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sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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NEW APPROACH TO THE SYNTHESIS
OF POLYCONDENSATION ION-EXCHANGE POLYMERS
FOR WASTEWATER TREATMENT

Abstract. New ion-exchange polymers based on furfural and diphenyloxide were synthesized, followed by
sulfonation for the introduction of functional groups. The mechanism and duration of the polycondensation reaction,
the nature of the catalysts of the desulfurizing agents, were studied. The images of ion exchangers on a scanning
electron microscope are obtained. Elemental analysis carried out as follows: a common area of the sample surface
taken and elemental analysis was carried out, in the selected common site was re-conducted element analysis of the
selected area. Due to the formation of a polymer matrix, diphenyloxide molecules retain oxygen atoms that play the
role of a bridgehead between benzene rings, and oxygen atoms are also retained in the heterocyclic furan nucleus. In
the sulfonation process, to introduce sulfo groups, sulfur atoms penetrate the interior of the polymer. The finished
products also contain sorbed atoms of sodium, calcium, magnesium and copper, indicating selective, as well as
selective properties of the resulting ion exchanger. Determination of the polymer composition for high-performance
express analysis in spectrometer with an attachment of internal reflection. The results of study have shown that the
knocked — out polymer matrixes have a three — dimensional structure and possess sorption properties due to the
presence of functional groups in polymer. It was found that synthesized ion exchange polymers are suitable for the
application of wastewater treatment from heavy metal ions.

Keywords: sorbent, selectivity, mechanism, porous structure, elemental analysis, sulfonating agent, catalyst,
polycondensation, sorption, exchange capacity.

Introduction. There has been a number of extensive researches in the field of sorbents synthesis [1],
the search for new methods of synthesis — ion exchange polymers for wastewater treatment, solutions of
hydrometallurgical industries, seems to be an extremely topical problem. One of the available materials
for the synthesis of new ion exchangers are furfural and diphenyloxide [2-4]. This work is devoted to the
synthesis of a polymer matrix with subsequent sulfonation in order to create ionic groups, since sorbents
based on it have greater mechanical, chemical and thermal strength [5-7].

The aim of the work was to develop and synthesize new ion exchangers with functional groups,
which have sorption properties to non — ferrous metal ions and for wastewater treatment [8].

As a result of a number of researches conducted on the synthesis of ion — exchange polymers, which
investigated their operational properties and the use in the treatment of wastewater from chemical in-
dustries, around the world, scientists have been able to obtain a number of scientific outcomes, including:
a new generation of ion exchangers with a uniform granulometric composition of the ceramics ( Dow
Chemical Co USA, Bayer AG Germany and Purolite international Ltd, U.K) [9]; methods of obtaining
ion — exchange polymers of a polycondensation type have been developed by modifying a sulfur —
containing oil product with an epoxy resin. Methods for obtaining ion-exchange polymers of a polycon-
densation type have been developed by modifying a sulfur-containing product with a petroleum epoxy
resin [10], Japanese scientists [11] describe the process of obtaining phosphorus-containing ion
exchangers based on copolymers of glycidyl methacrylate and divinylbenzene in the presence of 40-160%
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pore-formers, followed by phosphorylation of the copolymer with phosphoric acid. The properties of
ionites (porosity, capacity for inorganic ion-selectivity) are determined and it is shown that some two and
three valence ions during sorption on the obtained phosphorus-containing ion exchangers differ in the
absorption coefficient from solutions containing impurity ionometals of the first group; complex-forming
low-basic anion exchangers with selective properties for copper and molybdenum ions by polycon-
densation of furfural, benzoguanidine in the presence of polyethylenepolyamine, as well as macropor
sulfocationite of polycondensation type based on furfural and diphenyloxide [12].

Methods. A 45% solution of sulfuric acid was added to a three-necked flask equipped with a reflux
condenser and a mechanical stirrer with a bolt and a thermometer, and 17 g (0.1 mole) of diphenyloxide
was added and, at 30-40°C furfural 14.4 g (0.15 mole). The temperature was raised to 70-80°C, and at this
temperature, after 90 minutes, a gel was formed which was further transferred to a porcelain dish and
placed in a drying cabinet, at first, dryed at 80-90° C, then at 100°C until it reached the air — dry state. The
dried polymer was milled to a grain diameter d, = 0.25-0.5 mm, then it was cleared from unreacted
substances by washing with solutions — 5% HCI and distilled water, then with 5% solution of NaOH, and
again distilled water sequentially until a neutral reaction. The finished polymer subjected to the process of
sulfonation. The polymer swelled in concentrated sulfuric acid was placed in a three-neck flask with a
mechanical stirrer and reflux condenser. The sulfonation was performed with 92-95% sulfuric acid, the
molar ratio of polymer and acid was 1:6, at 70°C for 6 hours. To avoid deformation of the polymer matrix
after sulfonation, the cooled polymer was washed with sulfuric acid, decreasing the concentration suc-
cessively to 75, 50, 25 and 10% and then washed with distilled water until neutral wash water, then the
resulting cation exchanger was dried at 80-90°C in a drying cabinet.

