
AKCEHOB 
HttKorra:H. BHKTopom1q 

Ha rrpasax pyKorr11c11 

PA,Il;I10XHMI1qEcKA5I ,IJ;HArHOCTHKA COPEUHOHHOro 
TIOBE,IJ;EHH.5I THTAHA, UHPKOHH.5I, rA<I>HH.5I I1 TOPI1.5I 

KAK J1EfKHX fOMOJ10fOB PE3EP<I>OP).J;I1.5I 

Crrel(HaJihHOCTh 02.00.14 -pa.UHOXHMH5I 

AsTOpecpepaT .u11ccepTal..\IH1 Ha co11cKaH11e y1:ieHoi1 cTeneHH 
KaH,UH,!laTa XI1MH1-!eCKHX HayK 

MocKsa 2011 



Pa6oTa BhIIlOJIHeHa B Jia6opaTOpH11 .sr,n;epHhIX peaKuHH HM. r.H. <I>nepoBa 

06'.be,D;HHeHHoro HHCTHTYTa »:,D;epHhIX HCCJie,D;OBaHHH, r. ,lfy6Ha. 

HayqH1>1ii pyK0Bo.mnen1>: 

,n;oKTop lj>H3HKO-MaTeMaTH'lecKHx HayK, npocj>eccop Cepreii HHKonaeBH'l )l;MHTPHeB 

O<f>rnman1>HJ>Ie onnoHeHTJ>I: 

AOKTop XHMH'leCKHX HayK ArreKcaH,n;p IlaBJIOBH'l HoBHKOB 

.D;OKTop XHMH'leCKHX HayK IOpHli BacHJII>eBHII HopceeB 

Be.zzyma»: opraHH3auH.H: 

MHcTHTYT :lj>H3HIIecKoii XHMHH H 3JieKTPOXHMHH HM. A.H. <I>pyMKHHa P AH 

3aIUHTa COCTOHTC.H «25» MM 2011 r. B 15 11acoB Ha 3ace,n;aHHH ,!l;HCcepTauHOHHOrO 

coBeTa ,lJ; 501.001.42 npH MfY HM. M.B. JloMoHocoBa no a,n;pecy: 119991 MocKBa, 

JleHHHCKHe rophl, ,n;. 1, cTp. 10, Kacpe.I1pa pa.I\HOXHMHH XHMHqecKoro cjiaKYJII>TeTa 

MfY, ay,I\. 308. c .I\HCCepTauHeii MO:>KHO 03HaKOMHThC.H B 6H6mrnTeKe XHMH'leCKoro 

cpaKYJII>TeTa MfY HM.M.B. JIOMOHOCOBa. 

ABTopelj>epaT ,n;HcceprnuHH pa3ocnaH «_» ____ 2011 r. 

Y'leHI>Iii ceKpeTapI> 

,Zl;HCCeprnuHOHHOrO COBeTa ,r:i; 501.001.42 

KaH,D;H,D;aT XHMH'leCKHX HayK 



OliID;MI XAP AKTEPHCTHKA P AliOTbI 

AKTyaJihHOCTh TeMLI 

B .sr,n;epHbIX peaKI.l;If5IX IIOJIHOro CJill.sIHH5l HOHOB 48Ca c .sI,n;paMH aKTHHOH,Il;OB 

BrrepBbie 6brnH CHHTe3HpoBaHbI HOBbie :meMeHThI c Z = 113 - 118. XapaKTepHCTHKH 

pacrra,n;a HOBbIX .sr,n;ep IIO,Il;TBep)l(,Il;aIOT rrpe,n;CKa3aHH5l 0 cyrn;ecTBOBaHHH «OCTpOBOB 

cTa6HJibHOCTH» B o6nacTH cBepxT.sJ)l(eJibIX 3JieMeHTOB. CHHTe3HpoBaHHhie B 

peaKIIll5IX 48Ca c 238U' 242Pu H 245Cm ll30TOIIbI, COOTBeTCTBeHHO 283 112, 287 114 H 
291 116, HCIIbITbIBaJIH HeCKOJibKO rrocne,n;oBaTeJihHbIX a-pacrra,n;oB, rrpHBO,Il;.sIIIIllX K 

o6pa30BaHHIO HOBOro CIIOHTaHHO ,n;eJI.siru;eroc.sr i~~ Rf (T112 = 2,3 q). B 3KCrrepHMeHTax 

no CHHTe3y 282 113 H 288 115 B pe3yJI1TaTe 3JieKTpOHHOro 3axBaTa ~~~ Db H ~~~ Db 

rrpe,n;rronaraeTC5I o6pa30BaHHe ~~! Rf H ~~! Rf COOTBeTCTBeHHO. Ilo pa3HbIM OI!eHKaM 

rrepHO,Il;bI rronypacrra,n;a HOBbIX H30TOIIOB Rf MoryT COCTaBJI5ITb ,n;o 13 q, XHMHqecKa.sI 

H,D;eHTHcpHKaI!H5I HOBbIX H30TOIIOB pe3epcpop,n;H5I 5IBHJiaCh 6bI He3aBHCHMbIM 

IIO,Il;TBep)l(,Il;eHHeM CllHTe3a HOBbIX CBepXT.sJ)l(eJibIX 3JieMeHTOB. 

