of intergel system hPAA-hP4VP……………………...……….
	33

	    4.4.3 Pilot-industrial tests of intergel system hPAA-hP4VP……………………………….
	36

	CONCLUSION.........................................................................................................................
	37

	REFERENCES………………………………………………………………………………..
	40

	APPENDIX A Technical specification and calendar plan of works………………………….
	46

	APPENDIX B List of publications……..…………………………………………………….
	54

	APPENDIX C Scheme of synthesis of polyacrylic and polymethacrylic acid hydrogels……
	59

	APPENDIX D Scheme of synthesis of poly-4-vinylpyridine and poly-2-methyl-5-vinylpyridine hydrogels………………………………………………………
	60

	APPENDIX E Post-synthesis polymer gel purification process………...................................
	61

	APPENDIX F Experimental part……………...……………………………………………...
	62

	APPENDIX G Act of carrying out of laboratory tests…..…………..………………………..
	65

	APPENDIX H Act of carrying out of semi-industrial tests………………..............................
	71

	APPENDIX J Act of carrying out of pilot-industrial tests……………………………………
	77





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, %

	θ
	– polymer chain binding degree, %

	Q
	– effective dynamic exchange capacity, mol/g

	ECH
	– epichlorohydrin

	MBAA
	– methylene bis-acrylamide

	DMFA
	– dimethylformamide

	DVB
	– divinylbenzene

	REM
	– rare-earth metals

	hPAA
	– polyacrylic acid hydrogel

	hPMAA
	– polymethacrylic acid hydrogel

	hP4VP
	– poly-4-vinylpyridine hydrogel

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




[bookmark: _Hlk52953634][bookmark: _Hlk52953664][bookmark: _Hlk52981875][bookmark: _Hlk53405209]INTRODUCTION

In recent years, the demand for rare-earth metals (REM) has increased dramatically throughout the world. This is primarily due to their constantly increasing role in the leading industries, on which the economic and defense security of any state depends. In particular, as foreign experience shows, the use of high-quality low-alloy niobium and rare-earth steels gives the greatest effect in transport engineering, gas and oil production industries and related pipeline systems, in the construction of large engineering structures, nuclear power facilities and other important industries. Each ton of niobium introduced into low-carbon steels for transport engineering and construction products will save 200-300 tons of steel and reduce the weight of the structure by 30-40%. In this case, the service life of the corresponding products is increased by 1.5-2 times. The main consumption of rare-earth products is associated with their use in the defense, aerospace and nuclear industries.
The Republic of Kazakhstan is one of the largest regions in the world with significant reserves and possible prospects for expanding the mineral resource base of rare earth metals. In the republic, rare-earth metals are produced at specialized enterprises, and rare-earth metals are also produced as by-products at non-ferrous metallurgy enterprises.
However, today the situation with the production of rare-earth metals and their compounds in Kazakhstan is characterized as unstable, far from corresponding to its potential. At many factories, the production of these metals was reduced, and at some enterprises even stopped.
Meanwhile, taking into account the current and future requirements of the development of science and technology in the world, the demand for rare-earth products is increasing daily, and the production of pure rare earth metals and their compounds is highly profitable. Developed countries, which possess high technologies for refining metals of technical purity, obtain from them products for electronic, radio engineering, electrical engineering and other science-intensive industries used in space aviation, instrument-making technology.
This means that for the Republic of Kazakhstan one of the priority areas can be called mining, selection, production of pure rare-earth metals and their compounds, with the further development of semiconductor, electronic, instrument-making and other advanced branches of science and technology. Moreover, almost all developed or explored reserves of mineral ores in Kazakhstan include rare-earth metals.
At present, there are no fundamentally new ideas designed to create new technologies for the selective separation and extraction of metal ions from industrial solutions. Existing developments in the concentration and extraction of metal ions mainly involve the use of ion exchange resins. In particular, in Kazakhstan for the sorption and concentration of gold ions (cyanide complexes), rare earth elements (nitrates, chlorides) from industrial (food) solutions, mainly French-made ion-exchange resins are used. However, ion exchangers do not have a high degree of metal extraction 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 the product solution.
The innovativeness of the conducted research lies in the fact that for the first time in world practice for the selective/sequential separation and sorption of ions of rare-earth elements and associated metals, it is proposed to create intergel systems with higher sorption properties (in comparison with existing analogues) and selectivity in relation to these ions and the possibility of restructuring the conformation to other metal ions.
The appearance of selectivity in functional polymers is due to the affinity of heteroatom for metal ions and the flexibility of polymer chain, which allows several ligands to simultaneously interact with complexing agent [1, 2]. Heteroatoms in flexible chains can form spirals or helix-like structures. Chains with bulky side substituents are especially prone to such conformational transformations. When the pore sizes of the helices or similar structures correspond to the size of the ion, the maximum binding of the metal ion with the polymer is observed. The hydration shell of metal ions is completely or partially replaced by heteroatoms of hydrogel units [3-9]. Most hydrogels are polyelectrolytes [10]. Conformational behavior of polyelectrolytes is greatly influenced by degree of ionization of macromolecular globes [11-14].
The results of the previous stages of research are fully reflected in the intermediate reports for 2018 y. (Inv. No. 0218RK00688) and 2019 y. (Inv. No. 0219RK00592).


MAIN PART OF REPORT ON SRW

1 Synthesis of hydrogels of acidic and basic nature with the required properties
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 type of hydrogel allows obtaining of systems with different properties. The mechanisms of gel formation are different; hydrogels are formed as a result of physical and chemical gelation [15, 16].
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 mechanical properties of hydrogels depend on the polymerization conditions during network formation. Thus, a large amount of solvent during polymerization can lead to greater cyclization in the forming gel network; changes in pH, temperature or light intensity during the gelation reaction also significantly affect the properties of hydrogels. In turn, the mechanical properties of the hydrogel determine the nature of its swelling. The ability of the gel to absorb water (swell) affects the transport and diffusion of substances inside the hydrogel, which determines its functional characteristics during operation. The destruction of hydrogels occurs as a result of various processes: in the presence of an enzyme that cuts the main chain of the hydrogel; as a result of hydrolytic decomposition (in the presence of water) [17-18].
The method of obtaining lightly crosslinked polymer hydrogels of polyacrylic and polymethacrylic acids (hPAA and hPMAA, respectively) is shown in Appendix C.
The method of obtaining lightly crosslinked polymer hydrogels of poly-4-vinylpyridine and poly-2-methyl-5-vinylpyridine (hP4VP and hP2M5VP, respectively) is shown in Appendix D.

1.1 Preparation of monomers and polymers for synthesis of hydrogels
In the preparation of polymer hydrogels by the polymerization method, 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.
It is also known that most monomers remain unchanged only for a short time (from several hours to several days) even in a nitrogen atmosphere, in the dark and at low temperatures. For longer storage, the monomer must be stabilized.
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. For good cleaning, maximum cleanliness of all devices is required (treatment with hot nitric acid or a chromium mixture and repeated thorough rinsing with distilled water).
There are the following purification methods: fractional, azeotropic, or extractive distillation in an inert gas, crystallization, sublimation, and column chromatography. For liquid and water-insoluble monomers (for example, stimmolecular sieves to remove water or carbon dioxide. For particularly thorough purification of monomers, prepolymerization is used: the already purified monomer is polymerized by heating, irradiation or the addition of initiators to about 10-20% conversion. The monomer is separated from the polymer by fractional distillation in a nitrogen atmosphere, thus removing impurities that affect the onset of polymerization (for example, reaction with an initiator or its decomposition products) and impurities that react with growing macromolecules (termination, chain transfer).
The preparation of acrylic and methacrylic acid monomers consisted of vacuum distillation of the available monomers. At temperatures of 77°C and 103°C, respectively. The distillation of polyacid monomers was carried out as follows: a certain amount of monomer was placed in a round-bottom flask (no more than 2/3 of the flask volume). A reflux condenser with a packing made of pieces of glass spiral was chosen, which is one of the best reflux condensers in terms of separating ability. Then the condensed monomer enters the receiving flask through an allonge, which is connected to a vacuum pump through a side outlet. On the side outlet in front of the pump there is a trap for impurities. After the end of the distillation, the device was cooled, and only then the vacuum was turned off. In this case, air was first let into the device and only then the pump was turned off.
Distillation conditions:
1) Temperature: for polyacrylic acid T = 77°C; for polymethacrylic acid T = 103оС.
2) Distillation speed: 1 drop every 2-3 seconds.


1.2 Synthesis of hydrogels, purification, drying, dispersion, determination of initial properties
To obtain PAA and PMAA hydrogels, a synthesis method was chosen based on the preparation of lightly crosslinked polymer hydrogels in the medium of a crosslinking agent N,N-methylene-bis-acrylamide (MBAA); oxidation-reduction system K2S2O8–Na2S2O3 was used as a polymerization initiator. The polymerization process was carried out as follows: 10 ml of monomer was added to a 100 ml volumetric flask, then 40 ml of water was added, then a crosslinking agent dissolved in water when heated was added to the solution, and then 1 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 60-65оС for 1 hour. The rare distribution of crosslinks along the chain was ensured by the low concentration of the crosslinking agent in the monomer mixture. The degree of swelling of the synthesized hydrogels is: α(hPAA) = 38.41 g/g; α(hPMAA) = 26.79 g/g.
Preparation of P4VP and P2M5VP hydrogels was carried out according to the procedure for the synthesis of lightly crosslinked P4VP hydrogels, which is based on the crosslinking of linear polymers P4VP and P2M5VP using the crosslinking agent epichlorohydrin (ECH) in dimethylformamide (DMFA). The synthesis of hydrogels P4VP and P2M5VP was carried out as follows: a weighed portion of a linear polymer of 4 g is poured with 15 ml of DMFA until the polymer sample is completely dissolved in the solvent. This process includes the stage of polymer swelling. After that, 2 ml of ECH are added dropwise to the solution with stirring at 65°C. The degree of swelling of the synthesized hydrogels is: α(hP4VP) = 3.42 g/g; α(hP2M5VP) = 3.07 g/g.
The synthesized hydrogels PAA, PMAA, P4VP, P2M5VP were purified from unreacted products and soluble polymer fractions by prolonged washing in water for 14 days under stationary conditions with two to three daily water changes. A schematic of the process of washing the synthesized hydrogels with water is presented in Appendix E. The synthesized hydrogel is washed in washing columns. The water is changed 2-3 times a day. After 14 days, the hydrogel was placed on drying. After these procedures, the hydrogel is ready for experiments. The control of the degree of purification of hydrogels 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 the polymer hydrogel from unreacted products is over. Then the obtained hydrogel samples were subjected to dispersion by grinding in a mortar.



