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OBIIAA XAPAKTEPUCTHUKA PABOTHI

AKTYaJbHOCTDH TeMbI

B SIEpHBIX PeaKIUiX MOJHOTO CIMAHHS HOHOB *°Ca C SIpaM aKTHHOHMIOB
BIIEpBEIE OBLIM CHHTE3HPOBAHEI HOBEIE AJIEMEHTH ¢ Z = 113 — 118. XapakTepucTUKH
pacriafia HOBBIX Siiep IOITBEPIKIAIOT IPENCKa3aHUs O CYMIECTBOBAHUM «OCTPOBOB
cTaOMIBHOCTH» B O0JAaCTH CBEPXTDKEIBIX HIeMEHTOB. CHHTE3MpOBAHHEIE B
peaKIusax ®Ca ¢ 2*U, *Pu u **Cm H30TOIEL, COOTBETCTBEHHO - 112, ®114 u
#1116, WCHBITHIBANM HECKONBKO IOCIENOBATENBHBIX O-PACIAfOB, NPUBOILIIAX K

267
00pa30BaHMIO HOBOT'O CIIOHTAHHO jAeismerocst 1o, R (T, = 2,3 9). B sxcnepumenTax
no cuntesy 7113 u ®¥115 B pesymsrare smekTpoHHOro 3axBara ‘Db u Db

6
TPENIToNIaraeTcs 06pasoBaHme oy Rf U joy Rf COOTBETCTBEHHO. I10 PasHEIM OLEHKaM

IeproJBI OIypacnana HoBBIX u30TonoB Rf MoryT cocrasiars mo 13 4. Xumuaeckas
uneHTuGUKAMs HOBEIX H30TOHOB pe3epdopius sIBUIACh OBl HE3aBHCHMBIM
HOATBEPKICHUEM CHHTE3a HOBBIX CBEPXTSIKEIBIX 3JIEMEHTOB.

OTKpBITHE OTHOCHTENBHO NONTOKMBYIIMX M30ToNOB Rf mpemocraBiser HOBEHIE
BO3MOXKHOCTH JJI1 M3y4YeHHS €ro XMMHYECKHX CBOMCTB. lHTepec K IaHHBIM
HCCJIEZIOBaHUAM CBS3aH, IIPEXIE BCETO, C BO3MOKHOCTBIO COIIOCTaBUTH CBOMCTBa Rf
CO CBOMCTBaMH €r0 aHAJOroB B 4-ii rpynme nepuoardeckoil cucteMsl MeHzeneeBa
Ti, Zr u Hf u Ha 5TOM nIpuMepe MPOBEPUTH TUIOTE3Y O BIMSHUM TaK Ha3HIBAEMBIX
«PETATUBUCTCKUX 3D (PEKTOB» HAa XUMHYIECKHE CBOUCTBA CBEPXTIKENEIX JIEMEHTOB.

IIposiBneHue pENATUBUCTCKHX J((PEKTOB MOMXKET IPUBECTH K 3aMETHOMY
HAapyIIEHUI0O MOHOTOHHOTO HK3MEHEHHMS XUMHUYECKHX CBOWCTB  3JIEMEHTOB,
OTHOCSIIMXCS K OJHOHM U TOH ke rpynmne. B yacTHOCTH, HE HCKIIIOYEHO OTKIOHEHUE
XUMHUYECKHX CcBOHCTB Rf oT HaOmiomaeMBIX JHMHEHHBIX 3aKOHOMEpHOCTEH B 4-i
IpyIIe WK IPOSABICHUE aHAJIOTHUH CO CBOMCTBaMY aKTUHOU/IOB, B 9aCTHOCTH ¢ Th.
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Manoe »sddexTuBHOE cedeHHe oOpaszoBaHus o, Rf ¥ Xapaxrepuctuku

pPamuoOaKTUBHOI'O pacnaga oOHnpeacidarT CICOYIOMUe TpC6OBaHI/ISI K YCIOBUAM
XUMHUYCCKUX DKCIICPUMEHTOB:

— HeobxomumMo OBICTpOE CENEKTUBHOE BBIIEIEHUE PAIMOU30TOINOB 3JIEMEHTOB
4-# rpynmsl 1 Th U3 cMecu NpoIyKTOB SAepHEIX peakimii. Ocoboe BHUMaHUE
JIOJDKHO OBITH YZIENIEHO OYHCTKE OT aKTHHOHMJOB, OOPa3yIOMIMXCS B PEAKIIUIX
MHOTOHYKJIOHHHIX Il€pellad M MENIAIOIIUX CBOMM H3IIy9eHUEM PEerucTpaluy
pacmama 2% Rf. Jlng Goyiee IONHOrO MCCIENOBaHUSA HeoOXonuma pa3paboTKa

9KCIIPECCHOTO METOa Pas3leseHMs JJIEMEHTOB 4-i u 5-# rpynn u BEIAEIEHUS
(paxuuu HoOenus I ITOKCKa IPOLyKTa o-pactiazna Rf.

— TlpoBenenne SKCIEPHMEHTOB BO3MOXKHO TOIBKO C OJHHM ATOMOM g4 Rf .
IlosToMy s MONYYEHHUS CTATHCTUYECKU 3HAYMMBIX PE3yIbTaToOB HEOOXOIUM
BEIOOp METOZAa HCCIENOBaHUA, B KOTOPOM IIEPEXOJ ONHOIO HOHA (aToMa) U3
OIHOU (a3bl B APYT'YIO IOBTOPSAETCS MHOIOKPATHO.



— JInsd meTeKTHPOBaHHUSA Q-YaCTHI M OCKOJIKOB CIOHTAHHOTO JENeHHs TpeOyeTcs
H3TOTOBJICHHE CIIEKTPOMETPUIECKAX HCTOYHHKOB. J[Is 3TOr0  HYXKHEI
IOCTOBEPHBIE CBEACHUSI O cocTaBe M O00bEME KOHEYHOH (ppakmuy,

comepxareii jo RE .

CymecTByeT psii METONOB MCCIENOBaHMS B PAJAUOXMMUM, B IPUHIHUIE,
YIOBIECTBOPSIOMNX OTHM TpeOoBanusM. OQHAKO HX NPUMEHEHHE K pEIICHHIO
YKa3aHHBIX BEIIIE IpoOieM TpeOyeT onTuMusanmuu u pasButus. K Takum meromam
OTHOCSTCS  COOCaXAEHWe, copbuuss u HOHHBI oOMmeH. Vcmonb3oBaHuE
HOHOOOMEHHOM xpomaTorpaduy B KOMOMHAIIUK C KOMILIEKCOOOpa30BaHHUEM IENacT
BO3MOXXHEIM 3KCIPECCHOE paslelieHHe YIbTpaMajblX KOJIMYECTB dYpe3BbIUaiiHO
OJIM3KHMX II0 CBOMCTBAM OJIEeMEHTOB 4-fi rpymmbel. B pesynbrate MOXXHO OyzeT
OLICHUTh  YCTOHYMBOCTH  KoMIulekcoB  Rf.  Meromsl  coocaxmeHHs  C
KPHUCTAJUIMYECKUMH OCaJKaMH{, HE IPUMEHSBIIHNECS B HCCIEIOBAaHUH XUMHYECKUX
CBOWCTB TpPaHCAKTHHOHMIHBIX OSJIEMEHTOB, MOXKHO MCIOJNB30BaTh HE TOJBKO I
paszeneHus ynbTpaMmajblX KONHUYECTB paJUuOAaKTUBHBIX OJIEMEHTOB, HO U IJA
YCTAHOBJCHHS MX XHMHUECKHX (MaKpOCKONUYECKUX) CBOHCTB.

Oco0Oplf umHTEpec IpencraBiseT usydeHue moBeaeHus Rf Bo dTopumHsx
pactBopax. B psmy mpoYHOCTH KOMIUIEKCHBIX COENUHEHMH, 00pasyeMbix (TopHm-
HOHAMH C aTOMaMH METaJUIOB, 3JIE€MEHTH 4-H IpYIIBl CTOST Ha [IEPBOM MeCTe.
CrenoBareslbHO, MPUHIWIHATEHO BO3MOXKHO KX OTHEIEeHHE OT aKTHHOHIOB C
BBICOKMMH  KoohuuueHTamMu  pasgeneHus.  Pasnmaus B KOHCTaHTax
KOMIUTEKCO00pa3oBanusi C (TOPUIO-HOHAMH OTHENBHBIX 3JIEMEHTOB 4-H TIpyIIIBI
JOCTUralOT 9YeTBIpeX IMOpAAKOB. [I09TOMy B IaHHEIX Cpelax MOXHO OXHUIATh
HauOONbIINX pasiAWddii B MOBEOGHWH JaXe TaKuX ONM3KMX IO CBOHCTBaM
2J1eMeHTOB, Kak Zr v Hf,

C yueToM TpymHOCTEH cuHTe3a paxuon3oTonmoB Rf naxe B komugecTse
€IMHUYHBIX AaTOMOB II€pPEJ HENOCPEICTBEHHBIM IMPOBEACHHEM SKCIIEPUMEHTOB IO
n3ydeHuro paauoxumun Rf HeoOXoxuME! TIaTEIbHBIE MOJCIBHEIEC HCCIETOBAHHUS C
pampuonyxuunamu Ti, Zr, Hf u Th.

V3 BEBIIEH3JI0KEHHOTO CIELyeT, 4To ucciepoBanue copbuum Ti, Zr, Hf u Th,
HaXOISIIIUXCA B YIBTPaMUKPOKOHIIEHTPALUIX, OPTaHUIECKUMHU ¥ HEOPraHUYIECKUMU
copbeHTaMu U3 (GTOPUIOHBIX PACTBOPOB SBIIETCS aKTyalbHOH 3amadeil coBpeMEHHOH
PaaOXUMUH.

Hear n 3axaun paGoThI

Llens paGoTHI COCTOSIA B BEISBJICHWH M aHanu3e ocobensocreit copbuuu Ti, Zr,
Hf u Th xak romosoroB Rf opraHmyeckuMu M HEOPraHHYECKUMH COpOEHTaMH U3
PacTBOpPOB, collepKalux (GTOPUCTOBOAOPOAHYIO KUCIIOTY.

B COOTBETCTBHH C IIOCTAaBIEHHOH [1e1bI0 HEOOXOAUMO OBLIO PELIUTh CIIEIYIOIIHE
OCHOBHEIE 3a[Ja4H:

— M3YYUTh BO3MOXKHOCTH Pa3feNeHus METOIOM HOHOOOMEHHOH Xpomarorpaduu
Ti, Zr, Hf u Th, Haxongmuxcs B pacTBOPE B yJIbTPAMUKPOKOHLIEHTPALIMAX;



— BBINOJHUTH PacyeTHl II0 HaXOXIEHUIO OONAcTH CYNIECTBOBAHUS DPa3IHIHBIX
xumugeckux Gopm Zr, Hf u Th B pacreopax HF, HCl, HNO,;, HCI/HF,
HNOy/HF;

— pa3paboTaTh METOABI SKCIPECCHOTO BBINCNICHUS DPAJAUOHYKIHUIOB §mgr 887y,
17 -~
5Hf, 135 La, Lau? P Th us O0JIy9IEeHHBIX MUIICHEH;

— BBIBUTh ~ XapaKTEPHCTHKH HOHOOOMEHHOrO IOBENEHHA  YIBTPaMalbiX
xonmgectB moHOB Ti, Zr, Hf u Th B cMemannpx pacrBopax HF/HCI B
3aBucuUMoOcCTH OT KoHneHTpanun HF u HCI;

— oxapakrepu3oBath copouuro Ti, Zr, Hf, Nb u Ta Ha aHHOHWTaX ¥ KaTHOHUTaX
U3 CMELIaHHBIX PacTBOPOB, coxepxammx HF u aneroH (WId METHISTHIKETOH,
UM METWIN300y THIIKETOH);

— 9KCHEePUMEHTAIBHO YCTAaHOBUTH Ba)KHEHINTHIE XapaKTepUCTUKU HOHOOOMEHHOTO
paBHOBecuss ¢ yuactmeM Ti, Zr, Hf m Th B cMmemanHBIX pacTBOpax,
cozepxainux (GToprCTOBOIOPOIHYIO KUCIIOTY;

— YCTAaHOBUTH Ba)KHEWINWe XapaKTepUCTHUKH coocaxmenus Ti, Zr u Hf ¢
(GropumoM JaHTaHa M K3y4YUTh BO3MOXKHOCTH IIPUMEHEHHS METOHa
COKPUCTAJUIM3AIIMHY B UCCIICIOBAHUN XUMUIECKUX CBOMCTB TAD.