0TKpbITHe OTHOCHTeJibHO ,Il;OJifO)l(HBYIIIHX H30TOIIOB Rf rrpe,n;ocTaBJI5leT HOBbie 

B03MO)l(HOCTll ,Il;JI5l H3yqeHH5l ero XHMHqecKHX CBOHCTB. lIHTepec K ,n;aHHI>IM 

HCCJie,n;oBaHH5IM CB.sI3aH, rrpe)K,Il;e Bcero, c B03M0)l(H0CTbIO COIIOCTaBHTb CBOHCTBa Rf 
co CBOHCTBaMH ero aHaJioroB B 4-ii rpynne rreptto,n;HqecKoii CHCTeMbI MeH,n;eJieeBa 

Ti, Zr H Hf H Ha 3TOM rrpHMepe rrpoBepHTb rHIIOTe3y o BJIH5IHHH TaK Ha31rnaeMbIX 

«peJI5ITHBHCTCKHX 3cp<PeKTOB» Ha XHMHqecKHe CBOHCTBa CBepXT5l)l(eJibIX 3JieMeHTOB. 

Ilp05IBJieHHe peJI5ITHBHCTCKHX 3cpcpeKTOB MO)l(eT rrpHBeCTH K 3aMeTHOMY 

HapyrneHHIO MOHOTOHHOro H3MeHeHH5l XHMHqecKHX CBOHCTB 3JieMeHTOB, 

OTHOC5IIIIHXC5l K O,Il;HOH H TOH )Ke rpynrre. B qacTHOCTH, He HCKJIIoqeHO OTKJIOHeHHe 

XHMHqecKHX CBOHCTB Rf OT Ha6JIIO,n;aeMbIX JIHHeHHbIX 3aKOHOMepHOCTeii B 4-ii 

rpyrrrre HJIH rrpo.srBJieHHe aHanorHH co cBoiicTBaMH aKTHHOH,Il;OB, B qacTHOCTH c Th. 

Manoe 3<P<PeKTHBHOe ceqeHHe o6pa3oBaHH5l i~~ Rf H xapaKTepHCTHKH 

pa,n;HOaKTHBHOro pacrra,n;a orrpe,n;emIIOT CJie,n;yrorn;He Tpe6oBaHH5l K ycJIOBH5IM 

XHMHqecKHX 3KCIIepHMeHTOB: 

- Heo6xo,n;HMO 611cTpoe ceJieKTHBHoe BhI,n;eJieHHe pa,n;HOH30TorroB 3JieMeHTOB 

4-ii rpyrrrrhI H Th H3 cMecH rrpo,n;yKTOB 51,n;epHbIX peaKI!Hii. Oco6oe BHHMaHI:Ie 

,II;OJI)l(HO 6nITb y,n;eJieHO oqllCTKe OT aKTI:IHOH,Il;OB, o6pa3yIOrn;HXC5l B peaKI!H5IX 

MHOrOHYKJIOHHbIX rrepe,n;aq H MeIIIaIOrn;Hx CBOHM H3JiyqeHHeM perI:ICTpaI!HH 

pacrra,n;a i~~ Rf . ,[(JI.sI 6oJiee rronHoro HCCJie,n;oBaHH5l Heo6xo,n;HMa pa3pa6oTKa 

3KcrrpeccHoro MeTo,n;a pa3,n;eneHH5l :meMeHTOB 4-ii H 5-:H: rpyrrrr H BbI,II;eJieHH.sI 

cppaKI!MH Ho6emrn ,n;JI5l rrottcKa npo,n;yKTa a-pacrra,n;a Rf. 

- IlpoBe,n;eHHe 3KcrrepHMeHTOB B03MO)l(HO TOJibKO c o,n;HHM aTOMOM i~~ Rf . 

Ilo3TOMY AAA IIOJiyqeHH5l CTaTI:ICTHtieCKH 3HaqHMbIX pe3yJibTaTOB Heo6xo,n;HM 

BbI6op MeTo,n;a HCCJie,n;oBaHH5l, B KOTOpOM rrepexo,n; o,n;Horo HOHa ( aTOMa) H3 

O,II;HOH <Pa3bl B ,n;pyryro IIOBTOp5IeTC5I MHOfOKpaTHO. 
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- ,Il;Jrn: AeTeKTHpOBaHH5I a-qaCTHI.1; H OCKOJIKOB CIIOHTaHHOfO AeJieHH5I rpe6yeTC5I 