The samples of the obtained ion exchange polymers were examined on a scanning electron micro-
scope (SEM-EVO MA 10) which zoomed 500 times, 1000 times and 3000 times. Elemental analysis on
the device (Aztec Energy Advanced) (SEM/EDS). Samples mounted on the surface of the holder. Then
the surface was deposited with a layer of carbon 5-20 bc. Each sample was examined for SEM element
analysis as follow: a common sample surface area was taken and element analysis was performed, in the
selected common site, an elemental analysis of the isolated site was re-performed.

The copper content have been determined by a chemical analysis. The synthesized product has also
been investigated by the IR spectroscopy and differential-thermal analysis methods [13].

Results and discussion. Industrial polycondensation cation exchangers are mainly derived from
phenols and formaldehyde. The use instead of formaldehyde furfural and together phenols of diphenyl
oxide will allow us to solve cardinally the problem of increasing the thermochemical and radiation re-
sistance and mechanical strength of ion exchanges. From this point of view, as a polymer matrix for the
introduction of ionic groups. A polycondensation product of diphenyl oxide and furfural was used [14].
The choice of diphenyl oxide instead of phenols is due to the fact that: 1) the presence of aromatic nuclei
and the absence of hydroxyl groups make it possible to obtain polymers with high thermochemical
resistance. 2) The molecule of diphenyl oxide contains 6 mobile hydrogen atoms, which make it possible
to obtain ionite with a high content active groups; 3) The presence of an oxygen bridge between the
aromatic rings promotes an increase in the selectivity to ions of certain metals; 4) Diphenyloxide is
relatively inexpensive and available [15, 16]. The formation of the polymer is due to the reaction of the
aldehyde group of furfural with the most reactive hydrogen of diphenyloxide in the ortho- and para
positions, which agrees with the data obtained from IR spectroscopic studies of the obtained polymer [17].

The absorption bands in the 1200-1600 cm™ region in the cationite spectrum correspond to SO;H
groups. The absorption bands in the 3200-3500 cm™ region correspond to stretching vibrations-COOH
groups. The absorption bands in the 644 cm™ region correspond to the presence of diphenyloxide groups.
The absorption bands in the 1033 cm™ region correspond to the 1.2.3.4-substituted benzene ring. The
absence of absorption bands in the 1670 cm™ region indicates that furfural reacts with diphenyloxide due
to its carbonyl group. The absorption bands in the region 740. 810. 870 cm™ correspond to the vibrations
of the furan ring.

The study is further directed to the effects of nature and the concentration of the sulfonating agent on
the properties of the cation exchanger. As sulfonating agents, chlorosulfonic acid, 5% oleum, concentrated
70% and 92% sulfuric acid were used. When chlorosulfonic acid is used, the degree of conversion
corresponds to about 50%, which leads to a decrease in the exchange capacity of 0.1 N solution of caustic
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soda to 3.0 mg-eq/g. In addition, the sulphonation of the ion exchanger requires saponification of the
sulfochloride groups, this process is carried out with the release of hydrogen chloride as a by-product that
causes corrosion of the equipment. Using 5% oleum leads to a deterioration in the mechanical strength of
the ion exchanger. 92% sulfuric acid is the most acceptable as a sulphurizing agent [18].

InK
-4,5 1

<

-6,5 1 1 1
2,8 2,9 3 3 108

Figure 2 — Dependence of InK from 1/T-10% on the sulfonation of a polymer based on diphenyloxide and furfural

From the graphical dependence shown in figure 2 with the use of the Arrhenius equation with respect
to the slope angle fga, the activation energy of the chemical reaction is found:

E

k=kye &7

where T is the absolute temperature, K; k, is the pre-exponential factor (pre-exponential); R is the gas
constant; £ is the activation energy of the reaction

E=tga R,

where R is the gas constant is 8.314. The activation energy of the cation exchanger sulfonation reaction is
calculated to be E, = 4.306-104 J/mol or 19.35 kcal/mol.

