TEOXIMISI MIHEPAJIOTTYHUM >XYPHAIJT
GEOCHEMISTRY MINERALOGICAL JOURNAL
(UKRAINE)

https://doi.org/10.15407 / mineraljournal 45.02.116
VOK 541.183:546.36

B.I'. Il1aGasniH, O-p reosl. HayK, 3aB. BiOOLTy

Hep>kaBHa ycraHoBa "[HCTUTYT Teoximii HABKOJIMITIHBOTO cepertosriia HartionasbHOT akazieMil Hayk YkpatHmn'"
03142, m. KuiB, Yxpaina, npocn. Akaz. [Tamwtanina, 34-a

E-mail: b_shabalin@ukr.net; https:/ / orcid.org/0000-0002-6425-5999

K.K. SIpomieHko, KaH. TeXH. HayK, CTapIIL. HayK. CIiBpo0.

HepxasHa ycranosa "THCTUTYT reoximii HAaBKOJIVMIIIHBOTO cepeosiia HarrionambHOT akaiemil HayK Ykpaian'"
03142, m. KuiB, Yxpaina, npocn. Akan. [lamtaniga, 34-a

IncTuTyT reostoriuamx Hayk HarionasibHol akazgeMil Hayk YkpaiHu

01054, m. Kuis, Ykpaina, Bys. O. 'onuapa, 55-0

E-mail: igns.yaroshenko@gmail.com; https:/ /orcid.org/0000-0002-7180-4642

H.b. Minrok, MoJI. HayK. CIiBpo0.

Hep>xasHa ycranosa "THCTUTYT reoximii HaBKOJIVIIIHBOTO cepetosyia HartionambHOT akaiemil HayK Ykpaianm'"
03142, m. KuiiB, Yxpaina, npocn. Akan. [lamwtaniga, 34-a

E-mail: nmitsiuk@gmail.com; https:/ /orcid.org/0000-0003-3875-007X

CKIIAI XIMIYHMX EJIEMEHTIB I IOHOOBMIHHOTO
KOMIUIEKCY KNCJIOTHO- I IV KHOMOINPIKOBAHMX
IMPUPOOHMX HEOJIITIB COKMPHMNIIbKOI'O POOJOBVILIA

IIpupooni yeonimu € 6azamumu ma HedOPOLUMU PecyPCamul, AKi € KPUCMATTHHUMU 2i0PAMOBAHUMU ATIOMOCUTIKA-
Mamu 3 KAPKACHOW CMPYKIMYPOI0, W0 MICHAMb NOPU i KAHAIU, 3AUHAMI 600010, IYHCHUMU WA TYHHOZEMETLHUMU
Kkamionamu. 3a80sKU BUCOKIL KamioHOOOMIHHI 30aMHOCMI, 4 MAKOX 7IACIMUBOCMAM MONEKYIAPHOL0 CUMA, 6
OCTAaHHi 0ecAMUNIMM NPUPOOHi Ueoimu WUPOKO BUKOPUCINOBYIOMb K A0copbeHmu 8 npouecax po3oineHHs i
ouuweHHs. Moougpikayis npupoOoHux yeonimis dae 3moey 00csemu 6uL40i adcopouitinoi 30amuocmi uyo0o 3a6pyo-
H108a4i6 008K, 30KpeMa 07151 OUUULeHHST 810 PAOIOHYKIOI6 i3 HUBLKOAKMUBHUX PIOKUX PAIOAKMUBHUX 8i0X00i6.
Hagedeni pe3ynvmamu ompumano nio 4ac 6U64eHHs XiMiuHoeo cK1ady cmpyKmypHUX esleMenmie i ioHooOMiHH020
KOMNTIEKCY NPUPOOHO20 i KUCIOMHO- A TyHHOMOOUpiKosanux ueonimie CoKUPHULDKO20 POO0BULLA, OCHOBHUM NO-
podoymaeoprosanvHum miHepanom akux € kninonmunonim. Kucnomua mooupikayis 5,5 M pozuurom HCl mpusana
2 200. y pexcumi KUNIHHA 3i 360POMHUM XONIOOUNILHUKOM, CNi68iOHOWeHHS (a3 meepdoi 0o piokoi — 1 : 2, nysHa — 3
suxopucmanuam 1,4 M posuurny NaOH, uac 06pobku — 2,75 200. 3a pexcumom i cniggioHoueHHam $pas, ananozi-
HUM KUCIOMHIG mooudikauii. 3a cknadom iOHOOOMIHHO20 KOMNAEKCY NPUPOOHUTI Ueonim Hanexums 00 Kamiti-
kanvuyiti-nampiesux (K > Ca > Na) xninonmunonimie. IlopieHsHo 3 npupoOHum y npoueci 1020 KUCIOMHOT i 1ysHcHOT
Mmoougpixauyii 6i00ysaemvcst nepepo3nodin 0OMiHHUX KAMIOHIB i SMIHIOEMbCS BMICH CIPYKIMYPHUX KAMIOHI6 y spam-
Ui KniHonmuznonimy: y nysHomooupikosaromy ueonimi cmae Ginvute oominnux xamionie Na i Ca, i menuie K i
CMpYKmypHUX KamioHie Al, y kucnomuomoougpikosaromy — meruie 0ominHux kamiorie Na, Mg, Ca, K, a yeonim
npomoioHi3yemuvcs 0yice cnabko 3 00HOUACHUM 3meHuenHam emicmy Fe ma Al i 36invuennam 6i0HOCHOT Kinvkocmi
Si y spamuji. Bionowenns Si / Al 36invuyemucs 8 psioy: yeonim npupoOHuti - Ueomim ryxHoMooudpikosanuii -> yeo-
zim Kucnomnomoougpixosanuti. Iumoma nosepxHs MoOUPiKo8aHux, NopieHIHO 3 NPUPOOHUM, 30ITLULYEMBCS, MAK-
CUMANbHO — Y Kucmomuomooupikosanoeo. Texcmypri ocobnusocmi pazom i3 MiHepanvHUM cKA0OM 00CTIONCYBAHUX
3paskis c8iduamo, wyo NPUPOOHi i KUCIOMHO- Ma yHHOMOOupikosai ueonimu COKUPHULDKO20 POO0BULLA € NOMEH-
UitIHO NPUOAMHOI0 CUPOBUHOIO 0TI OHULEHHS HUSLKOAKINUBHUX PIOKUX padioakmusHux 6i0x00ie 8i0 padioHykioie.