1.3 Study of the hydrogels sorption properties in relation to rare-earth metals ions
As is known, electrochemical equilibrium exists in salt solutions. Any interference with the solution leads to a change in this balance. 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 REM ions by adding it to the oppositely charged carboxylate anion. Polybases undergo ionization of heteroatoms (nitrogen atoms), leading to a change in their conformation.
Comparative analysis of the degrees of sorption of La, Ce, Nd, Sm ions by hydrogels PAA, PMAA, P4VP, P2M5VP is presented in Table 1. The tables show the values of the degrees of extraction at 48 hours of interaction with salt solutions. The results obtained indicate that the individual hydrogels PAA, PMAA, P4VP, P2M5VP at the considered concentrations do not exhibit a high degree of recovery to rare-earth metals. The degree of extraction of these REM ions by polymeric hydrogels PAA, PMAA, P4VP, P2M5VP does not exceed 70%.

Table 1 – Extraction degree of La, Ce, Nd, Sm by hydrogels of PAA, PMAA, P4VP, P2M5VP

	[bookmark: _Hlk52974745]Sorption
parameter
	PAA
	PMAA
	P4VP
	P2M5VP

	η(La), %
	67.71
	66.28
	66.05
	63.65

	η(Ce), %
	63.33
	60.33
	56.67
	50.09

	η(Nd), %
	61.60
	57.91
	54.67
	48.63

	η(Sm), %
	66.29
	64.79
	62.90
	57.60



Table 2 presents values of polymer chain binding degree (in relation to ions of La, Ce, Nd, Sm) of the PAA, PMAA, P4VP, P2M5VP hydrogels at 48 hours of interaction. The degree of binding of the polymer chain of PAA, PMAA, P4VP, P2M5VP hydrogels does not exceed 60%. Based on this, it can be concluded that less than 60% of the units of lightly crosslinked polymer hydrogels are involved in the sorption of lanthanum, cerium, neodymium, and samarium ions. This phenomenon indicates an insufficiently high degree of ionization of these macromolecules in the process of interaction with low-molecular-weight salts of the above-mentioned REM.





Table 2 – Polymer chain binding degree (in relation to La, Ce, Nd, Sm ions) of the PAA, PMAA, P4VP, P2M5VP hydrogels

	[bookmark: _Hlk54171411]Sorption
parameter
	PAA
	PMAA
	P4VP
	P2M5VP

	[bookmark: _Hlk54171853]θ(La), %
	56.50
	55.17
	55.00
	53.12

	θ(Ce), %
	52.53
	50.05
	47.00
	41.47

	θ(Nd), %
	50.15
	47.30
	45.66
	38.82

	θ(Sm), %
	53.50
	52.90
	52.10
	48.40



The values of the effective dynamic exchange capacity (with respect to La, Ce, Nd, Sm ions) of PAA, PMAA, P4VP, P2M5VP hydrogels during the sorption of ions of these REM ions are shown in Table 3. Based on the values of this parameter, it will be possible to judge how many moles of low molecular weight the metal ion is sorbed by a polymer hydrogel of an acidic or basic nature.

Table 3 – Effective dynamic exchange capacity in relation to La, Ce, Nd, Sm ions) of the PAA, PMAA, P4VP, P2M5VP hydrogels

	Sorption
parameter
	PAA
	PMAA
	P4VP
	P2M5VP

	Q(La), mmol/g
	5.08
	4.97
	4.95
	4.77

	Q(Ce), mmol/g
	4.22
	4.02
	3.78
	3.33

	Q(Nd), mmol/g
	4.13
	3.86
	3.67
	3.07

	Q(Sm), mmol/g
	4.56
	4.41
	4.30
	4.17



As can be seen from the data obtained, the values of the effective dynamic exchange capacity (in relation to lanthanum, cerium, neodymium, samarium ions) of PAA, PMAA, P4VP, P2M5VP hydrogels do not exceed 5.1 mmol/g.
Insufficiently high values of the degree of sorption, the degree of binding of the polymer chain, and the effective dynamic exchange capacity are associated with a low degree of ionization of individual macromolecules. As is known, all the considered REM ions differ from each other in atomic radius, charge density, and polarizability, which can have a significant effect on different values of the degree of extraction, the degree of binding of the polymer chain, and the effective dynamic exchange capacity.

2 Development of methods for group separation and extraction of rare-earth metals ions

2.1 Determination of the range of rare-earth metals, simultaneously extracted with selected elements
It is known that according to the arrangement in the periodic table of elements D.I. Mendeleev (hereinafter - Table) elements can exhibit similar properties. One of the key factors in the similarity of properties is the ionic radius. With a constant ion charge, with an increase in the serial number in the Table (and, consequently, the nuclear charge), the ionic radius decreases. The following elements were selected for group extraction: lanthanum, cerium, neodymium, samarium. The ionic radius for the selected lanthanides has the following values (at a charge of +3, coordination number 6): for lanthanum - 1.032; for cerium - 1.010; for neodymium - 0.983; for samarium - 0.958. From the Table it can be seen that the following elements have similar ionic radii: to lanthanum and cerium - praseodymium (0.990); to neodymium - praseodymium and promethium (0.990 and 0.970, respectively); to samarium - promethium and europium (0.990 and 0.947, respectively). As can be seen from the analyzed data, praseodymium, promethium and europium have similar properties with the selected rare earth metals, respectively, during the sorption of lanthanum, cerium, neodymium and samarium, praseodymium, promethium, and europium will also be extracted.

2.2 Study of sorption capacity of industrial ion exchangers after their mutual activation in relation to ions of rare earth metals
Ion-exchange resins (IER) are used in hydrometallurgy for: selective extraction of metal from a lean solution and obtaining a more concentrated solution of the extracted metal; separation of elements with similar properties; obtaining high-purity and softened water; purification from impurities of various industrial solutions and wastewater treatment; oxidation of ions in solutions with simultaneous sorption, for the reduction of metals with their sorption from dilute solutions and in other cases. IERs are solid polymers, insoluble, with limited swelling in electrolyte solutions and organic solvents. They are capable of ion exchange in aqueous and aqueous-organic solutions [19-29].
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 [30–34].
It should be noted that ion-exchange resins are capable of swelling in water, which is due to the presence of hydrophilic fixed groups capable of hydration. In general, the degree of swelling of ion exchangers is determined by the amount of crosslinking of divinylbenzene (DVB), the concentration of hydrophilic ionogenic groups in the volume of the ion exchanger grain, and by the counterions 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 decrease in the volume of grains [35-37].
Anion and cation resins are the two most common types of resins used in ion exchange processes. While anionic resins attract negatively charged ions, cationites attract positively charged ions [43-57].
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, while renewing the resin's ion exchange capacity.
Ion-exchange processes are used for 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 [58–63]. There are two series of rare-earth metals: lanthanides and actinides. The metals in each row have similar physical and chemical properties. For many years, ion-exchange has been practically the only way to separate large quantities of rare earth metal ions.
A very important case is the PUREX 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. 
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 uranium is then passed through the resin. Resin granules extract uranium from solution by ion-exchange.
The main differences between hydrogels and ion-exchange resins:
1) Physical and mechanical properties;
2) Swelling;
3) Conformational transformations in the polymer structure.
The following ion-exchange resins were chosen as industrial ion-exchangers to study the sorption capacity: Ambersep-920U, KU-2-8, AB-17-8. It has been established that the degree of sorption of lanthanum, cerium, neodymium and samarium ions by these ion-exchangers does not exceed 65%. Intergel systems were created: hPAA:Ambersep-920U, KU-2-8:hP4VP, AB-17-8:hP4VP. After mutual activation of intergel pairs for 48 hours, their sorption properties were studied. It was found that there is an increase in sorption properties (by 10-15% compared to the initial ion exchangers) in intergel pairs of 67% hPAA-33% Ambersep-920U, 83%KU-2-8:17%hP4VP, 50%AB-17-8:50%hP4VP. The ionization process is complicated by tight cross-linking in the structure of ion-exchange resins.

[bookmark: _Hlk52954165][bookmark: _Hlk52955973]2.3 Creation of intergel systems based on the obtained rare-crosslinked hydrogels of acidic and basic nature for group extraction of rare-earth metals ions
The main feature of intergel systems is the absence of direct contact between polymer hydrogels in solution – there is a remote interaction of hydrogels. The intergel system is schematically shown in Figure 1. Remote interaction is achieved by using a special membrane that does not allow the passage of hydrogel dispersions.
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1 – polyacid, 2 – polybasis, 3 – membrane, 4 – solution

Figure 1 – Scheme of intergel system

During the remote interaction of hydrogels, the following chemical reactions occur:
1) Dissociation – COOH-groups of inter-node links. It should be taken into account that first ionization occurs with the formation of ion pairs, then the ion pairs are partially dissociated into separate ions.
2) Nitrogen atom in the pyridine ring is ionized and partially dissociated.
3) Further, nitrogen atom also interacts with the proton cleaved from carboxyl group.
4) Н+ and ОН– ions resulting from interaction of functional groups with water molecules form water molecules (valid for equimolar concentrations of protons and hydroxyl ions).
These interactions lead to formation of uncompensated, similarly charged functional groups on inter-node links of both hydrogels (acidic and basic), which, in turn, repel each other according to laws of electrostatics and lead to unfolding of macromolecular globe. The end result of these electrostatic interactions is significant increase in swelling of polymer macromolecules.

2.4 Study of sorption capacity of the developed intergel systems in relation to target ions of rare-earth elements
To study the sorption capacity of intergel systems, the following rare-earth metals were selected: La, Ce, Nd, Sm. Since La and Ce are next to each other in the Periodic Table of the Elements of D.I. Mendeleev, the study of sorption properties will make it possible to predict the molar ratios in these intergel systems with maximum sorption for other REM.
In the presence of intergel systems, the following chemical reactions occur in solution:
1. Dissociation of REM nitrates along with dissociation of carboxyl groups;
2. Mutual activation of hydrogels due to the addition of a proton formed during the dissociation of a polyacid by a polybase;
3. Sorption of La, Ce, Nd, Sm ions.
In a solution of REM nitrates in the presence of intergel systems, polymer hydrogels are initially ionized as in their mutual activation; further ionization, in particular, polybases, occurs due to the formation of coordination bonds with REM ions. As a result of the sorption of REM ions by the coordination mechanism, polymers do not possess the same charges at the ends of the interstitial units of polymer hydrogels, as a result of which the macromolecules are folded, leading to a decrease in swelling.
Values of sorption properties of intergel system hPAA-hP4VP at 48 hours of remote interaction are presented in tables 4-6.