Hayunast HoBu3HA

B paGote mpencTaBieH psX HOBBIX HAHHBIX O COPOIHOHHOM IOBENCHUH JETKHX
romonoroB Rf. Ha oOcHOBaHMM NIPOBEJEHHBIX pPACUeTOB W  BEHIONHEHHBIX
OKCIICPHMEHTATIBHEIX ~ HCCIENOBaHMH  C  HCIONB30BaHHEM  KaTHOHO- X
aHMOHOOOMEHHBIX CMOJ OIpPENeNeHH OONacTH CyIECTBOBAHMS PAa3IUYHBIX
kommekcHeIx ¢opm Ti, Zr, Hf u Th B pacrBopax HF u HF/HCI. Bnepssie
HCCIIEI0BaHO HOHOOOMEHHOe noBenieHre Ti B yCIIOBUAX NPOBEEHHUS SKCIEPUMEHTOB
cRf.

BrepBEIe C HCIIOIB30BaHUEM BEICOKO3()(HDEKTHBHOM XKUIKOCTHON XpoMarorpadhuu
NOCTUrHYTO  pasmemenwe Ti, Zr, Hf wu Th, Haxomsmuxcsi B
YABTPAMUKPOKOHIIEHTPALHIX, 32 CPAaBHUTENIBFHO HeOombmoe BpeMs. IlokasaHo, 4TO
HOPSLIOK SIIFOUPOBAHUS JIEMEHTOB MPOUCXOAUT B TocienoBarensHocty Zr > Hf > Ti
> Th B COOTBETCTBUH C YMEHBLICHHEM CTA0MIBHOCTH QTOPUAHBIX KOMILIEKCOB.

Broepsrie oxapakrepm3oBana copbuus Ti, Zr, Hf, Nb u Ta Ha karuoHO- u
AaHHOHOOOMEHHEBIX CMOJIax M3 CMeIIaHHBIX pacTBopoB HF wu amerona (a Tarke
METHISTUIKETOHA ¥ METWIN300yTHIKETOHA) B IMUPOKOM HHTEpBale KOHIEHTPALUH.
ITokasaHo, 4To 3HaueHHS KOXDQUIMEHTOB paclpefereHys Ha aHHMOHOOOMEHHOH
CMOJIe YMEHBIIAIOTCS ¢ yBenudeHueM KorlenTpanuu HF u yBenudauBaioTcs ¢ pocToM
KOHIIGHTpalluy aretoHa. Ha OCHOBaHWMHM aHaiM3a OKCIEPUMEHTAJBHBIX JaHHBIX
CIesaH BBIBOX O TOM, 9TO 3JIEMEHTHI 4-i TPpyIIIEl COpOUPYIOTCS Ha aHHOHOOOMEHHOH
CMOJIe B BUJIE aHMOHHBIX KOMILTEKCOB Tira MF;> M =Ti, Zr, Hf).

BeIBIIEHO BIMSHHE Ha COPOLHIO U COOCaXCHUE PaIHOHYKINIOB IIEMEHTOB 4-i
rpymnsl Ti, Zr uw Hf ¢ ¢ropumom La cnenmyrommx ¢axropos: pH pactsopa,
koHnenTpanuu HF, KoHIeHTpanuy coOCTBEHHBIX HOHOB B PACTBOPE, NPUCYTCTBUA B



pacTBOpe MOCTOPOHHHMX MHOTOBAJICHTHBIX HOHOB WM BpeMEHHM KOHTaKTa XXUAKOU U
TBepHoi (a3. M3 aHanusa INONYydYEHHBIX JAHHBIX CHENAH BBIBOL O TOM, YTO
¢dropunnsie dhopmsl Zr u Hf cnocoGus! cokpucrammsoBarses ¢ LaF;. [Ipemuoxeno
HCIIONb30BaTh METOJ COOCAKACHHUS I U3yUECHUS XUMUIecKux cBoHCTB Rf u Db.

IIpakTnyeckoe 3Ha4YeHNE PadOTHI

Ha ocHOBaHMU IIPOBENECHHBIX PacdeTOB M BBIIOJHEHHBIX 3KCIEPHMEHTAIBHBIX
HCCleloBaHUM HOHOOOMeHHOro mnoBemeHus Ti, Zr, Hf, Th, Nb, Ta, Lu u Sr
pa3paboTaHbl MeToxuIecKUe cxeMsl i Beiaenenus R u Db U3 mpoayKToB saepHBIX
peaxiuil ¥ U3y9IeHUS UX XUMUIECKHX CBOMCTB.

B pesynerare wmsydenus copbmum Ti, Zr, Hf ¢ropumom naHTaHa mnoxaszaHa
BO3MOXKHOCTh HCIIONB30BAaHUS OCaXIeHMsA (Topuia IaHTaHa s W3ydEeHUS
xuMugeckux cBoicTB Rf. PaspaboTaHHas METOAWMKA pasIeNeHHs 3JIeMEeHTOB 4-i U
5-# rpymm coocaxkaeHueM ¢ (TOpPUIOM JiaHTaHa npuMeHsiack B JUIP OMSIU B
pabotax mo xumudeckod uueHTHOHKanuum Db kak KOHEYHOro IPOXYKTa paclajia
anemenTa 115.

PesynpraTel HccienoBaHMil IO COPOIMH pPaJUOHYKIHIOB Ha HOHOOOMEHHBIX
CMOJIaX IO3BOJMIIM Pa3paboTaTh METOMMKH MOTyUCHHS SASPHBIX H30MepoB | " Hf u
¥MSr pu 0GIydeHUH O-9ACTHIAMH uTTepOus u pyoumus coorBercTBeHHO (Y-200
JISIP OUSIN) v paAuOXUMUYECKOTO BEIIEIICHHU 221, 847

TonoxeHusi, BLIHOCUMBbIE HA 3ALIUTY

YcraHOBIEHB! 00IaCTH CYIECTBOBAHUS Pa3IMYHBIX KOMILIEKCHEIX (GopM Zr, Hf u
Th B pactBopax HF, HCl, HNO;, HC/HF, HNOs/HF. BrisBieHB 3aKOHOMEPHOCTH
copbruu Ti u Th Ha KaTHOHO- ¥ aHHOHOOOMEHHO# CMOJIaX B CMEIIaHHEIX PacTBOPAX
HF / HCL. IToka3aHo, 9T0 ONTUMAaIbHEIM MeTomoM ais paspeienus Ti, Zr, Hf u Th
SBIIIETCS KaTHOHOOOMeHHas xpomarorpadus B pactBopax 0,2 mons/n HCl u HF
TepEeMEHHON KOHIIEHTPAIIHHL.

OddextruBHOE 3KcnpeccHoe paspenenue Ti, Zr, Hf, Th, Lu u Sr, Haxonpsmmxcs B
YIBTPaMUKPOKOHIICHTPALsX, 32 CpaBHUTENbHO HeOonpmoe Bpems (30 MuH).
ITokxaszano, uro monHoe pasmeneHue Zr u Hf nmocturaercs Ha KaTHOHOOOMEHHOH
xpoMarorpaddeckoii kKononke B pactope 1,5-10° moms/m HF / 0,2 mons/m HCL.
VCTaHOBICHO, YTO TOPSOOK  OIIOMPOBAHHS  OJIEMEHTOB  NPOWCXONWT B
nocnenoBatensHocTd Zr > Hf > Ti > Th B cooTBeTcTBUMH C yMEHBIIEHHEM
CTaOUNBHOCTH (TOPUIHBIX KOMILIEKCOB.

Iloxazano, 9To ¢ yBenudeHueM KoHueHTparmuu HF 3HaueHws ko3¢hQuiimeHToB
pacupenenenus Ti, Zr, Hf Ha aHHOHOOOMEHHOH CMOJIE€ YMEHBINAIOTCS U
YBEIMYMBAIOTCS C POCTOM KOHIEHTpaluu aneToHa. CrenaH BEIBOL O TOM, 4YTO
9IEMEHTH! 4-# rpynnsl cOpOUpyOTCs Ha aHHOHOOOMEHHOH CMOJIe B BUJIE aHHOHHBIX
KoMIIekcos Tuma MF,>” (M = Ti, Zr, Hf). Onpeenens ONTHMANbHbIE yCIOBHS
pa3leneHus 2JIeMEHTOB 4-1 U 5-H TPy B CTAaTHYECKUX U JUHAMUIECKHUX YCIOBHAX
METOIOM MOHHOT0 00MeHa B cMeIaHHBIX pacTBopax HF / aneros.

B pesynprare uccinenoBanus coocaxknenus Ti, Zr u Hf ¢ ¢ropumom nanTana
ycTaHOBIeHO, u9To Zr u Hf cenexTuBHO amcopOHPYIOTCS Ha IIOBEPXHOCTH



HaHOKpHCTALIOB LaF; B BHEe OTPUIIATENEHO 3apSKEHHBIX KOMILIEKCOB THIa MF,.
®ropunsusie dopmsl Zr u Hf crioco6Hs! coxpucramu3oBarhes ¢ LaF;. [Tokasano, 4ro
Zr y Hf moryT O5ITh 3¢ )eKTUBHO OTIETIECHEI OT MHOTHX 3JIEMEHTOB, B TOM YHCJIE OT
Tiu Nb, Ta.

Pe3yIbTaThl MOTYdeRHs AAEPHEIX u30MepoB ' Hf u *™Sr mpu oGmydenuu o-
JacTHIAMU HUTTEpOUs M PyOMIHS COOTBETICTBEHHO. Pa3paboTaH paguOHYKIMIHBIN
reneparop °'Y / ¥™Sr.

Anpo6anus padoThl

OCHOBHBIE DPe3yJbTaThl NUCCEPTAIMOHHON PabOTHI MOJOXEHBE Ha CIIEIYFOLIUX
POCCHHCKUX M MeXIyHapomHbIXx KoHpepeHumusx: The second summer school on
actinide science and applications, Kapucpys, I'epmanus, wuions, 2003; The first
coordination meeting on perspectives of life science research at nuclear centers,
Pussepa, bonrapus, cenrsiops, 2003; IlepBas Poccuiickas mikona mo paguoXUMUK U
anepHoit TexHomoruu, O3epck, aBryct, 2004; Targisol winter school, Omp Dckopuai,
Ucnanus, ¢espans, 2005; Symposium on exotic nuclei «kKEXON — 2006y, XaHTHI-
Masncwmiick, wuromb, 2006; Ilstas Poccuiickas KoHpepeHIUsS @O paIoOXUMUHI
«Pamuoxumus-2006», Iybna, okta6ps, 2006; 15-1 MexnyHaponHas KOH(bEPEHIUI
«JIomonocoB», MI'Y, MockBa, ampens, 2008; MexayHaponHas JETHSAS IIKOJIA
«Atomic properties of the heaviest elements», Butrenbepr, I'epmanus, 2008;
Symposium on exotic nuclei «<EXON — 2009», Couu, cenrsibps, 2009; Ilecras
Poccutickas koHbeperuus no paguoxumun «Paguoxumus-2009», Mocksa, OKTI0p5,
2009. PesynbTaTel paboTH OBLIM IIpeACTaBlI€HH Ha ceMuHapax JlabGoparopuu
sanepHeIx peakuuii um. I'H. ®neposa, OMAN.

y6mmxanun

Pe3ynbTaTel quUCCEpTAlMOHHONW pabOTH M3NOXKEHH B 22 MyONuKanusax, B TOM
gucne B 15 cTaThax B pedepupyeMbIx HaydHEIX XKypHaJax.

ABTOp HarpaxieH AumIoMoM mepBoi cremeHu OMSIM Ha KOHKypce HaydHBIX
pabot B 2007 r ¥ yOOCTOSH IPEMUU cperu Monobix yaeHsrx OIS B 2011 r.