Kntouosi cnoea: nopouikonodionuti npupoonuti i Mooupixosanuti yeonimu, KIiHONMUAONIm, MiHepanrvHuti cknao,
00MiHHI KamioHu.
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Beryn. Ileonmitm MaioTh BUCOKY COpOLiiHY
3[IaTHICTDb, 3yMOBJIEHY IXHbBOIO BEIMKOIO 10HO-
0OMIHHOI0 EMHICTIO, IKa 3a/I&KUTh BiJ] KIIbKOC-
Ti Ta XapaKTepy KaTiOHiB, IO 3HAXOHATbCA Y
IIPOMDKKaxX MDK TeTpaejpaMy i KOMIIEHCYIOTb
HeTraTVBHI 3apsAfy a/JIOMOKVCHEBUX TeTpaelpisB
y Kapkacax IeornitiB [9]. Karionu, pasom 3 ixHi-
MM TiipaTHMMU 060/IOHKaMM, BU3HAYAIOTh reo-
MeTpil0 IOPOXKHMH Yy KapKacax I[€OJIiTiB Ta ap-
XITEKTYpPY KapKaciB, 10 CKIaJAI0TbCA 3 PiSHUX
CTPYKTYPHUX OJVHMUIIb, a TaKOX CTPYKTYpy
nux ofyHNIb. CrennivHicTh i EMHICTD jeoti-
TiB [0 MY>KHUX 1 JTy>KHO3EMEIbHUX, BOKKUX i
HepexifIHNX MeTaliB (30KpeMa paflioHYKTiziB)
BU3HaueHo chiBBigHomenHsam Si/ Al (Bmict Si
3apxaM Bumit 3a BMicT Al) i BMicTOM y Hux
ionis Na*, K¥, Ca?*, Mg?*, siki po3MiliyroTbcs B
IIOPOKHMHAX KPUCTAIIYHOI IPaTKM B TiffpaTHO-
MY OTOYEHH] i IeTKO BUIA/IAIOTBCA [6], @ TaKOX
0COOMMBOCTAMM MOPOXKHUH 1 KaHaIiB, CIiBBif-
HOILIEHHAM IX 3 po3MipamMy 0OMiHHMX iOHIB i ce-
JIEKTUBHICTIO 0OMiHHUX 1ieHTpiB [3]. Posmomin
KaHa/bHOI CUCTEMM 3a PO3MipaMu B KapkKaci
LEONITY € CyTTEBUM, KOIM WJETHCA IPO JOTO
cop6uiitHi BractuBocrti [7]. Bapro BiggHaunTn,
IO 1I€OJTIT IIVIPOKO BUKOPYCTOBYBAIN 5K abcop-
O€eHT 11e3iI0 1 CTPOHIIIIO [/Is IIOM SIKIIEHH 3TY0-
HUX HacmiakiB YopHoOmabebkoi katactpodu [1].

Harnommnpenimmmu 3 NpupoOJHUX € LeOmi-
TV, OCHOBHMM ITIOPOJIOYy TBOPIOBA/IbHUM MiHepa-
JIOM SIKMX € K/IIIHONTWIOJIT. [0 pOJoBUIL TaKUX
HeoniTiB B YKpaiHi Hanexutb COKMPHUIIbKE
(3axapnarts) [4]. Cxrag KTIHONITUIONITY MOXe
OyTV OXapaKTepM30BaHMII TAKOK 3arajbHOI0
dopmynorwo: (K, Na, Ca)[(Si, Al),O.,]-nH,0
(n = 20—24). BmicT Bofju B e/leMeHTapHIil KO-
MipIlli KJIIHOIITU/IOITY 3MiHIOEThCA Bif 20 mo 24
monekyn H,O [16].