Table 4 – Extraction degree of La, Ce, Nd, Sm ions of intergel system hPAA-hP4VP

	Sorption
parameter
	hPAA:hP4VP, mol.%:mol.%

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

	[bookmark: _Hlk54174339]η(La), %
	67.71
	84.48
	86.28
	91.96
	94.04
	92.52
	66.05

	η(Ce), %
	63.33
	79.67
	81.67
	86.00
	88.67
	92.33
	56.67

	η(Nd), %
	61.60
	93.59
	86.74
	91.74
	72.32
	71.44
	54.67

	η(Sm), %
	66.29
	84.29
	93.78
	90.34
	91.23
	81.97
	62.90



Table 5 – Total polymber chain binding degree (in relation to La, Ce, Nd, Sm ions) of intergel system hPAA-hP4VP

	Sorption
parameter
	hPAA:hP4VP, mol.%:mol.%

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

	θ(La), %
	56.50
	70.50
	71.83
	76.67
	78.33
	77.17
	55.00

	θ(Ce), %
	52.53
	66.08
	67.74
	71.34
	73.55
	76.59
	47.00

	θ(Nd), %
	50.15
	73.24
	68.35
	70.91
	64.37
	62.85
	45.66

	θ(Sm), %
	53.50
	70.06
	77.89
	72.89
	75.21
	67.23
	52.10



Table 6 – Effective dynamic exchange capacity (in relation to La, Ce, Nd, Sm ions) of intergel system hPAA-hP4VP

	Sorption
parameter
	hPAA:hP4VP, mol.%:mol.%

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

	Q(La), mmol/g
	5.08
	6.34
	6.47
	6.92
	7.06
	6.94
	4.95

	Q(Ce), mmol/g
	4.22
	5.31
	5.44
	5.73
	5.91
	6.16
	3.78

	Q(Nd), mmol/g
	4.13
	6.03
	5.65
	5.83
	5.32
	5.26
	3.67

	Q(Sm), mmol/g
	4.56
	5.86
	6.66
	6.17
	6.41
	5.67
	4.30



Values of sorption properties of intergel system hPMAA-hP4VP at 48 hours of remote interaction are presented in tables 7-9.

Table 7 – Extraction degree of La, Ce, Nd, Sm ions of intergel system hPMAA-hP4VP

	Sorption
parameter
	hPMAA:hP4VP, mol.%:mol.%

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

	η(La), %
	66.28
	77.92
	82.63
	86.10
	87.85
	90.35
	66.05

	η(Ce), %
	60.33
	76.00
	79.00
	89.33
	81.00
	83.00
	56.67

	η(Nd), %
	57.91
	90.63
	92.41
	84.33
	70.72
	69.45
	54.67

	η(Sm), %
	64.79
	86.39
	76.99
	90.11
	84.95
	80.74
	62.90







Table 8 – Total polymber chain binding degree (in relation to La, Ce, Nd, Sm ions) of intergel system hPMAA-hP4VP

	Sorption
parameter
	hPMAA:hP4VP, mol.%:mol.%

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

	θ(La), %
	55.17
	65.00
	68.83
	71.83
	73.17
	75.33
	55.00

	θ(Ce), %
	50.05
	63.04
	65.53
	74.10
	67.19
	68.85
	47.00

	θ(Nd), %
	47.30
	66.33
	71.56
	64.81
	62.35
	59.99
	45.66

	θ(Sm), %
	52.90
	70.75
	63.88
	74.89
	68.66
	66.02
	52.10



Table 9 – Effective dynamic exchange capacity (in relation to La, Ce, Nd, Sm ions) of intergel system hPMAA-hP4VP

	Sorption
parameter
	hPMAA:hP4VP, mol.%:mol.%

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

	Q(La), mmol/g
	4.97
	5.85
	6.20
	6.45
	6.59
	6.77
	4.95

	Q(Ce), mmol/g
	4.02
	5.07
	5.27
	5.96
	5.40
	5.53
	3.78

	Q(Nd), mmol/g
	3.86
	5.39
	5.84
	5.25
	5.11
	5.01
	3.67

	Q(Sm), mmol/g
	4.41
	6.01
	5.09
	6.13
	5.78
	5.56
	4.30



Values of sorption properties of intergel system hPAA-hP2M5VP at 48 hours of remote interaction are presented in tables 10-12.

Table 10 – Extraction degree of La, Ce, Nd, Sm ions of intergel system hPAA-hP2M5VP

	Sorption
parameter
	hPAA-hP2M5VP, mol.%:mol.%

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

	η(La), %
	67.71
	86.70
	91.09
	89.79
	84.39
	80.83
	63.65

	η(Ce), %
	63.33
	77.33
	79.67
	83.67
	90.67
	82.33
	50.09

	η(Nd), %
	61.60
	82.34
	65.49
	91.91
	68.72
	88.31
	48.63

	η(Sm), %
	66.29
	83.66
	85.59
	87.93
	78.79
	90.78
	57.60







Table 11 – Total polymber chain binding degree (in relation to La, Ce, Nd, Sm ions) of intergel system hPAA-hP2M5VP

	Sorption
parameter
	hPAA-hP2M5VP, mol.%:mol.%

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

	θ(La), %
	56.50
	72.17
	75.83
	74.83
	70.33
	67.33
	53.12

	θ(Ce), %
	52.53
	64.15
	66.08
	69.40
	75.21
	68.29
	41.47

	θ(Nd), %
	50.15
	67.99
	60.33
	72.36
	62.88
	65.68
	38.82

	θ(Sm), %
	53.50
	67.27
	69.89
	71.29
	65.09
	75.66
	48.40



Table 12 – Effective dynamic exchange capacity (in relation to La, Ce, Nd, Sm ions) of intergel system hPAA-hP2M5VP

	Sorption
parameter
	hPAA-hP2M5VP, mol.%:mol.%

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

	Q(La), mmol/g
	5.08
	6.51
	6.83
	6.73
	6.33
	6.07
	4.77

	Q(Ce), mmol/g
	4.22
	5.16
	5.31
	5.58
	6.04
	5.49
	3.33

	Q(Nd), mmol/g
	4.13
	5.16
	4.77
	5.79
	4.88
	5.31
	3.07

	Q(Sm), mmol/g
	4.56
	5.81
	5.99
	6.17
	5.33
	6.42
	4.17



Values of sorption properties of intergel system hPMAA-hP2M5VP at 48 hours of remote interaction are presented in tables 13-15.

Table 13 – Extraction degree of La, Ce, Nd, Sm ions of intergel system hPMAA-hP2M5VP

	Sorption
parameter
	hPMAA-hP2M5VP, mol.%:mol.%

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

	η(La), %
	66.28
	75.57
	86.93
	89.65
	84.94
	80.83
	63.65

	η(Ce), %
	60.33
	73.67
	87.67
	81.33
	78.33
	75.33
	50.09

	η(Nd), %
	57.91
	61.81
	66.10
	86.06
	90.72
	80.97
	48.63

	η(Sm), %
	64.79
	88.55
	74.03
	83.49
	79.46
	77.38
	57.60







Table 14 – Total polymber chain binding degree (in relation to La, Ce, Nd, Sm ions) of intergel system hPMAA-hP2M5VP

	Sorption
parameter
	hPMAA-hP2M5VP, mol.%:mol.%

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

	θ(La), %
	55.17
	63.00
	72.50
	74.67
	70.83
	67.33
	53.12

	θ(Ce), %
	50.05
	61.11
	72.72
	67.47
	64.98
	62.49
	41.47

	θ(Nd), %
	47.30
	56.47
	58.71
	64.63
	69.89
	60.59
	38.82

	θ(Sm), %
	52.90
	73.24
	61.54
	68.59
	66.07
	63.71
	48.40



Table 15 – Effective dynamic exchange capacity (in relation to La, Ce, Nd, Sm ions) of intergel system hPMAA-hP2M5VP

	Sorption
parameter
	hPMAA-hP2M5VP, mol.%:mol.%

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

	Q(La), mmol/g
	4.97
	5.67
	6.52
	6.72
	6.37
	6.06
	4.77

	Q(Ce), mmol/g
	4.02
	4.91
	5.84
	5.42
	5.22
	5.02
	3.33

	Q(Nd), mmol/g
	3.86
	4.63
	4.71
	5.17
	5.66
	5.08
	3.07

	Q(Sm), mmol/g
	4.41
	5.93
	5.02
	5.71
	5.36
	5.13
	4.17



As can be seen from the obtained results (tables 4-15), highly ionized state of hydrogels in intergel pairs leads to a significant increase (up to 30%) of the sorption properties of the initial polymers in comparison with individual hydrogels of PAA, PMAA, P4VP, P2M5VP.

2.5 Determination of optimal conditions for group extraction of target ions of rare-earth metals by intergel systems
It was found that the maximum sorption of lanthanum ions in intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP occurs at a hydrogel ratios 33%hPAA-67%hP4VP, 17%hPMAA-83%hP4VP, 67%hPMAK-33%hP2M5VP, 50%hPMAA-50%hP2M5VP. Extraction degree of lanthanum ions is 94.04%; 90.35%; 91.09%; 89.65% respectively. Polymer chain binding degree (in relation to lanthanum ions) is 78.33%; 75.33%; 75.83%; 74.67%. Effective dynamic exchange capacity (in relation to lanthanum ions) is 7.06 mmol/g; 6.77 mmol/g; 6.83 mmol/g; 6.72 mmol/g.
The maximum areas of sorption of cerium are the ratios 17%hPAA-83%hP4VP, 50%hPMAA-50%hP4VP, 33%hPAA-67%hP2M5VP; 67%hPMAA-33%hP2M5VP. Extraction degree of cerium ions is 92.33%; 89.33%; 90.67%; 87.67% respectively. Polymer chain binding degree (in relation to cerium ions) has the following values of 76.59%; 74.10%; 75.21%; 72.72% respectively. Effective dynamic exchange capacity (in relation to cerium ions) is 6.16 mmol/g; 5.96 mmol/g; 6.04 mmol/g; 5.84 mmol/g, respectively.
The overwhelming majority of neodymium ions is sorbed by intergel systems at ratios 83%hPAA-17%hP4VP, 67%hPMAA-33%hP4VP, 50%hPAA-50%hP2M5VP, 33%hPMAA-67%hP2M5VP. Extraction degree of neodymium ions is 93.59%; 92.41%; 91.91%; 90.72%. Polymer chain binding degree (in relation to neodymium ions) is 73.24%; 71.56%; 72.36%; 69.89% respectively. Effective dynamic exchange capacity (in relation to neodymium ions) has the following values of 6.03 mmol/g; 5.84 mmol/g; 5.79 mmol/g; 5.66 mmol/g.
The maximum extraction of samarium occurs at the following ratios 67%hPAA-33%hP4VP, 50%hPMAA-50%hP4VP, 17%hPAA-83%hP2M5VP, 83%hPMAA-17%hP2M5VP. Extraction degree of samarium ions is 93.78%; 90.11%; 90.78%; 88.55% respectively. Polymer chain binding degree (in relation to samarium ions) has the following values of 77.89%; 74.89%; 75.66%; 73.24% respectively. Effective dynamic exchange capacity is 6.66 mmol / g; 6.13 mmol / g; 6.42 mmol / g; 5.93 mmol / g. A significant increase in sorption properties is associated with the formation of an optimal conformation in the process of remote interaction of macromolecules.