CTpyKTypa 1 00beM JuccepTANAN

Juccepranus COCTOMT M3 BBEICHHSA, ILATH TJIaB, 3aKIIOYECHUS, NPUIOKCHHUA H
CIHCKa UTHPYeMOH JmTepaTypsl. PaboTa u3noxena Ha 120 cTpaHMIaX IE4aTHOIO
TeKCTa, BKJIto4as 24 pucynka u 10 tabnum,.

OCHOBHOE COJEPKAHUE PABOTBI

I'masa 1. HccnenoBanue xumMudecknx coiicte Rf B pacreopax. O630p
JIATEPaTypPhl

B mepBoM paszene TiaBel AaH aHAIM3 COBPEMEHHOTO COCTOSHHS paboT IIo
U3YYCHUIO XUMHUYECKuX CBOMCTB TAD. PaccMOTpeHB! sfepHbIE peakIuy CHHTE3a U
noxxomel K xumudeckoi mneHTudukanuu Rf. Bo BTOpoM paspmene o600meHBI U
[IPOaHATM3UPOBAHBl Pe3yIbTaThl 3KCIEPUMEHTAIFHOTO U TEOPETUYECKOTO U3YyUECHHUs
xuMugeckux cBoiictB Rf B pactBopax. ChopMynupoBaHsl TpeOOBaHUS K yCIOBHIM

XUMHYECKHMX OJKCIIEPUMEHTOB C 40 Rf I MOKa3aHa HEOOXOOUMOCTH NPOBEICHHS



MOJIENIBHBIX SKCIIEPUMEHTOB ¢ direMeHTamu romonoramu Ti, Zr, Hf u Th. ObocHoBaH
BEIOOp MOHOOOMEHHOW xpomarorpaduy BO (TOPUIHOM cpefe UIT XUMHYECKOH
HUACHTUPUKAIMY JOJTOXKUBYIIHUX Paguon3oTonoB Rf u M3ydeHHs ero XMMHYECKHX
cBOCTB. [IpeAcTaBieHs! TUTEPATypHBIE JaHHEIE 110 cocTosHuIo noHoB Ti, Zr, Hf u
Th B BOHHBIX pacTBOpax M H3YyYCHHIO HX copOmmu W coocaxneHus. Ha ocHoBe
aHaIM3a JUTEPATYPHBIX JAHHBIX IIOCTAaBJIEHBl KOHKPETHEIE 3afaudl HCCIECIOBAHHA.
PesynpraThl npencraBieHHBIE B 3TOH InaBe omyOiaukoBaHH B paborax [1-6, 8-10,
13].

T'nasa 2. Meroauky npoBefeHus: COPOLMOHHBIX IKCIEPUMEHTOB

2.1.1Tony4yeHue U BblJejIeHHE PaJUOAKTHBHBIX H30TONOB

B mepBoM pa3szene IpUBENEHB CBEISHHS 00 MCIIONB30BAHHBEIX pEareHTax,
panuou3oTonax ¥ PaIUOXMMHWYECKMX METOIWKAX BBINEJNEHHS pPaJUOHYKIUAOB HU3
00JTydeHHBIX MUIICHEH. Paguoxumudeckas QUarHocTHKa copOuuu obecreduBanach
KOMIUIEKCHBIM HCIIOJIB30BaHUEM PaJUOHYKIUI0B 44Ti, 87er, 88Zr, 92mNb, 175Hf, ISZTa,
227Th, 234Th, 357 0 i Lo

Inst mormydeHus pamroakTUBHEIX m30oTomoB Sr, Zr, Hf, Nb u La ob6mywamu
mumerd Rb, Sr, Yb, Y u Cs mpuponHoro cocrasa Ha yckoputene — Y-200 (JISIP
OWAN). Mumesn 108 OOJy4eHHS M3TOTaBIMBAM IIOCIOHHEIM HaHECEHHEM
cycnensuu xaopuna pyounus (SrCl,, Yb,0s, Y,0;, CsCl) B cmecu ¢ n300yTaHOIOM,
BOIOM M amneToHOM Ipu TOOABIEHHM Caxapo3bl HAa alIOMHHHEBEIEC ITOJJIOXKIL
Kaxperii cmoif mpokanuBany B TedeHWe daca npu Temmeparype 400 °C.
OxoHYaTe TbHas TOTIIIHA MUIIIEHY TI0 METAIITy COCTABIIsUIA 12 Mr/cm’.

O6Tydenne IPOBOIMIH B TEUEHHE 5 9acoB P TOKe Mmydka oHoB He' 5,5 MKA u
sHepruud 35 M>d>B (M3MepeHHBI WHTETPANBHBIA MOTOK HOHOB COCTaBHII 6:10").
Mumiess pacronaragack 1oz yrioMm 14 rpaaycoB IO OTHOIICHHIO K Iydky. Ilocie
o0JIydeHus] MHIICHb OXJaXITalu B TeueHue 45 dacoB. 3arem oOmydeHHbrid RbCl
(SrCl,, Yb,03, Y;0;, CsCl) pactopsutu B 10 M 16 mons/n HNO; u BBIREIISIH
panuousorons! Y (Zr, Hf, Nb, La) MeTonamMu m0H00OMeHHOH xpoMaTorpaduu.

Jlnst moydeHys panioakTHBHOTO OTMETYHKa St, XUMHUYECKOro ananora No, Gu
pa3paboTaH paAMOHYKJIUAHBIA reHepaTop ¥y | 87"‘Sr Jnsa 3TOr0 MCHoIBR30BANIU
cepuifHO BhIMycKaeMblii copOeHT Actinide resin (Eichrom Technologies, Inc.) ¢
pasmepom gactull 100 — 150 mxMm. IlomydeHue reHepaTOpHEIM CIOCOOOM, MBI
nepuoz monypacnana 2,83 4, HeOGoIbIoe MOHOIHEPTeTUYHOE y-13nydeHue 388,5 k3B
(81,9 %) c BHyTpeHHe#l koHBepcued 99,7% nenar0T IEPCHEKTUBHBIM IIHPOKOE
IPUMEHEHUE 3TOr0 PafuOHyKIUIa.

VcxonmHBIH pacTBOp CMECH PaAMOHYKIUAOB TOTOBMIIM CMELIMBAHWEM JIIIOATOB
[OCJIe BBICNCHUS § YHapuBaHHEM IO BIaXHBIX COJIell C IOCHIEIyIOMIAM
pactBopenueM octarka B 1 My 20 mons/x HF.

VsMepenuss paJdOakTHBHOCTH IIpoBogwiu Ha y-cnekrpomerpe GC2520
(Canberra Ind.) ¢ HPGe-nmerekropoM c¢ paspemenueM 1,5 k3B mpu sHEprun
v-kBauToB 1,33 MsB (*Co) u mporpammueiv obecrmeuennem Genie-2000TM
(Canberra Packard).



2.2. UcecnenoBanue coOpOIMM HA HOHOOOMEHHBIX CMOJIAX

VcnoBus copOLUHM HCCIEAYEMBIX 3IE€MEHTOB ONPENEIUINCh IO JaHHBIM HX
HOHHOTO COCTOSHHUS B PacTBOpax. JCIomp3ys 3Ha4eHMS KOHCTAaHT YCTOHYMBOCTH
(GTOPUIHBIX KOMIUIEKCOB ¥  KOHCTaHT THJAPOJIM3a, ONpefeluin  o0IacTu
CYIIECTBOBAHUA pasIM4HBIX xummudeckux opm Zr, Hf u Th B pacrBopax HF, HCI,
HNO;, HCV/HF, HNOs/HF c momompio mporpammsel «Speciation» The IUPAC
Stability Constants Database (IUPAC and Academic Software). B pacuerax
pacnpenenenus komiuiekcoB Zr u Hf B pactBopax, comepxammux HF, yguteiBamu
o6pasoBanue TOMEKO hopMsl MFs®™ M He Y4MTHIBATH 0ODa3OBaHHE MOIMMSAEPHEIX
KOMIIIEKCOB, T.K. KOHIEHTPAIMsS HOHOB META/IOB B SKCIIEpHMEHTe cocTapiama 107
MOJIB/JI.

OCHOBHOM XapakTepUCTUKOM CTENEHM paclpeneeHus JEMEHTOB IIpU copOnuu
SBIAETCS ~ BeNMMYMHa  Kod(QOuuueHTa  pacupereneHus. KoaddunuenTs
pacmperieneHus ONpeNesUId B CTaTHIeCKUX ycloBHsAX. K HaBecke cMOIBI Maccoi
100 Mr, HOMEIEHHOH B HOIMAITHUICHOBYIO NPOOHPKY MId HEHTpUu(YrupoBaHUS
(«Eppendorf», I'epmanust), 1o6asmsang 995 MKI CMEIIAHHOTO PacTBOPa INIABUKOBON
KHCIIOTH! U alleTOHA (MM METHITUIKETOHA, MM MeTHau300yTuikerona, wi HCl /
HF) u 5 MKI OT HCXONHOrO pacTBOpa CMECH paguoHYKIumoB. Ilpu pacdere
KOHEYHBIX KOHIIEHTpAallWii B CMEIIAHHBIX PAacTBOpax y4YMTHIBaJIOCh KonmdecTBo HF,
Jno0aBiseMoe ¢ aJMKBOTOM MCXOIHOTO PacTBOpa paiuOHYKIHIOB. Takum 0OpasoMm,
o6BpeM Kaxmoro obpasma coctaBimsui | mi. Ilocne mpuroToBieHHs Bce 0OpasLis,
nepeMenIyBad, BEIAECPKUBAIM B TEUEHUE [BYX CYTOK AJS JOCTHXKEHHS PaBHOBECHS,
IOCJIE YET0 MPOBOAMIHN IEHTpU(YrupoBaHHe U OTOOpP aIMKBOTHOH HOMM PacTBOpa
VIl M3MepeHMs pamuoakTUBHOCTH. KoadouimeHTsl pacnpeneneHus BBIYHCIISUIIM,
KCTIONB3Ysl ypaBHEHUE

ko o =
A4 m

paen

M

T1€ Ayex ¥ Apaew — AKTUBHOCTH MICXOJIHOTO ¥ PABHOBECHOTO PacTBOPOB; V), — 00beM
pacTBopa B 0oOpasme (Mi); 7 — HaBecka cMOIBI (T). OTHOCUTENbHAS HMOTPEIIHOCTh
3HadyeHui K, He npeseimana 4 % npu 95 % HoBepUTEIHHON BEPOSITHOCTH.

Ha ocHOBaHUM HONy4eHHBIX KO3((UIMEHTOB pACIpENeNeHNs U NPOBEICHHBIX
pacdeToB OBUIM ONpEeNEeNeHbl YCIOBUA COpPOLMM M pasIeleHHs MCCIeLyeMBIX
3JIeMEHTOB. Pa3fencHue MPOBOIMIM B JUHAMUYECKUX YCIOBHSX. AJMKBOTEHI
HCXOJHOTO PacTBOpa BBIApUBAIHU, PacTBOPsIM cyxoit ocraTok B 0,2 Mons/n HCI u
HAaHOCWIM Ha KOJNIOHKY 6%40 MM, H3roTOBNIeHHYI0 u3 nomustmieHa (Eichrom
Technologies, Inc.) u 3amomseHHyro cMmomnoit Dowex 50x8, 100-200 mem, B H
tdopme. 3aTeM KOJIOHKY IPOMBIBAIN JIBYMs CBOOOXHBIMU KOJOHOYHEIMH O00BEMaMu
0,2 mons/n HCI 1 mpoBOAMIIH 3ITFOMPOBAHUE HCCIIELYEMBIX JIEMEHTOB.