H3fOTOBJieHHe crreKTpoMeTpH11ecKHX HCTOqHHKOB. ,IJ;mc 3Toro HY)l(HbI 

AOCTOBepHbie CBeAeHH5I 0 COCTaBe H o6oeMe KOHeqHOH <l>paKIJ;HH, 

~ 267 Rf 
COAep)l(am;eH 104 • 

Cym;ecTByeT p5IA MeTOAOB 11ccneAOBaHH5I B paAHOXHMHH, B rrpHHIJ;Hrre, 

YAOBrreTBOp5IIOII1;HX 3THM Tpe6oBaHH51M. 0AHaKo HX rrpHMeHeHHe K perneHHIO 

YKa3aHHhIX BhIIIIe rrpo6neM Tpe6yeT OITTHMH3aIJ;HH H pa3BHTH5I. K TaKHM MeTOAaM 

OTHOC5ITC5I COOCa)l(AeHHe, cop6IJ;H51 H HOHHbIH o6MeH. McITOJib30BaHHe 

HOH006MeHHOH xpoMaTorpa<i>HH B KOM6IIHaIJ;HH c KOMITJieKcoo6pa30BaHHeM AerraeT 

B03MO)l(HbIM 3KCITpeccHoe pa3AeJieHHe yrrhTpaMarrhIX KOJIH11ecTB qpe3Bb1qaiiHo 

6JIH3KHX ITO cBoiicTBaM 3JieMeHTOB 4-ii rpyrrIThI. B pe3yJihTaTe MO)l(HO 6yAeT 

OIJ;eHHTb ycToiiqHBOCTb KOMITJieKCOB Rf. MeTOAbI COOCa)l(AeHH5I c 

KpHCTaJIJIHqecKHMH OCaAKaMH, He ITpHMeH5IBIIIHeC5I B HCCJieAOBaHHH XHMHqecKHX 

CBOHCTB TpaHCaKTHHOHAHbIX 3JieMeHTOB, MO)l(HO HCITOJib30BaTb He TOJibKO AJI5I 

pa3AeJieHH5I ynhTpaMarrbIX KOJIH11ecTB paAHOaKTHBHhIX 3JieMeHTOB, HO H AJI5I 

ycTaHOBJieHH5I HX XHMHqecKHX (MaKpOCKOITH11eCKHX) CBOHCTB. 

Oco6hIH HHTepec ITpeACTaBJI5IeT H3y11eHHe rroBeAeHH5I Rf BO qnopHAHbIX 

pacTBopax. B p5IAY rrpoqHoCTH KOMITJieKCHbIX coeAHHeHHH, o6pa3yeMbIX <i>TopHA­

HoHaMH c aTOMaMH MeTaJIJTOB, 3JieMeHTbI 4-ii rpyITITbI CT051T Ha ITepBOM MeCTe. 

CneAoBaTeJibHO, ITpHHI.1;HITHaJihHO B03MO)l(HO HX OTAeJieHHe OT aKTHHOHAOB c 

BbICOKHMH K03<l>c}lttn;HeHTaMH pa3AerreHH5I. Pa3JIHqm:r B KOHCTaHTax 

KOMITJieKcoo6pa30BaHH5I c <i>TOpH,I1;-HOHaMH OTAeJibHbIX 3JieMeHTOB 4-ii rpyITITbI 

AOCTIIraIOT qeTbipex ITOP5IAKOB. Il03TOMY B ,z:i;aHHbIX cpeAaX MO)l(HO O)l(HAaTb 

HaH60JibIIIHX pa3JIHqHii B IIOBe,IJ;eHHH Aa)l(e TaKHX 6JIH3KHX ITO CBOHCTBaM 

3JieMeHTOB, KaK Zr H Hf. 

C yqeToM TPYAHOCTeii CHHTe3a paAHOH30TorroB Rf Aa)l(e B KOJIH11ecTBe 

e,IJ;HHHqHbIX aTOMOB rrepe,z:i; HeITocpe,r:i;CTBeHHbIM rrpoBeAeHHeM 3KCrrepHMeHTOB ITO 

H3yqeHHIO paAHOXHMHH Rf Heo6XOAHMbI Tm;aTeJibHbie MOAeJibHbie HCCJie,IJ;OBaHH5I c 

pa,z:i;HOHYKJIHAaMH Ti, Zr, Hf H Th. 

M3 BhIIIIeH3JIO)l(eHHoro crre.r:i;yeT, 11To HCCJieAOBaHHe cop6IJ;HH Ti, Zr, Hf H Th, 
Haxo,r:i;5Im;Hxc5I B yrrhTpaMHKpoKoHn;eHTpan;H5Ix, opraHHqecKHMH H HeopraHHqecKHMH 

cop6eHTaMH H3 <i>TopH,IJ;HbIX paCTBOpOB 5IBJI5IeTC51 aKTYaJibHOH 3aAa11eii COBpeMeHHOH 

pa,IJ;HOXHMHH. 