[lns1 mokpaijeHHs: COpOLiTHUX XapaKTepuc-
TUK II€OMiTiB 3aCTOCOBYIOTh Pi3Hi MeTOmM MO-
nudikanii [12]. 3HauHy yBary B LiMX SOCTi/KeH-
HAX TPUAINAIOTD XiMivHIA Mopgudikanii mpu-
POMHMX L€OJITIB PO3YMHAMM KUCIOT i JIYTiB,
HacaMmIlepesi 3aBJAKM IIOPiBHAHIN [lelIeBU3HI
HOTpiOHNUX peareHTiB i mpocToTy 06po6KN [11].
Xoua 11eoritu fo6pe Biffomi, iHTepec o0 HUX He
3menuryerbcs [12]. Okpim Toro, uepes yHiBep-
CaJIbHICTD IeOTITiB, KOKEH 3 HUX IOTpelye iH-
[MBilya/JIbHOTO JOCTi/>KeHHA. [I11 moBHiIoro
YABJIEHHA NIPO XiMiYHI 3MiHM LI€OJIiTiB, Hifja-
HUX 00po611i, HeOOXifHe TOCTIIKEHHA CKIaLy
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IXHIX CTPYKTYpPHUX e/IeMeHTiB i ioHOOOMiHHOTO
KOMILJIEKCY.

MeTo10 pO6OTH € BU3HAYEHHA CKIATy CTPYK-
TYPHUX €/IeMEeHTiB i I0HOOOMIHHOTO KOMIIIEKCY
KJCNIOTHO- 1 Jy>KHOMOAM(]IKOBaHMX IIeOJIiTiB
COKMPHUILIBKOTO POJOBUIIIA.

Marepianu i MeTogu gocnimxeHHs. Buxio-
Hi 3pa3ku yeonimy. 3pasky TydoBoi mopoau
(neomnitiB) Bigibpano Ha rmbuHi 11—5 M (Tex-
HOJIOTiYHMII I A, TOTYXHIicTh 8,3—29,4 M)
3 BUA0OyBHOro Kap'epy COKMPHMIIBKOIO poO-
poBumia, Akmit pospobmse IIpAT "3axapnar-
HepyzanpoM". OCHOBHI XapaKTepUCTUKY JOCIifI-
J)KeHoro ueonity Bignosimamum TY YV 08.1-
00292540-001:2014 "[I]e6inp, micok Ta 6opo-
HO 3 IpUPOAHbOro wLeoniTy COKMPHULIBKOTO
ponoBuiia”. 3i 3paskiB Bigbupamu dpakuio 3
pucnepcHicTio 1o 0,25 MM, AKa IpM3HavYeHa, 3a
3TaflaHMMM BUIIE TEXHIYHMMM YMOBaMU, MJiA
BUpPOOHUIITBA OyZiBeIbHMX MaTepianiB (Mapka
I1IIBB) i ounmjeHHA KOHTYpHOI Ta CTaBKOBOI
Bomu atoMHux peakrtopi (ITIIA). ®paxiiro
IIPOMMBAJ/IN JVICTUIBOBAHOO BOMOKO BiJ| 3a/IM1II-
KiB muyomnopni6Hoi ¢pakuii 3 mepioguYHNM Ie-
peMillyBaHHAM [0 IIOBHOI IIPO30POCTi BiIMIUB-
HOI BOAM. 3a/IMIIOK Bififi/IA/NIN Ta BUCYLIyBa/lIN
JI0 TIOBiTPAHO-CYXOTr0 CTaHy B €KCUKATOPi.

Kucnommua i nysncna mooudixauis yeonimie.
Mopudikaiito BUKOHaHO TaK:

1. Kucnorna Mopmdikauisa: peareHT —
5,5 monb/pm® HCl, wac 06po6ku — 2 rog. y pe-
JKMMI KUITIHHA 31 3BOPOTHUM XOJIOAVIIBHUKOM,
criBBigHOeHHA (a3 TBeproi 1o pigkoi — 1 : 2.
3pasky NPOMMBAIN AMCTUIBOBAHOIO BOJOKO JIO
HeraTyBHOI peakuii Ha ionu Cl™ i samnmramm y
MOBITPAHO-CYXOMY CTaHi B €KCUKATOPi.

2. Jlyxua Mopudikania: KOHIEHTpalia
NaOH — 1,4 monb/mM>, 4ac akTuBamii —
2,75 rop. y peXXuMi KUIIIHHA 31 3BOPOTHUM XO-
JIONVIIPHUKOM, CIiBBigHOIIeHHs a3 TBepaol
fo pigkoi — 1:2. 3pasku IMpoOMMBaIM AUCTU-
JTbOBAHOI0 BOJIOK0 i 3a/MINANM Y IOBITPAHO-
CyXOMY CTaHi B €KCMKaTOPI.