3 Development of methods for selective desorption of rare-earth metal ions from a matrix of polymer hydrogels
For desorption of rare-earth metals extracted in the form of hydrophobic complexes, either strong mineral acids or polar organic solvents can be used. For desorption, hydrogels were taken from the following ratios 33%hPAA:67%hP4VP, 17%hPMAA:83%hP4VP, 67%hPAA:33%hP2M5VP, 50%hPMAA:50%hP2M5VP. The possibility of desorption of REM ions from the matrix of polymer hydrogels is shown using the example of desorption of lanthanum ions.

3.1 Study of various desorbents for selective desorption of target rare-earth metal ions from a hydrogel matrix
The total degree of desorption of La3+ ions by ethyl alcohol from PAA, PMAA, P4VP and P2M5VP hydrogels after 48 hours is shown in Table 16.

Table 16 – Total desorption degree of La3+ ions by 96% ethyl alcohol

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

	R, %
	85.46
	82.26
	80.17
	77.27



As can be seen from the results obtained, the low (~77-85%) degree of desorption directly depends on the nature of the desorbent (as is known, ethyl alcohol is a polar solvent). As a result, incomplete desorption of La3+ ions from the hydrogel matrix occurs.
Table 17 shows the total degree of desorption of La3+ ions by nitric acid from PAA, PMAA, P4VP and P2M5VP hydrogels after 48 hours.

Table 17 – Total desorption degree of La3+ ions by 2M nitruc acic

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

	R, %
	96.27
	94.43
	92.55
	93.09



The results obtained indicate that nitric acid, being a strong mineral acid, rather intensively interacts with polymer hydrogels, as evidenced by a higher (~92-96%) degree of desorption compared to ethyl alcohol.
The study of the influence of various factors on the degree of desorption of lanthanum from the hPAA and hP4VP matrix (the ratio 33%hPAA-67%hP4VP) was carried out with a change in temperature (from 25°C to 45°C), the concentration of nitric acid (from 2M to 4M) and the swelling coefficient of hPAA (from 38,41 g/g to 62.66 g/g). The values of the degree of desorption depending on the conditions are given in table 18.

Table 18 – Total desorption degree of La3+ ions from matrix of hPAA and hP4VP hydrogels at different conditions

	Measured
parameter
	Desorption conditions

	
	Temperature
	Nitric acid concentration
	Swelling degree of hPAA

	
	25оС
	35оС
	45оС
	2М
	3М
	4М
	38.41 g/g
	62.66 g/g

	R, %
	96.27
	97.02
	98.04
	96.27
	98.67
	98.82
	96.27
	97.75



With an increase in temperature from 25°C to 45°C, the degree of desorption increases by 1.78%. An increase in the degree of swelling of the PAA hydrogel leads to the fact that the degree of desorption increases by 1.48%. With an increase in the concentration of nitric acid from 2M to 4M, the total degree of desorption of lanthanum ions increases by 2.56%.
The obtained results on the influence of various factors on the degree of desorption allow us to conclude that the most promising is the use of 4M nitric acid for the desorption of lanthanum ions from the matrix of lightly crosslinked polymer hydrogels of acidic and basic nature. The high concentration of a strong mineral acid contributes to the most complete desorption of rare-earth ions from the polymer matrix (almost 99% of lanthanum is desorbed).


4 Development of structure units and elements of a laboratory unit and technological scheme for group extraction and desorption of target ions of rare-earth metals. Carrying out laboratory and pilot-industrial tests for the group extraction of target ions of rare-earth metals
The development of a unit for selective group extraction of target ions of rare-earth elements involves the development of requirements that must be met by a developed sample of the installation, a drawing and the subsequent development of a layout of the unit, creation of a technological scheme for the selective extraction of rare-earth ions. After creating a sample of the unit, it is necessary to conduct preliminary tests, then conduct laboratory and pilot-industrial tests to assess the feasibility of its application in industrial conditions.

4.1 Development of technical requirements for structure units and elements of units, intended for group extraction of rare-earth metals ions
The development of a sample of unit involves the initial creation of technical requirements for the installation itself.
Regulatory requirements have been developed for assemblies and elements of a laboratory sample of unit intended for group extraction of rare-earth metal ions. The following basic requirements can be distinguished:
1) The unit should provide for the possibility of prompt replacement of cartridges containing polymer hydrogels of acidic and basic nature with sorbed rare-earth metal ions with cartridges containing polyacids and polybases mutually activated as a result of remote interaction;
2) The frame and the rest of the structural parts of the unit must be resistant to aggressive media, since pilot testing involves working with solutions containing a group of rare-earth metal ions. Such solutions are derivatives of the uranium leaching process and have a pH in the range of 3.5-4;
3) Lack of reactivity in the material from which the unit was made in relation to a solution containing rare earth elements.

4.2 Development of laboratory unit sample for hydrogels mutual activation, group extraction and desorption of rare-earth metals target ions, regeneration of initial hydrogels
A laboratory prototype of unit for group extraction of rare-earth metal ions was developed. Photos of the laboratory sample of the installation are shown in figure 2. The laboratory sample is a structure containing 2 skids for moving cartridges back and forth, which during sorption will be permanently in the product solution (industrial hydrometallurgy solution). The arrangement of the cartridges inside the unit sample is shown in figure 3. The method of removing the cartridge from the unit sample is shown in figure 4. Each cartridge is covered on the outside (on both sides) with a polypropylene mesh (membrane), which ensures the isolation of lightly cross-linked polyacids/polybases in the cartridge and the passage of low molecular weight ions (ions metal). Polyacids will be immersed in one cartridge, polybases in the other, both rare-crosslinked polymer structures, according to the "long-range effect", will undergo mutual activation and transition to a highly ionized state, leading to a significant increase in their sorption properties. The sample of the installation has 2 holes for supplying (also draining) the product solution, as well as a hole for taking aliquots of the solution for the subsequent determination of the residual concentration of rare-earth ions after sorption. The design of the sample is made of plexiglass, which provides sufficient resistance to work with an acidic environment (pH not less than 3-3.5). The sample was assembled by gluing the fabricated structural parts with dichloroethane. The following intergel systems are supposed to be immersed in cartridges: hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP and hPMAA-hP2M5VP in certain molar ratios that are optimal for the sorption of specific rare-earth metal ions. The developed sample of the installation has the following dimensions: outer contour - 280 x 180 x 500 mm; size of cartridges - 260 x 18 x 480 mm; the pore size in the membrane is 1 micron.
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Figure 2 – Unit for selective extraction of REM
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Figure 3 – Arrangement of the cartridges inside the unit
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Figure 4 – The method of removing the cartridge from the unit
As can be seen from figures 2-4, the developed unit sample for group selective extraction of rare-earth metal ions (for example, lanthanum, cerium, neodymium, samarium) is distinguished by its simplicity of design, which makes it possible to quickly remove the cartridges to change the molar ratio of sorbents in intergel pairs.
As a result of the preliminary tests of the unit sample, it was found that in the process of selective extraction of lanthanum ions in the presence of cerium ions, after 48 hours of remote interaction of hydrogels, from 65% to 82% of lanthanum ions are extracted, depending on the intergel system (for the selective sorption of lanthanum ions from the solution, containing lanthanum and cerium ions, the following intergel systems were used: 33%hPAA:67%hP4VP; 17%hPMAA:83%hP4VP; 67%hPAA:33%hP2M5VP; 50%hPMAA:50%hP2M5VP). The values of the degree of extraction of lanthanum and cerium ions in the selective extraction of lanthanum ions from the total solution are shown in Table 19.

Table 19 – Extraction degree of lanthanum and cerium ions at their simultaneous extraction from the solution

	τ, h
	33%hPAA:
67%hP4VP
	17%hPMAA:
83%hP4VP
	67%hPAA:
33%hP2M5VP
	50%hPMAA:
50%hP2M5VP

	
	η La3+, %
	η Ce3+, %
	η La3+, %
	η Ce3+, %
	η La3+, %
	η Ce3+, %
	η La3+,
%
	η Ce3+, %

	0
	0
	0
	0
	0
	0
	0
	0
	0

	[bookmark: _Hlk54180039]0.5
	21.84
	9.88
	12.35
	3.35
	15.52
	4.91
	7.76
	2.15

	1
	32.36
	15.32
	23.29
	8.85
	25.07
	12.64
	18.69
	3.67

	2
	38.94
	23.02
	30.23
	11.65
	32.94
	18.07
	29.25
	7.56

	6
	51.45
	24.49
	41.52
	17.63
	43.66
	20.56
	38.64
	11.15

	24
	70.73
	34.27
	63.13
	24.46
	69.80
	30.13
	52.97
	18.46

	48
	86.87
	42.61
	81.55
	32.29
	79.43
	34.89
	75.40
	24.39



As can be seen from the results obtained, after 48 hours the intergel systems 33%hPAA:67%hP4VP, 17%hPMAA:83%hP4VP, 67%hPAA:33%hP2M5VP, 50%hPMAA:50%hP2M5VP, 2 times more lanthanum ions are extracted compared to the extraction of cerium ions. This indicates that, at the given molar ratios, in the sample of the installation for the selective extraction of rare-earth metals, selectivity manifests itself for lanthanum ions.

4.3 Development of technological scheme for group extraction and desorption of target ions of rare-earth metals
A technological scheme of group extraction and desorption of target ions of rare-earth metals was developed using the example of ions of lanthanum, cerium, neodymium, samarium. The technological scheme assumes sequential extraction of La3+, Ce3+, Nd3+, Sm3+ ions from the model solution (0.005 M solution of nitrates of the above metals). For selective sorption, 4 absolutely identical samples of a laboratory unit are used, into which a model solution is sequentially fed (the solution is supplied to each unit for 48 hours for maximum sorption of the each ion).
Sample units are filled in the following order:
1) For the sorption of La ions, intergel systems 33%hPAA-67%hP4VP, 17%hPMAA-83%hP4VP, 67%hPAA-33%hP2M5VP, 50%hPMAA-50%hP2M5VP are used.
2) For the sorption of Ce ions, intergel systems 17%hPAA-83%hP4VP, 50%hPMAA-50%hP4VP, 33%hPAA-67%hP2M5VP, 67%hPMAK-33%hP2M5VP are used.
3) For the sorption of Nd ions, intergel systems 83%hPAA-17%hP4VP, 67%hPMAA-33%hP4VP, 50%hPAA-50%hP2M5VP, 33%hPMAA-67%hP2M5VP are used.
4) For the sorption of Sm ions, intergel systems 67%hPAA-33%hP4VP, 50%hPMAA-50%hP4VP, 17%hPAA-83%hP2M5VP, 83%hPMAK-17%hP2M5VP are used.
As a desorbent of La3+, Ce3+, Nd3+, Sm3+ ions from the matrix of polymer hydrogels, it is assumed to use 2M nitric acid.
The technological scheme of selective group extraction of La, Ce, Nd, Sm ions from industrial solutions is shown in Figure 5.