Jns u3ydeHus pasfeneHus dneMeHToB 4-i rpymmsl pactBop 0,2 mons/n HCI,
conepKaumi 87r, PHE, “Ti, *Th u "Ly, UCIIONB3YS NEPUCTAIBTHIECKU HAcOC,
TIOZ JABJICHHUEM IOJABATH B KOJOHKY, M3TOTOBICHHYIO U3 T€(IOHOBOTO KAMLIApa

o . +
4x60 MM U 3amoIHEHHOro cMoioi Aminex A5 B H™ dopme. Oba xoHIA KanmiuIipa



ObLIM  3aKPBITH NOPHCTEIMH TE(IOHOBEIMH (QWWIBTpAMH ¥ COCOUHEHBl C
Te()TOHOBBIMU IEPEXOJHUKAMHU. 3aTEM KOJOHKY IPOMBIBANIH OIHHM CBOGOXHBIM
obsemom 0,2 moms/n HCl. PaszneneHue 31eMEHTOB OCYIIECTBISUIA CMEMIAHHBEIME
pactBopamu kucinot HCl/ HF. Cxopocts amoupoBanus cocrasisiia 0,1 miu/Mus.

2.3. HccienoBanue copOIuM U cOOCAKAEHUS C PTOPHIOM JIAHTAHA

Wzyuenune coocaxnenus Ti, Zr u Hf c TBepmoii ¢aszoit LaF; mpomommmu B
TOJIUNIPONIUIEHOBEIX npobupkax. IIpenBapuTenbHEIE 3KCIEPUMEHTHl [TOKa3ald
OTCYTCTBHE COpOIMH WCIIOJNB30BaHHBIX paJHOHYKIHUAOB HAa CTEHKaX TaKUX
npoOupok. B mpoOupkd BHOCHIM HCXOAHBIE  PAcTBOPH  ONpEIeleHHOU
kornenTpanuu HF u pH u moGapmaumu 72 mxa 0,1 moms/n La(NOs)s, mocite dero
obpazoBeiBaiics ocanok LaF;. [TomyueHHy0 CycIeH3MI0 mepeMelnBaid B TeueHue 1
9 Ipy KOMHATHOH TeMmmepaType, 3aTeM meHTpudyruposamd npu 10 000 o6/MuH B
tedeHue 10 muH. W3 kaxmo# mpoOupku oTéupanu mpoOsl pacTBOpa s H3MEPEHU
panuoakTuBHOCTH. Crenenp coocaxaeHus Ti, Zr u Hf ompemenstnu mo pasHoctH
PaIMOAaKTUBHOCTH HCXONHOTO M KOHEYHOTO pacTBopa. IIpW M3y4eHWH CTEIeHH
coocaxxnenus Ti, Zr u Hf B 3aBUCEMOCTH 0T MX KOHIIEHTPAIMH B HCXOJHBIN PacTBOp
JN00aBILSII PacueTHOE KOMMIECTBO HOCHTENS B PACTBOPE 3aNaHHOH KOHIEHTpPALUK
HF. Hyxnsle 3Ha4eHus WOHHOU cuiel U pH pacTBOpoB mocturanu noGaBieHHEM
KNO3;, HNO; umu KOH.

OKCHepUMEHTHl [0 copOIuu Ha roToBOM ocanke LaF; mpoBomwmu criemyromuMm
obpazom. Teepayio ¢asy LaF; momywamu cmemmuBanueM pactBopoB HF u mHuTpaTta
naHTaHa. OOpa30BaBIIyIOCS CYCIEH3UIO MHTEHCHBHO IIE€pPEMEINMBAIN B INeHKepe B
TedeHue 1 4, 3aTeM 0CalloK OTAEISIIN HEHTPUPYTIPOBaHUEM OT MaTOYHOTO PAaCTBOPA
KU 1Ba pa3a npombBamu Bojmoi. K 1 mr tBepmoit daszer LaF; moGaBmsmm 1 M
ucxogsoro pactsopa HF TpeOyeMoll KOHIEHTpalyy, COAEPKALIEr0 paJuoOHyKIAIbL.
OO6pasipl HHTEHCUBHO IEepeMENIMBaNy B TedeHHe 1 9 npyu KOMHATHOH TeMmIeparype,
[ocjie 4Yero HEeHTPU(QYTHUPOBaIM K OTOMpanu NpoOBI pacTBOpa Uil H3MEPEHUS
panuoaxtuBHOCTH. KoaddumuenTs! pacnpenenenus Beraucisuiu o gopmye (1).

Mopdonoruro  TBepmoi#t  ¢Gasbl  HCCIENOBaNd = METONAaMH  3JIEKTPOHHOU
CKaHUpYIOMmeH (CKaHUPYIOMUH 3JIeKTPOHHEIH Mukpockon JSM-840, JEOL, SnoHus,
C paspemaromei CHocoOHOCTBI0 5 HM) W TPaHCMHCCHOHHOH (TIPOCBEUMBAIOIIUH
3NeKTpOHHBIM Mukpockon OM-125K, Coanma, Ykpaumna, ¢ paspemenuem 0,2 HM)
MuKpockonuy. O6pasIpl s SIeKTPOHHONH MUKPOCKOIIUY TOTOBIIM U3 OTOOPAHHEBIX
B XOIE OKCIIEpUMEHTOB Ipo0 cycmeHsuii kpuctamioB LaF;. OOpasmer mid
TPaHCMUCCHOHHOHM 3JIEKTPOHHOH MUKPOCKOIMYM TOTOBWIM IIyTEM HaHECEeHWs Ha
MEIHYI0 CeTOYKY Kamiu cycmeHsud. OOpasipl Jis CKaHHPYIOIEeH MHKPOCKOIHU
roTOBMIN (MIBTpanuedl Kalliu CyCIEH3MH dYepe3 TPEeKOBY0 MeMOpaHy. 3areM
o0pa3mel BeICymuBamd. Kycodex MeMmOpaHbl 3aKpeIUILId Ha MEIHOM CTOJMKE H
HambULUIX co# 3osoTa 20 HM. [l HONYyYEHHBIX METOMIOM COOCAXKAEHUS 00pasIoB
Obul mpoBeneH pentreHodasoBelii aHamu3 (POA). udpaxTorpaMMbl CHATH Ha
mudpaxromerpe STADI P pupmsr STOE (I'epmanus), usmysenne CuKo.

Pe3ynpraTel mpencTaBIeHHBIE B 3TOW IJaBe OmMyOnMKOBaHEL B paboTax
[1,7,10,11,14,15].
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I'maBa 3. HonooomenHoe pa3nenenune Ti, Zr, Hf u Th B cMemanHbIX
pacrBopax HC1/ HF

3.1.Ilouck onTUMANBHBIX YCJI0BU HOHOOOMeHHOT0 pa3aeinenus Ti, Zr, Hf
u Th

Honnoe pasHoBecue Ti, Zr, Hf u Th Bo ¢(TOpHCTOBOZOPOIHEIX pacTBOpax
3aBucuT oT KoHHeHTpanuu HF, pH pactBopa u 3HadeHMiI KOHCTAHT yCTONYHMBOCTH
(TOPUIHEIX KOMIUIEKCOB METAJLIOB. Pe3ynbTaThl pacdeToB IO yKa3aHHOW BBILIE
IporpamMMe IIOKa3alH, 4TO, KaK M OXKJAIoch, Hauboliee 3HAYMMBIE DPa3IUuus B
pacmpeneneHun KOMIUIEKCHBIX ¢opMm Zr u Hf nabmoparotcs B HF pactBopax.
OrnHako W3 NONYYEeHHBIX JaHHBIX Takke BUIHO, 9TO KOMILIeKcooOpazosanue Zr u Hf
¢ F-nonamMu mpotekaeT OJHOBPEMEHHO ¢ THIPOIM30M 3THX SJIEMEHTOB, 9TO CO3aeT
TPYAHOCTH IIpH HOHOOOMEHHOM pasfeneHuu. [l [OXABICHHS TUAPOIM3A
HEO6XO0MMO TTOBBICHTE KOHITEHTpaIuio H'-HOHOB, IS 3TOro 106aBIsUM B CHCTEMY
COJITHYI0 WM a30THYHI0 KHCHOTy. CyIIECTBEHHO, YTO NpH XpoMarorpadmaeckoMm
paznenennu Zr u Hf nmeercs cMemeHne paBHOBECHS cOpOIUA—AecOpOIMs B CTOPOHY
BBITECHCHHS 32 CUET MX (TOPHIHOrO KoMILIekcooOpasoBanus. Ilostomy mis
paznmenenus Zr u Hf Obu1 BEIOpaH KaTHOHUT.

Ananus pacnpeneneHus Zr v Hf o xommnexcHsIM ¢hopMaM B pasHEIX pacTBOPAx
[OKa3aJl, 9TO, MCXOHs M3 YCIOBHS MaKCHMalbHOM cOpOIMH Ha KaTHOHHTE
(MuHEEManbpHOTO  comepxaHus coemuHenu#t Buma M(OH)s), mnpu HusKkoH
KOHIIEHTpanuid H', BCIEACTBHE €ro KOHKYypHpYIOIIed COpOIMH, ONTHMATBHOM
Cpeoit i HaHeCeHUI Ha XpOMATOrpapuiecKyro KonoHKy seisercs 0,2 mons/n HCL
Pacuer, cuenaHHBIN IS BEIOPAHHBIX YCIIOBHi, IOKa3al, 9to Oomee 98 % uoHOB Zr
yXe npu KoHnenrTpanuua HF 9.10° Mos/1 HaxomsATCA B BHAe Komitekca ZrFg” B TO
BpeMs kak Hf HaxomuTcsd, B OCHOBHOM, B (opMme KaTHOHOB. COCTOSHHE HOHOB
TuTaHa B pactBopax HF, ocoGeHHO B 061acTy yIbTpaMalblx KOHLIEHTpaLlui MeTalia,
npaxkTidecku He usydeHo. Ilomo6Ho Zr u Hf B pactopax HF ocnoBHOM opmoit
Haxoxnenns Ti  sBasercs MF¢ . JloCTOBEpHO OIpENENEeHHBIE KOHCTAHTEI
ycroitauBocTH (TOPUIHEIX KoMIniekcoB Ti B JuTepaType OTCYTCTBYIOT, IIO3TOMY
pacdeTsl MOHHOTO COCTOSHHS TUTaHa He npoBojumuck. B pactBopax HF u HCI
W3BECTHHI TOJIBKO MOJIOXKHTENFHO M HEUTpanbHO 3apspkeHHBIE (opmsl Th. U3
pe3yIbTaToOB pacdeTa BHIHO, YTO B STHX PACTBOPaxX B MHTEpBajle KOHIEHTPAIMi
10 — 10 moms/n HF / 0,2 mois/n HCI Topuii 06pasyeT MOTOKHTEIEHO 3apsiKeHHbIE
xommirekcs: ThF'*, ThF,”* m ThFs" u, cremoBaTensHO, TpH HCIIONB30BAHUM
KaTHOHUTa MOXeT OBITh oTHeneH oT Zr u Hf. OnHako nonooOMeHHoe noBeaerue Th
B pacrBopax HCl / HF B obmactu ynpTpaManblX KOHIEHTpAIMil MeTamna Majo
U3YYEHO.

3.2.CopOunsa Tiu Th

CopOuuio 3IeMEHTOB W3ydJald Ha KaTHOHO- M aHHOHOOOMEHHOH cMonax u3
CMeEIIaHHEIX pacTBopoB, comepxammx 0,2 mons/n HCl m HF mnepemenHoi
kouuenrpauy. Konuentpanus HCl Osura BEIOpaHa IO pe3ylbTaTaM aHaluM3a
pacnpenenenus Zr u Hf mo xoMmiekcHEIM ¢popmaM. 3aBUCHMOCTE K03 HUIIUEHTOB
pacmpenenenus (K;) Ti u Th na karuonute Dowex 50x8 ot xoHuenTpauuu HF /0,2
moJb/n HCl nokasana Ha puc. 1. Bce 37€eMeHTH UMEIOT BEICOKKE 3HaueHUs Ky (>103 )
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npu xomnenTpamun HF Memee 107 Mons/1. IIpu yBeIHYeHHH KOHIEHTDAIHH
KHCJIOTHI COpOIMS SIEMEHTOB Pe3KO yMEHbIIaeTcs B mocienosarensHoctu Th > Ti,
npudeM Haubonee CHIBHO 3Ta 3aBHCHMOCTH BhIpaxkeHa s Th (K, = 400 mpu 0,1
Mons/1 HF u 5 mpu 0,2 moms/n HF). D10 Xxopormo coriacyercs ¢ MpOBEICHHBIMU
pacderamu. B mpucytcTBuu kaTnoHHTa Npy KoHIeHTpanuu HF menee 0,1 mMomns/n
DPAaBHOBECHE B PaCTBOPE CABUTAETCS B CTOPOHY oOpa3oBaHus KaTHOHHEIX (GopMm Th u
Kak clefcTBHe ero copOrumeii. [Ipn yBemudennn xounentpanun HF ymensmenue K,
B cityqae ¢ Ti cBs3aHO ¢ oOpasoBaHueM aHMOHHEIX GopM, a ¢ Th, mo-BuguMOMYy, C
o6pasosanuem ThF, u KOHKypupyomei copbrueii ¢ H' -noHaMu Ha KaTHOHHTE.

