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AirryaJII,HOCTb Tel\lbl 

B g.z:i:epHblX peaKIJ;HHX IIOJIHOro CJIHHHllH llOHOB 
48

Ca C H.D,paMll aKTllHOll)J,OB 

BIIepBbie 6hIJm CllHTe3llpOBaHbl HOBhie 3JieMeHThl C z = 113 - 118. XapaKTepllCTllKll 

pacna.ua HOBhIX H,nep no.urnepiK.D,aIOT npe,[{CKa3aHllH O cyiuecTBOBaHllll «OCTP0BOB 

CTa6llJihHOCTll» B o6JiaCTll caer,xTH)KeJihlX 3JieMeHTOB. CllHTe3IIpOBaHHhie B 

peaKUllHX 
48

Ca C 
238U, 242Pu ll 24 

Cm ll30TOilhI, C0OTBeTCTBeHHO 
283

112, 
287

114 ll 
291

116, llCilbIThIBaJill HeCKOJihKO IIOCJie,noBaTeJibHhIX a-pacna.D,OB, npIIBO.D,HIUIIX K 

o6pa30BaHlllO HOBOro CIIOHTaHH0 .D,eJrniuerocg ~~ Rf (T112 = 2,3 q). B 3KCnepHMeHTax 

no CllHTe1y 
282

113 II 
288

115 B pe1yrroTaTe 3JieKTp0HHoro 1axaarn ~~~ Db ll ~~~ Db 

npe.unorraraeTCH o6pa30BaHlle i: Rf ll i: Rf COOTBeTCTBeHHO. Ilo pa3HbIM ouenKaM 

nepllO,[{hl norrypacna.D,a H0BhIX II30TOII0B Rf M0ryT COCTaBITHTh )J,0 13 q_ XllMllqecKaH 

lll{eHTllq>llKaUllH HOBI,IX ll30TOII0B pe1epqiop,nm1 HBIIJiaCh 6u ne3aBllCllMhIM 

IIO,[{TBepiK.D,eHlleM CllHTe3a HQBhlX CBepXTH)KeJihIX 3JieMeHTOB. 

OTKpbITlle OTHOCllTeJibHO ,[{OJirQ)KllBYIUHX Il30TOIIOB Rf npe.uocTaBJIHeT H0Bhie 

B03MO)KHOCTII )],ITH Il3yqeHIIH ero XIIMIIqecKIIX CBOHCTB. llnTepec K .D,aHHhIM 

IICCJie.D,OBaHIIHM CBH3aH, npe)K)],e acero, C B03MO)KHOCThlO COII0CTaBIITh CBOllCTBa Rf 

co CBOllCTBaMII ero aHaJIOrOB B 4-il: rpynne nepIIO)J,IIqecKOH CIICTeMhl MeH.D,erreeaa 

Ti, Zr II Hf II na 3TOM IIpIIMepe npoaepIITh nmoTe3y O BJIIIHHIIII TaK Ha3hIBaeMhIX 

«peITHTIIBllCTCKJIX 3q>q>eKTOB» na XIIMIIqecKIIe CBOHCTBa CBepxrn)KeJihlX 3JieMeHTOB. 

IlpOHBJieHIIe perrHTIIBIICTCKIIX 3q>q>eKTOB MO)KeT npIIBeCTII K 3aMeTHOMY 

Hapyrnenmo MOHOTOHHOrO II3MeHenmI XIIMIIqeCKIIX CBOHCTB 3JieMeHTOB, 

OTHOCHJUllXCH K O)J,HOii II TOH )Ke rpynne. B qacTHOCTH, He IICKJIIOqeno OTKJIOHeHIIe 

XIIMIIqeCKIIX CBOHCTB Rf OT Ha6rrm.uaeMhIX JIIIHett.HhlX 3aKOHOMepnocTett B 4-ii 

rpynne HJIH npOHBJieHne ananorIIII co CBOllCTBaMH aKTIIHOH.D,OB, B qacTHOCTII C Th. 

Marroe 3q>q>eKTHBHOe ceqeHIIe o6pa30BaHHH i~ Rf II xapaKTepHCTIIKII 

pa.D,IIOaKT11Bnoro pacna.D,a onpe.D,eITHIOT crre.D,yIOIUIIe TPe6osanII» K ycrroBII»M 

XIIMIIqeCKllX 3KCIIepIIMeHTOB: 

- Heo6XO)J,IIMO 6hICTPOe cerreKTIIBHOe BhI,[{errenIIe pa.D,llOII30TOIIOB 3JieMeHTOB 

4-ii rpyIIIIhl ll Th II3 CMeCII npo.D,yKTOB H.D,epHblX peaKu;llii. Oco6oe BHIIMaHIIe 

)J,OJI)KHO 61,1Tb y.D,erreno oqIICTKe OT aKTIIHOII,[{OB, o6pa3yIOIUllXCH B peaKQIIHX 

MHC>rOHYKJIOHHhlX nepe.D,aq ll MernaIOIUIIX CBOIIM Il3JiyqeHIIeM perncTpaUIIII 

pacna.z:i:a ~~ Rf . ,lJ;JIH 6orree norrHoro IIccrre.D,oBaHmI Heo6xo.D,IIMa pa1pa60TKa 

3KCnpeccHoro MeTO)J,a pa1.uerreHIIH 3JleMeHTOB 4-il. ll 5-ii rpynn ll BhI.D,erreHIIH 

qipaKUIIll no6errII» )J,JlH no11cKa npo.D,yKTa a-pacna.D,a Rf. 
267Rf 

- IlpoBe.D,eHIIe 3~cnepIIMeHTOB B03MO)KH0 TOJihKO C 0)],HIIM aT0MOM 104 • 

II03TOMY )],ITH norryqen11H CTaTIICTIIqecKII 3HaqllMhlX pe1yrroTaTOB Heo6XO)J,llM 

BhI6op MeTO)J,a llCCJie)J,OBaHllil, B KOTOpOM nepexo.D, 0)],HOro llOHa (aTOMa) 113 

O)J,HOH q>a3hl B .D,pyrym IIOBTOpHeTCH MHOroKpaTHO. 
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- )];ml )J;eTeKTIIpOBamrn a-qaCTHI.\ II OCKOilKOB cnoHTaHHOro .n;eneHml -rpe6yeTCX 

II3rOTOBneHIIe cneK-rpOMe-rpIIqecKIIX IICToqHIIKOB. ).];nx :noro HY)KHbl 

)J;OCTOBepHble cBe.n;eHlfj[ 0 COCTaBe II 061,eMe KOHeqHOH cppaKUIIII, 

co.n;ep)Kaiuett ~~ Rf • 

CyiueCTByeT px.n; MeTo.n;oB IIccne.n;oBaHlfj[ B pa.n;IIOXIIMIIII, B npIIHUIIne, 

y.n;oBnernopmOJUIIX 3TIIM -rpe6oBaHlfj[M. O.n;HaKo nx npIIMeHeHIIe K perneHmo 

YKa3aHHbIX Bblllle npo6neM Tpe6yeT onTHMH3aUHII H pa3BHTHX. K TaKHM MeTo.n;aM 

OTHOCXTCX COOCa)K)J;eHHe, cop6uux H HOHllblH o6MeH. Mcnonb30BaHIIe 

HOH006MeHHOH xpoMaTOrpacpHH B KOM6HHaUHII C KOMIIneKcoo6pa30BaHHeM .n;enaeT 

B03MO)KHbIM 3KCnpeccHoe pa3.n;eneHHe ynb-rpaManbIX KOnuqecTB qpe3BbJqatt:HO 

6nII3KHX no CBOHCTBaM 3neMeHTOB 4-H rpynnhI. B pe3ynhTaTe MO)KHO 6y.n;eT 

oueHHTb ycTottqHBOCTb KOMnneKCOB Rf. MeTO)J;bl COOCa)K)J;eHHX C 

KpHCTannuqecKHMH oca.n;KaMH, He npHMeHXBllIHecx B uccne.n;oBaHHII XHMHqecKHX 

CBOHCTB -rpaHCaKTHHOH)J;HbIX 3IleMeHTOB, MO)KHO ucnonb30BaTb He TOilLKO .n;nx 

pa3.n;eneHHX ynL-rpaManhIX KOnuqeCTB pa.n;uoaKTHBHhIX 3neMeHTOB, HO H .n;nx 

ycTaHOBneHHX HX XHMHqecKHX (MaKpOCKonuqecKHX) CBOHCTB. 

Oco6LIH HHTepec npe.n;CTaBnxeT H3yqeHHe noBe.n;eHHX Rf BO qnopH)J;HhlX 

pacrnopax. B px.n;y npoqHOCTH KOMnneKCHhIX coe.n;HHeHHH, o6pa3yeMLIX cprnpu.n;

HOHaMH C aTOMaMH MeTanITOB, 3neMeHThl 4-H rpynnLI CTOXT Ha nepBOM MeCTe. 

Cne.n;oBaTenLHO, npHHUHnHanhHO B03MO)KH0 HX OT.n;eneHHe OT aKTHHOH)J;OB C 

BhICOKHMH K03qlqlHUHeHTaMH pa3.n;eneHlfj[. Pa3nuqux B KOHCTaHTaX 

KOMnneKcoo6pa3oBaHHX c cprnpu.n;-noHaMH OT.n;enLHLIX 3neMeHTOB 4-tt rpynnLI 

)J;OCTHraIOT qeTLipex nopx.n;KOB. Il03TOMY B .n;aHHhIX cpe.n;ax MO)KHO 0)KH)J;aTh 

HaH60nhllIHX pa3nuqutt B noBe.n;eHHH )J;a)Ke TaKHX 6nH3KHX no CBOHCTBaM 

3neMeHTOB, KaK Zr u Hf. 

C yqeTOM -rpy.n;HOCTett CHHTe3a pa.n;uou3oTonoB Rf .n;a)Ke B Konuqecrne 

e.n;HHHqHhIX aTOMOB nepe.n; Henocpe.n;cTBeHHhIM npoBe.n;eHHeM 3KCnepIIMeHT0B no 

u3yqeHHIO pa.n;HOXHMHH Rf Heo6xo.n;HMhl TIUaTenLHhie MO.n;enLHhie uccne.n;oBaHHX C 

pa.n;IIoHyKnu.n;aMH Ti, Zr, Hf H Th. 

113 BLirneu3no)KeHHOro cne.n;yeT, qTo IIccne.n;oBaHHe cop6QHH Ti, Zr, Hf u Th, 

HaXOMIUHXCX B ynL-rpaMHKpOKOHQeH-rpaQHXX, opraHHqeCKHMH H HeopraHuqecKHMH 

cop6eHTaMH H3 qlTOPH.D:HhlX pacrnopoB JIBnxeTCX aKTyanLHOH 3a.n;aqett COBpeMeHHOH 

pa)J;HOXHMHH. 

Il;eJib H Ja.n;aqn paOOTbl 

IJ;enh pa60Thl COCTOXna B BhIBBneHHH H aHanH3e oco6eHHOCTett cop6QHH Ti, Zr, 
Hf H Th KaK roMonoroB Rf opraHuqecKHMH H HeopraHuqecKHMH cop6eHTaMH H3 

pacrnopoB, co.n;ep)KaJUHX qJTOpHCTOBO.D:OPO.D:HYIO KHCno-ry. 

B COOTBeTCTBHH C nOCTaBneHHOH QenLIO Heo6xo.n;HMO 6Lmo pernHTh cne.n;yIOIUIIe 

OCHOBHLie 3a.n;aqu: 

- H3yqHTh B03M0)KH0CTH pa3.n;eneHHX MeTO)J;OM HOH006MeHHOH xpoMaTorpacpHII 

Ti, Zr, Hfu Th, HaXOMIUHxcx B pacrnope B ynL-rpaMIIKpOKOHQeH-rpaQuxx; 
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- BbIIlOilHIITh pacqeTLI no Haxo)K)J;eHHIO o6nacTH cyiueCTBOBaHIIX pa3nHqHLIX 

xuMIIqecKHX cpopM Zr, Hf u Th B pacrnopax HF, HCI, HNO3, HCI/HF, 

HNO3/HF; 

- pa3pa60TaTh MeT0)J;hl 3KCnpeCCHOrO BhI)J;eneHHX pa.n;IIOHYKnH)J;OB S?mSr, 
88

Zr, 
175Hf, 135La, 172Lu u 227• 234Th H3 o6nyqeHHLIX MIIllleHett; 

- BhIBBIITh xapaKTepIICTHKH HOH006MeHHOro noBe.n;eHIIX ynL-rpaManhIX 

Konuqecrn HOHOB Ti, Zr, Hf u Th B cMernaHHLIX pacrnopax HF/HCI B 

3aBIICHMOCTH OT KOHQeH-rpaQHII HF u HCI; 

- oxapaKTepu3oBaTL cop6QHIO Ti, Zr, Hf, Nb H Ta Ha aHHOHIITax H KaTIIOHIITaX 

II3 CMernaHHhIX pacrnopoB, co.n;ep)KaJUHX HF H aueTOH (IInH MeTIIIl3TIInKeTOH, 

unII MeTHnH306YTIInKeTOH); 

- 3KcnepHMeHTanhHO ycTaHOBHTh Ba)KHettrnHe xapaKTepHCTHKH HOH006MeHHOro 

paBHOBecux c yqacTHeM Ti, Zr, Hf H Th B cMernaHHLIX pacrnopax, 

co.n;ep)KaJUHX qnopHCT0BO)J;OpO.D:HYIO KHCno-ry; 

- ycTaHOBHTh Ba)KHettrnIIe xapaKTepIICTIIKII COOCa)K)J;eHHX Ti, Zr II Hf C 

qlTOPH.D:OM naHTaHa II HJyqIITh B03MO)KHOCTH npuMeHeHIIX MeTo.n;a 

COKpHCTannH3aQHH B IICcne.n;oBaHHII XHMHYJeCKHX CBOHCTB TA3. 