[image: ]

Figure 5 – Process flow diagram for selective group extraction of La, Ce, Nd, Sm ions from industrial solutions
4.4 Carrying out laboratory and pilot-industrial tests on group extraction and desorption of target ions of rare-earth metals using the developed unit
For laboratory, semi-industrial and pilot-industrial tests as a sorbent for the selective extraction of La, Ce, Nd, Sm ions in an aqueous medium, the intergel system hPAA-hP4VP was chosen. Preliminary studies have shown that the maximum sorption of the above ions occurs when they are extracted by this intergel system.

4.4.1 Laboratory tests of intergel system hPAA-hP4VP
Laboratory tests of the developed unit and sorbent sample (intergel system hPAA-hP4VP) were carried out in the enrichment and flotation reagents laboratory of JSC “Institute of Metallurgy and Ore Beneficiation”. The experiment is detailed in Appendix F (point 3.1). Act of carrying out of laboratory tests is attached in Appendix G.
Table 20 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 33%hPAA-67%hP4VP from the model solution containing La, Ce, Nd, Sm ions.

[bookmark: _Hlk54182467]Table 20 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 33%hPAA-67%hP4VP

	τ, h
	η(33%hPAA-67%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	[bookmark: _Hlk54181897]0
	0
	0
	0
	0

	0.5
	19.58
	2.42
	1.05
	1.44

	1
	28.66
	3.69
	1.92
	2.09

	2
	37.17
	6.51
	2.57
	4.23

	6
	50.21
	13.64
	3.20
	7.68

	24
	67.89
	21.96
	6.94
	11.07

	48
	81.63
	25.35
	10.33
	17.45



Table 21 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 17%hPAA-83%hP4VP from a model solution containing La, Ce, Nd, Sm ions.



[bookmark: _Hlk54182474]Table 21 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 17%hPAA-83%hP4VP

	τ, h
	η(17%hPAA-83%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0,5
	3.56
	16.87
	0.93
	1.06

	1
	5.69
	26.43
	1.25
	1.87

	2
	9.06
	36.08
	1.99
	2.35

	6
	15.93
	47.85
	2.43
	3.24

	24
	24.13
	64.99
	5.67
	6.72

	48
	27.72
	80.51
	8.15
	9.08



Table 22 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 83%hPAA-17%hP4VP from a model solution containing La, Ce, Nd, Sm ions.

[bookmark: _Hlk54182478]Table 22 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 83%hPAA-17%hP4VP

	τ, h
	η(83%hPAA-17%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0,5
	1.06
	0.84
	14.93
	0.97

	1
	2.11
	0.96
	25.06
	1.48

	2
	3.65
	1.22
	35.97
	1.83

	6
	7.53
	2.39
	45.48
	3.07

	24
	12.08
	5.11
	61.82
	6.44

	48
	15.47
	9.25
	80.08
	13.51



Table 23 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 67%hPAA-33%hP4VP from a model solution containing La, Ce, Nd, Sm ions.


Table 23 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 67%hPAA-33%hP4VP

	τ, h
	η(67%hPAA-33%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0,5
	1.12
	0.87
	0.99
	15.64

	1
	2.57
	0.98
	1.18
	27.06

	2
	3.72
	1.43
	1.87
	37.43

	6
	7.84
	2.89
	3.68
	48.97

	24
	12.69
	6.07
	7.84
	65.20

	48
	17.52
	9.98
	13.24
	80.56



From the results of laboratory tests (Tables 19-22) it can be seen that the intergel system hPAA-hP4VP at certain molar ratios of hydrogels exhibits selectivity to lanthanum, cerium, neodymium, and samarium ions. Changing the molar ratios of lightly crosslinked polymer hydrogels in the intergel system hPAA-hP4VP makes it possible to “readjust” this system for the maximum selective extraction of another ion of the above-mentioned rare earth metals from the model solution. The developed sorbent possesses a sufficiently high degree of extraction of the aforementioned rare-earth metals; the sample of the installation makes it possible to change the molar ratios of hydrogels rather quickly.

4.4.2 Semi-industrial tests of intergel system hPAA-hP4VP
Semi-industrial tests of the developed unit and sorbent sample (intergel system hPAA-hP4VP) were carried out in the enrichment and flotation reagents laboratory of JSC “Institute of Metallurgy and Ore Beneficiation”. The experiment is detailed in Appendix F (point 3.2). Act of carrying out of semi-industrial tests is attached in Appendix H.
Table 24 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 33%hPAA-67%hP4VP from the model solution containing La, Ce, Nd, Sm ions.





Table 24 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 33%hPAA-67%hP4VP

	τ, h
	η(33%hPAA-67%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0.5
	18.60
	2.30
	1.00
	1.37

	1
	27.23
	3.51
	1.82
	1.99

	2
	35.31
	6.18
	2.44
	4.02

	6
	47.70
	12.96
	3.04
	7.30

	24
	64.50
	20.86
	6.59
	10.52

	48
	77.55
	24.08
	9.81
	16.58



Table 25 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system of 17%hPAA-83%hP4VP from a model solution containing La, Ce, Nd, Sm ions.

Table 25 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 17%hPAA-83%hP4VP

	τ, h
	η(17%hPAA-83%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0.5
	3.38
	16.03
	0.88
	1.01

	1
	5.41
	25.11
	1.19
	1.78

	2
	8.61
	34.28
	1.89
	2.23

	6
	15.13
	45.46
	2.31
	3.08

	24
	22.92
	61.74
	5.39
	6.38

	48
	26.33
	76.48
	7.74
	8.63



Table 26 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 83%hPAA-17%hP4VP from the model solution containing La, Ce, Nd, Sm ions.


Таблица 26 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 83%hPAA-17%hP4VP

	τ, h
	η(83%hPAA-17%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0.5
	1.01
	0.80
	14.18
	0.92

	1
	2.00
	0.91
	23.81
	1.41

	2
	3.47
	1.16
	34.17
	1.74

	6
	7.15
	2.27
	43.21
	2.92

	24
	11.48
	4.85
	58.73
	6.12

	48
	14.70
	8.79
	76.08
	12.83



Table 27 shows the values of the degrees of extraction of La, Ce, Nd, Sm ions during their selective extraction by the intergel system 67%hPAA-33%hP4VP from a model solution containing La, Ce, Nd, Sm ions.

Таблица 27 – Values of extraction degree of La, Ce, Nd, Sm ions of intergel system 67%hPAA-33%hP4VP

	τ, h
	η(67%hPAA-33%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	0
	0
	0
	0
	0

	0.5
	1.06
	0.83
	0.94
	14.86

	1
	2.44
	0.93
	1.12
	25.71

	2
	3.53
	1.36
	1.78
	35.56

	6
	7.45
	2.75
	3.50
	46.52

	24
	12.06
	5.77
	7.45
	61.94

	48
	16.64
	9.48
	12.58
	76.53



From the results of semi-industrial tests (tables 23-26) it can be seen that the intergel system hPAA-hP4VP exhibits selectivity to La, Ce, Nd, Sm ions at different molar ratios of hydrogels. The developed sorbent possesses a sufficient degree of extraction of the aforementioned rare earth metals; the advantage of the unit is the possibility of a rapid change in the molar ratios of hydrogels. A slight decrease (up to 5%) in the degree of extraction of macromolecules in comparison with laboratory tests is directly related to the fact that the reaction medium is acidic. As a result, ionization of polymer hydrogels becomes difficult, and some of the links of the polymer chain undergo insignificant degradation.

4.4.3 Pilot-industrial tests of intergel system hPAA-hP4VP
Pilot 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 F (paragraph 3.3). Act of carrying out of pilot-industrial tests is attached in Appendix J.
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 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%hPAA-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 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 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.