10°

- T T T T
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HF, Mo N
s MOIBJE HF, Mosb 1

Puc. 1. Koaddunuents! pacupenenenns  Puc. 2. KoadduuueHTs! pacnpeneaeHus

*Ti u **Th na katHOHHTE B *“Ti u ®*Th Ha aHHOHHTE B 3aBHCHMOCTH
3aBHCHMOCTH OT KoHneHTpauuu HF / ot koxnenTpanuu HF /0,2 mons/n HCI
0,2 mons/n HCI (Dowex 50%8, 200-400, (Dowex 1x8, 200-400, F7)
H"

3asucumocts copbruu Ti u Th Ha armonute Dowex 1x8 ot xonnentparuu HF /
0,2 mons/n HCI mpusenena Ha puc. 2. IIpu xornentpanuu HF menee 0,1 mons/n Ti u
Th nmeror Huskue 3HadeHus K, (<10). IIpy yBenn4eHHH KOHIEHTPAIMH KHUCIOTHI
copOIMsi 3JIEMEHTOB pacTeT 3a CUET KOMIUIEKCOOOpas3oBaHMSI C HOHaMH F~ B
nocuenoBarenbHocTd Ti > Th. Ilpm panpHeiimeM yBEIMYEHUH KOHLIEHTPAIUU
HF (> 1 monp/1) copOuus 3JIEMEHTOB YMEHbIIAETCS B PE3YNbTaTe KOHKYPUPYIOIEH
cop6bumu ¢ monamu F~ u HF".

CBOICTBa CMEMIAaHHEIX (TOPUIHO-XJIOPUAHBIX PACTBOPOB 3aMETHO OTIHMYAIOTCH
OT 4YuCTO (TOPUIHBIX U XJIOPUIHEIX pacTBOpoB. II03TOMYy MOXHO OXHUZATH U
pasnmuuus B noBenenud noHOB Ti u Th B mpomecce copOruu W3 3TUX pacTBOPOB.
Iomyuenusie nanubie (puc. 1 ¥ 2) CBUAETENBCTBYIOT O HAIMYMK aHHOHHEIX dopM Th
B cMmemanHbIX pactBopax HF / HCl mpu xonuentpamuu HF Brime 0,2 MOJB/IL
CocTaB U CTpYKTypa TaKux KOMILIIEKCOB He u3BecTHEL. Kak BunHO u3 puc. 1, npu 0,1
mons/n HF Ti He copbupyercs, B TO BpeMf Kak Th NposBIA€T 3HAYUTENBHYIO



copOupyeMocts KaToHUTOM (K, 400) 1, cliemoBaTeIbHO, MOXET OBITH OTHENEH OT
Ti.

Taxum 00pa3oM, U3 MPEICTaBICHHBIX JaHHBIX CIEIYeT, YTO It pasmeneHus Ti,
Zr, Hf u Th nenecoo6pa3HO HCIONB30BaTh KATHOHOOOMEHHYIO XpoMarorpaduio B
cMmemnranHbIX pactBopax HCI / HF.

3.3.XpomaTtorpaduyeckue pasaeiaeHus

Ha ocHOBaHMM MOMYYEHHBIX K03(GHULIMEHTOB pacmpeneneHus U IPOBEACHHBIX
pacderoB OBLIM OIpENENCHBI YCIOBHS M IPOBENECHO pas3lelieHHe JJIEMEHTOB 4-i
rpynnsl ¥ Th ot Sr u Lu. Kak BunHO u3 puc. 3, rlie MoKa3aHO OT/ENEHNE dJIEMEHTOB
4-i rpymmsl ot Sr v Lu, anuonnsre kommuiekesl Ti, Zr u Hf amoupyrores 0,5 Mons/n
HF B me6GonbmoM o6seMe, B TO BpeMs Kak Sr OCTaeTCsi Ha KOJOHKE U MOXET OBITh
otaened or Th u Lu ¢ 2 mons/mn HNOs. Sr u Lu HCHonp30Baly Kak XHMHUECKUE
anayoru No u An. Mcmone3ys cmemanusie pactBopsl HF / HC, MoxHO 27r0HpoBaTh
Th xax coBMECTHO C d1IeMeHTaMH 4-i ITpymIbl, Tak U OTAENBHO (pHC. 4).

2 4 6 8 10 12 14 16 18 20 22

80 N L L ! ! L ! )
cpakuma Rf dpakuus No bpakuus An . 0 ? “* ? ? |‘0 1'2 114 116 1IB 20
05MHF M HNO; SMHCL ozmua [ozmucuomr  [O2MHCY) emma
Ti, Zr, Hf 60
€7 Ly o
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g g 1 TiZRH Th
§
e
8 40 -‘ Sr é 404
f : L]
g g
H E Lu
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< 204 \ 20 °
\ °] /\\\\
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2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 8 2
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Puc. 3. Pasgenenne Ti, Zr, Hf u Sr, Lu Puc. 4. Pasgenenue Ti, Zr, Hf u Th,
(Dowex 50x8, 100-200, 6x40 mm) [7] Lu (Dowex 50%8, 100-200, 6x40 mm)
[16]

Tlonsoe pasmenenue Zr u Hf mocturHyTo Ha KaTHMOHOOOMEHHOH KOJIOHKE B
pactsope 1,5:10° moms/1 HF / 0,2 moms/n HCL: Zr u Hf 3moupyroTcs B pasienbHbIX
bpaxuysx, kaxaas B o0seMe 1 miu, B To BpeMs kKak Lu BeiMbIBaeTcs 6 moms/n HCI

(puc. 5). ®akTop pasnenenus o, cocraun 1,2. Ilocnenyromee smouposanve Ti u

Th mposopmtu pactBopamu 0,075 mons/n HF / 0,2 mons/n HCl u 0,2 mons/n HF /
0,2 momes/n HCl coorBercTBeHHO (puc. 6). YCIOBUS pa3[eleHus, KOHIEHTpalusd
pactBopa HF u pasmep KOIOHKH OBLIN BEIOPAaHBI B COOTBETCTBHU C IIPEABABIAEMEIMU
KpurepusMd (00b€M M COCTaB 3MIOSHTA) TakuM o0pa3oM, dYTOOBl, HE MeEHAd
DIIIOMPYIOIKM PAacTBOp B KOJOHKE, OBICTPO M HENpPEPHIBHO MONYyYUTH (HpakKIHuu
9JIEMEHTOB B HEOOIBIIUX 00beMax.

TonydeHHBIe pe3yIbTaThl XOPOIIO COTNIACYIOTCA C IMPOBEACHHBIMH PacdeTaMu U
OKCIIEPUMEHTaMH 110 COpOmMHM B CTaTWdeckux ycuoBusiX. Ilo  maHHBEIM
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CIEKTPOMETPHYECKUX U3MEPEHUH BCe HCCIIEOBAHHBIE IeMEHTEI OBLIN BEIIENEHEI C
sdexTuBHOCTRIO OoNEe 95%. YcnoBus xpoMmaTorpadudeckux pasneneHui (Bpems,
COCTaB M 00BEM 3710aTa) IO3BONAIOT OBICTPO M3TOTOBUTH TOHKMM HCTOYHUK I
PETHCTPallii O-9acTHIl X OCKOJIKOB CIIOHTaHHOrO JeneHud Rf ymapusanmem. Taxum
o0pa3oM, B OKCIEPHMEHTaX IO XUMHYecKod wumeHTHOuxanum Rf BrizeneHue
(paxiuu 4-# rpymmel ¢ y9eTOM H3TOTOBIEHMS HCTOYHUKA JUIT M3MEPEHHH MOXKET

ObITh TpoBemeHO MeHee uYeM 3a 30 MuH 6e3 IPUMEHEHHS CIEeHHAIBHOTO
obopyzoBaHusI.

f————0.2MHCl - 0.0015M HF.

02MHCI [ 0.075MHE/02MHCI| 02 MHF/02MHCI

T Th
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404
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204 »
1] /
o n/ N
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AKTHBHOCTS 3/110ata, %
N
X
AKTHBHOCTb 2/0aTa, %

n
T T

40 45 50

9 01 2 1B u 00 05

25

OGBeM amoara, Mt

Puc. 5. Paznenenue Zr, Hf u Lu (Aminex Puc. 6. Pasnenenne Ti u Th (Aminex AS,
A5, 13 + 2 MrM, 4%60 mm) [7] 13 + 2 MkM, 4%60 MM) [16]

Ilopsinox 3IIOMpPOBaHUA BIEMEHTOB C KaTHOHHTA OTPaXKaeT HUX CKIOHHOCTh K
00pa3oBaHui0 KOMILIEKCOB B pacTBope. IlomydeHHbIEe pe3ynabTaTbl (puc. 5 H 6)
HaxoNITCs B COOTBETCTBHM C IIOCIENOBATEIBHOCTBIO YMEHBIIEHUS YCTOHYUBOCTH
¢dTopunHEIX KOMIUIEKCOB B paxy Zr > Hf > Ti > Th. B To xe Bpems 3Ta
3aKOHOMEPHOCTH COOTBEICTBYET IIOCIEHOBATEIBHOCTH YMEHBIICHUS 3((eKTUBHBIX
HOHHEIX paJuyCcoB BHYTpH 4-# rpymms Zr > Hf > Ti.

TakuM o0Opa3oM, HCHONB30BAaHHE 3TOM METOOWKHA B SKCIepuMeHTax ¢ Rf
IIO3BOJIUT HE TONBKO HANEXKHO UIEHTH(UIIMPOBATH €I0 HOBHIH M30TOI, HO U CYIHUThH
00 yCTOHYMBOCTH €ro TOPHIHBIX KOMIUIEKCOB B CPaBHEHUH C IPYTMMH dIEMEHTaMU
4-# TpynmEL.

Pe3ynbTarhl IpeCTaBICHHEIE B 9TOU I1aBe OIyONnuKoBaHE B paborax [7, 16].

I'nasa 4. Cop6unonnoe noseaenne Ti, Zr, Hf, Nb u Ta B cMemaHHbIX
pacrBopax HF / aneron

4.1.Cop0Ouust Ha aHHOHHTE

Ormpenenensl kKo dunuents! pacupenenerus Ti, Zr, Hf u Nb, Ta na xaTroHHUTE
U aHHOHHTE B CMEIIAHHEIX BOJHO-OpraHMYecKux pacrBopax HF B 3aBucHMOCTH OT
conepxanus anerosa (1 — 13,6 Mons/1) u kucaots (1-10° — 25 MoJIB/T) B mIEPOKOM
IiMama3oHe KOHIEHTpanui. Biusaue aneroHa Ha cOpOIMIO 21€MEHTOB Ha aHHOHUTE
u3 pactBopoB 6 Mmonws/n HF mMoxksHO Buzmers Ha puc. 7. IlomydeHHEIE IaHHEIE
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HO3BOJIAIOT CHENIaTh HEKOTOPHIE 3aKII0UEHHS O XapaKTepe KOMILUIEKCOOOpa30BaHus U
MEXaHU3ME COpOIMM MCCIEAYEMBIX 3JIE€MEHTOB B BOJHO-OPIaHHMYECKUX pPacTBOpax
HF.