The value of the activation energy indicates that the process of sulfonation of the polymer proceeds
fairly easily. Thus, it can be judged that in the initial period of sulfonation (t = 90 minutes), the polymer
sulfonation reaction is characterized by a chemical reaction. As the duration of the reaction increases and
the degree of conversion increases (F>0.6), the influence of the intra-diffusion process, which is
characterized by the penetration of -SO;H groups, into the grain depth of the polymer, increases, on the
sulfonation rate. The limiting stage of the sulfonation process is the diffusion of ionogenic groups in the
polymer granule. On the basis of the experimental data obtained, it can be concluded that the sulfonation
reaction of the resulting diphenyl-oxide furfural polymer proceeds with a sufficiently high conversion
degree. The speed of the sulfonation process in the initial stage is determined by the kinetics of a purely
chemical reaction, and in the final diffusion into the depth of the polymer grain. The data obtained by us
agree with the literature data [19].

Until now, considering in general terms the chemical structure of polymers of different classes, we
essentially talked about the structural formula of the repeating unit of the macromolecule. However, the
presence of many such links in the macromolecule immediately complicates the picture. Let us start with
the fact that each link in the process of an elementary act of growth of a macromolecule can join the
neighboring link in different ways. In this case, chemists talk about joining "head to head", "tail to tail" or
"head to tail" [20]. The chemistry of the polycondensation reaction is based on the electrophilic
substitution of a hydrogen atom in para or ortho positions.

— 209 =——



N E W S of the Academy of Sciences of the Republic of Kazakhstan

H

GO @Mﬁ .

H
O /
O:H
0

=~/

HXOH

n—complex

)

c—complex

I~ e SUGU S

c—complex ‘

Scheme 1 — Interaction of diphenyloxide with a catalyst of sulfuric acid

As we can see from scheme 1 that when the concentrated sulfuric acid acts on diphenyloxide, the
hydrogen atoms in the benzene nucleus are replaced by the sulfo group, the furfural molecules form an
active center. Carbocation attacks the benzene rings of diphenyloxide, thereby forming a m-complex,
which in turn turns into a o-complex, which in its turn is transformed into c-complex by the reduced
scheme 1.

Cleavage of the proton from the o-complex produces intermediate compounds according to scheme 2.
Intermediates bind the protons of the catalyst and transform into electrophilic particles that initiate chain
growth:

R (OO0 — 00300
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The growth of the chain occurs gradually as a result of the interaction of the molecules of monomers
with the polymer formed [21]. At certain stages of production, the molecules have a branched structure,
and only in the final stage of the preparation of finished products reactions can occur, resulting in the
formation of a three-dimensional structure. The main factors affecting the speed and direction of the
polycondensation reaction; the structure of the monomers, in particular the number of functional groups,
their properties and ratio in the reaction mixture, the type of catalyst and its activity, the presence of
impurities in the monomer, as well as strict adherence to the reaction technological regime (temperature,
pressure, mixing degree, duration, etc.).

The process proceeds stepwise, i.e. the growth of chains occurs due to the consecutive addition of
molecules to each other. Therefore, polycondensations proceed slowly than they differ from polymeri-
zation that passes quickly through the chain mechanism at low temperatures. Often during polycon-
densations, the primary reaction is the migration of a hydrogen atom from one molecule to another, as in
the case of aldol condensations, the Perkin reaction and similar processes [22].

To determine the expected chemical structure, the ion exchange polymer obtained was subjected to
elemental analysis. The results of the experiment are shown in electronic images (figure 3).
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Figure 3 — Results of elemental analysis of obtained sulfocathionite
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It can be seen from figure 3 that the obtained ion exchangers basically contain oxygen atoms of 63.3,
44.5, 49% by weight. This is due to the fact that in the formation of a polymer matrix, diphenyloxide
molecules retain oxygen atoms that play the role of a bridgehead between benzene rings, and oxygen
atoms are also retained in the heterocyclic furan nucleus. In the sulfonation process, to introduce sulfo
groups, sulfur atoms penetrate the interior of the polymer (in our case, 16.1, 6.1, 11.4 wt.%). The finished
products also contain sorbed atoms of sodium, calcium, magnesium and copper, indicating selective, as
well as selective properties of the resulting ion exchanger [23-25]. Adverse atoms such as silicon, nitro-
gen, chlorine appear due to poor washing of the resulting ion exchangers or untreated starting reagents.

The high-molecular basis of ion-exchange resins, the so-called ion-exchange matrix, can differ
substantially not only in chemical but also in physical structure, depending on the synthesis method [26].
Three-dimensional polycondensation leads to the production of non-porous resins, which are shown in the
electronic images in figure 4.