QeJih H 3a)J;aqu pa6oThI 
I..:(enb pa6oThI cocT05IJia B BbUIBJieHHH H aHaJIH3e oco6eHHOCTeii cop6n;HM Ti, Zr, 

Hf H Th KaK roMorroroB Rf opraHH11ecKHMH M HeopraHH11ecKHMH cop6eHTaMH H3 

paCTBOpOB, COAep)l(am;HX <i>TopHCTOBO,ll;Opo,r:i;HyIO KHCJIOTY. 

B COOTBeTCTBHH c IIOCTaBJieHHOH IJ;eJibIO Heo6XOAHMO 6bIJIO peIIIHTb cne,z:i;yrom;He 

OCHOBHbie 3aAa11H: 

- H3Y11HTb B03M0)l(HOCTH pa3.n;erreHH5I MeTO,IJ;OM HOH006MeHHOH xpoMaTorpa<Pm1 

Ti, Zr, Hf H Th, Haxo,z:i;5Im;Hxc5I B pacTBope B ynhrpaMHKpoKoHn;eHTpau;H5IX; 
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- BbITIOJIHHTb pacqeTbl no HaXOJK,[(eHHIO o6JiaCTH cyru;ecTBOBaHH51 pa3JIJ:IqHbIX 

XHMJ:IqecKHX cjlopM Zr, Hf H Th B pacTBopax HF, HCl, HN03, HCI/HF, 

HN03/HF; 

- pa3pa6oTaTb MeTO,lJ;bl 3KCrrpeccHoro BbI,ll;eJieHH51 pa,n;HOHYKJIH,ll;OB S?msr, 88Zr, 
175Hf 135La 172Lu H 227' 234Th H3 o6nyqeHHbIX MHIIIeHeii· 

' ' ' 
- BbrnBHTb xapaKTepHCTHKH HOHoo6MeHHoro rroBe,n;eHH51 ynI>TpaMaJihIX 

KOJIJ:IqecTB HOHOB Ti, Zr, Hf H Th B cMernaHHhIX pacTBopax HF/HCI B 

3aBHCHMOCTH oT KOHU:eHTpmi;nn HF H HCl; 

- oxapaKTepn3oBaTb cop6u;HIO Ti, Zr, Hf, Nb H Ta Ha aHHOHHTax H KaTHOHHTax 

H3 cMernaHHbIX pacTsopoB, co,n;ep)l<aru;Hx HF 11 au;eToH (nnn MeTHJI3THJIKeTOH, 

HJIH MeTHJIH3o6yTHJIKeTOH); 

- 3KCrrepHMeHTaJihHO ycTaHOBHTb Ba)J(HeiimHe xapaKTepHCTHKH HOH006MeHHOfO 

paBHOBeCH51 c yqacTHeM Ti, Zr, Hf H Th B cMemaHHhIX pacTsopax, 

co,n;ep)J(aru;Hx cPTOpHCTOBO,z:t;opo,n;HyIO KHCJIOTy; 

- ycTaHOBHTh Ba)J(HeiimHe xapaKTepHCTHKH cooca)J(,n;eHH51 Ti, Zr H Hf c 

cPTOpH,ll;OM JiaHTaHa H H3Yt.IHTb B03M0)J(H0CTH rrpHMeHeHH51 MeTO,[(a 

coKpHCTaJIJIH3aU:HH B nccrre,n;oBaHHH XHMHt.IecKHX CBOMCTB T A3. 

Hayqua.H HOBH3Ha 

B pa6oTe rrpe,n;cTaBJieH p51,n; HOBhIX ,n;aHHhIX o cop6u;noHHOM rroBe,n;eHHH rrerKHx 

roMorroroB Rf. Ha ocHoBaHHH rrpoBe,n;eHHhIX pact.IeToB 11 BbmorrHeHHhIX 

3KCrrepHMeHTaJihHbIX HCCJie,n;oBaHHM c HCIIOJib30BaHHeM KaTHOHO- H 

aHHOH006MeHHbIX CMOJI orrpe.zi;erreHbl o6JiaCTH cyru;eCTBOBaHH51 pa3JIHl.JHhIX 

KOMrrrreKCHhIX cjlopM Ti, Zr, Hf 11 Th B pacTBopax HF H HF /HCL BrrepBoie 

Hccne,n;oBaHo HOHoo6MeHHoe rrose,n;eHHe Ti B ycrroBH5IX rrpoBe,n;eHH51 3KcrrepHMeHTOB 

cRf. 