HayqHaH HOBH3Ha 

B pa6oTe npe.n;cTaBneu px.n; HOBhIX .n;aHHhIX O cop6QHOHHOM noBe.n;eHIIII nernux 

roMonoroB Rf. Ha OCHOBaHHII npoBe.n;eHHhlX pacqeTOB H BhITIOnHeHHbIX 

3KCnepnMeHTanhHhlX nccne.n;oBaHIIH C IICnOilh30BaHIIeM KaTHOHO- II 

aHHOH006MeHHhIX CMOn onpe.n;eneHbl o6nacTH cyiuecTBOBaHHX pa3nIIqHhIX 

KOMnneKCHLIX cpopM Ti, Zr, Hf u Th B pacrnopax HF H HF/HCI. BnepBLie 

uccne.n;oBaHO HOH006MeHHOe noBe.n;eHHe Ti B ycnoBIIXX npoBe.n;eHHX 3KCnepIIMeHTOB 

cRf. 

BnepBLie C ucnonL30BaHHeM BhICOK03cpcpeKTHBHOH )Kll)J;KOCTHOH xpoMaTOrpacpHH 

.n;ocTHrHYTO pa3.n;eneHHe Ti, Zr, Hf H Th, HaXOMIUIIXCX B 

ynL-rpaMIIKpOKOHUeH-rpaQIIXX, 3a cpaBHIITenLHO He6onhllIOe BpeMX. IlOKa3aHO, qTQ 

nopx.n;oK 3IlIOIIpOBaHIIX 3neMeHTOB npOIICXO)J;HT B nocne.n;oBaTenLHOCTII Zr > Hf> Ti 

> Th B COOTBeTCTBHH c yMeHLllleHHeM cTa6HnhHOCTH qJTOpH.D:HhIX KOMnneKCOB. 

BnepBLie oxapaKTepu3oBaHa cop6Qlfj[ Ti, Zr, Hf, Nb H Ta Ha KaTHOHO- u 

aHHOH006MeHHhIX CMonax HJ CMelllaHHhIX pacrnopOB HF H aQeToHa (a TaK)Ke 

MeTHil3TJnKeTciHa H MeTHilIIJ06YTHnKeTOHa) B llIHpOKOM HHTepBane KOHQeH-rpaQHH. 

IloKa3aim,. qTO 3HaqeHIIX K03qlqlHQHeHTOB pacnpe.n;eneHHX Ha aHHOH006MeHHOH 

CMOne yMeHLlllaIOTCX C YBenIIqeHIIeM KOHQeH-rpaQHH HF H yBenHYJIIBaIOTCX C pocTOM 

KOHQeH-rpaQIIH aQeTOHa. Ha OCHOBaHHII aHanII3a 3KCnepHMeHTanhHhIX .n;aHHhlX 

c.n;enaH BhlBO)J; 0 TOM, qTo 3neMeHThl 4-tt rpynnhI cop6IIpyIOTCX Ha aHIIOH006MeHHOH 

cMone B BH.n;e aHHOHHLIX Koi.mneKCOB mna MF/- (M = Ti, Zr, Hf) . 

BLrnBneHO BilIIXHHe Ha cop6QIIIO II cooca)K)];eHIIe pa.n;HOHYKnH)J;OB 3neMeHTOB 4-H 

rpynnhI Ti, Zr H Hf c cprnpu.n;oM La cne.n;y10iuux cpaKTopoB: pH pacrnopa, 

KOHQeH-rpaQIIII HF, KOHQeH-rpaQHH co6cTBeHHhIX H0HOB B pacrnope, npHCYTCTBlfj[ B 
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paCTBOpe IIOCTOpOHHIIX MHOrOBaJieHTHbIX IIOHOB II BpeMeHII KOHTaKTa )KJI,L(KOH II 

rnep,D;OH q>a3. Jh aHanlI3a IIOJIY'leHHbIX ,naHHbIX C,L(eJiaH BbIBO,L( 0 TOM, qTQ 
q>TOpII,L(Hbie cpopMbl Zr II Hf CIIOC06Hbl COKpIICTaJIJIII30BaTbCH C LaF3. IIpe,D;JIO:lKeHO 

HCIIOJlb30BaTb MeTO,L( COOCa:lK,L(eHIIH ,L(llH H3yqeHnH XIIMJiqecKIIX CBOHCTB Rf II Db. 

Ilpa1rruqecKoe 3Haqeuue pa6oTLI 
Ha OCHOBaHIIII npoBe,L(eHHbIX pacqeTOB II BbIIlOJIHeHHbIX 3KCIIepIIMeHTaJibHblX 

IIccne,noBaHIIii IIOHoo6MeHHOro noBe,D;eHIIH Ti, Zr, Hf, Th, Nb, Ta, Lu II Sr 

pa3pa6oTaHbl MeTO,L(JiqecKIIe cxeMbl ,L(llH BbI,L(eJieHIIH Rf II Db II3 npo,nyKTOB H,D;epHblX 

peaKIJIIH II II3)"IeHIIH IIX XIIMJiqecKIIX CBOHCTB. 

B pe3yJihTaTe II3yqeHIIH cop6IJIIII Ti, Zr, Hf q>TOpII.D;OM naHTaHa IIOKa3aHa 
B03MO:lKHOCTh IICIIOJib30BaHIIH oca)K,L(eHIIH q>TOpII,na naHTaHa ,L(JIH II3yqeHilH 

XIlMilqecKilX CBOHCTB Rf. Pa3pa6oTaHHaH MeTO,L(IlKa pa3,D;eJieHilH 3JieMeHTOB 4-ii Il 

5-ii rpynn cooca)K,L(eHtteM c q>TOptt.D;OM naHTaHa npttMeHHnacb B JUIP OIUUI B 

pa6oTax IIO XIlMilqecKoii Il,L(eHTilq>IlKaIJilll Db KaK KOHeqHoro npo,nyKTa pacna,L(a 

3JieMeHTa 115. 

Pe3yJihTaTbl IlCCJie,L(OBaHilii IIO cop6IJilll pa,nttOHYKnll,L(OB Ha IlOH006MeHHbIX 

CMOJiax II03BOJIIlJIIl pa3pa60TaTh MeTO,L(IlKil nonyqeHilH H,D;epHblX II30MepoB 178m2Hf Il 

S?mSr IIpll o6nyqeHIIIl Q'.-qaCTIIIJaMil IlTTep6ttH II py6tt.L(IIH COOTBeTCTBeHHO (Y-200 

JUIP OIUIM) Il pa,D;ttOXttMttqecKoro BhI.D;eneHttH 
227

· 
234

Th. 

IloJIOiKCHHH, BhlH0CHMLie ua 3aIIJHTY 
Y CTaHOBJieHbl o6nacTil cyIIJeCTBOBaHilH pa3JIIlqHbJX KOMIIJieKCHbIX cpopM Zr, Hf tt 

Th B paCTBopax HF, HCl, HNO3, HCl/HF, HNO3/HF. BbIHBJieHbl 3aKOHOMepHocrn 

cop6IJilll Ti Il Th Ha Karnono- II aHilOH006MeHHOii CMOJiax B CMeIIIaHHbIX pacrnopax 

HF I HCI. IloKa3aHo, qTQ omttMaJibHbIM MeTO,L(OM ,L(M pa3.D;eneHIIH Ti, Zr, Hf tt Th 

HBJIHeTCH KaTttoHoo6MeHHaH xpoMaTOrpaq>IIH B pacrnopax 0,2 MOJIL/n HCl tt HF 

nepeMeHHoii KOHIJeHTPaIJttll. 

3cpq>eKTttBHoe 3KcnpeccHoe pa3,D;eneHtte Ti, Zr, Hf, Th, Lu Il Sr, HaxOMIIJilXCH B 

YJihTPaMilKpOKOHIJeHTPaIIHHX, 3a cpaBHilTeJihHO He60JiblIIOe BpeMH (30 MHH). 
IloKa3aHO, qTo IIOJIHOe pa3,L(eJieHtte Zr Il Hf ,L(OCTilraeTCH Ha KaTUOH006MeHHOH 

xpoMaTOrpacpttqecKoii KOJIOHKe B pacrnope l,5·10-
3 

MOJib!n HF I 0,2 MOJib!n HCI. 
Y CTaHOBJieno, qTO nopH,D;OK 3JllOilpOBaHHH 3JieMeHTOB npottCXO,L(IlT B 

nocne.D;OBaTeJihHOCTil Zr > Hf > Ti > Th B cooTBeTCTBHH c yMeHbrneHHeM 

CTa6IlJibHOCTil q>TOpII.L(HblX KOMIIJieKCOB. 

IlOKa3aHO, qTO C yBeJittqeHtteM KOHIJeHTPaIJIIII HF 3HaqeHilH K03q>q>IlIJileHTOB 

pacnpe,D;eJieHIIH Ti, Zr, Hf Ha aHIIOH006MeHHOii CMOJie yMeHhlllalOTCH Il 

yBeJIIlqttBalOTCH C pOCTOM KOHIJeHTPaIJilll a11eT0Ha. C,nenaH BbIBO,L( 0 TOM, qTo 

3JieMeHThl 4-ii rpynIIhl cop6ttpylOTCH Ha aHilOH006MeHHOii CMOJie B Bll,L(e aHUOHHhlX 

KOMIIJieKCOB TIIna MF/- (M = Ti, Zr, Hf). Onpe,neneHbl OIITilMaJihHble ycnoBttH 

pa3,L(eJieHIIH 3JieMeHTOB 4-ii Il 5-ii rpynn B CTaTilqecKilX Il ,L(IlHaMttqecKilX ycnOBHHX 

MeTO,L(OM IlOHHOro o6MeHa B CMernaHHblX pacrnopax HF / aIJeTOH. 

B pe3yJILTaTe ttccne,D;oBaHttH cooca)K,L(eHHH Ti, Zr Il Hf c q>TOptt,noM naHTaHa 

ycTaHOBJieHo, qTo Zr tt Hf ceneKTIIBHO a,ncop6ttpyIDTCH Ha IIOBepxHOCTil 

6 

HaHOKpllCTaJIJIOB LaF3 B BII,L(e OTPHIJaTeJibHO 3apH:lKeHHhIX KOMIIJieKCOB TIIIIa MF/-. 
<l>Toptt,nHhie cpopMbI Zr II Hf cnoco6Hbl coKpHCTaJIJIIl30BaThCH c LaF3. IloKa3aHo, qTo 

Zr II Hf MOryT 6bITh 3cpq>eKTilBHO OT,L(eJieHbl OT MHOrIIX 3JieMeHTOB, B TOM qttcne OT 

Ti II Nb, Ta. 

Pe3yJihTaTbl IIOJI)"IeHHH H,D;epHblX ll30MepoB l?Sm2Hf Il S?mSr IIpll o6nyqeHilll l\'.

qacTilIJaMil IlTTep6ttH tt py6tt,L(llH COOTBeTCTBeHHO. Pa3pa6oTaH pa,D;IlOHYKJill,L(HhlH 

reHepaTOp 87Y / 87mSr. 

Anpo6a1111H pa6oTLI 
OcHOBHbie pe3yJioTaTbl ,L(IlCCepTaIJilOHHOii pa60Tbl ,L(OJIO:lKeHhl Ha cne.D;ylOIIJilX 

poccttiicKttx tt Me:lK.D;yHapo,D;HbIX KOHq>epeHIJttHx: The second summer school on 

actinide science and applications, Kapncpy3, fepl\taHilH, ttlOHh, 2003; The first 

coordination meeting on perspectives of life science research at nuclear centers, 

PttBbepa, EonrapttH, ceHTH6ph, 2003; IIepBaH PoccIIiicKaH rnKona no pa,D;uoxttMiltt u 

H,D;epHoii TexHonorntt, O3epcK, aBrycT, 2004; Targisol winter school, 3nh 3cKopttan, 

McnaHttH, cpeBpanh, 2005; Symposium on exotic nuclei «EXON - 2006», XaHThI

MaHCIIHCK, IIlOJib, 2006; lliTaH PoccIIUCKaH KOHq>epeHIJIIH IIO pa,D;IIOXIIMllll 

«Pa,nIIOXIIMIIH-2006», ,l(y6Ha, OKTH6ph, 2006; 15-H Me:lK.D;yHapO,L(HaH KOHq>epeHIJIIH 

«JioMoHocoB», MfY, MocKBa, anpenb, 2008; Me)K,L(yHapo.D;HaH neTHHH rnKona 

«Atomic properties of the heaviest elements», BIITTeH6epr, repMaHIIH, 2008; 

Symposium on exotic nuclei «EXON - 2009», CoqJI, ceHrn6pb, 2009; lliecTaH 

PoccIIiiCKaH KOHq>epeHIJIIH IIO pa,D;IIOXIIMIIII «Pa,L(IIOXIIMIIH-2009», MoCKBa, OKTH6ph, 

2009. Pe3yJioTaTbl pa60Thl 6hrnII npe,D;CTaBJieHbl Ha ceMIIHapax Jia6opaTOpIIII 

H,D;epHLIX peaKIJIIii JIM. r.H. <l>nepoBa, OIUIM. 

Ily6n11Kau1111 
Pe3yJihTaTbl ,L(lICCepTaIJIIOHHOii pa6oThl II3JIO)KeHhl B 22 ny6nIIKaIJIIHX, B TOM 

qJicJie B 15 CTaThHX B pecpepIIpyeMhIX HayqnbIX )l(Jpnanax. 
ABTop narp~en ,L(IIIIJIOMOM nepBoii CTeIIeHII OIUIM na KOHKypce HayqHhlX 

pa6oT B 2007 r II y.D;oCToen npeMIIII cpe,D;II MOJIO.L(bIX yqenhIX OIUIM B 2011 r. 

CTpyKrypa II o6neM ,D;11cceprnu1111 
,l(IIccepTaIJIIH COCTOHT II3 BBe,L(eHIIH, IIHTII rnaB, 3aKnroqeHIIH, IIpIIJIO)KeHilH II 

CIIIICKa IIIITIIpyeMOii JIIITeparypbI. Pa6oTa II3JIO)KeHa na 120 CTPaHIIIJaX neqarnoro 

TeKCTa, BKnlOqaH 24 pIIcynKa II 10 Ta6JIIIIJ. 