Electronic image 1 Electronic image

2
A : -

e
25um L 25um

Figure 4 — Electronic images of the obtained ion exchanger

It can be seen from the data in figure 4 that the obtained ion-exchange polymer is a gel structure and
has micropores. Thanks to these pores, the cation exchanger sorbs ions of certain metals. The results of
sorption properties and the main physicochemical parameters are given in the table.

Physico-chemical characteristics of cation exchanger based on diphenyloxide and furfural

Indicators H-form Na-form
Humidity, % 15 18
Bulk weight, g/ml 0.18 0.2
Specific volume, ml/g 6.3 8.2

SVC according to 0.1N solutions, mg-eqv/g

NaCl 1.85-2.0 -
NaOH 5.7-6.0 -

CaCl, 1.6-1.8 3.2-3.8
MgCl, 1.4 2224
CuSO, 0.8-0.9 2.0-22
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The granules of the obtained cation exchanger have a black color and an irregular shape. The specific
volume of the swollen cation exchanger is higher in the sodium form than in the hydrate form, this causes
the penetration of metal ions into the grain of the ion exchanger, which indicates the sorption properties
given in the table. Our further research is aimed at a more detailed study of the sorption and physico-
chemical properties of the obtained cation exchanger, with the aim of finding specific objects and their
practical application for wastewater treatment from ions of heavy metals.

Conclusion. Co-polycondensation of diphenyloxide with furfural gave a new polymer that was used
as a polymer matrix for introducing ionogenic groups. The data of the study, depending on the reaction
temperature on the duration of the polycondensation reaction, show that the polycondensation reaction at
80°C proceeds for 65-70 minutes. Under these conditions, the reaction proceeds violently, as a result of
which the synthesized cation exchanger has a low exchange capacity and swelling. Carrying out the
reaction at 60°C leads to the formation of sulfocathionite with a reduced value of the exchange capacity in
comparison with the cation exchanger obtained at 70°C. This, apparently, is explained by the incom-
pleteness of the interaction of diphenyloxide with furfural. The chemistry of polycondensation reaction is
based on the electrophilic substitution of a hydrogen atom in para- or ortho-positions.

The main regularities of the process of sulfonation of the polymer obtained, i.e. sulfonating agent,
temperature and duration of sulfonation. It was found that the cation exchanger obtained in its structure
has functional groups, which are represented in electronic images, as well as IR-spectroscopy. Using
mathematical data, the rate constant of the sulfonation process and the activation energy were calculated
on the basis of the data obtained. The results of modern studies have shown that the polymer matrixes
obtained have a three-dimensional structure and possess sorption properties due to the presence of func-
tional groups in the polymer.
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TA3AJIAHFAH KAJJIBIKTAP/IbI TA3AJIAYFA APHAJIFAH
MOJbKOHEHIEHIUSLIBIK MHHOCTULUSLIBIK TOJTUMEPJIEP CHHTECIHE
KAJIIBIHJAFBI 5)KAHA OIEPA LIS

Annoranust. XXymbicta Gypdypiabl )koHe TUGEHUIOKCH HETi31HJEr] )KaHa MOH alIMACTBIPFBINI MOJIUMEpPIIEp
CUHTE3IIeN/Ii, COJlaH KEeWiH (PYHKIIMOHAIIBIK TONTAPIbl CHIi3y YIIiH Cyab(poHAT O0osmbl. [lonMKOHACHC AU peak-
LUSICBIHBIH MEXaHHM3Mi, KaTalu3aTopiiap MEH CYJb(OHHUPIIEHIEH areHTTepAiH TaOWFaThl 3epTTesil. AJIBIHFAaH UOH
aJIMaCTBIPFBILI MTOJUMEPIIEP/iH YITIepi CKaHepeH OTKI3UIreH AIEKTPOHIBIK MUKpOCKonTa 3eprreiai. Herisri ane-
MEHTTI Tajjay Kypri3uigi. ¥CTarblThIH OeriHe opHarbUiFaH yirinep. CojgaH KediH OeTi KaiubIHIABIFBI 5-20 HM
OonaThlH KOMIPTEKTI KabaThIMEH HIAMIBULABL. DJIEMEHTTIK Tajjlay TOMEHZETiNIed OpbIHIAIAbBL: IpIKTENreH OeTiHiH
KaJMbl ayMarbl KaObUIJaHIBI KOHE JJIEMEHTTIK Tajjlay d>Kacalbl, TaHIAJFaH aiMaKTBIH DJIEMEHTTIK aHaJu3i
TaHJIAJIFaH JKaJINbl aiiMakTa KadWTtananapl. Maentudukauusiiay yiniH moiuMmepiiH KypambiH aHbikray WK-®ypbe
CHEKTPOMETPIiH/IE 1LIKI KOPIHICTI KOCY apKbUIBI )KOFaphl KbUIIAMABIKTHI XKees Tajiay KYprizinal. 3amaHayu 3ept-
TEyJepIiH HOTHXKEeJIepl alblHFaH MOJIMMEPIIIK MaTpula yII eJIIeMAl KypbUIbIMFa He JKOHE IoJiuMeperi GyHKIHO-
HaJIBIK TONTApIbIH OOybIHA OaiilaHbICTBI COPOLMSUIBIK KacueTTepre ue eKeHAIriH kepcerTi. CHHTe3leNreH HoH
AJIMaCTBIPFBILI TIOJIMMEPJIEP aybIp METaJUl HOHIApbIHAH aFbIH/IbI CYJIap/Ibl OHJEYTe )KapaM/ibl I aHBIKTaJFaH.