Pesynpraty fiarHOCTMKM 3pasKiB MeTOmaMM
peHTreHo(ha30BOro i TePMiYHOTO aHasmi3iB, iH-
(dbpauepBOHOI CHEKTPOCKOMIi, iXHi copOiliHi
B/IACTUBOCTI 1ofi0 pafionykninis *°Sr i 137Cs
3 MOJE/NbHNX PO3YMHIB pajialiliHo-3abpynHe-
Hux Bopi AEC HaBezieHo B pobori [5].

Ckanyseanvna eneKkmpoHHa MiKPOCKONis
(CEM) i enexmponno-Oucnepcitini cnexmpu
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Fig. 2. Scheme of breaking of -Si-O-Si and -Si-O-Al bonds of the clinoptilolite silicon-oxygen framework [14]

(EAC). HocnimXeHHs BMKOHAaHO Ha pacTpo-
BOMY €JIeKTPOHHOMY Mikpockomi JSM-6700F,
06/TaTHAHOMY €HEpPrOAMCIEPCiTHOI CUCTEMOIO
mns Mikpoananisy JED-2300 (JEOL, fInownis), 3a
IpUCKOpIoBabHOI Hanpyru 15 KV, ctpymy 30H-
ma 6 x 1071% A i giamerpi sonma 1—2 Mkm. Sk
€TAJIOHM BUKOPUCTAHO YUCTiI MeTanu, MiHepa-
mm, okcuan i propuan.

ITumoma noeepxus (memoo BET). Ilutomy
nosepxHIo (S_ ) BifMyneHux npi6nux dpakuiit
LIEOJIITiB BiJj BOOY OLIiHEHO 32 JOIIOMOIOK Me-
topy BET (TOCT 23401-90) Ha npunagi Quan-
tachrome Instruments. SIk cTaHmapT BUKOpPMUC-
TaHO KpeMHe3eM (cmmoxpom C-80) 3 mMTOMOIO
noBepxHewo S = 80 M?/1, a ra3y agcop6ary —
apros. 3pasku mpocyuryBamu 3a T = 120 °C
yupoposx 1 rox. ITpunycrtuma nmoxmbka Bumi-
proBaHHA cKi1agae 5—10 %.

Pesynpratn Ta ix o6roBopeHHs. Ocobmm-
BICTIO CTPYKTYp NPMPOAHUX i MOAUQiKOBaHUX
11eoniTiB  (OCHOBHMIT ITOPOZOYTBOPIOBAIbHUI
MiHepa/l — KITiHONTWIONIT) € 3ara/IbHUI I HUX
AKyPHUI a/IIOMO-KPEMHIIOKCUTEHOBUII KapKac
i3 BiIKpPUTOIO TPUBUMIPHOIO CTPYKTYPOIO, KA
mictute Terpaespu [SiO,]* i [AlO > it yr-
BOPIOE CUCTEMY ITIOPOXKHMH i KaHaJIiB po3MipoM
(3—13) - 1071 M [10]. Ockinbku Kapkac KIiHO-
ITWIONITY Ma€ HETaTVBHMIL 3apAM, TO MicUA B
Iopax 3aliMaloThb rigparoBaHi ioHm Na*, K¥,
Ca?*, Mg?" Ta MOJIEKy/I1 KOOPJIMHALIIHOI BOJM,
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AKI MOXYyTb OpaTu yd4acTb y i0HOOOMiHHMX
nporecax i OyTy 9acTKOBO ab0 IOBHICTIO 3a-
mineHi (a6o BupaneHi) msixoM ioHHOTO 0OMiHY
1 000pOTHO HerifpaToBaHi 6e3 pylHyBaHHSA
Kapkacy neonity [9]. 3 oOMiHHMX KaTiOHIB y
LI€OMiTOBOMY K/IiIHONTU/IOMITI JOMiHYI0Th Na™ i
K* [14].