OCHOBHOE CO,l(EPlKAHHE PA60Tbl 

rmi~a 1. HcCJie,L(0Banue XIIMHqecKHX CBOUCTB Rf B paCTB0pax. O63op 
JIIITeparyphl 

B nepBOM pa3,D;ene rnaBbl ,L(aH aHaJIII3 COBpeMeHHOro COCTOHHIIH pa6oT IIO 

113yqeHIIlO XIIMJiqecKIIX CBOHCTB TA3. PaccMOTPeHbl H,D;epHbie peaKIJIIII CilHTe3a II 

IIO,L(XO,L(hl K XIIMJiqecKoii ~,L(eHTIIq>IIKaIJIIII Rf. Bo BTOpOM pa3,D;ene 060611JeHhl II 

npoaHaJIII3IIpOBaHbl pe3yJibTaTbl 3KCIIepIIMeHTaJihHOrO II TeopeTJiqecKoro II3yqenIIH 

XIIMJiqecKIIX cBoiicTB Rf B pacrnopax. CcpopMYnIIpoBaHbI TPe6oBaHHH K ycnoBIIHM 

XIIMJiqecKIIX 3KCIIepIIMeHTOB C ~~ Rf II IIOKa3aHa neo6XO,L(IIMOCTb npoBe,L(emrn 
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Mo,nem,HbIX 3KcnepuMeHToB c 3neMeHTaMH roMonoraMH Ti, Zr, Hf u Th. O6ocHOBaH 
BbI6op HOH006MeHHOii xpoMaTOrpaqmu BO !pTOpH,nHoii cpe,ne .nmr XHMHqecKoii 
u,neHTII!pIIKaIJIIII .nonrmKIIBYI.IIIIX pa,nH0II30TOn0B Rf II u3yqeHmI ero XHMIIqecKHX 
CBOHCTB. Ilpe,nCTaBneHbl nnTeparypHbie ,naHHbie no C0CTOHHIIIO II0H0B Ti, Zr, Hf H 
Th B B0,nHbIX pacrnopax H 113yqeHIIIO IIX cop6IJIIII II coocmK,neHIJji. Ha OCH0Be 
aHanII3a nIITeparypHbIX ,naHHblX nocTaBneHbl K0HKpeTHbie 3a_naqII IICCne,noBaHIIH. 
Pe3ynhTaTbl npe,nCTaBneHHbie B 3TOH rnaBe ony6nIIKOBaHbl B pa6ornx [ 1-6, 8-10, 
13]. 

Diana 2. MeTO/l:IIKH npoBeti:emrn cop6u:11on11Lix 3KcnepuMeHTOB 

2.1.IloJiyqeune H BhltJ:eJICHHe pati:noaKTHBHhIX H30TODOB 
B nepBOM pa3,nene npIIBe,neHbl CBe,neHIJji 06 IICnOnb30BaHHblX peareHTaX, 

pa,nIIOII30TOnax II pa,nII0XIIMIIqecKIIX MeTO,nIIKax Bbl,neneHIIH pa,nIIOHYKnII.!lOB H3 
o6nyqeHHbIX MIIIIIeHeii. Pa,nIIOXIIMIIqecKM ,nIIarHOCTIIKa coE611IIII 06ecneqIIBanac1, 
KOMnneKCHbIM IICDOnb30BaHneM pa,nIIOHYKnII,nOB 44Ti, S

7msr, 8Zr, 92~b, 175Hf, 182Ta, 
227

Th, 
234

Th, 135La u 172Lu. 

,a:nH nonyqeHIIH pa,nIIoaKTIIBHbIX II30TonoB Sr, Zr, Hf, Nb II La o6nyqanII 
MIIIIIeHII Rb, Sr, Yb, Y II Cs np11po,nHoro cocrnBa Ha ycKopmene Y-200 (JUIP 
OI-UUI). M1111IeHII .nmr 06eyqeH11H 113rornBn11Ban11 nocnoiiHbIM HaHeceH11eM 
cycneH3IIH xnop11,na py611ti:11H (SrCii, Yb2O3, Y2O3, CsCl) B cMec11 c 11306yraHonoM, 
BO,noii II aIJeTOH0M np11 ,no6aBneHIIII caxapo3bl Ha anIOMIIHIIeBbJe no,nnmKKII. 
Ka:>K,n1,1ii cnoii npoKanIIBan11 B TeqeHIIe qaca np11 TeMneparype 400 °C. 
OKOHqaTenbHM TOnI.IIHHa MIIIIIeHII no·Meraney COCTaBmrna 12 Mr/cM2• 

O6nyqeH11e npoBo,n11nII B TeqeH11e 5 qacoB np11 TOKe nyqKa H0HOB He+ 5,5 MKA. II 
3HeprnII 35 M3B (113MepeHHblll IIHTerpanbHblll nOTOK IIOHOB COCTaBHn 6· 1017). 

M11IIIeHb pacnonaraJiacr, no.n yrnoM 14 rpa,nycoB no OTHOIIIeHuIO K nyqKy. Ilocne 
o6nyqeHttH MHIIIeHb oxna:>K,naJIII B TeqeHIIe 45 qacoB. 3aTeM o6nyqeHHbiii RbCl 
(SrCii, Yb2O3, Y2O3, CsCl) pacrnopHnII B 10 Mn 16 Monr,/n HNO3 11 Bu,nemn11 
pa,n110113ornn1,1 Y (Zr, Hf, Nb, La) MeTo,naM11110Hoo6MeHHoii xp0Marnrpaqi1111. 

,a:mr nonyqeHIIH pa,n11oaKT11BHOro OTMeTqIIKa Sr, x11M11qecKoro aHaJiora No, 61,m 
pa3pa60TaH pati:HOHYKJIH/l:HhIH reuepaTop 87Y / 87mSr. ,a:m 3TOro IICnonb30BanII 
cepIIiiHo BhmycKaeM1,1ii cop6eHT Actinide resin (Eichrom Technologies, Inc.) c 
pa3MepoM qacTIIII 100 - 150 MKM. IlonyqeH11e reHepaTOpHbIM cnoco6oM, ManbIH 
nep110,n nonypacna,na 2,83 q, He6onr,moe MOH03HepreT11qHoe '}'-113nyqeHIIe 388,5 K3B 

(81,9 % ) C BHyrpeHHeii KOHBepc11eii 99' 7% .nenaIOT nepcneKTIIBHbIM m11p0Koe 
np11MeHeHIIe noro pa,nII0HyKn11,na. 

IIcxo,nHblH pacrnop CMec11 pa,n110HyKn11,noB rDTOBllnII CMeillHBaHHeM 3nIOaTOB 
nocne Bbl,neneHIJji II ynapIIBaHHeM .no Bna:>KHbIX coneii c nocne,nyIOI.IIIIM 
pacrnopeH11eM ocTaTKa B 1 Mn 20 Monr,/n HF. 

lI3MepeHIIH pa,n11oaKT11BHOCTII npoBo,n11nII Ha -y-cneKrpOMeTpe GC2520 
(Canberra Ind.) c HPGe-,nereKTopoM c pa3pemeHHeM 1,5 K3B npII 3HeprnII 
'}'-KBaHTOB 1,33 M3B (

6
°Co) II nporpaMMHbIM o6ecneqeHIIeM Genie-2000TM 

(Canberra Packard). 
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2.2. llcCJieti:onau11e cop6111111 ua 11011006MeH11L1x CMOJiax 
Y cnomrn cop611uu IIccne,nyeMux 3neMeHTOB onpe,nenHn11c1, no ,naHHbIM IIX 

HOHHOro COCTOHHIJji B paCTBOpax. IIcnonb3YH 3HaqeHIIH KOHCTaHT ycroiiqIIBOCTII 
!pTOPll.!lHbIX KOMnneKCOB II KOHCTaHT r11,nponll3a, onpe,nen11nII o6naCTH 
cy1.11ecTBOBaHIIH pa3n11qH1,1x XIIMIIqecK11x qiopM Zr, Hf II Th B pacrnopax HF, HCl, 
HNO3, HCI/HF, HNO/HF c noMOI.IIbIO nporpaMMbI «Speciation» The IUPAC 
Stability Constants Database (IUP AC and Academic Software). B pacqeTax 
pacnpe,neneHIIH KOMnneKCOB Zr II Hf B pacrnopax, co,nep:>KaI.IJIIX HF, yqIITbIBanII 
o6pa30BaH11e TOnbKO qiopMbl MF/- II He yqIITbIBaJIII o6pa30BaHHe nonlJji_nepHbIX 
KOMnneKCOB, T.K. KOHIJeHrpaIIIIH IIOHOB MeTannoB B 3KCnep11MeHTe COCTaBmrna 10-7 

Monr,/n. 

OcHOBHOH xapaKTepIICTIIKOH CTeneHII pacnpe,neneHIIH 3neMeHTOB npII cop6IJIIII 
HBmieTCH BenIIqIIHa K03!p!pllIJlleHTa pacnpe,neneHIIH. Ko3q>!pllIJHeHTbl 
pacnpe,neneHHH onpe,nenHnII B cTaTIIqecKIIX ycnoBIJj!X. K HaBecKe cMonu Maccoii 
100 Mr, noMeI.IIeHHOH B nO,JIII3TIIneHOBYIO npo611pey .nmr 11eHrpIIq>yrnpoBaHIIH 
(«Eppendorf», f'epMaH11H), ,no6aBmrnII 995 MKn CMemaHHoro pacrnopa nnaBIIKOBoii 
KIICnOTbl II aIJeTOHa (11n11 MeTlln3TllnKeTOHa, 11n11 MeT11n11306yr11nKeT0Ha, 11n11 HCl / 
HF) 11 5 MKn OT IIcxo,nHoro pacrnopa CMeCII pa,nIIOHYKnII,noB. IlpII pacqeTe 
KOHeqHI,IX KOHIJeHrpaIIIIH B CMeIIIaHHbIX pacrnopax yqIITbIBaJIOCI, KOnIIqecrno HF, 
,no6aBnHeMoe C anIIKBOTOH IICXO,nHoro pacrnopa pa,nIIOHYKnII.!lOB. TaKIIM o6pa30M, 
061,eM Ka:>K,noro o6pa3IIa COCTaBlliln 1 Mn. Ilocne npIIroTOBneHIJji Bee o6pa3llbl, 
nepeMeIIIIIBM, Bbl,nep:>KIIBaJIII B TeqeHIIe ,nByx cyroK ,nnH ,nOCTII:>KeHIJji paBHOBeCIIH, 
nocne 1:Jero npoBo,nIInII 11eHrpIIq>yrnpoBaHIIe II OT6op anIIKBOTHoii ,nonII pacrnopa 
,nnH 113MepeHIIH pa,nIIOaKTIIBHOCTII. Ko3q>!pIIIJIIeHTbl pacnpe,neneHIIH BI,JqIICllilnII, 
IICnOnb3YH ypaBHeHIIe 

Aucx - Apa,. VP 
Kd=--~---

Apa,n m 
(1) 

r,ne Aucx II ApaBH - aKTIIBHOCTI, IICXO,nHoro II paBHOBeCHoro paCTBOpoB; VP - 061,eM 
pacrnopa B 06pa311e (Mn); m - HaBeCKa CMOnbl (r). OTHOCHTenbHM norpeIIIHOCTI, 
3Ha'IeHIIH Kd He npeBbIIIIana 4 % npII 95 % ,noBepIITenbHOH BepOHTHOCTII. 

Ha OCHOBaHIIII nonyqeHHblX K03!p!pllIJIIeHTOB pacnpe,neneHHH II npoBe,neHHbIX 
pacqeToB 6un11 onpe,neneHbI ycnoBHH cop6111111 11 pa3,neneH11H uccne.nyeMux 
3neMeHTOB. pa3_neneH11e np0Bo,n11n11 B ,n11HaM11qeCKIIX ycnOBIJj!X. AnllKBOTbl 
IICXO,nHoro. pacrnopa BbmapHBaJIII, pacrnopHnll cyxoii: OCTaTOK B 0,2 Monr,/n HCl 11 
HaHoc11nII · Ha 1<onoHKY 6x40 MM, 113rDTOBneHHYIO 113 non113T11neHa (Eichrom 
Technolo.gies, Inc.) 11 3anonHeHHYIO CMonoii: Dowex 50x8, 100-200 MeIII, B H+ 
qiopMe. 3aTeM KOnOHKY npOMbIBanll .!lBYMH CB060,nHbIMH KOnOHOqHI,IMII 061,eMaMH 
0,2 Monr,/n HCl u np0Bo,n11n11 3nJ011poBaH11e 11ccne,nyeMux 3neMeHTOB . .. 

,a:mr 113yqeH11H ga3,neneH11H 3neMeHTOB 4-ii rpynn1,1 pacrnop 0,2 Monr,/n HCl, 
co,nep:>Ka1.1111ii: 88Zr, 75Hf, 44Ti, 234Th 11 172Lu, 11cnon1,3yH nep11cTaJibTH1:Jecmii Hacoc, 
no.n ,naBneHHeM no,naBaJIII B KOnOHKY, 113rDTOBneHHYIO 113 Teq>nOHOBoro Kan11nnHpa 
4x60 MM 11 3anonHeHHOro CMonoii Aminex A5 B H+ qiopMe. O6a KOHIJa Kan11nmrpa 
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6h1Jm 3aiq>I,IThl IIOpIICThIMII Teq>JIOHOBhIMII q>HJihipaMII II coe)],IIHeHhl C 

Teq>JIOHOBhIMII nepeXO)],HHKaMII. 3aTeM KOJIOHKY IIpOMhIBaJIII O)],HIIM CB060)],HhlM 

061,eMOM 0,2 MOJih/JI HCI. Pa3)],eJieHIIe 3JieMeHTOB ocyIIIeCTBIDIJIII CMeIIIaHHhIMII 

pacTBopaMII KIICJIOT HCI / HF. CKopoCTh 3JIIOIIpoBamur cocTaBIDIJia 0,1 MWMIIH. 

