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Mawmanep A.C. 3acaam TexHOJIOTil COPOEHTIB HA OCHOBiI NMPHUPOIHOIO
KJIMHONTHJIOJITY, MoaudikoBaHoro cpidiiom. — Keamidikariiiina HaykoBa mmpars
Ha TIpaBaxX PyKOTHCY.

Hucepraiiiss Ha 3700yTTS HAyKOBOTO CTyIeHsS JokTopa ¢diutocodii 3a
criemiayipHicTIO 161 — XiMIuHI TexXHOJOTii Ta 1mkeHepis — HaronansHui
yHiBepcUTET «JIbBiBChbKa MOJITEXHIKa», MIHICTEPCTBO OCBITH 1 HayKH YKpaiHw,
JIpBiB, 2021.

Hucepramiitna po0OoTa MNPUCBAYEHA BUPIMICHHIO aKTyaJlbHOI HAyKOBO-
TEXHIYHOI MPOoOJIEMHU pO3pOOIEHHS 3acajl peCYpCOOIIaHOI TEXHOJIOT1T COPOCHTIB
Ha OCHOBI NMPUPOJIHOTO KIMHONTHIONITY, MOAU(IKOBAHOTO CPiOJIOM, 30KpeMa i
JI€I0 €IEKTPOMArHiTHUX Ta aKyCTYHUX BUIIPOMIHIOBAHb.

Ha migcraBi mpoBeieHOro aHamizy pI3HOMAHITHUX — BITYM3HSHUX 1
3aKOPJOHHHMX JDKepen 1HQopmarli TIoka3aHo, 110 MNPUPOJHI MiHEpalH,
MoAM(IKOBaHI I0HAMH a00 BUCOKO AUCIEPCHUMH YaCTUHKAMU Cpi0Jia MatOTh AyXkKe
IIMPOKE  3aCTOCYBaHHA B  pI3HUX cdepax, 30KpemMa, Yy  TEXHOJOTISIX
BOJIOMIATOTOBJICHHS, XIMIYHMX TEXHOJIOTISX, MEIUIMHI, KOCMETOJIOTIi TOIIO.
KontponboBane MoaudikyBaHHS KIMHONTHIIONITY 3 JOCSTHEHHSIM 3aJIaHOTO
BMICTY B IIUPOKOMY Jl1alma30Hi 3Ha4€Hb 10HIB cpibia abo YaCcTHHOK cpibiia mano 6
3MOTY PO3IIUPUTH 00JACTI 3aCTOCYBAHHS MPUPOTHOTO KIMHOMTHIIONITY.

[IpoBeneHO JOCHIKEHHS 3 TEPMIYHOI Jerijparaiiii KIMHONTHIIONITY Ta
HOro neriaparari 11 Jis(a) {0 €JICKTPOMAarHiTHUX BUITPOMIHIOBaHb
HajBrcokodyacTotHoro (HBY) miamazony. Ilokazano, 1m0 MIBUAKICTH TEPMIYHOT
JeriipaTtailii 3pocTa€ MPAKTHYHO MPSIMOJIHIAHO 31 30UTBIIEHHSM TEMIIepaTypH,
Opy LbOMY BOJHOYAC 30UIBIIYETHCS CTYIMIHb 3HEBOAHEHHS KIMHONTHUIIOJNITY.
BcranoBneno, mo 30imbmenHs notyxkaocti HBYU BunpominroBanns g0 250 BT 1
OuIbIIIe PI3KO 3pOCTAIOTh MIBUAKICTH Ta CTYIIHb JETiApaTalli IeoiTy, Ki, BTIM €
JIen0 MEHIMMH, HDK 3a Temmeparypu 150 °C 1 Ounbime, Xxo4ya TeMIiiepaTrypa
LEOJITY 30UIBIIYETHCS BChOTO Ha 1...2 rpagycu. 3aBasKu [IbOMY MUTOMa BUTpaTa

eHeprii Ha aeriapartarito mna aiero HBY € 3HagyHO MEHIO0, HiXK 32 TEPMIYHOI.