IIpupopHi LeomiT 1erko mififanTbca MOAK-
¢ikanil myAxoM ioHHOro 06MiHY (HexarioHy-
BaHHAM) [17]. Y pesynbrati B3aemopii 3 MiHe-
PaJIbHUMM KUCTIOTaMJ BOJEHb OOMIHIOETHCA 3
nepudepuunumu ionamu (K, Na, Ca, Mg) -
xoM OOMiHHOI afcop6uii. Bsaemonis kpucra-
B 3 pO3YMHAMM KUCIIOT BifOyBaerbcs y mBi
cragii. Ha mepmriit gist Kuci1ot NpusBOgUTh 10
3aMillleHHs Ty>KHUX KaTioHiB Me* y rpymi [Al-
0,,]Me* na H* a6o H,O*. 3aBusku Benukiit
peaxuiiiHiit  3paTHOCTI TpoToHa, ion H,O"
B3a€EMOJIi€ 3 OIHUM i3 4OTUPbHOX 3B’s13KiB Al-O
y aIIOMOOKCUTE€HHUX TeTpaefipax, pO3puUBalo-
4y ii 3 YTBOPEHHAM TifpokcuiabHoi rpynu. Ha
Apyriit  cTapmii BiILGYBaeTbCH IpoleC Jearo-
MiHYBaHH, AKUil € 3amimenHsam AT wa 3H'
3 YTBOpPEHHAM Y [iea/lOMiHOBAaHOMY KapKaci
HENTPa/JbHUX CTPYKTYPHMUX TPYI i3 4OTUPHOX
rigpokcuniB -SiOH 3amicTh monApHUX rpyn
[Al-O,,]Me* (puc. 1). 1li sminn, mo Buss-
nsA0ThCs Y 1epexofi AP 3 rparku y posunms,
AK TIPaBUJIO, He CYNPOBOIPKYIOTbCA PYIHY-
BaHHAM CTPYKTYypM Kapkacy. Bmacmimox 1mpo-
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Puc. 3. CEM-306pa>KeHHH noBepxHi KniHonTmIoNiTiB COKMPHUIIBKOTO POJOBUILA: d — MIPUPOJHUIL 3pasok; b —
06pobnennii 1,4 M posunHom NaOH; ¢ — 06po6nennii 5,5 M posunnom HC

Fig. 3. SEM image of the clinoptilolite surface: @ — natural sample; b — treated with 1.4 M NaOH solution; ¢ —

treated with 5.5 M HCI solution

rO [lea/IIOMIHOBaHI LEOIT MOXXYThb 3ajIMIIa-
TUCb KPUCTATIYHUMIU.

His my>XHMX pO34YMHIB Ha LIEONITH CYIIPOBO-
IKyeTbcA ix nepexozoM y Na ¢popmy 3 OBHUM
ab0 4YaCTKOBMM PO3YMHEHHAM i YTBOPEHHAM
CUIIKATiB 1 a/MIOMiHATiB HaTpilo, B pesynbTaTi
YOTO KiZIbKICTh KUCIOTHUX II€HTPIB 3MEHIIY-
€ThCsI, @ OCHOBHMX — 3pocTae [16]. Ilig miero
posunHy NaOH Bin6yBaeTbcsi pyliHyBaHHA
KPEMHEKMCHEBOI0 KapKacy K/IiHOITUIOJITY 110
3p’a3kax -Si-0-§i-, -S§i-O-Al-, -Al-O-Al- 3
YTBOPEHHAM HU3bKOIOAIMEPHUX ATIOMIiHIEBUX
i cunikaTHMX aHioHiB (puc. 2). Y cWIbHO TyX-
HOMY CepeloBUILI, ITOPAJ i3 PO3YMHEHHAM KIli-
HONITU/IONITY, BifOyBaeTbcA HOBOYTBOPEHHS
KPUCTa/iYHOIO a7IOMOCHITIKATY.

ITlig yac o6pobkm KucmoTamm abo IyraMu
NIPUPOJHNX LIEOITiB, BE/IMKe 3HAYEHH: Mae IIe-
peBaKHa afcopOIis IeomiTaMy NeBHMUX KaTio-
HOOOMiHHUX ioHiB. [IprumHO0, MO 3yMOBIIIOE
CeJIeKTUBHICTh iOHHOTO OOMiHY, € BiMiHHICTb
€HEepriil NPUTATAaHHA PiSHMX iOHIB I€O0MiTOM,
110 3YMOBJIEHO BENMYMHOIO PaiiyCiB KaTioHO-
0oOMiHHVX iOHIB i ixHiX 3apapiB. OcTaHHE BuU-
IIMBae i3 3aKkoHy Kyona, AKIO NpUiTHATH, 1O
KaTiOHOOOMiHHMIT i0H 6e3mocepeHbO B3aEMO-
Ji€e 3 MPOTUIEXXHO 3apAKeHMMM IOTEeHIiano-
YTBOPIOBAJIbHUMM iOHamy, 3apikcoBaHMMU Ha
1eonmTi. 31 3MEHIIEHHAM pajiiyCy IOBMHHA
3pOCTaTy eHepris HPUTATaHHsA, BOZHOYAC He0O-
XifHO 6paTu mo yBary, 10 KaTioHOOMiHHi ioHM
1IeOTITiB IepeOyBaloTh y pO34MHi y rigparosa-
HOMY CTaHi, TO6TO OTOYEHi IIIi/TbHO 3B’13aHOI0 3
HVYMI 000JIOHKOIO 3 AMITOTbHUX MOJIEKYT BOJL.
Psap, sxuit BitoOpaxkae MOPAROK i CTyNiHb BU-
JTydeHHS OOMiHHVX KaTiOHIB i CTPYKTYpOyTBO-
PIOBaJIbHUX KaTioHiB Ma€ BUraf: Si < Al << K<
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Puc. 4. EnemenTHmit cxmap kiaiHontmnonitie Cokump-
HuipKoro pogosuia (nani EJJC)

Fig. 4. Elemental composition of the clinoptilolite
surface (EDS data)

< Ca < Na. Takuit nopsamok BifloOBifjae 3MeH-
LIEHHIO MIiIIHOCTI 3B 13KiB aTOMIB i BUSHAYEHUII
BJIACTUBOCTAMM 1OHIB 1 KPUCTAIOXiMiYHUMU
0COOIMBOCTAMY LICOJIITY.