2.3. llcCJie)],oBauue cop6u.uu H coocam,r(eum1 c 4>rnpH,!1,0M nanrnna 
IfayqeHIIe cooca)K)],emur Ti, Zr II Hf c TBep,!1,oii q>a3oii LaF3 npoBOJJ,HJIII B 

IIOJIIIIIpOIIIIJieHOBhlX npo6IIpKax. Ilpe,!1,BapIITeJihHhie 3KCIIepIIMeHThl IIOKa3aJIII 

OTCYTCTBIIe cop6n;IIII IICIIOJih30BaHHhlX pa,!1,IIOHYKJIII)],OB Ha CTeHKax TaKIIX 

npo6IIpOK. B npo6ttpKH BHOCIIJIII IICXO)],Hhle paCTBOphl onpe,!1,eJieHHOH 

KOHQeHipaQIIH HF II pH II ,!1,o6aBIDIJIH 72 MKJI 0,1 MOJih/JI La(N03) 3, nocJie qero 

o6pa30BhIBaJICJI ocaJJ,OK LaF 3• IloJiyqeHHYIO cycneH3IIIO nepeMernnBaJIII B TeqeHne 1 

q IIpII KOMHaTHOH TeMneparype, 3aTeM u:eHipIIq>yrnpOBaJIII npn 10 000 06/MIIH B 

TeqeHIIe 10 MHH. Ifa Ka)K)],OH npo6IIpKH OT6ttpaJIII npo61,1 pacTBopa )],JIJI II3MepeHIIJI 

pa,!1,HOaKTIIBHOCTII. CTeneHh COOCa)K)],eHHJI Ti, Zr II Hf onpe,!1,eJIJIJIH IIO pa3HOCTH 

pa,!1,ttOaKTIIBHOCTH HCXO)],HOro II KOHeqHoro pacTBopa. Ilpn H3yqeHIIH CTeneHII 

COOCa)K)],eHHJI Ti, Zr II Hf B 3aBHCHMOCTH OT IIX KOHQeHipaQHH B HCXO)],HhlH paCTBOp 

JJ,o6aBJIJIJIH pacqeTHOe KOJinqecTBO HOCHTeJIJI B pacTBope 3a)],aHHOH KOHQeHipaQHH 

HF. Hy)KHhie 3HaqeHHJI IIOHHOH CIIJihl H pH paCTBOpOB )],OCTHraJIII JJ,o6aBJieHHeM 

KN03, HN03 IIJIII KOH. 

3KCIIepnMeHThl IIO cop6u:nn Ha roTOBOM oca)],Ke LaF3 IIpOBO)],IIJIH CJie)],yIOIIIHM 

o6pa30M. TBepJJ,yIO q>a3y LaF3 noJiyqaJin cMernnBaHIIeM pacTBopoB HF II HHipaTa 

JiaHTaHa. 06pa30BaBIIIYIOCJI cycneH3HIO HHTeHCHBHO nepeMeIIIHBaJIH B rneiiKepe B 

TeqeHIIe 1 q, 3aTeM ocaJJ,oK OT,!1,eIDIJIH u;eHipIIq>yrnpoBaHIIeM OT MaToqHoro pacTBopa 

n JJ,Ba pa3a npoMhIBaJIH BO,!l,OH. K 1 Mr TBepJJ,oii q>a3hI LaF3 ,!1,o6aBIDIJIII 1 MJI 

ncxo)],Horo pacTBopa HF Ipe6yeMoii KOHU:eHipaQIIII, co,!1,ep)KaIIIero pa,!1,HOHYKJIH)],hl. 

06pa3U:hl HHTeHCHBHO nepeMeIIIHBaJIH B TeqeHHe 1 q npn KOMHaTHOH TeMneparype, 

IIOCJie qero u:eHipttq>yrnpOBaJIH H OT6ttpaJIII npo61,1 pacTBopa )],JUI II3MepeHIIJI 

paJJ,HOaKTHBHOCTII. Ko3q>q>HQHeHThl pacnpeJJ,eJieHHJI BI,IqncJUIJIH IIO q>opMyJie (1). 

Mopq>OJIOrHIO TBep,!1,0H q>a3hl HCCJieJJ,OBaJIH MeTOJJ,aMH 3JieKTpOHHOH 

cKaHnpy10IIIeii (cKaHnpyIOIIIHH 3JieKipOHHhIH MHKpocK011 JSM-840, JEOL, 5InoHIIJI, 

c pa3pernaIOIIIeii c11oco6HOCThlO 5 HM) n IpaHCMIICCIIOHHOH (npOCBeqHBaIOIIIIIH 

3JieKipOHHhIH MHKpo_cKon 3M-125K, C3JIMa, YKpaIIHa, c pa3perneHneM 0,2 HM) 

MHKpOCKOIIHH. 06pa3Qhl )],JIJI 3JieKipOHHOH MHKpOCKOIIIIH roTOBIIJIII H3 OT06paHHhlX 

B XOJJ,e 3KC11epIIMeHTOB 11po6 cycneH3HH KpHCTaJIJIOB LaF3. 06pa3U:hl )],JIJI 

IpaHCMHCCIIOHHOH 3JieKipOHHOH MIIKpOCKOIIHII roTOBIIJIII nYTeM HaHeCeHHJI Ha 

Me)],HYIO ceToqKy KaIIJIH cycneH3IIII. 06pa3Qhl )],JIJI CKaHIIpyIOIIIeH MIIKpOCKOIIHH 

roTOBHJIH q>HJihipau:neii KaIIJIII cycneH3IIII qepe3 IpeKOByIO MeM6pauy. 3aTeM 

o6pa3Qhl BhICYIIIHBaJIII. KycoqeK MeM6paHhl 3aKpeIIIDIJIII Ha Me)],HOM CTOJIHKe II 

HaIIhIJUIJIII CJIOH 30JIOTa 20 HM. )];JUI IIOJiyqeHHhIX MeTO)],OM COOCa)K)],eHIIJI o6pa3U:OB 

6brn npoBe)],eH peHTreHOq>a30BhIH aHaJIH3 (P<l>A). )];nq>paKTorpaMMhl CHJIThl ua 

JJ,ttq>paKToMeipe ST ADI P qmpMhI STOE (repMamur), II3JiyqeHne CuK.a. 
Pe3yJihTaThI npe,!1,CTaBJieHHhie B 3TOH rnaBe 011y6JIHKOBaHhl B pa6ornx 

[l,7,10,l l,14,15). 

10 

rnaBa 3. lloHoo6MeHHoe pa3JJ,enenne Ti, Zr, Hfn Th B cMemanHhlX 
pacrnopax HCI / HF 

3.1.IloncK onTnMaJihHhlX yCJioBnii: HOH006Meunoro pa3JJ,enemm Ti, Zr, Hf 
II Th 

11oHHOe paBHOBec11e Ti, Zr, Hf 11 Th BO q>TOpIICTOB0,!1,opo,!1,HhIX pacTBopax 

3aBIICIIT OT KOHQeHipau:1111 HF, pH pacTBopa II 3HaqeHIIH KOHCTaHT ycrniiqIIBOCTII 

q>TOpII,!1,HhlX KOMnJieKCOB MeTaJIJIOB. Pe3yJihTaThl pacqeTOB no YKa3aHHOH BhIIIIe 

nporpaMMe IIOKa3aJIII, qTO, KaK II O)Kil)],aJIOCh, HaII6oJiee 3HaqIIMhie pa:mIIqm1 B 

pacnpeJJ,eJieHIIII KOMIIJieKCHhIX q>opM Zr n Hf na6JII0,!1,aIOTCJI B HF pacTBopax. 

0)],HaKO 113 noJiyqeHHhIX )],aHHhIX TaK)Ke BII)],HO, qTo KOMnJieKcoo6pa3oBaHIIe Zr II Hf 

C F-IIOHaMII npoTeKaeT 0)],HOBpeMenno C rII,!1,pOJIII30M 3TIIX 3JieMeHTOB, qTo C03)],aeT 

Tpy,!1,HOCTII npII IIOH006MeHHOM pa3,!1,eJieHIIII. )];JIJI no)],aBJieHIIJI rII,!1,pOJIII3a 

neo6XO)],IIMO IIOBhICIITh KOHQeHipau:1110 H+ -IIOHOB, )],JIJI 3Toro )],06aBJIJIJIII B CIICTeMy 

COJIJIHYIO IIJIII a30THYIO KIICJIOry. CyIIIeCTBeHHO, qTo npII xpoMaTOrpaq>11qecKOM 

pa3,!1,eJieHIIII Zr II Hf IIMeeTCJI CMeIIIeHIIe paBHOBeCHJI cop6u;11JI-JJ,ecop60:IIJI B CTOpony 

BhITecneHIIJI 3a cqeT IIX ijnopII,!1,HOrO KOMIIJieKcoo6pa30BaHIIJI. Il03TOMY )],JIJI 

pa3,!1,eJieHIIJI Zr 11 Hf 6brn BhI6pan KaTIIOHIIT. 

AnaJIII3 pacnpe,!],eJieHIIJI Zr II Hf no KOMnJieKCHhIM q>OpMaM B pa3HhlX pacTBopax 

nOKa3aJI, qTo, IICXOM 113 YCJIOBIIJI MaKCIIMaJihHOH cop6n;IIII na KaTIIOHIITe 

(MIIHIIMaJihHoro co,!1,ep)KaHIIJI coe)],11HeH11ii BIIJJ,a M(OH)4), np11 HII3Koii 

KOHQeHipaQIIII H+, BCJie)],CTBIIe ero KOHKyp11py10II1eii cop6n;IIII, OIITIIMaJihHOH 

cpe,!1,oii )],JIJI naneceHIIJI Ha xp0Marnrpaq>11qecey10 KOJIOHKY JIBJIJieTCJI 0,2 MOJih/JI HCI. 

PacqeT, C)],eJiaHHhlH )],JUI BhI6paHHhIX YCJIOBIIH, IIOKa3aJI, qTo 6oJiee 98 % HOHOB Zr 

y)Ke np11 KOHQeHipaQIIII HF 9.10·
5 

MOJihlJI HaXOMTCJI B BII)],e KOMnJieKca ZrF{ B TO 

BpeMJI KaK Hf HaXO)],IITCJI, B OCHOBHOM, B q>opMe KaTIIOHOB. CocTOJIHIIe HOHOB 

THTaHa B pacTBopax HF, oco6enno B o6JiaCTH YJihipaMaJihlX KOHQeHipaQIIH MeTaJIJia, 

11paKTnqecKH He H3yqeno. Ilo,!1,o6no Zr 11 Hf B pacTBopax HF ocHOBHoii q>opMoii 

naxo)K)],eHIIJI Ti JIBJIJieTCJI MF/-. )];ocToBepno 011peJJ,eJienn1,ie KOHCTaHThI 

ycrniiqHBOCTH q>TOpII,!1,HhlX KOMIIJieKCOB Ti B JIHTepaType OTCYTCTBYIOT, II03TOMY 

pacqeThI 11onnoro cocTOJIHIIJI TIITana ne 11poB0,!1,IIJIIICh. B pacTBopax HF II HCI 

II3BeCTHhl TOJihKO IIOJIO)KIITeJihHO II neiiipaJihHO 3apJI)KeHHhie q>opMhl Th. 113 

pe3yJihTaTOB pacqeTa BII)],HO, qTo B 3TIIX paCTBopax B IIHTepBaJie KOHQeHipaQIIH 

104 
- 10·

2 
MOJih/JI HF/ 0,2 MOJih/JI HCI TOpIIii o6pa3yeT 110JIO)KIITeJihHO 3apH)Kenn1,1e 

KOMIIJieKchI ThF
3
+, ThF/+ II ThF/ 11, cJieJJ,oBaTeJihHO, npII 11c110Jih30Ban1111 

KaTIIOHIITa MO)KeT 6bITh OT)],eJieH OT Zr II Hf. 0)],HaKO IIOH006MeHHOe IIOBe)],eHIIe Th 

B pacTBopax HCI / HF B o6JiaCTII YJihipaMaJihIX KOHQeHipau:110 MeTaJIJia MaJIO 

H3yqeHo. 

3.2.Cop6u.1rn Ti II Th 
Cop6u:1110 3JieMeHTOB II3)"IaJIII na KaTIIOHO- II aHHOH006MeHHOH CMOJiax 113 

CMernannhlx pacTBopoB, coJJ,ep)KaIIIIIX 0,2 MOJih/JI HCI 11 HF 11epeMennoii 

Konu:enipan:1111. KoHu;enipaQHJI HCI 61,rna Bh16pana 110 pe3yJihTaTaM anaJima 

pac11pe,!1,eJieHIIJI Zr II Hf 110 KOMIIJieKCHhlM q>OpMaM. 3aBIICIIMOCTh K03q>q>IIQIIeHTOB 

pac11pe,!1,eJien11JI (Kd) Ti n Th na KaTIIonme Dowex 50x8 OT KOHQeHipaQIIH HF / 0,2 

MOJih/JI HCI IIOKa3aHa na pIIc. 1. Bee 3JieMeHThI IIMeIOT BhICOKIIe 3naqenIIJI Kd (> 10
3
) 
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nptt KOHU,eHTJ)au,tttt HF MeHee 10-3 
MOJib!JI. Ilptt yaeJiuqeHtttt KOHU,eHTJ)aU,ttll 

KllCJIOTbl cop6u,m1 3JieMeHTOB pe3KO yMeHbIIIaeTCH B IIOCJie,D;OBaTeJibHOCTU Th > Ti, 

npuqeM Hatt6oJiee CUJibHO 3Ta 3aBHCllMOCTb Bblpa,KeHa ~ Th (Kd = 400 nptt 0, 1 
MOJib/JI HF tt 5 npu 0,2 MOJiblJI HF). 3TO xopoIIIo cornacyeTCH c npoae,neHHbIMll 

pacqeraMll. B npucyrCTBUU KaTHOHHTa npu KOHU,eHTJ)aU,llll HF MeHee 0,1 MOJib/JI 

paBHOBectte B paCTBope C,D;BUraeTCH B CTOpOHY o6pa30BaHHH KaTHOHHblX qiopM Th Ii 

KaK cJie,ncrnue ero cop6u,tteii. Ilptt yaeJiuqeHuu KOHU,eHTJ)au,uu HF yMeHbIIIeHtte Kd 
B cJiyqae C Ti CBH3aHO C o6pa30BaHtteM aHHOHHblX qiopM, a C Th, IlO-Bll,D;llMOMY, C 

06pa10BaHtteM ThF4 tt KOHKYPHPYIOIIl,eii cop6u,tteii c H+-uoHaMtt Ha KaTHoHnTe. 