Bcranosneno, 1o mBuaKicTh copOLii 10HIB cpiOia micast akTUBaLli [EOTITy
3a Temneparyp 250...400 °C maexe BTpudi OUIbIIA, HIK 32 TEMIEPATyp aKTUBAIIIT
100...200 °C. Oxnak copOiiiiiHa €EMHICTh KIMHONTHIIONITY B YMOBaX, OJU3bKHUX J10
PIBHOB@XHUX, € MIPAKTUYHO OJHAKOBOIO JyTsl Temmeparyp aktusaitii 150...400 °C.

30unbimenHss Temriepatypu MoaudikyBanas Bim 20 mo 30 °C mae 3mory
30UIBIIMTH MIBUAKICTH MOAMG(IKYBaHHS Maibke y 4 pa3u. Aje 3a MOJajabIIoro
30UIBIICHHST TEMIEpaTypy IIBUJIKICTh TMPOIECY 3MIHIOEThCA He3HauHo. [lpu
30UTbLIEHH] TeMIeparypu MOJU(]iIKyBaHHS MPOLEC 3MINIYEThCS 3 KIHETUYHOI B
nepexiJiny 001acTh.

[lonepenHe XiMIYHE AaKTHUBYBaHHS KJIMHONTUJUNTY JA€ 3MOTY 30UIBIIMTH
COpOIIiHY €MHICTh KIMHONTHJIONITY HI0J0 10HIB cpibna. OgHak TpU BOMY
CYTT€BO 30UIBIIYEThCS KUIBKICTh CTaJill TEXHOJOTIYHOTO TIpoliecy Ta 00'emMu
IIPOMHUBHUX BOJI, SIK1 HaJladl HEOOX1AHO YTHIII3yBaTH a00 OYMIIyBaTH.

3niificHeHHsT MOAU(DIKyBaHHS i [1€10 YJIBTPA3BYKOBUX BHUIIPOMIHIOBAHb
Jano  3MOry 30UIBIIMTH  MIBUAKICTH MpoOLECy Ta COpOIiiiHYy €MHICTb
KIuHonTHiomTYy. Ilpm  1mpoMy 31 30UIBIIEHHSM  pPO3MIPIB  YACTUHOK
KJIIMHONTHJIONITY TPHUPICT MIBUIKOCTI Ta cOpOLiifHOi €éMHOCTI 3pocTae Big 7,5 %
(mns dpakmii 0,063-0,1 mm) go 56 % (mms dpakmii 2,5-3,0 mm). Ilix yac
JOCITIJIKEHb OyJI0 BCTAHOBJICHO, IO MiJ €0 YIbTPa3BYKOBHX BHUIIPOMIHIOBAHb
BiIOYBAEThCS BUAAJIICHHA OYIhOAIIOK TOBITPS, SKE MICTUTBCS y MIKPOIMOpax
KIMHONTWIONTY. lle crhpuse 301ablIeHHIO COpOIitHOT €MHOCTI  IICOJITY.
EdextuBHicTh gerazaiiii 301TbIIYETHCA 31 30UIBIICHHSIM PO3MIPIB YaCTUHOK
HEOJITY.

30UTBIIIEHHSI  €KBIBAJICHTHOTO PO3MIPY YAaCTUHOK IICOJITY CHPUYHUHSIE
3aKOHOMIpHE (IIPaKTHYHO MPsAMOJIiHIMHE B maiama3oHi 0,35...2,75 MM) 3MeHIICHHS
Horo copOmiiHoi emHocTi. IIpore Oyyo BuUSBIEHO, M0 31 30UIBIICHHSIM
eKkBiBaJeHTHOTO po3Mipy yacTuHOK Bix 0,081 mo 0,35 MM KOHCTaHTa IIBHAKOCTI
npoliecy 30uIblryeThes. Hagan BoHa 3MEHIYEThCS, 110 MPUTAMaHHE IMPOLIEcaM y
BHYTPIIIHBO-IU(DY31HHINA 001aCTi.