Tyiiin ce3mep: cOpOEHT, CEIEKTUBTLIIK, MEXaHH3M, KEYyEKTi KYPbUIBIM, JJIEMEHTTIK Talay, CyJIb(OHUPIICHICH
areHT, KaTaln3aTop, MOJMKOHICHCAIUs, COpOLIHs, aiibipOacTay KaOiieTi.
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HOBBIN MOJIXO0/I K CAHTE3Y NOJMKOHJAEHCAIIMOHHBIX HOHOOBMEHHBIX ITOJIMMEPOB
VIS OYUCTKHN CTOYHBIX BOJ,

AnHoTanusi. B paboTe cuHTe3MpOBaHBI HOBBIE HOHOOOMEHHBIE ITOJIMMEpPHI Ha ocHOBe (ypdypoia u nudenu-
OKCHJIa C TIOCIIEIYIONINM CYJIL(UPOBAHUEM JUIs BBEIEHHS (QYHKIMOHAIBHBIX Ipynn. V3ydeHbl MeXaHU3M peaklyuu
MOJIMKOHJICHCAIINH, TIPUPOJIBI KaTaJu3aTOPOB U CyIb(QHUPYIOMNX areHToB. OOpa3ubl MOIyYeHHBIX HOHOOOMEHHBIX
MTOJTMMEPOB UCCIIEIOBAHEI HA CKAHUPYIOIMIEM 3JIEKTPOHHOM MHKpockore. [IpoBeaéH snemenTHbIH aHamm3. OOpa3mbl
YCTaHOBIIEHBI Ha MOBEPXHOCTH JEpKaTels. 3aTeM IOBEPXHOCTh HANBULLIN CIOEM YTiepola TONMHHOW 5-20 HM.
DJNeMEHTHBIN aHaIu3 OCYMIECTBISUIA CIEAYIONIM 00pa3oM: OBLT B3AT OOIIMH y4acTOK MOBEPXHOCTH oOpasma u
MPOBEAEH AIIEMEHTHBIA aHalN3, B BHIOPAHHOM OOIIEM y4acTKe MOBTOPHO IMPOBEAEH ASIIEMEHTHBIA aHAIN3 BBIE-
neHHoro ydactka. OmnpejeneHne cocTaBa MojuMepa Uil WASHTU(HUKALUME TakKe ObLT MPOBENEH BBICOKOIPOU3BO-
TUTETBHBIN dKcpecc-aHanu3 B mpubope UK-Dypre cekTpoMeTp ¢ MPUCTaBKOW BHYTPEHHETO OTpaxkeHus. Pesyib-
TaThl COBPEMEHHBIX HUCCIIEOBAaHUM MOKa3aiH, YTO IMOJyuYeHHAas MOJIMMEpHas MaTpulla MMeeT TPEXMEPHYIO CTPYK-
Typy ¥ 00JajjaeT COpOLIMOHHBIMH CBOWCTBaMH Oyaroziapsi Haau4yuio (QyHKIMOHAIBHBIX TPYHI B MojuMepe. Brisis-
JICHO, YTO CHUHTE3MPOBAaHHbIE MOHOOOMEHHBIE IMOJIMMEPhl NPUTOJIHBI JUIl NPUMEHEHUS! OYHCTKH CTOYHBIX BOJ OT
HOHOB TSXKEIIbIX METAJITIOB.

Ki1roueBble ci10Ba: COPOCHT, CEJIEKTUBHOCTh, MEXaHU3M, IIOPUCTasi CTPYKTYPA, HJIEMEHTHBI aHaN3, CYJIb(hH-
PYIOIIIA areHT, KaTaIu3aTop, MOJUKOHICH AN, COpOIHs, OOMEHHAs! eMKOCTb.
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