1o'1 "'~~ 

·1 
\ I 

-■-n 

·- -o-Th \, J 10' 

°'-o--o 

1o'i 
L-

' I ' I I I ' 1E-6 1E-5 1"4 1E-3 0.01 Q1 1 10 

J-IF,M.llil,·n·' 

Puc. 1. Ko3q>tuu.ueHTbI pacnpe,neJieHHH 
44

Ti tt 
2 4

Th Ha KaTHOHUTe B 

3aBHC_UMOCTU OT KOHU,eHTJ)aU,llll HF / 

0,2 MOJib/JI HCI (Dowex 50x8, 200-400, 
Hl 

1o' 

1o' 

-:''"' 10
2 

~ 
2 

10' 

10' 

-■-Ti 
-o-Th 

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10 

I-IF,MOJil>Ji
1 

Puc. 2. K03q>q>uu,ueHTbI pacnpe,neJieHUH 
44Ti tt 234Th Ha aHUOHttTe B 3aattcttMOCTtt 

OT KOHU,eHTJ)au,uu HF/ 0,2 MOJib/JI HCI 

(Dowex lx8, 200-400, F-) 

3aattcuMOCTb cop6u,uu Ti u Th Ha aHHOHttTe Dowex 1 xs OT KOHU,eHTJ)au,m1 HF / 

0,2 MOJib!JI HCI npune,neHa Ha pttc. 2. Ilptt KOHU,eHTJ)aU,tttt HF MeHee 0,1 MOJib/JI Ti tt 

Th ttMeIOT Htt3Ktte 3HaqeHttH Kd (<10). Ilptt yaeJiuqemm KOHU,eHTJ)au,nu KHCJIOTbI 

cop6u,ttH 3JieMeHTOB pacTeT 3a cqeT KOMIIJieKcoo6pa30BaHHH C llOHaMU F- B 

IlOCJie,D;OBaTeJibHOCTU Ti > Th. Ilptt ,D;aJibHeiimeM yaeJittqeHllll KOHU,eHTJ)all,llll 

HF (> 1 MOJib!JI) cop6u,uH 3JieMeHTOB yMeHbIIIaeTCH B pe3yJibTaTe KOHeypttpyIOIIl,eii 

cop6u,tttt c ttoHaMu F- u HF-. 

Caoiicrna CMeIIIaHHblX q>TOpll,D;HO-XJIOptt,D;HbIX pacrnopoB 3aMeTHO OTJillqaIOTCH 

OT qucTO q>Toptt,D;HbIX Ii XJIOpll,D;HbIX pacrnopoB. Ilo3TOMY MO,KHO O)Kll,D;aTb Ii 

pa3JillqHH B IIOBe,neHllU llOHOB Ti Ii Th B npou,ecce cop6u,uu U3 3TllX pacrnopoB. 

IloJiyqeHHbie ,naHHbie (pttc. 1 Ii 2) CBll,D;eTeJibCTBYIOT O HaJillqUll aHUOHHblX q>OpM Th 

a cMeIIIaHHbIX pacrnopax HF / HCI nptt KOHU,eHTJ)aU,tttt HF BbIIIIe 0,2 MOJib/JI. 

Cocrna u CTJJYKTYPa TaKttX KOMnJieKCOB He U3BeCTHbI. KaK Btt,D;HO u3 puc. 1, npn 0,1 
MOJib!JI HF Ti He cop6ttpyercH, B TO apeMH KaK Th npoHBJIHeT 3HaqUTeJibHYIO 

12 
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cop6npyeMOCTb KaTUOHllTOM (Kd 400) u, CJie,D;OBaTeJibHO, MO,KeT 6bITb OT,D;eJieH OT 

Ti. 

TaKHM o6pa30M, ll3 npe,D;CTaBJieHHbIX ,naHHbIX CJie,nyeT, qTo ,D;JIH pa3,D;eJieHHH Ti, 

Zr, Hf tt Th u,eJiecoo6pa1Ho ucnoJib3oBaTb KaTttOH006MeHHYIO xpoMaTorpaqinio B 

cMeIIIaHHbIX pacrnopax HCI / HF. 

3.3.Xpoiuarnrpa!JmqecKue pa3)).eJiemm 
Ha OCHOBaHHll IlOJiyqeHHbIX K03qlqlllU,UeHTOB pacnpe,neJieHHH U npoae,neHHbIX 

pacqeTOB 6bIJill onpe,neJieHbl ycJIOBllH Ii npoBe,D;eHO pa3,D;eJieHtte 3JieMeHTOB 4-ii 
rpynnb1 tt Th OT Sr u Lu. KaK Bll,D;Ho u3 pttc. 3, r.ne noKa3aHo oT,neJieHtte 3JieMeHTOB 

4-ii rpynnbI OT Sr tt Lu, aHttOHHbie KOMnJieKCbI Ti, Zr u Hf 3JIIOttpyioTCH 0,5 MOJiblJI 

HF B He60JibIIIOM o6'beMe, B TO BpeMH KaK Sr OCTaeTCH Ha KOJIOHKe II MO,KeT 6hlTb 

OT,neJieH OT Th tt Lu c 2 MOJib/JI HN03• Sr tt Lu ucnoJib3OBaJiu KaK xuMuqecKtte 

aHaJiorn No u An. HcnoJib3YH cMeIIIaHHbie pacrnopbI HF / HCI, MO,KHO 3JIIOnpOBaTb 

Th KaK COBMeCTHO C 3JieMeHTaMll 4-ii rpynIIbI, TaK Ii OT,D;eJibHO (pttc. 4). 

2 4 ' ' 10 12 ,. 16 16 20 
80 

4>pa~11Rf 4>paK11M1tN0 4>pa1Q.1MIIAn 

,5MHF 2MHN J MHC 

60 
Tl,Zr,Hf 

Th,lu 
'if, 

~ 
e 
Q 
a 40 s, 

i 

t ~ 
< 20 

0 
2 4 ' ' 10 12 14 16 18 20 

06'beM3JIJ08Tll.MJl 

Puc. 3. Pa3,neJieHue Ti, Zr, Hftt Sr, Lu 
(Dowex 50x8, 100-200, 6x40 MM) [7] 

22 

22 

0 2 • ' 8 10 12 ,. ,. 1B 20 

701 D.2J.'HQ I0
1

.2N~0.1M~ l:!:iul 
I I 

6MHCI 

60 

'if, 

i '°7 TI,Zr, Hf Th 

• 40 

I '° I t II II Lu 
< 

20 

10 

0 
0 2 . 6 ' 10 12 14 16 16 20 

06t.eM311JOIITTl,MJl 

Pttc. 4. Pa3,neJieHtte Ti, Zr, Hfu Th, 

Lu (Dowex 50x8, 100-200, 6x40 MM) 

[16] 

IlOJIHOe pa3,D;eJieHue Zr II Hf ,D;OCTllrHyro Ha KaTUOH006MeHHOll KOJIOHKe B 

paciaope 1,5· 10·3 
MOJib/JI HF I 0,2 MOJiblJI HCI: Zr u Hf 3JIIOttpyIOTCH B pa1,neJibHb1x 

qipaKu,HHx, Ka)K)),M B o6oeMe 1 MJI, B TO apeMH KaK Lu BbIMbIBaeTcH 6 MOJib/JI HCI 

(puc. 5). <l>aKTop pa3,D;eJieHHH a;;;, COCTaBUJI 1,2. IIocJie,nyIOIIl,ee 3JIIOUpOBaHtte Ti u 

Th npoao,nuJitt pacrnopaMtt 0,075 MOJib!JI HF / 0,2 MOJib/JI HCI tt 0,2 MOJib/JI HF / 

0,2 MOJib/JI HCI COOTBeTCTBeHHO (pttc. 6). Y CJIOBllH pa3,neJieHUH, KOHU,eHTJ)aU,llH 

pacrnopa HF u pa3Mep KOJIOHKll 6bIJill BbI6paHbl a COOTBeTCTBUII c npe,D;'bHBJIHeMbIMll 

KpttTepttHMll (o6'beM ,Ii COCTaB 3JIIOeHTa) TaKllM o6pa30M, qT06bl, He MeHHH 

3JIIOHpyIOIIl,llll pacrnop B KOJIOHKe, 6hlCTJ)O Ii HenpepbIBHO noJiyqttTb qipaKU,Hll 

3JieMeHTOB B He60JibIIIllX 06'beMax. 

IloJiyqeHHbie pe3yJibTaTbI xoporno cornacyIOTCH c npoae,neHHbIMU pacqernMn u 

3KCIIepuMeHTaMll no cop6u,ttn B CTaTttqecKHX ycJIOBllHX. IIo ,naHHblM 
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crrercrp0MeTpIIlJCCKHX II3MepeHIIii Bee IICCJIC,D;0BaHHhle 3JICMCHThl 6hinII Bhl,D;CJICHhl C 

34JqJCKTIIBHOCThIO 6onee 95%. YcJIOBIIH xpoMaTOrpacpII1ICCKIIX pa3,D;CJICHIIii (BpeMH, 

C0CTaB II 061,eM 3JIIOara) JI03B0MIOT 6bICipO ll3roT0BIITh TOHKIIii IICT0lJHIIK ,D;AA 

perIICipaIIIIII a-lJaCTHII H 0CK0JIK0B CII0HTaHH0ro ,n;eneHHH Rf yrrapHBaHIICM. TaKHM 

o6pa30M, B 3KCrrepIIMCHTaX JI0 XHMIIlJCCKOii II,D;CHTHqJIIKaIIHH Rf Bhl,D;CJICHHe 

cppaKIIIIH 4-ii rpyrrIIhl C YlJCT0M ll3roT0BJICHIIH HCT0lJHIIKa ,D;AA II3MepeHIIii M0)KCT 

601Tb rrp0BC,D;CH0 MCHee 'ICM 3a 30 MIIH 6e3 rrpIIMCHCHHH CIICIIIIallhH0ro 

o6opy.n;oBaHIIH. 

HCl·00015MtfS __ ri-™=:-1 100 
~ o.2MHO I 0.07_!MHFt0.2MHCI_I 0.2MHFI0.2MHCI aH 90 

j 
80 

';I. 

Th Ii ';I. 70 11 

~ "' e '° 

A 
; ~ 50 

Zr H ~ 40 

~ 20 n 1 ,, < !_ ~ 

20 

10 

-,,,, ,I ...,. I I I 0 ■ o I I I I I I I 
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=-Mil 06l>CM3mQtI'8,~ 

PHc. 5. Pa3,n;eneHIIe Zr, Hf II Lu (Aminex 

A5, 13 ± 2 MKM, 4x60 MM) [7] 
PHc. 6. Pa3,n;eneHIIe Ti H Th (Aminex A5, 

13 ± 2 MKM, 4x60 MM) [16] 

Ilop»,n;OK 3JIIOHp0BaHIIH 3JICMCHT0B C KaTH0HHTa 0ipa)KaCT IIX CKll0HH0CTh K 

o6pa30BaHHIO K0MJIJICKC0B B pacrnope. IIony'leHHhle pe3yJihTaThl (pHC. 5 H 6) 

HaX0MTCH B C00TBCTCTBHH C rrocne,n;oBaTeJihH0CThIO YMCHhIIICHHH YCTOHlJIIBOCTII 

cpmpII.D;HhIX K0MrrneKcoB B p»,n;y Zr > Hf > Ti > Th. B TO )KC BpeMH 3Ta 

3aK0H0MepH0CTh C00TBCTCTBYCT rrocne,n;oBaTCJlhH0CTH YMCHhIIICHIIH 3cpcpeKTIIBHhlX 

II0HHhIX pa.n;IIycoB BffYTPH 4-ii rpyrrrrhl Zr> Hf> Ti. 

TaKHM o6pa30M, HCJI0Jih30BaHIIe 3T0ii MCT0,D;IIKII B 3KcrrepIIMCHTax C Rf 
JI03B0JIIIT He T0JlhK0 Ha,D;C)KH0 H,D;CHTIIqJIIIIIIPOBaTh ero H0Bhlii H30T0JI, HO II cy,n;IITh 

06 ycT0H.lJHBOCTH ero qJTOpII,D;HblX K0MJIJICKC0B B cpaBHCHIIII C ,n;pymMH 3JICMCHTaMII 

4-ii rpyrrrr1,1. 