TloBeneHre  HCCIENOBAaHHEIX  JJIEMEHTOB  MOXHO  OOBSCHUTH  JBYMS
KOHKYPHDYIOIIMMH  MexXAy  coboif  mpomeccamu.  M3BectHO, d9TO B
KOHIIGHTpUpOBaHHEIX pacTBopax HF (Gomee 1 momb/m) xapakTepHO 00pa3oBaHHE
woHa HF,, mnpuueM ero KOHIEHTpanus InpeobiajaeT IO CpaBHEHHIO C
KOHIeHTpanued F~ u pacTer mpakTW4ecKd JHHEWHO ¢ pocroM KoHieHTparuu HF.
Taxum o6pazom, paBHOBeCHE (PTOPUIHBIX KOMILIEKCOB 31€MEHTOB 4-i u 5-# rpymnn B
KOHIIEHTPUPOBaHHBIX pactBopax HF B INpuCyTCTBHM aHHMOHHWTA OIMCHIBAETCS
YPaBHEHUAMHU

RnMF 4+n
R MF,

S+n

+nHF; < nRHF, + MF", (M =Ti,Zr,Hf ) )
+nHF, < nRHF, + MF,,, (M =Nb,Ta), ?3)

S+n

rae R — GukcupoBaHHas HOHHAS IpyIIia cMoJsL. IIpy yBenndeHny KOHIEHTPAluK
alleToHa yMeHbImaercs muccomuanus HF BenexcTBue TOro, 9TO aIeTOH HMEET
MEHBIIIee 3HAUCHHE AUDIIEKTPHUIECKOll MPOHUIIAEMOCTH, Ye€M BOAA, YTO NIPUBOJUT K
yBenuueHn0 kod3h(unueHToB pacnpeneneHud. [Ipy panbHEHImeM yBETHYEHUH
KOHIIEHTpallK areToOHa PacTeT N0 MEHee 3apsDKEHHBIX M HEeHTpanbHEIX (GopM
KOMIUTEKCOB. DTOT IpoIecc, Ha000pOT, MPHBOJUT K YMEHBIIEHUIO KO3 (UIHEHTOB
pacmpezieNeHUs Ha aHUOHHTE. 3aBHCUMOCTh K, oT coxepxanus HF B pacrBopax 6
MOJIB/JT alleTOHa MOKa3aHa Ha puc. 8. Bce SIeMEeHTH MMEIOT BBICOKHE 3HAYEHHS
K; (> 2,9-10%) B pas6aenenmsx pactBopax HF (0,1 — 1 Mois/m) 3a cuer
KOMIUTeKcooOpa3oBanus ¢ noHamu F~. [Ipu manpHeineM yBenUUeHHH KOHIIEHTPAMH
KHCIOTHL (> 2 Mois/i) paBHOBecuwe (ypaBHeHus (2), (3)) cmBuraercs BIPaBO, U
copOLus HUCCIeNOBaHHBIX DIEMEHTOB YMEHBINAETCA B PE3yJbTaTe KOHKYPHUPYOIIEH
copbmun ¢ noramu HF> (puc. 8).

Ucnons3yss ypaBueHus (2) u (3), MOXHO OHpENeNuTh 3apsy (TOpuIHOro
KOMILIeKca, copbupyemoro Ha cmoine. KoadhduuueHT pacmpeneneHus MOXKHO
MIPEACTaBUTh KaK
[HF, 2_] (4)
[RHF,]’

rie D — xo3pUIHEHT CeNeKTHBHOCTH OOMEHHMBAEMBIX AHHOHOB, 7 — YHCIIO
OTPHULIATENBHEIX 3apsI0B KOMILUIEKCOB MF,,, Wiu MF,,

4+n 5+n*

U3 ypaBuenus (4) cienyer, 9To # COOTBETCTBYET TAHTEHCY YIJla HAKJIOHA IPSIMOM
3aBucumoctu lg K; — 1g [HF,]. 3Hadenus TaHreHca yria HakJIOHa, IOIy4eHHbIE IIPH
Pa3NUYHBIX KOHIIEHTpAUAX alleTOHa AT 3JIEMEHTOB 4-i IPYNIEI, B CPEIHEM PaBHEL
—-3,2. MOXHO mpennojOXHTh, 9YTO C pocToM KoHumeHTparuu HF cumeHO
YBENUYMUBACTCSA HOJsS BBICOKOKOOPAMHUPOBAHHEIX KOMILIEKCOB MF;>” M = Ti, Zr,
Hf), xoToprle mpeAmoYTHTENBHEE COPOMPYIOTCS aHWOHMTaMH. JloOaBieHHE iKe
OpraHMYEeCKUX PACTBOPHUTENEH TOJNBKO CIIOCOOCTBYET KOMILIEKCOOOPa30BAHHUIO NPH
aQHMOHHOM OOMEHe.

logK, =logD —nlog
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B ycnoBumsx akcmepumenta K; OIEMEHTOB YMEHBINAeTcss B OOpaTHOM
IIOCIIEIOBATENBHOCTH yCTOMurBOCTH HTopuaHbx KoMiuekcoB Ti > Hf > Zr. Bo Bcem
Iuana3oHe KoHieHTpauuu HF sjeMeHTHl 4-# TPYIIBl MMEIOT NPUOIH3UTENHHO
OJIMHAKOBEIE 3HaueHUs K, a C pOCTOM COZEpIKaHUs alleTOHa B pacTBOPE M3MEHAETC
CEeNeKTUBHOCTE annoHuTa K Ti, Zr u Hf, a Takke mopsaok ux copOuum.

B pactBopax 15-25 mons/n HF / 1-4 mons/n aneroH K, 3n1eMeHTOB 4-i TpyIIIE]
uMeloT Huskue 3HadeHus (K; < 50), B TO BpeMs KakK SJIE€MEHTH S5-ii Tpymmel
TPOSABIIAIOT 3HAYMTENBHYIO COpOEpyeMocTs ammonnTOM (K > 10%) u Moryt GBITh
OTZEJICHE! JIpyT OT Apyra. Bricokue 3HaueHus QaxTopoB pasneneHus Nb u Ta B
pactBopax, conepxammx 0,5-3 mons/n HF 1 8—12 mons/x1 anerona (o = 4 — 400),

IIO3BOJIAIOT BLIGpaTI: YCIIOBHUA OJIA UX Pa3saCICHUA B JUHAMHUYECCKUX YCIIOBUAX.

AueTon, Mons/n HF, Mons/n

Puc. 7. Koadpourments: pacupenenenus  Puc. 8. Koaddunuents pacnpenenesus

Ti, Zr, Hf, Nb u Ta B 3aBUCHMMOCTH OT Ti, Zr, Hf, Nb u Ta B 3aBHCHMOCTH OT
KOHIeHTpanuy anetoHa (AG 1x8, 200- xonuenTpanuu HF (AG 1x8, 200-400,
400, F, 6 mons/n HF) [12] F~, 6 momb/n aneron) [12]

[TonydyeHHBIE TaHHBIE MPEACTABISIIOT OONBINON IPaKTHYECKUN MHTEpEC, TaK Kak
MO3BONIAIOT BHIOpaTh YCIOBHSA pa3[eleHus OJNeMEeHToB 4-i W 5-H rpymnn B
SKCHepuMeHTax mmo xumudeckod wuneHtudukarmuu Rf um Db. Comocrasienue
pe3yJIbTaToB IO M3ydeHuio copOumu Rf ¥ moirydeHHBIX JaHHBIX [OKA3BIBAET, YTO
u3ydeHne wuoHooOMeHHOro moBexeHus Rf B pactBopax, cozepxammux HF,
IpefCcTaBlsieT MHTepec B cpaBHeHUM ¢ Ti. Jlydmumu yCIOBHAMM AT H3Y9IECHHS
COBMECTHOTO MOHOOOMEHHOro momemeHus ¢ Rf sBisercs cucremMa aHHOHWUT —
6 momne/n HF / 10 Monbs/n auetod (puc. 7), TAe MPOSBIILIOTCS HAMOOIbIINE PA3InIus
B COPOIMH STHX JIIEMEHTOB.

4.2.CopOuysi Ha KATHOHUTE

Uzyuenne nosemenums Ti, Zr, Hf, Nb u Ta nHa xaTuoHWTE B HHTEpBale
KOHITEHTpaIuii 10 — 0,1 moms/1 HF u 2 — 10 Mons/n aneroHa IOKa3ano, 9To HpH
JNOOaBIICHNH OpraHMYecKOro pacTBoputens B pactBopsl HF copOmus s1eMeHTOB
MHOT'OKPaTHO YBEJIMYUBAETCS C POCTOM KOHIIEHTpAIMH areToHa. OGHapyXKeHO, YTO B
npucyTcTBud aneroHa (4 — 10 Moib/T) MEHSETCS MOCIENOBaTeNbHOCTh COPOLMH
QJIEMEHTOB BHYTPHM OIHOW TpYHINEl, a Takke — H30MpaTelnbHOCTh KAaTHOHMTA K
HCCIENOBAaHHBIM JJIEMEHTaM, YTO JaeT BO3MOXKHOCTh [UISI WX Da3clICHHS.
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YBenudenue KoHIeHTpaluu anerona (1 — 13,6 Moip/1) B MHTEpBae KOHIIEHTpAIUH
0,1 — 25 moms/n HF ne Bmuser Ha copbrmmro Ti, Zr, Hf, Nb u Ta (X; <1).
Hcxirouenne cocraBiser pactsop 0,1 moms/n HF mpu mMakcumansHOM conepkaHuU
anerosa (13,6 moinn/it), B KoTopoM copbuust Zr u Hf He3HAuuTeNbHO YBEINYUBAETCS
(K4 paBeH 27 u 24 cooTBeTCTBEHHO). Takue yclIoBHsS MOTYT OBITH BBIOpaHBI s
oraenenus Zr u Hf ot anemenTtoB 5-it rpymnmel. CyLiecTBeHHO, 9T0 B 3ToM ciydae Nb
u Ta osmoupyrorcs H3 XpomaTorpadudeckoil KOJOHKM PacTBOPOM C OGOIBIINM
COJZIep)KaHUEM alleTOHa, YTO 00Jerdaer 3afady M3TOTOBICHHUS CIEKTPOMETPUIECKHX
HCTOYHHUKOB U JETEKTUPOBAHHUS (-YaCTHUII M OCKOJKOB CIIOHTaHHOTO JENICHHS
yIapuBaHUEM.

Jns u3ydeHus BIUSHUS NPUPOABI PACTBOPHUTENs, IIOMHMO aIleTOHa, TaKikKe
uccienoBamu copbruto Ti, Zr u Hf anmonurom u3 cmemansslx pacrBopoB HF,
CoIepXaluX METIIITIJIKETOH U MeTHIN300yTHIKETOH, IUIJIEKTpUIecKas
IPOHUIAEMOCTh KOTOPHIX pas3iyddaeTcs. B IieoM, MOXXHO OTMETHTH, 9TO XapaKTep
3aBUCUMOCTH  KOX(pQUIMEHTOB  pacmpeneneHus oT  KoHueHrtpamuii  HF,
METHISTUIKETOHA M METHIN300yTHIKETOHa aHAJOTHYEH BapHAaHTAM C alleTOHOM.
Pesynprarhl mpencTaBiIeHHEIE B 3TOM IitaBe omyOIMKoBaHs B paboTax [12, 17, 22].

I'naga 5. CopOuus u coocaxxgenue paguousoronos Ti, Zr u Hf ¢ propunom
JaHTaHa

5.1.XapakrepucTuka TBepAoi ¢asnl

Jis1  DOJXydeHHBIX  METOXOM  COOCAXKIEHHS  OCagKoB OBLI  IPOBENEH
perTreHodasoBslit aHanmus. IlopomkoBas Au(pakTOrpaMMma CMEMIAaHHOTO OcanKa
HaXOMWTCI B XOpoImeM coriacuu c aubpaxrorpammoii LaFs;, momydeHHOro
AHAJOTMYHEIM CIIOCOOOM. AHamu3 AU(PPaKTOrpaMM CMEINAHHBIX OCAJKOB IIPH
orHomenuu La : Hf = 1 : 5 e BbIaBUI oOpa3oBanHus Apyrux (as. Kax mokasanu
peHTreHorpaduueckue KMCCIeIOBaHUs, CBEXEOCaXIEHHBIH ocamok LaF; oGmagaer
BBICOKOH Je(ekTHOCThI0. Mopdonoruro TBepnoi (a3l HCCIeNOBaIM METOHAMH
SIEKTPOHHOW MUKPOCKOIIUH.