CONCLUSION

Based on the data obtained as a result of the studies and tests carried out, the following conclusions can be drawn:
1) Polymer hydrogels PAA, PMAA, P4VP, P2M5VP interact with nitrates of lanthanum, cerium, neodymium, samarium. As a result, sorption of the metals occurs. However, the sorption properties of the above hydrogels are not high enough.
2) The interaction of PAA hydrogel with La, Ce, Nd, Sm ions leads to the sorption of the latter. Sorption degree is 67.71%; 63.33%; 61.60%; 66.28% respectively. Polymer chain binding degree (in relation to the ions La, Ce, Nd, Sm) is 56.49%; 52.53%; 50.15%; 53.50%. Effective dynamic exchange capacity (in relation to the ions La, Ce, Nd, Sm) is 5.08; 4.22; 4.13; 4.56 mmol/g.
3) When the PMAA hydrogel interacts with La, Ce, Nd, Sm ions, these ions are sorbed. Extraction degree is 66.28%; 60.33%; 57.90%; 64.79% respectively. Polymer chain binding degree (in relation to the La, Ce, Nd, Sm ions) is 55.17%; 50.05%; 47.30%; 52.90%. Effective dynamic exchange capacity (in relation to the La, Ce, Nd, Sm ions) is 4.97; 4.02; 3.86; 4.41 mmol/g.
4) Hydrogel P4VP sorbs La, Ce, Nd, Sm ions when interacting with their nitrates. Extraction degree is 66.05%; 56.67%; 54.60%; 62.89% respectively. Polymer chain binding degree (with respect to the ions La, Ce, Nd, Sm) is 55.00%; 47.00%; 45.60%; 52.10%. Effective dynamic exchange capacity (in relation to the ions La, Ce, Nd, Sm) is 4.95; 3.78; 3.67; 4.30 mmol/g.
5) The maximum values of the sorption properties of the P2M5VP hydrogel during the sorption of La, Ce, Nd, Sm ions are achieved at 48 hours. Extraction degree is 63.65%; 50.00%; 48.60%; 57.60% respectively. Polymer chain binding degree (with respect to the ions La, Ce, Nd, Sm) is 53.00%; 41.47%; 38.80%; 48.40%. Effective dynamic exchange capacity (in relation to the ions La, Ce, Nd, Sm) is 4.77; 3.33; 3.07; 4.17 mmol/g.
6) It was found that each developed intergel system can exhibit maximum selectivity to La, Ce, Nd, Sm ions, depending on the selected molar ratios. This affinity is due to the fact that, at certain molar ratios of rare-crosslinked polymer hydrogels, an optimal conformation is formed for maximum sorption of La, Ce, Nd, Sm ions. Changing the molar ratios of the starting components can be used to "control" the selectivity with respect to a particular REM ion.
7) The results obtained indicate that, in intergel systems, the transition of polymer hydrogels to a highly ionized state is characterized by a significant increase (up to 30%) in sorption properties compared to the initial hydrogels.
8) A significant increase in sorption properties is associated with the formation of an optimal conformation and an increase in the concentration of highly ionized groups formed as a result of mutual activation of polymer networks.
9) It was found that the maximum sorption of La ions occurs at the ratios of 33%hPAA-67%hP4VP, 17%hPMAA-83%hP4VP, 67%hPAA-33%hP2M5VP, 50%hPMAA-50%hP2M5VP. Extraction degree of La ions is equal to 94.04%; 90.35%; 91.09%; 89.65%. Polymer chain binding degree is 78.33%; 75.33%; 75.83%; 74.67%. Effective dynamic exchange capacity is 7.06 mmol/g; 6.77 mmol/g; 6.83 mmol/g; 6.72 mmol/g.
10) The maximum areas of Ce sorption are the ratios 17%hPAA-83%hP4VP, 50%hPMAA-50%hP4VP, 33%hPAA-67%hP2M5VP; 67%hPMAK-33%hP2M5VP. Extraction degree of Ce ions is 92.33%; 89.33%; 90.67%; 87.67%. Polymer chain binding degree has the following values of 76.59%; 74.10%; 75.21%; 72.72%. Effective dynamic exchange capacity is 6.16 mmol/g; 5.96 mmol/g; 6.04 mmol/g; 5.84 mmol/g.
11) The largest amount of Nd ions is sorbed at ratios of 83%hPAA-17%hP4VP, 67%hPMAA-33%hP4VP, 50%hPAA-50%hP2M5VP, 33%hPMAA-67%hP2M5VP. Extraction degree of Nd ions is 93.59%; 92.41%; 91.91%; 90.72%. Polymer chain binding degree is 73.24%; 71.56%; 72.36%; 69.89%. Effective dynamic exchange capacity has the following values of 6.03 mmol/g; 5.84 mmol/g; 5.79 mmol/g; 5.66 mmol/g. 
12) The maximum extraction of Sm occurs at ratios of 67%hPAA-33%hP4VP, 50%hPMAA-50%hP4VP, 17%hPAA-83%hP2M5VP, 83%hPMAA-17%hP2M5VP. Extraction degree of Sm ions is 93.78%; 90.11%; 90.78%; 88.55%. Polymer chain binding degree has the following values of 77.89%; 74.89%; 75.66%; 73.24%. Effective dynamic exchange capacity is 6.66 mmol/g; 6.13 mmol/g; 6.42 mmol/g; 5.93 mmol/g.
13) As a desorbent, it is more expedient to use 2M nitric acid than 96% ethyl alcohol, since the degree of desorption in the first case is higher (96% versus 85%).
14) As is known, all the considered REM ions differ from each other in atomic radius, charge density and polarizability, which can have a significant effect on different values of extraction degree, polymer chain binding degree, exchange capacity of macromolecular structures.
15) The developed unit sample for group selective extraction of rare-earth metal ions (for example, lanthanum, cerium, neodymium, samarium) is distinguished by its simplicity of design, which makes it possible to quickly remove the cartridges to change the molar ratio of sorbents in intergel pairs. This sample sample is made of plexiglass, is resistant to aggressive media, does not react with a solution containing the above-mentioned rare earth ions.
16) During the sorption of lanthanum, cerium, neodymium, samarium ions from real solutions, there is a slight decrease (up to 5%) in the degree of extraction 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.
17) As a result of laboratory, semi-industrial and pilot-industrial tests, it was found that the developed sample of the sorption unit seems promising for the selective extraction of rare-earth metal ions from industrial hydrometallurgical solutions.
1) 
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Appendix 1.6
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: № AP05131451 «Development of technology of rare-earth metals ions group extraction from hydrometallurgy industrial solutions».
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: Hydrogels of acidic and basic nature with the required properties were synthesized. Articles have been published in a domestic scientific journal with a non-zero impact factor;
- for 2019: Methods for group separation and extraction of rare earth metal ions have been developed. Methods for the selective desorption of rare earth metal ions from the matrix of polymer hydrogels have been developed. Articles have been published in a domestic scientific journal with a nonzero impact factor. An application was submitted to the Kazakhstan Patent Office for a utility model patent;
- for 2020: Units and elements of a laboratory facility and a technological scheme for group extraction and desorption of target ions of rare earth metals have been developed. Laboratory and pilot-industrial tests on group extraction of target ions of rare-earth metals were carried out. Published 2 articles in foreign scientific journals included in the SCOPUS or WebofScience databases (for example, in the journals Chemistryandchemicaltechnology, Polymers & polymercomposites, etc.). Published 1 chapter in the book of a foreign publishing house. Published 1 chapter in the book of the Kazakh publishing house. Published 1 monograph.
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: Issuance of initial data for the creation of a technology for the group extraction of rare-earth ions from industrial solutions of hydrometallurgy.

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.
	Synthesis of hydrogels of acidic and basic nature with the required properties.
	January 2018
	until November 1, 2018
	Hydrogels of acidic and basic nature with the required properties will be synthetized.  Articles will be published in a domestic scientific journal with a non-zero impact factor.

	1.1
	Preparation of monomers and polymers for synthesis of hydrogels
	January 2018
	March 2018
	Monomers and polymers for synthesis of hydrogels will be prepared.

	1.2
	Synthesis of hydrogels, purification, drying, dispersion, determination of initial properties
	April 2018
	June
2018
	Synthesis of hydrogels, purification, drying, dispersion, determination of initial properties will be carried out.

	1.3
	Study of the hydrogels sorption properties in relation to rare-earth metals ions
	July
2018
	until November 1, 2018
	Hydrogels sorption properties in relation to rare-earth metals ions will be studied.

	2.
	Development of methods for group separation and extraction of rare-earth metals ions
	January 2019
	June
2019
	Methods for group separation and extraction of rare-earth metals ions will be developed. 
Articles will be published in a domestic scientific journal with a non-zero impact factor. An application will be submitted to the Kazakhstan patent office for a patent for a utility model.

	2.1
	Determination of the range of rare-earth metals, simultaneously extracted with selected elements
	January 2019
	January 2019
	Range of rare-earth metals, simultaneously extracted with selected elements will be determined.

	2.2
	Study of sorption capacity of industrial ion exchangers after their mutual activation in relation to ions of rare earth metals
	January 2019
	January 2019
	Sorption capacity of industrial ion exchangers after their mutual activation in relation to ions of rare earth metals will be studied.

	2.3
	Creation of intergel systems based on the obtained rare-crosslinked hydrogels of acidic and basic nature for group extraction of rare-earth metals ions
	January 2019
	January 2019
	Intergel systems based on the obtained rare-crosslinked hydrogels of acidic and basic nature for group extraction of rare-earth metals ions will be created.

	2.4
	Study of sorption capacity of the developed intergel systems in relation to target ions of rare-earth elements
	February 2019
	April 2019
	Sorption capacity of the developed intergel systems in relation to target ions of rare-earth elements will be studied.

	2.5
	Determination of optimal conditions for group extraction of target ions of rare-earth metals by intergel systems
	May
2019
	June
2019
	Optimal conditions for group extraction of target ions of rare-earth metals by intergel systems will be determined.

	3.
	Development of methods for selective desorption of rare-earth metal ions from a matrix of polymer hydrogels
	July
2019
	until November 1, 2019
	Methods for selective desorption of rare-earth metal ions from a matrix of polymer hydrogels will be developed.

	3.1
	Study of various desorbents for selective desorption of target rare-earth metal ions from a hydrogel matrix
	July
2019
	until November 1, 2019
	Various desorbents for selective desorption of target rare-earth metal ions from a hydrogel matrix will be studied.

	4
	Development of structure units and elements of a laboratory unit and technological scheme for group extraction and desorption of target ions of rare-earth metals. Carrying out laboratory and pilot-industrial tests for the group extraction of target ions of rare-earth metals
	January 2020
	until November 1, 2020
	Structure units and elements of a laboratory unit and technological scheme for group extraction and desorption of target ions of rare-earth metals will be developed. Laboratory and pilot-industrial tests for the group extraction of target ions of rare-earth metals will be carried out.
2 articles will be published in foreign scientific journals included in the SCOPUS or WebofScience databases (for example, in the journals Chemistryandchemicaltechnology, Polymers & polymercomposites, etc.). 1 chapter will be published in the book of foreign publishing. 1 chapter will be published in the book of the Kazakh publishing house. 1 monograph will be published.

	4.1
	Development of technical requirements for structure units and elements of units, intended for group extraction of rare-earth metals ions
	January 2020
	March
2020
	Technical requirements for structure units and elements of units, intended for group extraction of rare-earth metals ions will be developed.

	4.2
	Development of laboratory unit sample for hydrogels mutual activation, group extraction and desorption of rare-earth metals target ions, regeneration of initial hydrogels
	January 2020
	March
2020
	Laboratory unit sample for hydrogels mutual activation, group extraction and desorption of rare-earth metals target ions, regeneration of initial hydrogels will be developed.

	4.3
	Development of technological scheme for group extraction and desorption of target ions of rare-earth metals
	April 2020
	June
2020 
	Technological scheme for group extraction and desorption of target ions of rare-earth metals will be developed.

	4.4
	Carrying out laboratory and pilot-industrial tests on group extraction and desorption of target ions of rare-earth metals using the developed unit
	July
2020
	until November 1, 2020
	Laboratory and pilot-industrial tests on group extraction and desorption of target ions of rare-earth metals using the developed unit will be carried out.