Pe3yJihTaTbl rrpe,n;cTaBJICHHhIC B 3TOH rnaBe orry6JIHKOBaHbl B pa6oTax [7, 16]. 

l)rnna 4. Cop6UHOHHoe none.n;eHne Ti, Zr, Hf, Nb H Ta n cMemanHLIX 
pacTnopax HF / aueTOH 

4.1.CopounH Ha aHHOHIITe 
Orrpe,n;eneHhI K034J<pHIIHCHTbl pacnpe,n;eneHIIH Ti, Zr, Hf n Nb, Ta Ha KaTH0HHTe 

H aHII0HHTe B CMeIIIaHHhIX B0,D;Ho-opraHHlJCCKHX pacrnopax HF B 3aBHCIIM0CTH OT 

co,n;ep)KaHHH a11emHa (1 - 13,6 MOJih/n) H KHCJI0Thl (1 · 10-5 
- 25 MOJih/n) B IIIHp0K0M 

,D;HaJia30He KOHIICHipaIIIIll. BJIIIHHHC a11er0Ha Ha cop6IIHIO 3JICMCHT0B Ha aHII0HIITe 

II3 pacrnopoB 6 MOJih/JI HF M0)KH0 BH,D;CTh Ha pHC. 7. IlOJIYlJCHHhie .n;aHHhle 
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f) 

J 
) 
I 

JI03B0JIHIOT c,n;enaTh HCK0T0phIC 3aKJIIOlJCHIIH 0 xapaKTepe KOMJIJICKC006pa30BaHHH II 

MexaHII3MC cop611HII HCCJie.n;yeMbIX 3JICMCHT0B B B0,D;H0-opraHIIlJCCKHX paCTB0pax 

HF. 
IloBe,D;CHIIe IICCJIC,D;0BaHHhlX 3JICMCHT0B M0)KH0 061,»CHIITh ,D;BYMH 

K0HKYPIIPYIOIIIIIMII Me)K,D;y co6oii npo11eccaMH. lfaBCCTHO, 'ITO B 

K0HIICHipIIp0BaHHhIX pacrnopax HF (6onee 1 MOJih/JI) xapaKTepH0 o6pa3oBaHHe 

II0Ha HF2 -, npII1ICM ero K0HIICHipaIIHH npeo6na,n;aer JI0 cpaBHCHHIO C 

KOHIICHrpa11Heii F- H paCTCT rrpaKTIIlJCCKlJ JIHHCHHO c poCT0M K0HIICHipaIIIIII HF. 
TaKIIM o6pa30M, paBH0BCCHe cpmpII,D;HhIX K0MITJICKC0B 3JICMCHT0B 4-ii H 5-ii rpyrrrr B 

K0HIICHipHp0BaHHhlX pacrnopax HF B npHCyTCTBIIH aHII0HIITa 0JIHChIBaCTCH 

ypaBHCHIIHMH 

R"MF4+n + nHF2- <=> nRHF2 + MF4:~ (M = Ti, Zr, HJ) 

R"MF5+n + nHF2- <=> nRHF2 + MF5:~ (M = Nb, Ta), 

(2) 

(3) 

r,n;e R - qJIIKCHpOBaHHM HpHHM rpyrrrra CM0Jihl. IlpH YBCJIHlJCHIIII K0HIICHipaIIIIII 

a11eT0Ha YMCHhIIIaCTCH ,D;HCC0IIIIaIIHH HF BCJie,D;CTBHC Toro, 'ITO a11eT0H IIMCCT 

MCHhIIIee 3HalJCHIIe ,D;H3JICKTJ)HlJCCKOii npoHHIIaCM0CTH, lJCM B0,D;a, 'ITO rrpIIB0,D;IIT K 

YBCJIIIlJCHHIO K034JqJIIIIHCHTOB pacnpe.n;eJICHIIH. IlpH ,D;allhHCHIIICM YBCJIIIlJCHIIII 

K0HIIeHrpaIIIIII a11eT0Ha paCTCT ,D;0AA MeHee 3apH)KCHHhlX H HeiirpanhHhlX cpopM 

K0MJIJICKC0B. 3TOT npo11ecc, Hao6opoT, npHB0,D;IIT K yMeHhIIICHIIIO K034J4JIIIIIICHTOB 

pacnpe,n;eJieHIIH Ha aHH0HHTe. 3aBHCIIMOCTh Ka OT co,n;ep)KaHHH HF B pacrnopax 6 

MOJih/JI a11eT0Ha Il0Ka3aHa Ha pHc. 8. Bee 3JICMCHThl IIMCIOT BblC0KHe 3HalJCHHH 

Ka (> 2,9· 104
) B pa36aBJICHHhIX paCTBopax HF (0,1 - 1 MOJih/n) 3a cqer 

KOMilJICKCOo6pa30BaHHH C H0HaMII F-. IlpH ,D;allhHCH.IIICM YBCJIHlJCHIIH K0HIICHipaIIIIH 

KIICJI0Thl (> 2 MOJih/JI) paBH0BCCHe (ypaBHCHIIH (2), (3)) C,D;BHraeTCH BrrpaB0, II 

cop611IIH IICCJIC,D;0BaHHhIX 3JICMCHT0B YMCHhIIIaCTCH B pe3yJihTaTe KOHKypIIpy10111eii 

cop6IIIIII c HonaMII HF2
- (pHc. 8). 

HcnOJlh3YH ypaBHCHIIH (2) II (3), M0)KH0 onpe,n;eJIIITh 3ap»,n; cpTOpII,n;Horo 

K0MIIJICKCa, cop6HpyeMoro ua CM0Jie. Ko3cp4JHIIHCHT pacnpe,n;eJICHHH M0)KH0 

npe.n;cTaBHTh KaK 

[HF2-] 
logKd = logD-nlog[RHF2]' (4) 

r,n;e D - K034J4JIIIIHCHT CCJICKTHBH0CTII o6MCHHBaeMhIX aHII0H0B, n - lJIICJI0 

0ipIIIIaTCJlhHhIX 3ap»,D;0B K0MilJICKC0B MF4:~ IIJIII Mp;:~. 
H3 ypaBUCHHH (4) cne,n;yeT, 'ITO n C00TBCTCTBYCT TaureHcy yrna HaKn0Ha rrpHMOll 

3aBHCHMOCTH lg Ka - lg [HF2-]. 3uaqeHIIH raureHca yrna HaKnoua, noJIY1Ienu1,1e rrpII 

pa3JIIIlJHblX K0HIICHrpa11IIHX a11er0Ha ,D;AA 3JICMCHT0B 4-ii rpynrrhI, B cpe,n;ueM paBHhl 

-3,2. MO)KH0 npe,n;rr0JI0)KIITh, 'ITO c p0CT0M K0HIICHipaIIIIII HF CIIJlhH0 

YBCJIIIlJIIBaCTCH ,D;0JIH BhlC0K0K00p,D;HHHpoBaHUhlX K0MilJICKC0B MF/- (M = Ti, Zr, 
Hf), K0T0phIC npe,n;n0lJTHTCJlhUee cop6IIpyIOTCH aHH0HIITaMH. ,l];o6aBJICHHe )Ke 

opraHHlJCCKIIX paCTBOpHTeJieii T0JlhK0 crroco6CTByeT KOMilJICKCOo6pa30BaHIIIO rrpII 

auH0HH0M o6Meue. 
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B ycnomurx 3KcnepuMeHTa Kd 3neMeHTOB yMeHbIIIaeTCji B o6paTHOH 
nocneAOBaTenbHOCTII ycToiiqnBOCTII qHOpHAHbIX KOMnneKCOB Ti > Hf> Zr. Bo BCeM 
AHamnoHe KOHIIeHTPaIIHII HF 3ITeMeHTbl 4-ii rpynnbl HMeIOT npu6nH3HTenbHO 
OAHHaKOBbie 3HaqeHHji Kd, a C pocTOM COAep)KaHUji aIIeTOHa B paCTBOpe ll3MeHjieTCji 
ceneKTHBHOCTb aHHOHHTa K Ti, Zr n Hf, a TaK)Ke nopj!AOK ux cop6Quu. 

B pacTBopax 15-25 MOnb/n HF I 1-4 MOnh/n aQeTOH Kd 3neMeHTOB 4-ii rpynnbI 
HMeIOT Hll3Klle 3HaqeHUji (Kd < 50), B TO BpeMji KaK 3ITeMeHTbl 5-ii rpynnbI 
npOjiBITjilOT 3HaquTeITbHYIO cop6upyeMOCTb aHHOHIITOM (Kd > 102

) II MOryr 6bITb 
OTAeneHbI Apyr OT Apyra. BbICOKHe 3HaqeHHji q>aKTopoB pa3AeneHHji Nb u Ta B 

pacTBopax, COAep)Kamux 0,5-3 MOITb/n HF u 8-12 MOITb/n aQeTOHa (a~:= 4 - 400), 

n03BOITjilOT BbI6paTb ycnOBllji AITji HX Pa3AeneHHji B AHHaMuqeCKIIX ycnOBlljiX. 
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Puc. 7. Kmq>q>HQHeHTbI pacnpeAeneHHji 
Ti, Zr, Hf, Nb n Ta B 3aBHCHMOCTH OT 

KOHQeHTPaQun aQeTOHa (AG 1 x8, 200-

400, F-, 6 MOnb/n HF) [12] 
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Puc. 8. Kmqiq>n1111eHTbI pacnpeAeneHllji 
Ti, Zr, Hf, Nb n Ta B 3aBHCHMOCTH OT 

KOHIIeHTPaQuu HF (AG lx8, 200-400, 

F-, 6 MOnb/n aQeTOH) [12] 

IlonyqeHHbie AaHHbie npeACTaBITjiIOT 6onbIIIOH npaKTuqecKHH IIHTepec, TaK KaK 
n03B0AAIOT BbI6paTb ycnOBllji Pa3AeneHHji 3ITeMeHTOB 4-ii II 5-ii rpynn B 
3KCnepuMeHTaX no XIIMHqecKOH HAeHTllq>HKaQHH Rf H Db. ConOCTaBITeHue 
pe3yITbTaTOB no H3yqeHHIO cop6QHH Rf II nonyqeHHbIX AaHHbIX nOKa3bIBaeT, qTo 
113yqeHne HOH006MeHHOro noBeAeHUji Rf B pacTBopax, COAep)Kamux HF, 
npeACTaBITjieT IIHTepec B cpaBHeHHII C Ti. JlyqIIIIIMII ycnOBllj!Mll AAA H3yqeHllji 
COBMeCTHOro HOH006MeHHOro noBeAeHUji C Rf j!BnjieTCji CHCTeMa aHHOHIIT -
6 MOITb/n HF I 10 MOnb/n aQeTOH (puc. 7), rAe npoj!BITjiIOTCji Han6onbIIIHe pa3nuquji 
B cop6QHH 3THX 3neMeHTOB. 

4.2.Cop61111» ua KaTHOHHTe 
IfayqeHHe noBeAeHUji Ti, Zr, Hf, Nb II Ta Ha KaTHOHHTe B IIHTepBane 

KOHQeHTPaQuii 10·5 
- 0, 1 MOITb/n HF n 2 - 10 MOnb/n aQeTOHa noKaJano, qrn npu 

A06aBneHuu opraHnqecKoro pacTBopuTeAA B pacTBopbI HF cop6Qllji 3neMeHTOB 
MHOroKpaTHO yBenuquBaeTCji c pOCTOM KOHQeHTPaQHH aQeTOHa. O6ttap~eHO, qTo B 
npHCYTCTBllll aQeTOHa (4 - 10 MOnb/n) MeHjieTCji nocneAOBaTeITbHOCTb cop6QHH 
3ITeMeHTOB BHYTPH OAHOH rpynnbI, a TaK)Ke - H36upaTenbHOCTb KaTHOHHTa K 
uccneAOBaHHbIM 3ITeMeHTaM, qTo AaeT B03MO)KHOCTb AAA IIX Pa3AeneHUji_ 
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YBennqeHue KOHQeHTPaQHII aQeTOHa (1 - 13,6 MOnb/n) B IIHTepBane KOHQeHTPaQHH 
0,1 - 25 Monb/n HF He BITlljieT Ha cop6QuIO Ti, Zr, Hf, Nb n Ta (KJ <1). 
HcKnIOqeHue COCTaBAAeT pacTBop 0,1 MOnb/n HF npu MaKCHMaITbHOM COAep)KaHHII 
aQeTOHa (13,6 MOnb/n), B KOTOpOM cop611llji Zr H Hf He3HaqmenbHO yBenuqnBaeTCji 
(Kd paBeH 27 u 24 COOTBeTCTBeHHO). TaKne ycnOBllji MOryT 6b1Tb BbI6paHbl Mji 
OTAeneHllji Zr n Hf OT 3neMeHTOB 5-ii rpynnbI. CymecTBeHHO, qTo B 3TOM cnyqae Nb 
II Ta 3ITIOIIPYIOTCji 113 xpoMaTorpaqinqecKOH KOITOHKII pacTBopoM C 6onbIIIIIM 
coAep)KaHueM aQeTOHa, qTo o6nerqaeT 3f!Aaqy Il3roToBneHllji cneKTPOMeTPuqecKux 
HCToqmfKOB AITji AeTeKTilpOBaHUji a-qacTIIII II OCKOITKOB cnOHTaHHoro AeneHUji 
ynapI1BaHI1eM. 

,l:(nji 113yqeHllji BITllj!Hllji npupOAbI pacTBopuTenji, nOMIIMO aIIeTOHa, TaK)Ke 

I1ccneAOBanI1 cop6QHIO Ti, Zr II Hf aHIIOHHTOM H3 cMeIIIaHHbIX pacTBopoB HF, 
COAep)KaIQIIX MeTIIJI3TIIJrn:eTOH H MeTHJIH300)'THJIKeTOH, AH3ITeKTPUqeCKM 
npOHHQaeMOCTb KOTOpbIX pa3nuqaeTCji. B 11enoM, MO)KHO OTMeTHTb, qTo xapaKTep 
3aBHCIIMOCTH K03q>q>IIQHeHTOB pacnpeAeneHUji OT KOHQeHTPaQHH HF, 
MeTIIIT3TIIITKeTOHa II MeTIIITH306YTHITKeTOHa attanoruqeH BapuaHTaM C aQeTOHOM. 
Pe3ynbTaTbl npeACTaBneHHbie B 3TOH rnaBe ony6nHKOBaHbl B pa6ornx [12, 17, 22]. 

rJiasa 5. Cop611u» n coocam)l;euue paAnou3ornnos Ti, Zr n Hf c «l>TopnAoM 
JI3HT8H8 

5.1.XapaKTepucTnKa TBepAoii cI>a3hl 
,l:(nji nonyqeHHbIX MeTOAOM cooca)KAeHUji OCaAKOB 6brn npoBeAeH 

peHTreHOq>a30BblH aHanH3. IlopOIIIKOBM AIIq>paKTorpaMMa CMeIIIaHHOro OCaAKa 
HaxOAHTCji B xopoIIIeM cornacuu c AHq>paKTorpaMMoii LaF3, nonyqettHoro 
aHanoruqHbIM cnoco6oM. AHanH3 AHq>paKTorpaMM CMeIIIaHHbIX OCaAKOB npu 
OTHOIIIeHHH La : Hf = 1 : 5 He BbrnBHIT o6pa30BaHUji Apyrux q>a3. KaK nOKa3aITII 
peHTreHorpaqiuqecKue uccneAOBaHHji, CBe)Keoca)KAeHHbIH ocaAOK LaF3 o6naAaeT 
BbICOKOH Aeq>eKTHOCTbIO. Mopq>onomro TBepAOH q>a3bl uccneAOBanu MeTOAaMH 
3neKTPOHHOH MHKpOCKOnHH. 