BrrepBoie c 11crrorrh30BaHHeM BhICOK03cjlcjleKTHBHoii )J(H,[(KOCTHoii xpoMaTorpacjl1111 

,n;ocTHrHyTo pa.3,n;eneHHe Ti, Zr, Hf H Th, Haxo,n;5Iru;Hxc51 B 

yrroTpaMHKpOKOHU:eHTpau;H5IX, 3a cpaBHHTeJibHO He60JihIIIOe BpeM51. IlOKa3aHO, l.JTO 

rrop51,n;OK 3JIIOHpoBaHH51 3JieMeHTOB rrpoHcxo,n;HT B rrocrre,n;osaTeJibHOCTH Zr > Hf> Ti 

> Th B COOTBeTCTBHH c yMeHbIIIeHHeM CTa6HJihHOCTH cPTOpH,[(HbIX KOMIIJieKCOB. 

Brrepso1e oxapaKTepH30BaHa cop6u:m1 Ti, Zr, Hf, Nb H Ta Ha KaTHOHO- H 

aHHOHoo6MeHHbIX cMorrax H3 cMemaHHI>Ix pacTBopos HF H au;eToHa (a TaK)J(e 

MeTHJI3THJIKeTOHa H MeTHJIH306yTHJIKeTOHa) B IIIHpOKOM HHTepBarre KOHU:eHTpau;Hii. 

IlOKa3aHO, l.JTO 3Hat.IeHH51 K03<j:><j:>Hu;HeHTOB pacrrpe,n;erreHH51 Ha aHHOH006MeHHOM 

cMorre yMeHhmaIOTC51 c yseJIHt.IeHHeM KOHU:eHTpau;11H HF 11 yBeJIHt.IHBaIOTC51 c pocTOM 

KOHU:eHTpau;HH au;eToHa. Ha OCHOBaHHH aHaJIH3a 3KCIIepHMeHTaJibHbIX ,n;aHHbIX 

c,n;erraH BbIBO,ll; 0 TOM, l.JTO 3JieMeHTbI 4-ii rpyrrrrhI cop6HpyIOTC51 Ha aHHOH006MeHHOM 

cMorre B BH,n;e aHHOHHbIX KOMrrrreKcOB THrra MF/- (M =Ti, Zr, Hf). 

BornBJieHo BJIH5IHHe Ha cop6u;HIO H cooca)J(,n;eHHe pa,n;HOHYKJIH,[(OB 3JieMeHTOB 4-ii 

rpyrrrrhI Ti, Zr H Hf c qnopH,n;OM La crre,n;yroru;Hx cjlaKTopoB: pH pacTBopa, 

KOHU:eHTPaU:HH HF, KOHU:eHTpa:u;HH co6cTBeHHbIX HOHOB B pacTBope, rrpHcyTCTBH51 B 
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paCTBOpe nOCTOpOHHHX MHOrOBaJieHTHbIX HOHOB H BpeMeHH KOHTaKTa )Klf)l;KOH H 
TBep,n;o:H: cpa3. 113 aHaJIH3a nonyqeHHbIX ,n;aHHbIX c,n;enaH BbIBOA 0 TOM, qTo 
cpTopH,n;HI>Ie cpopMbI Zr H Hf cnoco6HhI coKpHCTaJIJIH30BaToC51 c LaF3• Ilpe,u;Jio)KeHo 
ncnoJio30BaTb MeTo,n; cooca)K,IJ;emrn ,n;n51 n3yqeHH5I XHMHqecKHX CBOHCTB Rf n Db. 

IlpaKTH'leCKOe 3Ha'leHHe pa60Thl 

Ha ocHoBaHHH npoBe,n;eHHbIX pacqeToB H BoinonHeHHhIX 3KcnepHMeHTaJihHbIX 
Hccne,IJ;oBaHHH HOHOo6MeHHoro noBe,n;eHH51 Ti, Zr, Hf, Th, Nb, Ta, Lu H Sr 
pa3pa6oTaHbI MeTo,n;nqecKne cxeMoI ,n;IDI BhI,IJ;eneHH51 Rf H Db H3 npo,n;yKTOB 51,u;epHoix 
peaK1(HH H H3yqeHH51 HX XHMHqecKHX CBOHCTB. 

B pe3yJII>TaTe H3yqeHH5I cop6n;HH Ti, Zr, Hf qnopH,n;oM naHTaHa noKa3aHa 
B03M0)KHOCTb HCnOJib30BaHH5I OCa)K,IJ;eHH51 qlTopn,n;a JiaHTaHa ,IJ;JI51 H3yqeHH51 
XHMHqecKHX CBOHCTB Rf. Pa3pa6oTaHHa51 MeTo,n;nKa pa3,n;eneHH51 3JieMeHTOB 4-:H: H 
5-:H: rpynn COOCa)K,IJ;eHHeM c qnopH,n;OM naHTaHa npHMeH51JiaCb B JI5.IP O:H5IH B 
pa6oTax no XHMHqecKOH H,IJ;eHTHcpHKa1(HH Db KaK KOHeqHoro npo,n;yKTa pacna,n;a 
3JieMeHTa 115. 