B cycmensuu oOHapy»KeHbI NEpBUYHEIE aMOP(HBIE YacTHIBI CTEPKHEBUIHOM
¢opmer mmuHOM 10-20 HM. B Tomme 3THX 9acTHIl NPOSBISIOTCS HAHOKPHCTAJLIBI
pasmepoM 1-2 mM. Jng u30paHHBIX KPHUCTANIOB B (OKyCe SIEKTPOHHOIO
MHUKpPOCKOIIA OCYIIECTBIISICS (ha3oBBI KOHTPONb METOIOM MHUKPOAU(QPAKIUH.
Kpucramisr mMeroT cTpykrypy Tuma tucoHuTa (LaF;) rexcaroHanbHO#H (GopMsl.
XapakrtepHsle (oTorpaduu KPYIHEIX arperaTroB pasMepoM 1 — 2 MKM, COCTOSIIIUX U3
arJIoMepaToB MEJIKHX JYacTHII, IPUBEIEHE! Ha puc. 9. Ilpu xpaHneHun TBepaoi Ghaskl B
MaTO4YHOM pACTBOPE IPOMCXOAMT YIOPSAOUMBaHME TBepHOH (asel. AMophHEIH
0CaIoK IIpeBpaIlaeTcss B MEIKOKPUCTAJUIMYECKU. OTO cornacyercs ¢ JaHHBIMH 110
sBomonMy Mopdosoruu HaHodacTun LaF; B mporecce ocaIeHHS H3 PacTBOPOB
La(NOs); m KF" ABTOpEHl 3TOif paboOTEl HAONIOJANM IIOCIENOBATENbHOE

* Stubicar N., Stubicar M., Zipper P., Chernev B. Variety of Aggregation and Growth Processes of Lanthanum Fluoride
as a Function of La/F Activity Ratio. 2. Excess of F over La Region. Transformation of Amorphous to Crystalline
Phase, POM, SAXS, WAXS, and XRD Study. Cryst. Growth Des. 2005. V.5,No1.P.123-128.
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IpeBpaleHue aMmopdHoro ruapara Gropyuna B KpUCTALIMYECKHE HaHOIAacTUIE! Lak;
reKcaroHajabHOH GopMEL.

Kak ciefyer 13 IOJy9eHHEIX JAaHHEX, B YCIOBHIX dKCIIepUMeHTa TBepaas dasa
LaF; mpencrapiser co0oif HAHOAMCIEPCHEIH MaTtepual, oOaaroInuid OOJIBIION
VIENbHOM MOBEPXHOCTHI0 M HEKOMIIEHCHPOBAHHEBIM OTPHIATENBHBIM 3apsoM, YTO
OIIpeJieNsAeT ero BEICOKHE aHHOHOOOMEHHEIE CBOMCTBA.

=

Puc. 9. DneKxTpOHHO-MUKPOCKONIUYECKH CHUMOK IPOAYKTOB YaCTHYHOH
KPHCTaJUIN3aIH, TOIyYeHHBIX IIpU coocaxaeruu noHoB Hf ¢ LaF; u3 dropunssix
BOJHEIX pacTBOpOB [14]

5.2./3y4yeHue BIUSTHUASA Pa3/IMYHBIX YCJIOBUH HA COPOIMIO M COOCAKIECHUE

Bnusnue eépemenu xonmakma ghaz. 3apucuMocts copbuuu 'Hf Ha ToToBOM
ocanke LaF; oT BpeMeHM KOHTaKTa TBEPIOi U XUIKOH (a3 mpuBeneHa Ha puc. 10.
V3 5THX JaHHBIX BHAHO, 4TO copbmus '~Hf IpOTeKkaeT HOCTATOYHO OBICTPO H
KO3 QUIMEHTHl paclpeleleHis UMEIOT BhICOKME 3HaueHus. Uepe3 5 MMH mocie
BBeeHus ocangka B pactBop 0,5 mone/n HF 3Hauenue K, cocTaBiser 1,1-10°. Yepes
60 MuH mocye BHeceHus '~ Hf MpaKTHYecKy MONTHOCTHIO IEPEXOUT B TBEPAYIO hasy
(K; = 3,010°). Tlo naHEBIM paGoThl (CChiTka Ha CIp. 17) 3a 3T0 ke Bpems
[IPOMCXOIUT PEKPHCTALIN3ALHS TBEPIOH (a3l

3areM B TeueHMH 9 U 3HaueHue K; yBeIM4UBaeTCd IO 3,7-105 U Jajee He
MeHseTcs. Bo3MOXHO, 94TO 3Ta MEIJICHHAas CTaaus CBs3aHa C IPOIECCOM HMOHHOTO
o0MeHa OTpPHIATENEHO 3apsHKEHHBIX KOMIUIEKCoB radHus ¢ woHamu F~ u mubdysueit
B kpucrauiax. TakuM o6pa3oM, 3a 10 9 ycTaHaBIMBAIOCH COPOIIMOHHOE PaBHOBECHE.

Bnusanue xonyenmpayuu Zr uw Hf. Ha puc. 11 mpeacraBineHa 3aBHCHMOCTB
coocaxnenus Zr u Hf ¢ LaF; oT ux KOHIIEHTpanuy B UCXOJHOM pacTBope. Bo BceM
nuanasoHe KoHmeHTpamui Zr u Hf uMeroT mpuMmepHO OIMHAKOBYIO CTEIEHB
COOC@XMeHHs. B IIHPOKOM JIHANa30HE KOHIEHTPallu¥ METalIOB B HCXOJHOM
pactsope (ot 2:10°® 0 1 MMoIB/1) HaGmOAAETCS BEICOKAS CTETIEHb COOCAKIEHHS —
Gosiee 99 %. Ilpu yBemuueHHM KOHIEHTpamuu oT 1 1o 11 MMOIB/1 coocakaeHue
ymenbmtaercs ¢ 84 no 7 %. HabnromaeMoe CHIDKEHME COOCAXKICHUS C YBEIMIECHUEM
KOHIIGHTpAIlM¥ O3HA4aeT, 9TO JOCTHUIAeTCs HACBHIIIEHWEe, YTO COOTBETCTBYET
3arojIHeHuo noBepxHocTy LaF; amcopOruonnemv cnoem Hf. Ilpuuem B cocTosHum
HACBIIIEHUS OCaNoK yaepxuBaer A0 50% rabHus OTHOCHTENbHO aHTaHa. U3
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IIOJ[y4eHHBIX NAHHBIX PAacCUMTaHO IpenenbHoe copepxkanme Hf B ocamke 2,9
mmons/r. MHaue BenyT ce6s Ti(IV) u Nb(V), crenenb HX COOCAKAEHMS HE 3aBHCHUT
OT KOHIICHTpAITNH B UCXOIHOM PacTBOpE U He IpeBhImaeT 2 U 3 % COOTBETCTBEHHO.
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Puc. 10. Koaddurmentsr Puc. 11. BiusiHue KOHIGHTPAIUN
pacnpenenenus Hf B 3aBucumoctu ot meraiuia (M = Ti, Zr, Hf, Nb) B pactBope
BPEMEHHU KOHTAaKTa TBEPHOIl M )KUAKOH  Ha CTeleHb ero coocaxaenus (1000 mr/mn

¢a3 (1000 mr/n La, 1 ma 0,5 mons/n HF, La, 1 mx 0,5 mous/n HF) [14]
1,16:10"* mr/n Hf) [14]

Bnusnue maccvt ocaoka LaF; 3aBUCHMOCTH CTEIIEHHM COOCAKICHUS 5Hf or
Macchl ocagka LaF; npeacrasnena Ha puc. 12. [Ipu mocTosHHEIX KoHIEHTparuy Hf u
o6BeMe pacTBOpa CTeneHs u3Bnedenus Hf mocturaer 98 % yKe MpU MOIYyYEHHU
0,14 mr/mn ocapka. C yBenudeHueM conepxanus LaF; pacter ero copOruoHHas
eMKOCTb H, COOTBETCTBEHHO, BO3PACTAET CTeIleHb u3Biedenus ' ~Hf (> 99,9 %). U3
3TOTO CITEAYET, UTO M3OBITOK MOTEHITHAN-ONpeeIomuxX HoHos La’" B pacTBope He
BiuseT Ha 3axsar Hf ocanxom LaF;.

Bnusanue xonyenmpayuu HF. 3asucumocts copbrmu Ti, Hf (Zr) 1 Nb ocagxom
LaF; ot xonnenTpauun HF B pacTBOpe mpencraBieHa Ha puc. 13. OGHapyXeHO, 4To
K, Hf wuveror Beicokme 3Hadenms (> 1,410 Mur) B mmpoxoM nuamasome
xoruenrpanuu HF. Ilosenenue Hf MOXHO OOBACHUTE CIEXYIOIIUMH HPOIECCAMH.
Ocaaxu LaF; nomydeHsl B ycIOBHAX M30BITKAa MOHOB F~, m0oaTOMy HX MMOBEPXHOCTH
3apsHKEHa OTPHLATENBHO. 3a CYeT aHMOHHOrO 00OMEHa OTPHLATENBHO 3apsKEHHBIX
xommnekcoB Hf ¢ nonamu F~ Hf copbupyercs Ha moBepxHOCcTH KpHuctamioB LaF;.
Veemmuenne K, B 17 pas (mo 3,7-10° m/r) mpu 0,01 — 0,1 mons/n HF 06ycioBieHo
YBENWYEHHEM  JTONM  BBHICOKOKOOPAMHHPOBAaHHBEIX  KOMIUIEKCOB,  KOTOpEIE
IpEeANOoYTHTENbHEE COpOUPYIOTCA. B riaBe 4 IeTaibHO pacCMOTpEHa 3aBHCHMOCTD
copOuuu osneMeHTOB 4-f ®W S5-if Tpynmm Ha aAHHOHOOOMEHHBIX CMOJIaX OT
koHueHTpamuu HF u choenaH BBIBOZ, YTO SJIEMEHTH 4-f IPyNIBI COpOMPYIOTCS Ha
aHHOHOOOMEHHOM CMOJIE B BHI€ KOMILIEKCOB THIIA MF73”. Hab6mromaemMoe noseneHue
Zr u Hf npu coocaxaeHny u copOIMH Ha aHHOHUTE CXOIHO. DTO TaKKe YKa3bIBaeT
Ha aHHOHOOOMEHHBIH xapakTep copOuuu Ha LaF;.
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3nauenus K,; rabpmms Ha LaF,;, B guamazoHax koruentpauuum HF MmeHee
0,001 moms/1t u Gonee 7,5 mMoub/1, mpeBHIIAIOT K; HA aHKOHOOOMEHHOW cMOJIe Ha
TP TOpsAKA. ODTO CBUIETENBCTBYET O TOM, 9TO ajcopOupoBanHble HOHBI Hf
3aKpEIUIFIOTCS B IIOBEPXHOCTHOM CJIO€ KPUCTAUIOB. B YCIOBHSIX HpOBEINEHHS
SKCHEPUMEHTa IPOUCXOIUT YACTHYHAS NEPEKPUCTAIN3AIMS OCanKa, B Pe3ylbTaTe
KOTOpO#1 agcopbupoBanssie HOHE Hf IpoHKKAIOT BHYTPE OcaKa.