B cycneH3llll o6Hapy)KeHbl nepBuqHbie aMOpq>Hbie qacTHQbl CTep)KHeBIIAHOH 
q>OpMbl MIIHOH 10-20 HM. B Tonme 3THX qacTHII npOj!BITj!IOTCji HaHOKpllCTannbI 
pa3MepoM 1-2 HM. ,l:(nji Il36paHHbIX KpHCTannoB B q>OKYCe 3ITeKTPOHHOro 
MIIKpOCKOna ocymecTBITjiITCji q>a30BbIH KOHTPOITb MeTOAOM MIIKPOAilq>paKQllll. 
KpucTannbI IIMeIOT CTPYKTyPY Tuna THCOHHTa (LaF3) reKcaroHanbHOH qiopMbI. 
XapaKTepHbie qiornrpaqmu KpynHbIX arperaTOB pa3MepoM 1 - 2 MKM, COCTOj!IQIIX 113 
arnoMeparoB MenKIIX qacTHQ, npuBeAeHbl Ha pIIC. 9. Ilpu xpaHeHHII TBepAOH q>a3bl B 
MaTOqHOM,. pacTBope npOHCXOAHT ynopjiAOquBaHue TBepAOH q>a3bl. AMopq>HblH 
OCaAOK npeBpamaeTCji B MenKOKpHCTannuqecKHH. 3TO cornacyeTCji c AaHHblMII no 
3BOITIOQIIH Mopqionomu HaHoqacTHQ LaF3 B npoQecce oca)KAeHllji 113 pacTBopoB 
La(NO3)3 u KF*. ABTOpbI 3TOH pa6oTbl Ha6nroAanH nocneAOBaTenbHOe 

• Stubicar N., Stubicar M., Zipper P., Chernev B. Variety of Aggregation and Growth Processes of Lanthanum Fluoride 
as a Function ofLa/F Activity Ratio. 2. Excess ofF over La Region. Transformation of Amorphous to Crystalline 
Phase, POM, SAXS, WAXS, and XRD Study. Cryst. Growth Des. 2005. V.5,Nol.P.123-128. 
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npeBpamemie ar.mpqmoro rtt.l(pam qnoptt.l(a B KpHCTaJIJIHqecKtte HaHoqacTHQhl LaF3 
reKcaroHam,HOH <pOpMbI. 

KaK CJIC.l(YCT H3 IIOJIY4CHHbIX ,l(aHHbIX, B ycJIOBHHX 3KCIIepHMCHTa TBCp.l(aH <pa3a 

LaF3 IIpC.l(CTaBJIHCT co6oii HaHO,l(HCIICpCHblll MaTepnan, o6mmaIOmttii 60JiblIIOH 