Bigomo, 1m0 B Meykax KOKHOI OCHOBHOI M-
rpynu IlepioguyHoi cucreMn eeMeHTIB pajiiy-
cu iOHIiB 3pocTarOTh 3i 30iMbIIEHHAM aTOMHOI
Macu efieMeHTa. 3i 3pOCTaHHAM pafiyciB iOHiB
3MEHIIYETbCA 1 CTYHiHb IX Tifiparanii. Bigmo-
Bi[HO [0 IIbOTO [BOBAJIEHTHi i0OHM ancopOy-
I0TbCs IEPEBAXKHO IIepel ONHOBAJIEHTHUMIU,
TPUBAJIEHTHI — IepeBAXXHO Iepef FBOBaeHT-
HuMu. Pagym cenekTuBHOCTI (mepeBa>kHOI afi-
copOuii Ha Iieos1iTax) HAVBK/IUBIINX Y MpaK-
tuni Mopudikanii 1eoiTiB MalOTh TaKMil BUT-
narn [13]:

H*(H,0") < Na* < K* < Mg** < Ca*".
Ha CEM-306paKeHHAX IPUPORHOTO LIEONTiTy

CoxupHuiipkoro poposuma (puc. 3) BUEHO
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Tabnuys 1. YcepegHeHNMIT BMICT OCHOBHIIX €/IeMEHTIB IIPUPOTHOTO
i mogudikoBanux krinontmronirise CokupHunpkoro pogosuina (maui EIIC)

Table 1. The average content of main elements of natural and modified clinoptilolites

from the Sokyrnytske deposit (EDS data)

OpuHnIsA Enemenrt
Leomir BUMIipIO- z
BaHHsA Na Mg Al Si K Ca Fe Mn Ba O
[Ipupopmumit mac. % 1,12 | 0,67 | 8,19 |34,73| 2,38 | 1,66 | 1,44 | 0,44 | — |49,37[100
atom. % | 1,01 | 0,57 | 6,27 |25,56| 1,26 | 0,86 | 0,53 | 0,17 | — |63,78
JIy>xuomopudikoBaHmit mac. % 4,43 | 0,70 | 7,64 |33,03| 2,32 | 2,12 | 1,40 | — | 0,18 |48,17[100
atom. % | 3,99 | 0,60 | 5,86 |24,34| 1,23 | 1,10 | 0,52 | — | 0,03 | 62,33
Kucmornomonudikosanuii | mac. % 0,31 | 0,49 | 6,08 | 38,70 | 2,44 | 0,27 | 0,78 — 0,16 | 50,77 [ 100
atom. % | 0,28 | 0,41 | 4,60 |28,15| 1,27 | 0,14 | 0,28 | — | 0,02 | 64,84
Tabnuys 2. YcepemHeHnit XiMiYHMIT CK/Ia§ OCHOBHMX OKCU/IiB IPUPOJFHOTO
i mogudikoBanux kainontunonirie CokupHuibkoro pogosmua (nani EIC), % y conyni
Table 2. The averaged chemical composition of main oxides of natural
and modified clinoptilolites from the Sokyrnytske deposit (EDS data) % in compound
Oxcnp
eomnit
Na,0 | MgO | ALO, | SiO, | K,0 | CaO | TiO, |FeO+Fe,0,| MnO
[Tpuponumit 1,51 1,11 | 15,47 | 74,30 | 2,87 2,32 — 1,85 0,57
JIy>xnomopudikoBaHmit 5,98 1,17 | 14,44 | 70,65 | 2,80 2,97 — 1,80 —
Kucnornomonudikoanuii 0,42 0,81 11,49 | 82,79 | 2,94 0,38 — 1,00 —

Tabnuys 3. BigHOIIEHHA CUTIIIiFO IO aTIOMiHiI0

i gacTka aToMiB Y 06MiHHOMY KaTiOHHOMY KOMILIEKCi
KIiHONITUIOITIB

Table 3. The silicon : aluminum ratio and proportion
of atoms in the exchangeable cation complex

of clinoptilolites

eomit Si/Al | K/X | Na/X | Ca/Z
IIpuponunii 4,24 1 0,46 | 0,22 ] 0,32
Jly>xnomopudikoBaHmit 4,32 10,26 | 0,50 | 0,24
Kucnornomopudikosanuit | 6,37 | 0,81 | 0,10 | 0,09

IMIpumirka X=K+Na+ Ca.
Note. Z=K+ Na+ Ca.