Hab6nromaemsie 3aBucumoctd 11 Ti 1 Nb pe3ko OTIIM9AIoTCs OT MOIydYEeHHBIX Ha
OpraHMYECKUX aHHOHOOOMEHHMKAX, HX KO3 (UIHEHTEl PacIpeeeH:s He 3aBUCAT
OT KOHIICHTpAIlMd KHCIOTHI M HMEKT Hu3kue 3Hadenus — 20 um 200 M/t
COOTBETCTBEHHO (puc. 13).
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LaF,, ur HF, Mo/
Puc. 12. Crenens coocaxnenus Hf B Puc. 13. KoaddumueHTs!
3aBucuMocTH oT Maccsl LaF; (1 M 0,5  pacmpenenenus 1 Hf B 3aBrCHMOCTH OT
monas/1 HF, 1,16 10 mr/n Hf) [14] konnentpanuu HF B ucxognom

pacteope (1000 mr/n La) [14]

Bnusnue pH. Bmusaue pH pactBopa Ha 3axBar woHOB Hf TBepmoit dasoit
M3y9ajoch Kak IIPU COOCAXKIEHUM, TaK U IpH copOIUK Ha 3apaHee [IPUTOTOBICHHBIX
ocankax. IlpuBeneHHas Ha puc. 14 3aBHCHMOCTh HMEET HEXapaKTEPHBIA Mg
copOruy KaTHOHOB BHA. HalGmromaercst BbIcokas copOmus B KHCIOH o006iacTy,
MuHEMYM Iipu pH = 5 u pamee ee yBemuuerue npu pH > 6. Ilpu coocaxneHun
Ha0JIIoaeTcs aHAJIOrMYHas 3aBHCUMOCTH TOJIBKO IIpU 0oJiee BRICOKUX 3HaueHUIX K.
310 00YyCIIOBICHO «CTapEHUEM» MOBEPXHOCTH KPUCTAJUIOB IIpH COpOIMY Ha 3apaHee
IIPUTOTOBJICHHBIX 0CAIKaX.

U36HITOK B PacTBOpe CHJIBHO aJcopOupyrommxcs WOHOB H' He BiuseT Ha
pacnpenenenue Hf, uto Tamxe CBI/I,IIGTCJ'ILCTByeT 00 aHHOHOOOMEHHOM MEXaHH3MeE
copbuyu. Munumym copbrmu (K, = 1 10%) COOTBETCTBYET 3HAUCHUIO pH=5,6£0,3,
TIpH KOTOPOM HAGII0IaeTCs M309IeKTpHaeckas Touka LaFs

VBenuuenue 3HaueHui K; B 12 pas, Habmomaemoe npu pH > 6, cBsa3aHO C
HM3MEHEHHEM COCTaBa TBepHoi (asel m cremeHM KoMmuiekcooOpasosamus Hf. Oto
clenyer W3 amarpaMMsl ocaxaenus LaFs  u pacmpenenenus Hf mo KOMIIEKCHEIM

™ Stubicar N. Variety of Aggregation and Growth Processes of Lanthanum Fluoride as a Function of La/F Activity
Ratio. 1. Potentiometric pF-Stat and DLS Study of LaFs. Cryst. Growth Des. 2005. V.5, No.1, P.113-122.
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¢opmaMm npu passeix KoHumeHTpamumsx HF u pH (rmaBa 3). C yBenuueHuem

KoHIeHTpanuy noHoB OH™ B pacTBOpe TOMMHUPYIOT HEHTpaIbHEIE U ITOJI0XKUTEIEHO
sapsoxernsie Gopmer La(OH)s, La(H,0), 1 H(OH),™*.

Bnusnue nocmoponnux wuonog. Jlns BEISCHEHWS BIHSHHS ITOCTOPOHHHUX
MHOTOBAaJIEHTHEIX MOHOB Ha CTeeHb coocaxaeHus Hf GbUIO0 M3y4eHO coocaxIeHue
unoHoB Hf c¢ ocamkamu LaF; coBmectHo ¢ moHamu Ti(IV), Zr(IV) u Nb(V) npu
KOHIIEHTpaIuy KaXJI0ro 1:10™* Momb/1. DTH oSmeMeHTEH, Tak ke kak u Hf, B
pactBopax HF o00pasyloT ycTOHuMBEIE aHHOHHBIE KOMIUIEKCEI, XOPOIIO
copOupyeMble aHHOHOOOMEHHBIMH cMOjaMH. OIBITHI IIOKa3aJd, YTO CTENeHb
coocaxxnenust Hf He 3aBucuT or mpucyrctBus B pactBope uoHoB Ti(IV), Zr(IV) u
Nb(V). Taxum o0pa3om, mokazaHo, 9To ocagku LaF; MPOSBISIOT BBICOKYIO
CEJIEKTHBHOCTh II0 OTHOIIEHWIO K 3axBadeHHBIM moHaM Zr um Hf. HesaBucumocTs
COOC)XIEHMS OT IIPUCYICTBUS B PAacTBOpE IOCTOPOHHMX MHOTOBAJIEHTHEIX HOHOB
HCKIIIOYaeT BO3MOXHOCTH ancopOmuu uoHoB Hf B auddysmonHOoM cioe.
VYcranoBneHo, 9To pacnpenenenue Zr u Hf mexnay pactBopoM u LaF; mpoucxoquT co
CBOMM COOCTBEHHBIM KO3()DUITHEHTOM pacipeNeIeHus.

K, mr
3
.

| —m— Coocaketine
107 -+-@-=- Copblns

Puc. 14. Koaddumuents! pactpenenenus | Hf B 3apucuMocTs 0T pH pactBopa mpu
cop6rmu u coocaxnenuu ¢ LaF; (100 mr/x La, 0,5 mons/n HF, I=1) [14]

Takum ob6pasom, Zr u Hf cemexTuBHO ancopOupylOTCS Ha IIOBEPXHOCTU
HaHOKpucTaioB LaF; B BUIe OTpUIIaTENbHO 3apsSyKeHHBIX KOMILTEKCOB Tuna MF 7B
pe3yibTaTe aHHOHHOTO 00MeHa ¢ moreHnuaroopasyomumu F- nonamu. Ilpu atom Zr
u Hf MoryT 65ITh 3 ()eKTHBHO OTHEIEHE! OT MHOTHX 3JIEMEHTOB, B TOM 4ucie oT Ti u
Nb, Ta. /I3 mony4eHHBIX pe3yIbTaTOB CIELYeT, 9T0 Hanboiee BEPOSTHOH MpUIHUHON
COOCaKAEHUS ABIseTcs 00pa3oBaHUe TBEPIOTO PacTBOPA.

[Tonmy4yeHHEIE pe3ynbTaThl IOKA3bIBAKOT, 4TO coocaxkaeHue ¢ LaF; MoxHO
HCIIONB30BaTh I H3ydeHHs xuMmudeckux cBodctB Rf u Db. IIpencrapinser uHTEpEC
nsygenue mnoBenenus Rf npu coocaxnmenum ¢ LaF; B cpaBmenumu ¢ Ti
Ipenmonaraercs o0pa3oBaHHE NOJITOXUBYIIUX PaJUOHYKIHIOB MR u *®°Rf B
pesyIbTaTe SIEKTPOHHOro 3axeata Db i *®*Db cooTBeTcTBeHHO. [ MPOBEPKH
STOH TIHIOTE3Hl MOXHO HCIIONB30BarTh NaHHEIA MeTon s pasaeneHus Rf u Db,
OCHOBBIBASICh Ha pa3lIMUUsIX B KX TIPYNNOBEIX CBOWCTBaX. PesymbTaThl
TpeICTaBICHHEIE B 3TOH I1aBe OmyOJIMKOBaHb! B paborax [14, 19, 21].

21



BriBoabI

. VcTaHOBNIEHBI 00JIACTH CYIECTBOBAHMSA PA3MMYHEIX KOMILIEKCHEIX (opM Zr,

Hf u Th B pactBopax HF, HCl, HNO;, HCI/HF, HNOs/HF u ompeneneHsl
3HaveHus KodhdunuenroB pacmpemenenus Ti m Th Ha KatwoHO- H
aHMOHOOOMeHHOH cMoinax B cMemanHbx pactsopax HF / HCIL Haiineno, 4ro
ONTHUMAJBHBIM MeTomoM st pasmeienus Ti, Zr, Hf u Th sBngercs
KaToHOOOMeHHas xpomaTorpadus B pactBopax 0,2 moms/n HCl u HF
HmepeMeHHOM KoHIeHTpanuy. COIoCTaBleHHE pe3yldbTaTOB II0 H3YUCHHIO
copbruu Rf u momyueHHBIX B [JaHHOWH paboTe MAHHBIX IIOKAa3bIBAacT, YTO
IIPECTaBILIET HHTEPEC CpaBHEHKE HOHO0OMeHHOro roBenerus Rf u Ti.

. OcymectBiaeno wuoHooOMeHHOoe pasmenenue Ti, Zr, Hf, Th, Lu u Sr,
HAXOAAIUXCSA B YIBTPaMHUKPOKOHIIEHTPANUSX, 32 CPABHUTEIHHO HEOONBINOE
Bpems (30 muH). Ilokasano, 4to monHOe pasnenenue Zr u Hf mocturaerca Ha
KAaTHOHOOOMEHHO# XpoMaTorpadudeckol KoIoHKe B pactBope 1,5:107 Moms/m
HF / 0,2 moms/n HCl. YcraHOBNEHO, 9TO MOPSANOK DIIIOMPOBAHUS 3IE€MEHTOB
MPOUCXOAUT B mocienoBaTenpHocTd Zr > Hf > Ti > Th B cooTBercTBUU C
YMEHBIIEHHEM CTaOMIBHOCTH (TOPUIHEIX KOMILIEKCOB. McIOnp30BaHUE 3TOH
METOAMKH B OJKcmepuMeHTax ¢ Rf mo3BomuT He TONBKO HAOEkKHO
AIOCHTU(UIUPOBATh €r0 HOBBIH pajuOHyKINI, HO B CYAUTh 00 yCTOHYMBOCTH
¢dTopumHEIX KoMmIulekcoB Rf u crenaTe BEIBOA O BIMSHUU PEIATHBHCTCKHMX
3¢ (eKTOB Ha €ro XUMHUIECKHE CBOCTBA.

. YcranoBneHsl 3akoHoMepHOCTH copbuuu Ti, Zr, Hf, Nb u Ta Ha xaTtHoHO- U
aHHOHOOOMEHHBIX CMOJIaX U3 cMemaHHKX pactBopoB HF u amerona (a Tawxe
METHWISTWIKETOHA M METWIM300yTHIKETOHa) B IIMPOKOM HKHTEpBAJeE
KoHIeHTparui. TTokazano, 9To 3Ha9eHUS KOI(Q(UIIMEHTOB pacIpe/ieleHUs Ha
aHMOHOOOMEHHOH CMOJIe YMEHBIIAKTC C yBenuueHHeM KoHueHTparmu HF u
YBEJIMUUBAIOTCA C POCTOM KOHIIEHTpaluy areroHa. Ha ocHoBaHMM aHamu3a
SKCIIEPUMEHTAIBHBIX JAHHBIX CHeJIaH BBIBOJ O TOM, YTO 3JIEMEHTH! 4-i IPyHIIbI
coOpOMpYIOTCS Ha aHHMOHOOOMEHHON CMolle B BHJIE aHMOHHBIX KOMIIIEKCOB
tuma MF,>~ (M = Ti, Zr, Hf). VcraHOBIeHBI ONTHManbHBIE YCIOBHS I
BEIICTICHUS U pa3/ielieHns] HOBBIX u30tomoB Rf u Db.

. B pesynpTaTte uccnenoBanus coocaxnenus Ti, Zr u Hf ¢ dropunom nanTana
ycTaHoBIeHO, uto Zr u Hf cemexTuBHO amcopOHpylOTCS Ha IOBEPXHOCTH
HaHOKpUcTa/UIoB LaF; B Buie OTpHIATENbHO 3apsDKEHHBIX KOMILIEKCOB THIIA
MF;". Tlokasano, uro ¢ropumueie ¢opmsr Zr u Hf crmoco6HE!
cokpuctamnmu3oBatecss ¢ LaFs;.  IIpeanoxeHO  MCIONB30BaTE  METOX
COOCaXIEHUS I U3ydeHus xummudaeckux cBoiicts Rf u Db.

. Pa3pabotansl 3(¢exTHBHBIE METOOUKU PpaJdOXUMHYECKOTO BBEIACICHHUS
SIIEPHBIX U30MEpPOB 18m2f g *"™Sr w3 06MyYeHHBIX (-YACTHIAMH MUIIEHEH
uTTepOus U  pyOumus  COOTBETCTBeHHO. PaspaboTaH  copOIMOHHEIH
PaaVOHYKIIUIHEL reHepaTop 87y / ¥™Sr ma ocwope H2DEH[MDP].
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