y.l(CJibHOH IIOBCpXHOCTbIO H HCKOMIICHCHpoBaHHbIM OTPHQaTCJibHbIM 3apH.l(OM, qTO 

onpe.l(CJIHCT ero BbICOKHC aHHOH006MCHHbIC CBOHCTBa. 

~~~ • 
~

~•: < 

r .f '· ... •~"! 

·. ~, if··. 
' .4'-',t __ Pi 

!._ WI- ~!!!!! 

Pnc. 9. 3JICKTPOHHO-MHKpOCKonnqecKHH CHHMOK npo.l(yKToB qacrnqHoii 

KpHCTaJIJIH3aQHH, IlOJiyqeHHbIX npH COOCa:>K,l(CHHH HO HOB Hf C LaF 3 H3 <pTOpH.l(HbIX 

BO,l(HblX pacrnopoB [14] 

5.2.HJyqeHHC BJIHSIHHSI pa3JIHqffhlX YCJIOBHH Ha cop6D,HIO H COOClliK)J.CHHe 

BllUHIIUe epe.1ue11u «0111na«ma <Jun. 3aBHCHMOCTb cop6QHH 
175

Hf Ha roTOBOM 

oca,l(KC LaF3 OT BpCMCHH KOHTaKTa TBCp.l(OH H )Kll,l(KOH <pa3 npHBC,l(CHa Ha pHC. 10. 

113 3THX .l(aHHbIX BH,l(HO, qTO cop6QHH 
175

Hf npoTeKaeT ,l(OCTaTOqHo 6bICTPO H 

K03<p<pHQHCHTbl pacnpe.l(CJICHHH HMCIOT BbICOKHC 3HaqeHHH. qepe3 5 MHH IIOCJIC 

BBC,l(CHHH oca,l(Ka B pacrnop 0,5 MOJib!JI HF 3HaqeHHC Kd COCTaBJIHCT 1,1·10
5

• qepe3 

60 MHH IIOCJie BHCCCHHH 
175

Hf npaKTHqecKH IlOJIHOCTblO nepeXO,l(HT B TBepeyIO <pa3y 

(Kd = 3,0· 10
5
). no ,l(aHHbIM pa60Tbl ( CCbIJIKa Ha CTp. 17) 3a 3TO )KC BpCMH 

npOHCXO,l(HT peKpHCTaJIJIH3aQHH TBCp.l(OH <pa3bl. 

3aTCM B TeqeHHH 9 q 3HaqeHHC Kd yBCJIHqHBaCTCH ,l(O 3,7·10
5 

H .l(aJiee HC 

MCHHCTCH. Bo3MO)KHO, qTo 3Ta MC,l(JICHHaH CTa,l(HH CBH3aHa C npOQCCCOM HOHHOro 

o6MeHa OTpHQaTCJibHO 3apH'.lKCHHbIX KOMIIJICKCOB ra<pHHH C HOHaMH F- H .l(H<p<py3HCH 

B KpHCTaJIJiax. TaKHM o6pa30M, 3a IO q ycmHaBJIHBaJIOCb cop6QHOHHOe paBHOBCCHe. 

Bmmuue «011qe11mpaquu Zr u Hf. Ha pnc. 11 npe.l(cTaBJICHa 3aBHCHMOCTb 

cooca)K,l(CHHH Zr H Hf c LaF3 OT nx KOHQCHTPaQHH B ncxo.l(HOM pacrnope. Bo BCCM 

,l(HaIIaJOHe KOHQCHTPaQHH Zr H Hf HMCIOT npttMepHO 0,l(HHaKOBYIO CTCIICHb 

cooca)K,l(CHHH. B IIIHpOKOM ,l(HaIIa30HC KOHQCHTPaQHH MCTaJIJIOB B HCXO,l(HOM 

pacrnope (OT 2-10-
8 

,l(O 1 MMOJihlJI) Ha6JIIO,l(aCTCH BbICOKaH CTCIICHb COOCa)K,l(CHHH -

6oJiee 99 %. Ilptt YBCJIH1ICHHH KOHQCHTPaQHH OT 1 ,l(O 11 MMOJib/JI COOCa)K,l(CHHe 

YMCHblllaCTCH c 84 ,l(O 7 %. Ha6JIIO,l(aCMOC CHH)KCHHC COOCa:)K,l(CHHH c YBCJIH'ICHHCM 

KOHQCHTPaQHH 03HaqaeT, 'ITO ,l(OCTHraCTCH HacoimeHHe, 'ITO COOTBCTCTByeT 

3aIIOJIHCHHIO IIOBCpXHOCTH LaF3 a,l(COp6QHOHHbIM CJIOCM Hf. IlpH1ICM B COCTOHHHH 

HacblmCHHH oca,l(OK y.l(ep)KHBaCT ,l(O 50% ra<pHHH OTHOCHTCJibHO JiaHTaHa. 113 
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IlOJiy'ICHHbIX .l(aHHblX paccqHTaHo npC.l(CJibH0C CO.l(Cp)KaHHe Hf B oca,l(KC 2,9 

MMOJib/r. 11Haqe BC.l(yT ce6H Ti(IV) H Nb(V), cTeneHh HX cooca)K.l(eHHH He 3aBHCHT 

OT KOHQCHTPaQHH B HCXO,l(HOM pacrnope H HC IIpCBbIIIIaCT 2 tt 3 % COOTBCTCTBCHHO. 
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PHc. 10. K03<p<pHQHCHTbI 

pacnpe.l(CJICHHH Hf B 3aBHCHMOCTH OT 

BpCMCHH KOHTaKTa TBCp.l(OH H )Kll,l(KOH 

<paJ (1000 Mr/JI La, 1 MJI 0,5 MOJib/JI HF, 

l,16· 10-4 Mr/JI Ht) [14] 
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[M]BHCXomK"IMJ)llcrllq)e, MMOJD/JT 

PHc. 11. BJIHHHHe KOHQCHTPaQHH 

MCTaJIJia (M = Ti, Zr, Hf, Nb) B pacrnope 

Ha CTCIICHb ero cooca)K,l(CHHH (1000 Mr/JI 

La, 1 MJI 0,5 MOJib!JI HF) [14] 

BllUHIIUe MllCCbl ocai)«a LaF3. 3aBHCHMOCTb CTCIICHH COOCa)K,l(CHHH 
175

Hf OT 

MaCChl OCa,l(Ka LaF3 npe.l(CTaBJICHa Ha prrc. 12. IlpH II0CTOHHHbIX KOHQCHTPaQHH Hf H 

o6'beMe pacrnopa CTCIICHb H3BJIC1ICHHH 
175

Hf .l(OCTHraeT 98 % ~e IIpH noJiyqCHHH 

0,14 MrlMJI oca,l(Ka. C yBeJIH1ICHHeM co.l(ep)KaHHH LaF3 pacTeT ero cop6QHOHHaH 

CMKOCTb H, COOTBCTCTBCHHO, B03paCTaCT CTCIICHb H3BJIC1ICHHH 
175

Hf (> 99,9 %). 113 

3TOro CJIC.l(YCT, 'ITO H36bITOK IlOTCHQHaJI-onpe.l(CJIHIOmHx HOHOB La
3
+ B pacrnope He 

BJIHHCT Ha 3axBaT Hf oca,l(KOM LaF3• 

BJ1uH.11ue «om(eumpaquu HF. 3aBHCHMOCTb cop6QIIII Ti, Hf (Zr) II Nb oca.l(KOM 

LaF3 OT KOHQCHTPaQIIII HF B pacrnope npe.l(CTaBJieHa na pHc. 13. O6Hapy)KeHo, qTo 

Kd Hf IIMCIOT BblCOKIIC 3HaqeHIIH (> 1,4· 10
4 

MJI/r) B IIIHp0KOM ,l(IlaIIa30HC 

KOHQCHTPaQIIH HF. IlOBC,l(CHIIC Hf M0)KH0 o6'bHCHIITb CJIC.l(yIOmHMH npo1.1eccaMI1. 

Oca,l(KH. LaF3 IIOJiyqCHbl B ycJIOBHHX H36bITKa IIOH0B F-, Il03T0MY IIX II0BCpXHOCTb 

3ap5.1)KCHa OTPHQaTCJibHO. 3a C1ICT aHIIOHHOrO o6MeHa OTPIIQaTCJibHO 3apH)l(CHHbIX 

KOMIIJICKCOB Hf C HOHaMu F- Hf cop6HpyeTCH Ha II0BCpXHOCTH KpHCTaJIJI0B LaF3. 

YBeJII11IeHtl:e Kd B 17 pa3 (.l(o 3,7·10
5 

MJI/r) npn 0,01 - 0,1 MOJib!JI HF o6ycJIOBJieHo 

YBCJIHqCHIICM ,l(OJIH BblC0KOKOOp.l(HHHpOBaHHblX KOMIIJICKCOB, KOT0pbIC 

IIpC.l(II01ITIITCJibHCe cop6HpyIOTCH. B rnaBe 4 ,l(CTaJibHO paCCMOTPCHa 3aBHCIIM0CTb 

cop6QHH 3JICMCHTOB 4-ii II 5-ii rpynn Ha aHIIOH006MCHHblX CM0JiaX OT 

KOHQCHTPaQIIH HF II C,l(CJiaH BbIBO.l(, 'ITO 3JICMCHTbl 4-ii rpynIIbl cop6I1pYJOTC5.I Ha 

aHIIOH006MCHHOH CMOJie B BH,l(C KOMIIJICKCOB THIIa MF/-. Ha6JIIO,l(aCMOC II0BC,l(CHIIC 

Zr H Hf IIpH CO0Ca:)K,l(CHHH H cop6QHH Ha aHIIOHUTC CXO,l(HO. 3TO TaK)KC YKa3bIBaCT 

Ha aHHOH006MCHHblll xapaKTep cop6QHII na LaF3. 
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3Haqemrn: Kd raqrnm1 Ha LaF3, B ,L1I1ana.3oHax KOHUeHTIJaUIIII HF MeHee 
0,001 MOJih/JI II 6orree 7,5 MOJih/JI, npeBhIIIIaIOT Kd Ha aHIIOH006MeHHOH CMOJie Ha 
TIJII nop51,L1Ka. 3TO CBH,[\eTeJihCTByeT O TOM, qTo a,[\cop6rrpoBaHHhie HOHhl Hf 

3aKpenJI51IOTC51 B noaepXHOCTHOM crroe KpHCTaJIJIOB. B ycJIOBH51X npoBe,LleHH51 
3KCnepHMeHTa npoHCXO,L\HT qacn1qHM nepeKpHCTaJIJIIl3aUH51 oca,[\Ka, B pe3yJihTaTe 
KOTOpOH a,L1cop6I1poBaHHhie IIOHhl HfnpOHHKaIOT BHyTph OCa,L\Ka. 

Ha6JIIO,LlaeMbie 3aBHCIIMOCTII ,L\JI51 Ti II Nb pe3KO OTJilfqaIOTC51 OT norryqeHHhIX Ha 
opramrqecKIIX aHHOH006MeHHHKax, IIX K03<pqmurreHThl pacnpe,LleJieHH51 He 3aBHC51T 

OT KOHUeHTl)auun KHCJIOThl u HMeIOT HH3KHe 3HaqeHH51 - 20 II 200 MJI/r 

COOTBeTCTBeHHO (prrc. 13). 

1·:1/-•-• 
~ 

"---~~---~---~-__, 
Laf1,1111r 

Prrc. 12. CTeneHh cooca)K)l,eHH51 Hf B 

3aBHCIIMOCTH OT Macchi LaF3 (1 MJI 0,5 

MOJ;1I>lrr HF, l,16· 10-4 Mr/rr Hf) [14] 
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Prrc. 13. K03<pq>IIUHeHThI 

pacnpe,LleJieHH51 175HfB 3aBHCHMOCTH OT 

KOHUeHTl)aUHII HF B IICXO,L\HOM 

pacrnope (1000 Mr/rr La) [14] 

BJ1ua11ue pH. Brrn51Hne pH pacrnopa Ha 3axaaT noHoB Hf rnep,L100 cpa.300 
n3yqarr0Ch KaK npn COOCIDK,L\eHHH, TaK II npn cop6UIIH Ha 3apaHee npilrOTOBJieHHhIX 

oca,L(Kax. IlpIIBe,[\eHHM Ha pnc. 14 3aBHCHMOCTh HMeeT HexapaKTepHhIH ,[\JI51 
cop6QHII KaTIIOHOB Bil,[\. Ha6JIIO,LlaeTC51 BhICOKM cop6UH51 B KIICJIOH o6rraCTH, 

MIIHIIMYM npn pH = 5 n ,L1arree ee yaerrI1qeHI1e npn pH > 6. IlpII cooca)K)l,eHHH 
Ha6JIIO,[\aeTC51 aHaJIOrilqHM 3aBIICHMOCTh TOJihKO npn 6orree BhICOKHX 3HaqeHH51X KJ. 
3m o6ycrroarreno «crnpeHneM» noaepxHOCTH KpncTarrrroB npII cop6unn Ha 3apaHee 

npnroTOBJieHHhlx oca,L1Kax. 
Jfa6hITOK B pacrnope CHJihHO a,[lcop6npyIOIUHXC51 IIOHOB H+ He BJimieT Ha 

pacnpe,LleJieHne Hf, qTO TaIOKe CBH,LleTeJihCTBYeT 06 aHHOH006MeHHOM MexaHH3Me 
cop6unn. MnHnMyM cop6unI1 (Kd = l · 105

) cooTBeTcrnyeT 3HaqeHnIO pH = 5,6 ± 0,3, 
npn KOTOpOM Ha6JIIO,LlaeTCH H303JieKTl)HqeCKM TQqKa LaF/*. 

YaennqeHI1e 3HaqeHIIH Kd B 12 pa.3, Ha6rr10,L1aeMoe npn pH > 6, CBH3aHo c 
H3MeHeHneM COCTaBa rnep,LIOH <pa.3hl II CTeneHn KOMnJieKcoo6pa3oBaHHH Hf. 3TO 
CJie,LlyeT H3 ,[\HarpaMMhl OCa)K)l,eHH51 LaF/* II pacnpe,LleJieHHH Hf no KOMnJieKCHhIM 

•• Stubicar N. Variety of Aggregation and Growth Processes of Lanthanum Fluoride as a Function ofLa/F Activity 
Ratio. I. Potentiometric pF-Stat and DLS Study ofLaF3• Cryst. Growth Des. 2005. V.5, No.I, P.113-122. 
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cpopMaM nprr pa.3HhIX KOHUeHTl)aUH51X HF n pH (rnaaa 3). C yaennqeHileM 

KOHQeH'Ipaunn HOHOB OH- B pacrnope ,[\OMHHIIPYIOT HeHTl)aJihHhie II noJIO)KHTeJihHO 
3ap51)KeHHhie cpopMhI La(OH)3, La(H20)0 n Hf(OH)/-4_ 

BJ1ua11ue nocmopo1111ux UOII08. ~ Bh151CHeHH51 BJIHHHH51 nOCTOpOHHHX 
MHOroBarreHTHhIX IIOHOB Ha CTeneHb COOCa)K,[leHHH Hf 61,mo H3yqeHO COOCa)K,LleHne 

HOHOB Hf c oca,LIKaMn LaF3 COBMecrno c IIOHaMn Ti(IV), Zr(IV) n Nb(V) npu 

KOHQeHTl)aunn Ka)K,L(Oro 1. 10-4 MOJih/JI. 3TH 3JieMeHThl, TaK )Ke KaK II Hf, B 

pacrnopax HF 06pa.3y10T ycT00qnai.ie aHHOHHhle KOMnneKchl, xopoIIIo 
cop6npyeMhie aHHOH006MeHHhIMH CMOJiaMn. OnhIThl nOKa.3aJIH, qTo CTeneHh 
COOCa)K,LleHHH Hf He 3aBHCHT OT npI1CyTCTBH51 B pacrnope HOHOB Ti(IV), Zr(IV) II 

Nb(V). TaKIIM o6pa.30M, nOKa3aHo, qrn OCa,LIKH LaF3 npoHBJIHIOT a1,1c0Ky10 
ceneKTIIBHOCTh no OTHOIIIeHHIO K 3axaaqeHHhIM HOHaM Zr II Hf. He3aBHCHMOCTh 

COOCa)K,[leHHH OT npHCyTCTBHH B pacrnope nOCTOpOHHHX MHOfOBaJieHTHhIX HOHOB 

HCKJIIOqaeT B03MO)KHOCTh a,L1cop6UI1II IIOHOB Hf B ,L\H<p<py3HOHHOM cnoe. 
YcTaHOBrreHo, qTo pacnpe,LleJieHne Zr n HfMe)K.LIY pacrnopoM n LaF3 nponcxo,LlnT co 
CBOHM co6cTBeHHhIM K03<pq>HUileHTOM pacnpe,LleJieHH51. 
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Pnc. 14. K03cpcpnuneHThI pacnpe,LleJieHIIH 175Hfa 3aancnMOCTI1 OT pH pacrnopa npn 
cop6unn n cooca)K,[leHIIH c LaF3 (100 Mr/rr La, 0,5 Morr1,/n HF, I= 1) [14] 

TaKIIM o6pa.30M, Zr II Hf ceneKTHBHO a,L1cop6npyIOTCH Ha noaepXHOCTH 

HaHOKpHCTaJIJIOB LaF3 B BH,L\e OTIJHUaTeJihHO 3apH)KeHHhIX KOMnJieKCOB THna MF/- B 
pe3yJihTaTe aHHOHHOro o6MeHa C noTeHunarro6pa.3yIOIUIIMH F" HOHaMn. Ilpn 3TOM Zr 

H Hf MOfyT 6bITh 3<p<peKTHBHO OT,L\eJieHhl OT MHOrHX 3JieMeHTOB, B TOM qncrre OT Ti II 
Nb, Ta. Jfa _norryqeHHhIX pe3yJII>TaTOB cne,LlyeT, qTo HaI16orree aepoaTHOH npnqIIHOtt 
coocIDK,[leHIDI HBJIHeTca o6pa3oBaHne rnep,Lloro pacrnopa. 

IlorryqeHHhie pe3yJihTaThl nOKa.3hIBaIOT, qTQ COOCIDK,L\eHile C LaF3 MO)KHO 
ncnOJih30BaTh ,L\JIH H3yqeHH51 XHMilqecKHX CBOHCTB Rf II Db. Ilpe,LICTaBJIHeT HHTepec 

H3yqeHI1e noBe,LleHH51 Rf npn COOCIDK,LleHHH C LaF3 B c~aBHeHHH C Ti. 
Ilpe,LlnonaraeTca o6pa3ciaaHI1e ,L\OJiro)Knayiunx pa,LIHOHYKJIH.L\OB 66Rf n 268Rf a 

pe3yJII>TaTe 3JieKTIJOHHoro 3axaarn 266Db II 
268

Db coorneTCTBeHHO. ~JIH npoaepKn 
3TOH mnoTe3hl MO)KHO IICnOJih30BaTh ,[\aHHhIH MeTO,[\ ,L\JIH pa.3,LleJieHHH Rf II Db, 

OCHOBhIBMCh Ha pa.3nnqn5JX B nx rpynnOBhIX CBOHCTBax. Pe3yJII>TaThl 
npe,LICTaBJieHHhle B 3TOH rnaae ony6rrnKoaaHhI B pa6oTax [14, 19, 21]. 
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BhIBO)].hl 

1. YCTaHOBJieHbl o6naCTH cymeCTB0BaHIDI pa3JilfqHI,IX K0MIIneKCHblX <pOpM Zr, 
Hf n Th B paCTBopax HF, HCl, HN03, HCl/HF, HN03/HF n onpe)].eneHbI 
3HaqeHHH K03<p<pnuneHToB pacnpe)].eneHID! Ti n Th Ha KarnoHo- n 
aHHOHoo6MeHHoii cMonax B cMernaHHhIX pacTBopax HF / HCl. Hari)].eHo, qTo 
omnManhHhIM MeT0)].0M )].IlJI pa3)].eneHHH Ti, Zr, Hf n Th HBMeTCH 
KarnoHoo6MeHHM xpoMaTOrpa<pllil B pacTBopax 0,2 MOnh/n HCl n HF 
nepeMeHHOH K0HQeHTPaUHH. ConOCTaBJieHHe pe3yJihTaTOB II0 myqeHmo 
cop6unn Rf n nonyqeHHbIX B )],aHHOH pa6oTe )],aHHbIX II0Ka3hIBaeT, qTo 
npe)].CTaBJIJ!eT HHTepec cpaBHeHHe HOH006MeHHOro II0Be)],eHHJI Rf H Ti. 

2. OcymecTBneHo noHoo6MeHHoe pa3)].eneHne Ti, Zr, Hf, Th, Lu n Sr, 
HaX0MIIIHXCJI B YJibTPaMHKpOK0HQeHTPaUHHX, 3a cpaBHHTeJibH0 He60JihIIIOe 
Bpe~rn (30 MHH). IlOKa3aH0, qTo II0JIH0e pa3)].eJieHne Zr n Hf )].0CTHraeTCJI Ha 
KaTHOH006MeHHOH xpoMaTOrpa<pnqecKOH K0JI0HKe B pacTBope 1,5· 10"3 MOJihlJI 
HF I 0,2 Monh/n HCl. YcTaHOBneHo, qrn nopH)].0K 3n10npoBaHnH 3neMeHT0B 
IIp0HCX0)],HT B II0CJie)],0BaTeJihH0CTH Zr > Hf > Ti > Th B C00TBeTCTBHH C 
yMeHbIIIeHHeM CTa6HJibHOCTH (pTOpH)].HhIX K0MIIJieKC0B. HcIIOJlb30BaHHe 3TOH 
MeT0)],lIKH B 3KCIIepnMeHTax C Rf II03B0JIHT He T0JlbK0 Ha)],e')f(H0 
H)],eHTH(plIUIIPOBan, ero HOBblH PMH0ttyKnH)]., HO H cy)].HTb 06 ycToiiqlfBOCTII 
<pTOpH)].HhIX K0MIIJieKC0B Rf II C)],eJiaTh BbIB0)], 0 BJIHJIHHH peMTHBHCTCKHX 
3<p<peKTOB Ha ero XHMnqecKHe CBOHCTBa. 

3. YcTaHOBJieHhI 3aKoHoMepH0CTH cop6unu Ti, Zr, Hf, Nb n Ta Ha KaTH0H0- n 
aHHOH006MeHHhlX CM0Jiax H3 CMeIIIaHHbIX pacTBopoB HF H aueTOHa (a TaK,Ke 
MeTHJI3THJIKeT0Ha H MeTHJIH306YTHJIKeTOHa) B IIIHpOK0M HHTepBane 
KO~QeHTPaunii. IlOKa3aHO, qTQ 3HaqeHHJI K03(p(pHQHeHTOB pacnpe)],eJieHHJI Ha 
aHHOH006MeHHOH CM0Jie yMeHbIIIaIOTCJI C yBeJinqeHHeM K0HQeHTPaUHH HF H 
yBennqnBaIOTCJI C poCT0M K0HQeHTPaUHH aueT0Ha. Ha 0CH0BaHHH aHanH3a 
3KCIIepnMeHTallbHhIX )],aHHbIX C)].enaH BbIB0)], 0 TOM, qTo 3JieMeHTbl 4-ii rpyIIIIbl 
cop6npyIOTCJI Ha aHHOH006MeHHOH CM0Jie B BH)],e aHH0HHhIX K0MIIJieKC0B 
THIIa MF/- (M = Ti, Zr, Hf). YcTaHOBJieHhl 0IITHManhHhie ycnoBHH )].JIH 
BbI)],eJieHID! H pa3)].eneHIDI H0BbIX H30T0II0B Rf H Db. 

4. B pe3yJihTaTe HCCJie)],0BaHHJI CO0Ca')f()],eHHJI Ti, Zr H Hf C <pTOpH)].OM naHTaHa 
ycTaH0BJieH0, qTo Zr n Hf ceneKTHBH0 a)],COp6npyIOTCJI Ha II0BepXH0CTH 
HaH0KpHCTallJI0B LaF3 B BH)],e 0TPHUaTeJihH0 3apH')f(eHHbIX K0MIIJieKC0B THIIa 
MF/-. IloKa3aHo, · qrn <pTOpH)].Hhie <popMhI Zr n Hf cnoco6HhI 
C0KpHCTallJIH30BaTbCJI C LaF3. IIpe)].JIO')f(eHO HCII0Jih30BaTb MeT0)], 
C00Ca')f()],eHID! )],JIJI H3yqeHIDI XHMnqecKHX CBOHCTB Rf H Db. 

5. Pa3pa6oTaHbl 3<p<peKTHBHbie MeT0)],HKH pa)].H0XHMlfqecKoro BhI)],eJieHHJI 
H)].epHbIX H30Mep0B l?Sm2Hf H S?mSr H3 o6nyqeHHhIX (X-qaCTHUaMH MIIIIIeHeii 
HTTep6ID! H py6H)].llil C0OTBeTCTBeHH0. Pa3pa60TaH cop6UHOHHhIH 
pa,u:nottyKnH)].HhIH reHepaTOp 87Y / S?msr Ha OCH0Be H2DEH[MDP]. 
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