JlociKeHo BILTUB TeMIepaTypu MOAU(IKYBaHHS IEONITY pi3HUX (pakiiii



M7 JI€I0 yJIBTPA3BYKOBOTO BUIIPOMIHIOBAaHHS Ha WOTO COpOIiiHY MIOI0 10HIB
cpibna emHicTb. BcTraHoBieHO, 1O, fK 1 32 MEXaHIYHOTO IEpeMilllyBaHHS,
copO1iifHa €MHICTb 3MEHINYEThCS 31 301IBIICHHSAM €KBIBAJICHTHOTO JiaMeTpa 1
HE3HAYHO 3pocTae 31 30UIbIIeHHAM Temneparypu. Lle miaTBepmkye mepedir
nporiecy y audy3iiiHii 061acTi.

[TokazaHo, 10 30UIBLIEHHS TOTYXHOCTI Y 3-BUIPOMIHIOBAaHHS HE3HAYHO
BIUIMBAE HA BEJIWYHHY COPOLINHOI €MHOCTI KATHHONTHIOMITY. [lpu 1pomy
MOHTOHHOI 3aJIEKHOCT1 COPOIIIHHOT EMHOCTI B1J] OTYKHOCT1 Y 3-BUIIPOMIHIOBAHHS
HE BIJIMIYEHO.

36inbIIeHHS KOHIEHTpALIT pounHy cpidma HiTpaty Bix 0,01 10 0,1 MoTs/IM°
CIPUYMHSE 3pOCTaHHS COPOIIMHOI €MHOCTI KIWHONTHUJIOMITY INJ €0
yJIBTPa3BYKOBOTO BUIIPOMIHIOBAHHS Maif’ke y M'SAITh pasiB, TOMI, K 32 MEXaHIYHOTO
nepeMinryBaHHsi — OJU3bKO 4YOTHPHOX. OpHak 31 301IBIISHHSIM KOHIICHTpAIli
posuuny AgNO; Bix 0,01 1o 0,1 M crynminbp cop6buii iomis Ag" 3 pozumHy
3MeHIyethes Bia 93,8 mo 46,1 %.

Meronom EDX BcraHoBieHo, 10 MOJIU(IKyBaHHA KIMHONTHUIONITY
B110yBa€ThCSl BHACIIIJIOK 3aMIIlIEHHS] OOMIHHUX KaTIOHIB, 110 MICTATHCS y LIEOJITI,
B Takomy mopsaky: Na'>K'>Mg®*> Ca*. BcraHoBIeHO, MO MbIA dac
MOAU(BIKYBAaHHS MOXE MaTH MbBICIIE HAJCKBBIBAJICHTHUM OOMBIH, SKUUN
3yYMOBJIEHUH YacTKOBOI copOuiero cpibma Hitpaty. Ilig wac imMmperHyBaHHs
KJIMHONTWJIONITY IUCTIEPCHUM cpiosioM micnsa moaudikyBanHs 0,1 M pozunHom
AgNO; 3 momanbmuM BiTHOBJICHHSIM (OPMYETHCS JTOBOJI IIUIBHUN OcCaj, SKUN
CKJIQJAEThCS 3 arJioMepaTiB AUCHEPCHUX YaCTUHOK cpibia. Ilicia moaudikyBaHHs
neomity 0,01 M po34ymHOM YTBOPIOIOTHCS BUCOKOJMCIIEPCHI OKPEeMi YaCTHHKHU
cpibuna.

Ha ocHOBI pe3ynbpTaTiB IOCHIKEHb PO3POOJICHO BapiaHTU TEXHOJOTIYHUX
cxeM Mou(IKyBaHHS MPUPOTHOTO KIMHONTUIIONITY PI3HOTO (PPAKIIIAHOTO CKIIaTy
10HaMH Ta BUCOKO JTUCIIEPCHUMHU YaCTMHKaMU cpibiia.
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SUMMARY
Mashtaler A.S. - Principles of technology of sorbent based on natural
clinoptilolite modified with silver — Qualifying scientific work on the rights of

the manuscript.

The dissertation for the Degree of Doctor of Philosophy in specialty 161 —
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The dissertation is devoted to the solution of the actual scientific and
technical problem of development of bases of resource - saving technology of
sorbents on the basis of the natural clinoptilolite modified by silver, in particular
under the influence of electromagnetic and acoustic radiations.