Pe3yJioTaTbI HCCJie,IJ;OBaHHH no cop6n;HH pa,n;HOHYKJIH)J;OB Ha HOH006MeHHbIX 
CMOJiax no3BOJIHJIH pa3pa6oTaTb MeTO,IJ;HKH nonyqeHH51 51,D;epHbIX H30MepoB 178m2Hf H 
S?msr npH o6nyqeHHH (X-qaCTHD;aMH HTTep6H51 H py6H,IJ;H51 COOTBeTCTBeHHO (Y-200 
JI5.IP OH5IH) H pa,n;HOXHMHqecKoro Bhl,n;eneHH51 227• 234Th. 

IloJio~eu1rn:, BhlHOCHMhie Ha Jam;HTY 

Y cTaHoBneHhI o6nacTH cyID;eCTBOBaHH51 pa3JIHqHhIX KOMnneKCHbIX cpopM Zr, Hf H 
Th B pacTBopax HF, HCl, HN03, HCI/HF, HN03/HF. BornBneHbl 3aKoHoMepHOCTH 
cop6n;HH Ti H Th Ha KaTHOHo- H aHHOHoo6MeHHOM cMonax B cMemaHHbIX pacTBopax 
HF I HCl. IloKa3aHo, qTo onTHMaJibHhIM MeTO.IJ;OM ,n;n51 pa3,n;eneHH51 Ti, Zr, Hf H Th 
5IBJI51eTc51 KaTHOHoo6MeHHa5I xpoMaTorpacpH51 B pacTBopax 0,2 MOJib/JI HCI H HF 
nepeMeHHOH KOHD;eHTpaQHH. 

3cpcpeKTHBHoe 3KcnpeccHoe pa3,n;eneHne Ti, Zr, Hf, Th, Lu H Sr, Haxo):VIID;HXC51 B 
ynnTpaMHKpoKoHn;eHTpal(H51X, 3a cpaBHHTeJioHO He6onI>moe BpeM51 (30 MHH). 
IloKa3aHo, qTo nonHoe pa3,n;eneHHe Zr H Hf ,u;ocTHraeTc51 Ha KaTHOHoo6MeHHOH 
xpoMaTorpacpnqecKo:H: KOJIOHKe B pacTBope 1,5·10-3 MOJio/JI HF I 0,2 MOJib/JI HCl. 
y CTaHOBJieHO, qTo nop51)l;OK 3JIIOHpOBaHH51 3JieMeHTOB npoHCXO,IJ;HT B 
nocne,n;oBaTeJihHOCTH Zr > Hf > Ti > Th B cooTBeTCTBHH c yMeHnmeHHeM 
CTa6HJibHOCTH cpTOpH,D;HbIX KOMnJieKCOB. 

IloKa3aHo, qTo c yBenHqeHHeM KOHn;eHTpan;HH HF 3HaqeHH51 Ko3cpcpHn;HeHTOB 
pacnpe,n;eneHH51 Ti, Zr, Hf Ha aHHOHoo6MeHHOH cMone yMeHomaIOTC51 H 
yBeJIHqHBaIOTC51 c pocTOM KoHn;eHrpau;HH an;eToHa. C.IJ;eJiaH BhIBOA o TOM, qTo 
3JieMeHTbI 4-H: rpymibI cop6HpyIOTC51 Ha aHHOH006MeHHOH CMOJie B BH,n;e aHHOHHbIX 
KOMnJieKcoB THna MF/- (M = Ti, Zr, Hf). Onpe.IJ;eJieHbI onTHMaJihHbie ycnoBH51 
pa3,n;eneHH51 3JieMeHTOB 4-:H: H 5-:H: rpynn B CTaTHqecKHX H )J;HHaMHqecKHX ycJIOBH51X 
MeTo,n;oM HOHHoro o6MeHa B cMernaHHhIX pacTBopax HF I au;eToH. 

B pe3yJII>TaTe nccne,n;oBaHH51 cooca)K,n;eHH51 Ti, Zr H Hf c cpTopH.IJ;OM naHTaHa 
ycTaHOBJieHo, qTo Zr H Hf ceneKTHBHO a,n;cop6HpyIOTC51 Ha noBepxHOCTH 
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HaHoKpttcTa.rrJIOB LaF3 B BM.n;e oTp:m::i;aTeJibHO 3ap5DKeHHbIX KOMTIJieKCOB TMna MF73-. 

<l>TopM.n;HE>Ie cpopMDI Zr M Hf cnoco6HhI coKpMcTa.rrJIM30BaTbC51 c LaF3• IloKa3aHo, qTo 
Zr M Hf MoryT 6blTb 3cpcpeKTMBHO OT,D;eJieHhl OT MHOrMX 3JieMeHTOB, B TOM qMCJie OT 
Ti M Nb, Ta. 

Pe3yJihTaThI rroJiyqeHM5.I 5.I,D;epHbIX M30MepoB 178m2Hf H 87mSr npM o6JiyqeHMM a­
qacTm:i;aMM HTTepforn M py6M,D;M51 COOTBeTCTBeHHO. Pa3pa6oTaH pa,D;MOHYKJIM,D;HbIM 
reHepaTop 87Y I 87mSr. 