IIOPCTKY ITOBEPXHIO, IKa BU3HAYa€ MOXK/IMBICTD
JIOr0 BMKOPUCTAHHA, HAIPUK/IAJ SIK COPOEHTY
IJIA BUMTAJIEHHA 3 BOGHMX PO3YMHIB TOKCUYHMX
KOMITOHEHTIB, 30KpeMa 3aBMCIUX 1 KOMOIGHUX
poMinok. PoTo MOBEPXHi 10Ty IOKa3y€e Ha-
ABHICTD Y JIOTO CTPYKTYpi BXifHUX "BiKOH'", TIOp
i KaHaiB. 3pasKy He MAKOTh IOMITHMUX TPilllVH
Ha IOBEPXHi YaCTMHOK; BOHM CKJIaJleHi 3 HaIliB-
IIPO30PUX JOCUTD BEIMKUX 33 pO3MipaMu Kpuc-
TaniB, ~250—300 HM, 1110 MAaIOTh IJIACTMHYACTO-

120

Tabnuys 4. IInToMa NOBepXHA NPUPOTHOTO i
MoaudikoBaHNX KITiHONTHIONITIB
CoxupHunbkoro pogosnina (mauni BET)

Table 4. Specific surface area of natural

and modified clinoptilolites from the Sokyrnytske
deposit (BET data)

H IInToma Cepepie
. aBa’XKKa, 3HAYCHHA
Lleonit MOBEPXHS, .
mr IUTOMO1
M“/T .
TOBepXHi
ITpupopunmit 40,6 10,8 11,9
30,9 12,9
JIyxHo- 39,2 12,2 13,0
MoznupiKoBaHMit 38,8 13,8
Kucnornomomudi-| 29,1 26,7 26,1
KOBaHUM 51 25,4

IpU3MaTNIHy GopMy, XapaKTepHY /I HU3bKO-
KPEMEHVCTUX KIiHOITU/IOJITIB.

OcHOBy MiHepany CKIaJjaloTh KMCEHb, KPeM-
HiJl Ta a/JIFOMiHiii, HAABHA i He3HaYHA Ki/IbKiCTh
JIYKHUX 1 Ty>KHO3€ME/IbHUX METaJIiB Ta 3a/1i30
(puc. 4, Tabn. 112).

SIK BMIHO 3 OTPMMaHUX JaHuXx (puc. 4, Tabn. 1
i 2), BinOyBaeTbcs nepeposnozin 0OMiHHNUX Ka-
TiOHIB i BMICTY KaTiOHiB y I'parii MiHepary.
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IIpuporHuit 1LeOMT HaNIeXKUTb [O KaJliil-
kanpuii-HarpieBux (K > Ca > Na) kininonnio-
nitiB. Jly>kHOMOAVQiKOBaHWII IIOIIT — /10 HAT-
piit-kanbuiii-kamiesux (Na >> Ca = K), y rparui
axkux Bmict Na i Ca 36inpmyerncs, a K i Al
3MeHIIyeTbcs. KucnmoTHoMmonmgikoBaumit 1eo-
JUT HAIEKUTb [0 Kalili-HaTpill-Ka/lblieBUX
(K > Na > Ca), kinbkictb 0OMIHHMX KaTiOHIB
Na, Mg, Ca smenmyerbca. Kaniit IpoToioHisy-
€TbCA BiJHOCHO ¢€/1ab0, TAaKOXX 3MEHIIYETHCA
BMmicT Fe Ta Al y rparni i 36i}IbIHy€TbCH BiTHOC-
Ha KinbkicTh Si. CriBBignomenns Si / Al 36im1b-
IIYETbCA Y PALY: LeoiT mpuponumit (4,24) —
1eoniT ay>xHoMopudikoBanuii (4,32) — 1eoriT
KucnoTHoMonudikosanmii (6,37) (tabm. 3). To6-
TO 32 YMOB KMC/IOTHOI Mopudikarii KI1iHOITH-
JIOJIIT i3 HU3BKOKPEMEHUCTOTO IIEPETBOPIOETHCA
Ha BMCOKOKPEMEHUCTHUII, IO CIpUAE MifBU-
IIEHHIO 1oro TepMmiuHOi criitkocti [5]. Crig
Opary 10 yBary, 10 1Lie CIIiBBi/[HOIIEHHS MOXe
IelLo 3MIiHIOBATNCh Yepe3 HasABHICTD Y 3pa3Kax
LEOJIITY KBapLy i JOMIIIKOBMUX MiHepaliB.

IIpuponHmMit 11€0/IIT Ma€ BiTHOCHO MaJIEHbKY
IITOMY HOBEpPXHIO (Tabs. 4), 1O Y3TOMXKYETD-
cs 3 JaHMMM iHIIMX poOiT, BUKOHAHUX i3 3ac-
tocyBanHAM Metony BET [2, 15]. 36inbiiennus
nuToMOl TOBepxHi MoaN}iKOBaHMUX KITIHOITH-
JOMTiB mae iM 3Mory copbyBaTu 3 pO3UYMHIB
Pi3Hi TOKCMYHI PE4YOBMHN, 30KpeMa PaiOHYK-

JIITEPATYPA

nipy, i migBuilye IXHIO ePeKTUBHICTb AK COp-
6enris [5, 8, 16].