	

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

__________________Abdrasilov B.S.
s.p.

	From the Contractor:
General director
JSC "Institute of Chemical Sciences
named after A.B. Bekturov ",
academician of NAS RK

________________ Ergozhin E.E.
s.p.

Familiarized with:
Scientific supervisor of the project

___________________ Jumadilov T.K.
(signature)
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2018 year:
Articles published in domestic scientific journals recommended by CQAESA MES RK:
1. Jumadilov T.K., Kondaurov R.G., Khakimzhanov S.A., Khimersen H., Eskalieva G.K. Influence of the swollen initial state of polymethacrylic acid and poly-4-vinylpyridine hydrogels on the sorption capacity with respect to lanthanum ions // Bulletin of NEA RK. – 2018. – No. 1. – P. 31-38. (in Russian)
2. Jumadilov Т.К., Kondaurov R.G., Khakimzhanov S.А., Himersen H., Yeskaliyeva G.К. Influence of initial state of hydrogels on self-organization of polymer networks of polymethacrylic acid and poly-4-vinylpyridine at their remote interaction in an aqueous medium // Chemical journal of Kazakhstan. – 2018. – № 1. – P. 47-53. (in English)
3. Jumadilov Т.К., Kondaurov R.G. Selectivity of intergel system based on hydrogels of polymethacrylic acid and poly-4-vinylpyridine to lanthanum and cerium ions // Chemical journal of Kazakhstan. – 2018. – № 1. – P. 205-214. (in English)

Articles and abstracts published in materials of international conferences:
1. Jumadilov T.K., Kosunov A.O., Kondaurov R.G., Kopbayeva M.P., Yeskalieva G.K., Himersen H., Khakimzhanov S.A. Features of samarium ions sorption by intergel system based on rare-crosslinked polymer hydrogels of polyacrylic acid and poly-4-vinylpyridine // Proceedings of ІX International scientific-technical conference “Advance in petroleum and gas industry and petrochemistry” (APGIP-9), Lviv, Ukraine, 14-18 may 2018. – P. 207-210. (in English)
2. Jumadilov T.K., Kondaurov R.G. Features of the creation of highly selective intergel systems to lanthanum ions // Proceedings of the Uzbek-Kazakh symposium "Modern problems of the science of polymers", Tashkent, Republic of Uzbekistan, September 28-29, 2018. – P. 22-23. (in Russian)

2019 year:
Monograph:
1. Jumadilov T.K., Kondaurov R.G. Intergel systems, highly selective to ions of rare-earth elements. – Almaty, 2019. – 217 p. (in Russian)

Chapter in a collective monograph:
1. Jumadilov T.K., Kondaurov R.G. Features of selective sorption of lanthanum ions from solution containing ions of lanthanum and cerium by intergel system hydrogel of polymethacrylic acid – hydrogel of poly-2-methyl-5-vinylpyridine // Research methodologies and practical applications of chemistry / A.K. Haghi, L. Pogliani, A.F. Ribeiro. – AAP press, 2019. – P. 167-192. (in English)

Articles published in scientific journals indexed in WoS/Scopus databases:
1. Jumadilov T., Kondaurov R., Imangazy A., Myrzakhmetova N., Saparbekova I. Phenomenon of remote interaction and sorption ability of rare cross-linked hydrogels of polymethacrylic acid and poly-4-vinylpyridine in relation to erbium ions // Journal of Chemistry and Chemical Technology. – 2019. – Vol. 13, № 4. – P. 451-458. (included in the WoS/Scopus databases, percentile by CiteScore – 29) (in English)

Articles published in domestic scientific journals recommended by CQAESA MES RK:
1. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Comparison of the sorption properties of individual polymer hydrogels of polyacrylic and polymethacrylic acids in relation to ions of rare earth metals // Chemical Journal of Kazakhstan. – 2019. – No. 1. – P. 50-60. (in Russian)
2. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Comparison of sorption properties of polyacids and polybases, as well as intergel systems based on them in relation to neodymium ions // Chemical Journal of Kazakhstan. – 2019. – No. 1. – P. 201-213. (in Russian)
3. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Comparative characteristics of sorption properties of poly-4-vinylpyridine and poly-2-methyl-5-vinylpyridine in relation to rare earth elements ions // Химический журнал Казахстана. – 2019. – № 2. – С. 40-48. (in English)

Articles and abstracts published in materials of international conferences:
1. [bookmark: _Hlk11317124]Utesheva A.A., Zhora A.D., Kondaurov R.G., Imangazy A.M., Grazulevicius J.V., Kosunov A.O., Kopbayeva M.P., Jumadilov T.K. Features of the sorption of cerium ions by the interpolymer system based on polyacrylic acid and poly-4-vinylpyridine hydrogels // Proceedings of 11th Poliimides and high performance polymers (STEPI 11), Montpellier, France, 2-5 June 2019. – P. 255-268. (in English)
2. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. New approaches in sorption of rare and rare-earth metals via application of highly selective intergel // Proceedings of 11th Poliimides and high performance polymers (STEPI 11), Montpellier, France, 2-5 June 2019. – P. 269-279. (in English)
3. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Self-organization of functional polymers in intergel systems during rare-earth metals sorption // Proceedings of 18th IUPAC International Symposium on MacroMolecular Complexes (MMC-18), Moscow, Russia, 10-13 June 2018. – P. 126-127. (in English)
4. Jumadilov T.K., Kosunov A.O., Kopbayeva M.P., Kondaurov R.G., Imangazy A.M., Utesheva A.A., Zhora A.D. Impact of initial state of polymer structures of KU-2-8 and poly-4-vinylpyridine on ionization in intergel system // Proceedings of 6th International Caucasian Symposium on Polymers and Advanced Materials, Batumi, Georgia, 17-20 July 2019. – P. 54. (in English)
5. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Features of development of highly selective intergel systems in relation to rare-earth elements ions // Proceedings of the VIII international symposium on specialty polymers, Karaganda, the Republic of Kazakhstan, 23-25 August 2019. – P. 63. (in English)
6. Tothuskyzy B., Dzhumadilov T., Grazulevicius J.V. Some perculiarities of the interaction of scandium and yttri ions with activated hydrogels // Proceedings of the VIII international symposium on specialty polymers, Karaganda, the Republic of Kazakhstan, 23-25 August 2019. – P. 104. (in English)
7. Yskak L.K., Dzhumadilov T.K., Myrzahmetova N.O., Suberlyak O.V. Features of distance interaction and mutual activation of hydrogel polymethacrylic acid and anionite AV-17 // Proceedings of the VIII international symposium on specialty polymers, Karaganda, the Republic of Kazakhstan, 23-25 August 2019. – P. 106. (in English)
8. Imangazy A.M., Jumadilov T.K., Kondaurov R.G., Zhora A.D. «Remote interaction» effect of polymer hydrogels on samarium ions sorption // Proceedings of XXI Mendeleev congress on general and applied chemistry, Saint-Petersburg, Russia, 9-13 September 2019. – Vol. 2b, section 2. – P. 154. (in English)
9. Imangazy A.M., Jumadilov T.K., Kondaurov R.G., Zhora A.D. The effect of "remote interaction" of polymer hydrogels on the sorption of samarium ions // Proceedings of XXI Mendeleev congress on general and applied chemistry, Saint-Petersburg, Russia, 9-13 September 2019. – Vol. 2b, section 2. – P. 214. (in Russian)

Patents:
1. Patent of the Republic of Kazakhstan for a useful model No. 3970. A method of producing a sorbent for extracting samarium / Jumadilov T.K., Kondaurov R.G., Eskalieva G.K, Khimersen Kh., Khakimzhanov S.А. Bulletin No. 20 dated 05/17/2019. (in Russian)



2020 year:
Monograph:
1. Jumadilov T.K., Kondaurov R.G., Imankazy A.M. Features of group extraction of rare-earth and rare elements from industrial solutions. – Almaty, 2020. – 162 p. (in Russian)

Chapters in a collective monograph:
1. Jumadilov T.K., Kondaurov R.G. Features of selective sorption of lanthanum from solution, which contains ions of lanthanum and cerium by intergel system hydrogel of polymethacrylic acid: hydrogel of poly-2-methyl-5-vinylpyridine // Chemistry and industrial techniques for chemical engineers / A.K. Haghi, L. Pogliani, A.F. Ribeiro. – AAP press, 2020. – P. 149-174. (in English)
2. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Advantages of remote interaction in the selective extraction of lanthanum, cerium, neodymium, samarium ions // Innovative functional compounds for use in promising technologies / Jumadilov T.K., Kondaurov R.G. – Almaty, 2020. – P. 3-34. (in Russian)

Articles published in scientific journals indexed in WoS/Scopus databases:
1. B. Totkhuskyzy, L.K. Yskak, I.S. Saparbekova, N.O. Myrzakhmetova, T.K. Jumadilov, J.V. Gražulevicius. Features of the extraction of yttrium and lanthanum with an intergel system based on hydrogels of polyacrylic acid and poly-4-vinylpyridine // Bulletin of the Karaganda university. Chemistry series. – 2020. – Vol. 97, № 1. – P. 60-67. (included in the WoS database)
2. Jumadilov T.K., Kondaurov R.G., Imangazy A.M. Features of sorption of rare-earth metals of cerium group by intergel systems based on polyacrylic acid, polymethacrylic acid and poly-4-vinylpyridine hydrogels // Bulletin of the Karaganda university. Chemistry series. – 2020. – Vol. 98, № 2. – P. 58-67. (included in the WoS database)

Articles published in domestic scientific journals recommended by CQAESA MES RK:
1. Jumadilov T.K., Malimbaeva Z.B., Saparbekova I.S., Kondaurov R.G., Imangazy A.M., Suberlyak O.V. Features of extraction of neodymium by an intergel system based on hydrogels of polymethacrylic acid and poly-4-vinylpyridine // Chemical Journal of Kazakhstan. – 2020. – No. 1. – P. 54-61. (in Russian)
2. Jumadilov T.K., Kondaurov R.G., Imangazy A.M., Khimersen H., Zhora A.D., Malimbaeva Z.B. Peculiarities of remote interaction of interpenetrating polymer networks during the sorption of neodymium, rhenium and scandium ions // Chemical Journal of Kazakhstan. – 2020. – No. 2. – P. 68-76. (in Russian)
Patents:
1. Patent of the Republic of Kazakhstan for a useful model No. 4755. Method for extracting neodymium from solutions / Jumadilov T.K., Kondaurov R.G., Eskalieva G.K., Khimersen H., Zhora A.D., Imanғazy A.M. Bulletin No. 9 dated 03/05/2020. (in Russian)
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APPENDIX C
Scheme of synthesis of polyacrylic and polymethacrylic acid hydrogels

Dispersion
Monomer
(acrylic or methacrylic acid)
Initiator
(K2S2O8–Na2S2O3)
Polymerization
Washing the resulting hydrogel
Crosslinking agnet
(MBAA)
Drying
Finished product



[bookmark: _Hlk54023259]APPENDIX D
Scheme of synthesis of poly-4-vinylpyridine and poly-2-methyl-5-vinylpyridine hydrogels

Dispersion
Linear polymer
(poly-4-vinylpyridine or poly-2-methyl-5-vinylpyridine)
Crosslinking agent 
(ECH)
Swelling
Washing the resulting hydrogel
Solvent
(DMFA)
Drying
Finished product
Dissolution
Crosslinking



[bookmark: _Hlk54023266]APPENDIX E
Post-synthesis polymer gel purification process
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	1 – wash column; 2 – flush water drain valve; 3 – gel drying column 