Anpo6au;HH pa6oThI 
OcHOBHhle pe3yJI1>TaThI .n;MccepTau;ttoHHOM pa6oThI .n;oJio)KeHhI Ha cJie.n;y10rr:i;Mx 

poccMMCKMX M Me)K.n;yHapo.n;HhIX KOHcpepeH:QM5.IX: The second summer school on 
actinide science and applications, KapJicpy3, fepMaHM5I, HIOHh, 2003; The first 
coordination meeting on perspectives of life science research at nuclear centers, 
PMBhepa, EoJirapM5.I, ceHT5.I6ph, 2003; Ilepsa5.I PoccMMCKa5.I IIIKOJia no pa.n;MOXMMMM H 
5.I,D;epHoli TexHoJionm, Q3epcK, aBrycT, 2004; Targisol winter school, 3Jih 3cKopMa.rr, 
HcnaHM51, cpespa.rrh, 2005; Symposium on exotic nuclei «EXON - 2006», XaHThI­
MaHCHMCK, MIOJih, 2006; lliTa51 PoccttlicKa51 KOHcpepem::i;M5.I no pa.n;MOXMMMM 
«Pa.n;MOXMMM5.I-2006», ,Zl;y6Ha, OKT516ph, 2006; 15-5.I Me)K,D;yHapo.n;Ha51 KOHcpepeHIJ;M51 
«JloMoHocos», MrY, MocKsa, anpeJih, 2008; Me)K.n;yHapo.n;Ha5.I JieTH515.I IIIKOJia 
«Atomic properties of the heaviest elements», BMTTeH6epr, fepMaHM5.I, 2008; 
Symposium on exotic nuclei «EXON - 2009», CoqM, ceHT5.I6ph, 2009; IllecTa51 
PoccMlicKa51 KOHcpepem:i;M5.I no pa.n;HOXMMMM «Pa.n;MOXMMM51-2009», MocKBa, OKT5.I6ph, 
2009. Pe3yJibTaThI pa6oThI 6hrnH rrpe.n;cTaBJieHhI Ha ceMMHapax Jia6opaTopMH 
51.n;epHbIX peaK:QMM MM. r.H. <l>nepoBa, OHJIH. 

IIy6JIHKau;uH 
Pe3yJihTaThI .n;MccepTaIJ;MOHHoli pa6oThI M3JIO)KeHbI B 22 ny6JIMKa:QM5.IX, B TOM 

qlfcJie B 15 CTaTb51X B pecpepHpyeMhIX HayqHbIX )KypHa.rrax. 
AsTop Harpa)K.n;eH .n;MTIJIOMOM rrepBo:H: cTeneHM OH5.IH Ha KOHKypce HayqHbIX 

pa6oT B 2007 r M y.n;ocToeH rrpeMHM cpe.n;M MOJIO,D;bIX yqeHbIX OHJIH B 2011 r. 

CTpyKTypa H o6'heM )J;HccepTau;HH 
,Zl;MccepTau;m1 COCTOMT M3 BBe.n;eHM5.I, TI5.ITM rJiaB, 3aKJIIOqeHM5.I, npMJIO)KeHM5.I M 

crrttcKa IJ;MTHpyeMoli JIMTepaTypbI. Pa6oTa M3JIO)KeHa Ha 120 CTPaHM:u;ax neqaTHoro 
TeKCTa, BKJIIOqa5.£ 24 pHCYHKa M 10 Ta6JIM:Q. 

OCHOBHOE CO,ll;EP)KAHHE PABOTbl 

r JiaBa 1. HccJie)J;OBaHHe XHMH'leCKHX CBOHCTB Rf B pacTBOpax. 063op 
JIHTepaTyphl 