BucHoBkmu. 3a pesynpraramMu, OTPUMAaHVMU
IIifl Yac BMBYEHHA XiMIiYHOTO CKIaly CTPYKTYP-
HUX €JIeMEHTIB Ta iOHOOOMIHHOTO KOMIIIEKCY
IPUPOAHMX i KUCTOTHO- i myKHOMOAMpikoBa-
HUX 1eoniTiB COKMPHUILIBKOTO POOBUILA, MOX-
Ha JINTU TaKUX BUCHOBKIB.

[TopiBHAHO 3 MPUPOJHMM KaJliil-Ka/bLliii-HaT-
pieBuM (K > Ca > Na) neomitoM y mporeci itoro
KIUC/IOTHOI i y>kHOI Mopudikanii BinOyBaeTbcs
Hepepo3nofin OOMIiHHMX KaTioHiB i BMIiCT CTpyK-
TYPHUX KaTiOHIB y I'paTLi KITIHONTU/IOMITY:

JTY>KHOMOIVI(IKOBAHWII L[EONTIT HANEXKNUTD [0
HaTpiit-Kanb1i-kanieBnx (Na >> Ca =K) xii-
HONITWIONITIB, BOJHOYAC y I'PATI 30i/IbIIY€ETbCSA
BMmicT Na i Ca, a smenmyerbcst — Ki Al;

KMCTOTHOMOAM(DIKOBaHMIT 1I€OJIT HaIeXXUTh
mo Kayiit-Hatpiit-kanbiieBux (K > Na > Ca),
3MEHINYIOTbCA KilbKICTb OOMIHHMX KaTiOHIB
Na, Mg, Ca. Kaniii mporoionisyerbca gyxe
cmabko, BogHOUYAc 3MeHIIyeTbest BMicT Fe Ta Al
i 30inpLIYETHCS BiTHOCHA Ki/bKicTb Si y rpatii.

BigHomenHns Si / Al 36inbmyerbcsa B pAny:
LIEOJIiT IPUPOHNIT —> LIEOJIT Ty>KHOMOAMDIKO-
BaHMIT — LEOJIT KMCITOTHOMOAM(IKOBAHMIL.

[Intoma oBepxXHs MOAVI(IKOBAHNUX L[€OIITiB,
HOPIiBHAHO 3 IPUPORHMM, 30i/IbIIy€EThCA Hallic-
TOTHiIlle Y KMCTOTHOMOAM(IKOBAHOTO IEOTIITY.
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COMPOSITION OF CHEMICAL ELEMENTS AND ION EXCHANGE COMPLEX
OF ACID- AND ALKALI-MODIFIED NATURAL ZEOLITES FROM THE SOKYRNYTSKY DEPOSIT

Natural zeolites are abundant and inexpensive resources. They are crystalline hydrated aluminosilicates with a
framework structure that has pores and channels occupied by water, alkali, and alkaline earth cations. Having high
cation exchange capacity, acting as a molecular sieve, natural zeolites have been widely utilized in recent decades as
adsorbents in separation and purification processes. Modification of natural zeolite increases its adsorption capacity
of environmental pollutants, in particular, radionuclides from low-level liquid radioactive waste. The article presents
results obtained from a study of the chemical composition of the structural elements and ion exchange complexes of
natural, acid-modified and alkali-modified zeolites from the Sokyrnytske deposit. The main rock-forming mineral
of the Sokyrnytsky zeolite is clinoptilolite. The zeolite was modified by a 5.5 M HCI solution for 2 hours at 100 °C
using a backflow condenser. The ratio of solid to liquid phases was 1:2. For alkaline modification, 1.4 M NaOH
solution was used. The exposure time was 2.75 hours. The conditions and phase ratio were similar to those in
acidity modification. Based on the composition of the ion exchange complex, natural zeolite belongs to potassium-
calcium-sodium (K > Ca > Na) clinoptilolites. In the process of acidity and alkaline modification of the natural
zeolite, the exchangeable cations and the content of structural cations in the clinoptilolite lattice become redistributed.
In alkaline-modified zeolite, the content of exchangeable cations Na and Ca increases, and the content of K and
structural cations Al decreases. In acid-modified zeolite, the number of exchangeable cations Na, Mg, Ca, K
decreases. At the same time, the content of Fe and Al decreases and the relative amount of Si in the lattice increases.
The Si/Al ratio increases in the following succession: natural zeolite — alkali-modified zeolite — acid-modified
zeolite. The specific surface area of the modified zeolites increases compared to the natural ones. The largest increase
is observed for the acid-modified zeolite. The textural characteristics and mineral composition of the studied
samples indicate that the natural, acid-modified and alkali-modified zeolites from the Sokyrnytske deposit may be
used for removal of radionuclides from low-level liquid radioactive waste.
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