[bookmark: _Hlk54023274]APPENDIX F
[bookmark: _Hlk54027623]Experimental part
Equipment. To measure the specific electrical conductivity, a conductometer MAPK 603 (Russia) was used, pH of solutions was determined on a Metrohm 827 pH-Lab pH meter (Switzerland). 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). The determination of optical density of solutions of nitrates of lanthanum, cerium, neodymium, and samarium for the subsequent calculation of the concentration of metal ions was carried out on a Jenway-6305 spectrophotometer (UK). Also, the concentration of lanthanum, cerium, neodymium, and samarium ions was determined on an ARCOS Simultaneous ICP Spectrometer (ICP-AES) atomic emission spectrometer (Germany).
Experiment. The experiments were carried out at room temperature. The study of the sorption properties of individual polymeric hydrogels PAA, PMAA, P4VP, P2M5VP and intergel systems based on them was carried out as follows:
1 Study of the sorption properties of individual hydrogels PAA, PMAA, P4VP, P2M5VP
1.1 The calculated amount of each hydrogel (polyacrylic acid, polymethacrylic acid, poly-4-vinylpyridine, poly-2-methyl-5-vinylpyridine) was placed dry in a glass beaker.
1.2 During 2 days, the electrochemical properties (specific conductivity, pH) of aqueous solutions and the mass of polymer samples of hydrogels were measured. Measurements of electrical conductivity and pH were carried out in the absence of hydrogels in an aqueous medium. Swelling degree was calculated using the equation:

	
	(1)



where m1 – weight of dry hydrogel, m2 – weight of swollen hydrogel.
1.3 Sorption of lanthanum, cerium, neodymium, and samarium ions by individual hydrogels PAA, PMAA, P4VP, P2M5VP was carried out for 2 days from the corresponding nitrate solutions (concentration 0.005 mol/L). During this time, aliquots were taken.
2 Study of the sorption properties of intergel systems hPAA-hP4VP, hPMAA-hP4VP, hPAA-hP2M5VP, hPMAA-hP2M5VP
2.1 The calculated amount of each hydrogel (PAA, PMAA, P4VP, P2M5VP) was placed dry in a special glass filter, the pores of which are permeable to low molecular weight ions, but impermeable to dispersion of hydrogels, after which the hydrogels were placed in 6-aqueous solutions of nitrates of lanthanum, cerium, neodymium , samarium (0.005 mol/L).
2.2 For 2 days, aliquots were taken for the subsequent determination of the concentration of REM ions by colorimetric and atomic emission methods. 
Method for the determination of rare-earth metal ions. The procedure for the determination of lanthanum, cerium, neodymium, and samarium ions in solution is based on the formation of a colored complex compound of the organic analytical reagent Arsenazo III with rare earth metal 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.
Total polymer chain binding degree was calculated by the equation:

	
	(3)



where νsorbed – amount of sorbed metal, mol; ν – amount of polymer sample (if there are two hydrogels in solution it is calculated as sum of amount of each of them), mol.
Effective dynamic exchange capacity was calculated by the equation:

	
	(4)



where νsorbed – amount of sorbed metal, mol; msorbent – mass of sorbent (if there are two hydrogels in solution it is calculated as sum of their masses), g.
[bookmark: _Hlk53997650]3 Conducting laboratory, semi-industrial and pilot-industrial tests of the developed unit sample and the developed sorbent
3.1 Carrying out laboratory tests
One cartridge holds a lightly crosslinked polyacrylic acid hydrogel, the other cartridge holds a lightly 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 nitrates of lanthanum, cerium, neodymium, samarium (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.
3.2 Carrying out semi-industrial tests
One cartridge holds a lightly crosslinked polyacrylic acid hydrogel, the other cartridge holds a lightly 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 nitrates of lanthanum, cerium, neodymium, samarium (concentration 0.005 mol/L). The solution pH value of 3.5, what 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.
3.3 Carrying out 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.

[bookmark: _Hlk54023308]APPENDIX G
[bookmark: _Hlk54027702]Act of carrying out of laboratory tests
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[bookmark: _Hlk54023318]"APPROVED"
General director
JSC "Institute of Metallurgy and Ore Beneficiation"
____________ B.K. Kenzhaliev
"___" __________ 2020


ACT

on laboratory tests of an intergel system consisting of lightly crosslinked hydrogels of polyacrylic acid and poly-4-vinylpyridine as a sorbent for the selective extraction of lanthanum, cerium, neodymium, and samarium ions in an aqueous medium (within the framework of the grant funding project AP05131451).
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. conducted laboratory tests of a unit sample for group extraction of rare-earth elements ions. Sorbent (intergel system polyacrylic acid hydrogel - poly-4-vinylpyridine hydrogel (hPAA-hP4VP) was developed under the guidance of doctor of chemical sciences, professor Jumadilov T.K. The unit is a rectangular structure consisting of a body, 2 cartridges, inlet and outlet openings.
Laboratory tests of the sorbent were carried out as follows:
One cartridge holds a rare-crosslinked polyacrylic acid hydrogel, another cartridge holds a rare-crosslinked poly-4-vinylpyridine hydrogel. After that, both cartridges are placed in the unit. The unit is fed with a model solution consisting of nitrates of lanthanum, cerium, neodymium, samarium (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) Selective sorption of lanthanum ions. For the selective sorption of lanthanum ions, the intergel system 33% hPAK-67% hP4VP was used. The maximum values of the degree of extraction of lanthanum ions and associated rare-earth metals are shown in table 1.

Table 1 – Values of extraction degree of La, Ce, Nd, Sm ions of the intergel system 33%hPAA-67% hP4VP

	τ, h
	η(33%hPAA-67%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	48
	81.63
	25.35
	10.33
	17.45



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

Table 2 – Values of extraction degree of La, Ce, Nd, Sm ions of the intergel system 17%hPAA-83% hP4VP

	τ, h
	η(17%гПАК-83%гП4ВП), %

	
	La
	Ce
	Nd
	Sm

	48
	27.72
	80.51
	8.15
	9.08



3) 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 the degree of extraction of neodymium ions and associated rare-earth metals are shown in table 3.

Table 3 – Values of extraction degree of La, Ce, Nd, Sm ions of the intergel system 17%hPAA-83% hP4VP

	τ, h
	η(83%гПАК-17%гП4ВП), %

	
	La
	Ce
	Nd
	Sm

	48
	15.47
	9.25
	80.08
	13.51



4) Selective sorption of samarium ions. For the selective sorption of samarium ions, the intergel system 67%hPAA-33%hP4VP was used. The maximum values of the degree of extraction of samarium ions and associated rare-earth metals are shown in table 3.

	τ, ч
	η(67%гПАК-33%гП4ВП), %

	
	La
	Ce
	Nd
	Sm

	48
	17.52
	9.98
	13.24
	80.56



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 lanthanum, cerium, neodymium, and samarium ions. The developed sorbent possesses a sufficiently high degree of extraction of these rare earth metals; the installation allows to change the molar ratios of hydrogels rather quickly.
It is recommended to test the developed installation and sorbent in an acidic medium to determine the feasibility of using developments for the extraction of target ions of rare-earth metals from industrial 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.

And about. head of laboratory
synthesis and chemical chemistry of polymers
JSC "Institute of Chemical Sciences
after A.B. Bekturov "________________ Kondaurov R.G.

APPENDIX H
[bookmark: _Hlk54027714]Act of carrying out of semi-industrial tests
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General director
JSC "Institute of Metallurgy and Ore Beneficiation"
____________ B.K. Kenzhaliev
"___" __________ 2020


ACT

on semi-industrial tests of an intergel system consisting of lightly crosslinked hydrogels of polyacrylic acid and poly-4-vinylpyridine as a sorbent for the selective extraction of lanthanum, cerium, neodymium, and samarium ions in an aqueous medium (within the framework of the grant funding project AP05131451).
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. conducted laboratory tests of a unit sample for group extraction of rare-earth elements ions. Sorbent (intergel system polyacrylic acid hydrogel - poly-4-vinylpyridine hydrogel (hPAA-hP4VP) was developed under the guidance of doctor of chemical sciences, professor Jumadilov T.K. The unit is a rectangular structure consisting of a body, 2 cartridges, inlet and outlet openings.
Semi-industrial tests of the sorbent were carried out as follows:
One cartridge holds a rare-crosslinked polyacrylic acid hydrogel, another cartridge holds a rare-crosslinked poly-4-vinylpyridine hydrogel. After that, both cartridges are placed in the unit. The unit is fed with a model solution consisting of nitrates of lanthanum, cerium, neodymium, samarium (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) Selective sorption of lanthanum ions. For the selective sorption of lanthanum ions, the intergel system 33% hPAK-67% hP4VP was used. The maximum values of the degree of extraction of lanthanum ions and associated rare-earth metals are shown in table 1.

Table 1 – Values of extraction degree of La, Ce, Nd, Sm ions of the intergel system 33%hPAA-67% hP4VP

	τ, h
	η(33%hPAA-67%hP4VP), %

	
	La
	Ce
	Nd
	Sm

	48
	77.55
	24.08
	9.81
	16.58


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

Table 2 – Values of extraction degree of La, Ce, Nd, Sm ions of the intergel system 17%hPAA-83% hP4VP

	τ, h
	η(17%гПАК-83%гП4ВП), %

	
	La
	Ce
	Nd
	Sm

	48
	26.33
	76.48
	7.74
	8.63



3) 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 the degree of extraction of neodymium ions and associated rare-earth metals are shown in table 3.

Table 3 – Values of extraction degree of La, Ce, Nd, Sm ions of the intergel system 17%hPAA-83% hP4VP

	τ, h
	η(83%гПАК-17%гП4ВП), %

	
	La
	Ce
	Nd
	Sm

	48
	14.70
	8.79
	76.08
	12.83



4) Selective sorption of samarium ions. For the selective sorption of samarium ions, the intergel system 67%hPAA-33%hP4VP was used. The maximum values of the degree of extraction of samarium ions and associated rare-earth metals are shown in table 3.

	τ, ч
	η(67%гПАК-33%гП4ВП), %

	
	La
	Ce
	Nd
	Sm

	48
	16.64
	9.48
	12.58
	76.53



It can be seen from the results of semi-industrial tests that the intergel system hPAA-hP4VP exhibits selectivity to lanthanum, cerium, neodymium and samarium ions at different molar ratios of hydrogels. The developed sorbent possesses a sufficient degree of extraction of the aforementioned rare earth metals; the advantage of the installation is the possibility of a rapid change in the molar ratios of hydrogels. A slight decrease (up to 5%) in the degree of extraction of macromolecules 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 developed installation and sorbent are promising for the selective sorption of lanthanum, cerium, neodymium, and samarium ions from industrial solutions of hydrometallurgy.

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
them. A.B. Bekturova "________________ Jumadilov T.K.

And about. head of laboratory
synthesis and chemical chemistry of polymers
JSC "Institute of Chemical Sciences
them. A.B. Bekturov "________________ Kondaurov R.G.

APPENDIX J
[bookmark: _Hlk54027739]Act of carrying out of pilot-industrial tests
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"APPROVED "
Deputy of General Director on SRW
LLP "Institute of High Technologies"
____________ 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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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.

Hasaabnms JHAM )
TOO HCTHTYT BbICOKUX TeXHOAOTMI ([T,

Th Caiiayanaesa C.A.

TaaBublii HayIHbIH COTPYAHNK
AO (HuCTHTYT XHMICCKIX HayK /
uw. AB. Bektypona» Lt Twywaanaon TK
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