Based on the analysis of various domestic and foreign sources of
information, it is shown that natural minerals modified by ions or highly dispersed
silver particles have a very wide application in various fields, in particular, in water
treatment, chemical technology, medicine, cosmetology and more. Controlled
modification of clinoptilolite to achieve a given content in a wide range of values
of silver ions or silver particles would allow to expand the scope of natural
clinoptilolite.

The research on thermal dehydration of clinoptilolite and its dehydration
under the action of electromagnetic radiation of ultrahigh-frequency (microwave)
range is carried out. It is shown that the rate of thermal dehydration increases
almost rectilinearly with increasing temperature, the degree of dehydration of
clinoptilolite also increases. It was found that increasing the power of microwave
radiation to 250 W and more sharply increases the rate and degree of dehydration
of zeolite, which, however, are slightly lower than at 150 °C and more, although
the zeolite temperature increases by only 1... 2 degrees. Due to this, the specific
energy consumption for dehydration under the action of microwave is much lower

than thermal.



It is established that the rate of sorption of silver ions after zeolite activation
at temperatures of 250...400 °C is almost three times higher than at activation
temperatures of 100...200 °C. However, the sorption capacity of clinoptilolite in
conditions close to equilibrium is almost the same for activation temperatures of
150...400 °C.

Increasing the temperature of the modification from 20 to 30 °C allows you
to increase the speed of modification by almost 4 times. But with a further increase
in temperature, the speed of the process decreases slightly. As the modification
temperature increases, the process passes from the kinetic to the transition region.

Preliminary chemical activation of clinoptilolite makes it possible to
increase the sorption capacity of clinoptilolite relative to silver ions. However, this
significantly increases the number of stages of the technological process and the
volume of wash water, which must be further disposed of or treated.

Modification under the action of ultrasonic radiation made it possible to
increase the process speed and sorption capacity of clinoptilolite. With increasing
particle size of clinoptilolite, the increase in velocity and sorption capacity
increases from 7.5% (for the fraction of 0.063-0.1 mm) to 56% (for the fraction of
2.5-3.0 mm). During research it was found that under the action of ultrasonic
radiation is the removal of air bubbles contained in the micropores of clinoptilolite.
This increases the sorption capacity of the zeolite. The degassing efficiency
increases with increasing particle size of the zeolite.

The increase in the equivalent particle size of the zeolite causes a regular
(almost rectilinear in the range of 0.35... 2.75 mm) decrease in its sorption
capacity. However, it was found that with increasing the equivalent particle size
from 0.081 to 0.35 mm, the process rate constant increases. Further, it decreases,
which is inherent in the processes in the intra-diffusion region.

The influence of the temperature of modification of zeolite of different
fractions under the action of ultrasonic radiation on its sorption capacity with
respect to silver ions has been studied. It was found that, as with mechanical

mixing, the sorption capacity decreases with increasing equivalent diameter and



increases slightly with increasing temperature. This confirms the course of the
process in the diffusion region.

It is shown that the increase in the power of ultrasonic radiation has a
negligible effect on the value of the sorption capacity of cltinoptilolite. In this case,
the montonic dependence of the sorption capacity on the power of ultrasonic
radiation was not observed.

Increasing the concentration of silver nitrate from 0.01 to 0.1 mol/dm?®
causes an increase in the sorption capacity of clinoptilolite under the action of
ultrasonic radiation by almost five times, while with mechanical mixing - about
four. However, with increasing concentration of AgNO; solution from 0.01 to 0.1
M, the degree of sorption of Ag™ ions from the solution decreases from 93.8 to
46.1%.

The EDX method showed that the modification of clinoptilolite occurs due
to the substitution of exchange cations contained in the zeolite in the following
order: sodium ions, potassium ions, magnesium ions, calcium ions (Na" > K" >
Mg® > Ca®"). It is established that during modification may have an equivalent
equivalent exchange, which is due to the partial sorption of silver nitrate. During
the impregnation of clinoptilolite with dispersed silver after modification with 0.1
M solution of AgNO; with subsequent reduction, a rather dense precipitate is
formed, which consists of agglomerates of dispersed silver particles. After
modification of the zeolite with 0.01 M solution, highly dispersed individual silver
particles are formed.

Based on the research results, variants of technological schemes of
modification of natural clinoptilolite of different fractional composition with ions
and highly dispersed silver particles have been developed.
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