B rrepBOM pa3.n;eJie rJiaBhl .n;aH aHaJIM3 COBpeMeHHOrO COCT05.IHH5.I pa6oT no 
M3yqeHMIO XMMMqecKMX csolicTB T A3. PaccMoTpeHbI 51.n;epHhie peaK:QMM CMHTe3a M 
TIO,ll;XO,ll;bl K XMMMqecKOM M,ll;eHTMcpMKau;1m: Rf. Bo BTOpOM pa3.n;eJie o6o6rr:i;eHbI H 
npoaHa.JIM3MpOBaHbI pe3yJihTaTbI 3KCIIepMMeHTaJibHOro M TeopeTMqecKoro M3yqeHM51 
XMMMqecKHX cso:H:cTB Rf B pacTsopax. CcpopMyJIMpoBaHbI Tpe6osaHM51 K ycJIOBH51M 
XMMMqecKMX 3KCTiepMMeHTOB c ~~~Rf M TIOKa3aHa Heo6xo.n;MMOCTb npose.n;eHM51 
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Mo,n;eJibHbIX 3Kcrrep11MeHTOB c 3JieMeHTaM11 roMorroraM11 Ti, Zr, Hf 11 Th. 06ocHoBaH 
BbI6op 110H006MeHHOH xpoMaTorpa<l_)1111 BO <l_}Top11,It;HOH cpe.n;e ,I(JI5I Xl1MW:IeCKOH 
11,n;eHT11<l_}11Kau;1111 .n;orrro)K11Byru;11x pa.n;110113oTorroB Rf 11 113yqeH115I ero x11M11qecK11x 
cBOHCTB. IIpe,n;cTaBrreHbI n11TepaTypHbie .n;aHHhie no cocTOHHino 110HoB Ti, Zr, Hf 11 
Th B BO,I(HhIX pacTBopax 11 113yqeH11IO 11x cop6u;1111 11 cooca)K,n;eH115I. Ha ocHoBe 
aHaJil13a Jil1TepaTypHbIX ,n;aHHbIX ITOCTaBJieHbI KOHKpeTHbie 3a,n;aq11 11ccrre,n;oBaHl15I. 
Pe3yrroTaTbI rrpe,n;cTaBrreHHhie B 3TOH rnaBe orry6rr11KoBaHbI B pa6oTax [1-6, 8-10, 
13]. 

r JiaBa 2. MeTO)J;HKH npoBe,n;eHH.H copo~HOHHhIX 3KCIIepHMeHTOB 

2.1.IloJiyqeHHe H Bhl)J;eJieHHe pa,n;uoaKTHBHhlX H30TOIIOB 
B rrepBOM pa3,n;erre rrp11Be,n;eHbI cBe,n;eHl151 06 11crroJib30BaHHbIX peareHTax, 

pa.n;110l130TOITax H pa.n;11ox11M11qecKHX MeTO,I(l1Kax Bhl,I(eJieHl151 pa,n;110HyKJI11,I(OB 113 
o6nyqeHHbIX Ml1IIIeHeii. Pa.n;11ox11M11qecKa5I ,n;11arHOCTMKa cop6u;1111 06ecrreq11Banach 
KOMITJieKCHbIM 11CITOJib30BaHl1eM pa.n;110HyKJIH,IJ;OB 44Ti, S?msr, 88Zr, 92mNb, 175Hf, 182Ta, 
221Th, 234Th, BsLa 11 112Lu. 

,I(JI5I rrorryqeH115I pa,n;11oaKTl1BHbIX 1130TOIIOB Sr, Zr, Hf, Nb 11 La 06rryqarr11 
M11IIIeH11 Rb, Sr, Yb, Y 11 Cs rrpttpo,n;Horo cocTaBa Ha ycKopHTerre Y-200 (JUIP 
OHJIII). M11IIIeH11 ,n;rrH 06nyqeH115I 113roTaBrr11Ban11 rrocrroiiHhIM HaHeceH11eM 
cycrreH31111 xrrop11,n;a py611,n;1151 (SrCh, Yb20 3, Y 20 3, CsCl) B cMec11 c 11306yTaHOJIOM, 
BO,I(OM 11 au;eTOHOM rrp11 ,n;o6aBJieHHl1 caxap03bI Ha aJIIOMHHl1eBbie rro,n;nmKKl1. 
Ka)K,IJ;bIM cnoii rrp0Karr11Ban11 B TeqeH11e qaca rrpH TeMrrepaType 400 °C. 
0KoHqaTeJibHa5I TOJIIIJ;11Ha Ml1IIIeHH no MeTarrrry COCTaBJI5IJia 12 Mr/cM2. 

06nyqeH11e rrp0Bo,n;11n11 B TeqeHMe 5 qacoB rrp11 TOKe rryqKa 110HoB He+ 5,5 MKA 11 
3Hepr1111 35 M3B (113MepeHHbIM 11HTerparrbHbIM ITOTOK 110HOB COCTaBl1JI 6·1017). 
MHIIIeHb pacrronararrach rro.n; yrnoM 14 rpa,n;ycoB no OTHorneH11ro K rryqKy. Ilocrre 
06nyqeH115I M11IIIeHh oxJia)K.n;an11 B TeqeH11e 45 qacoB. 3aTeM o6nyqeHHhIM RbCl 
(SrCh, Yb20 3, Y 20 3, CsCl) pacTBOp5IJIM B 10 MJI 16 MOJih/JI HN03 11 BbI,n;eJI5IJil1 
pa.n;1101130Torro1 Y (Zr, Hf, Nb, La) MeTo,n;aMH HoHoo6MeHHOM xpoMaTorpa<l_)1111. 

,I(nH rrorryqeHMH pa,n;11oaKTMBHoro OTMeTqJIKa Sr, x11M11qecKoro aHarrora No, 6hrn 
pa3pa6oTaH pa,n;noHyKJIH)J;Hhiii reHepaTop 87Y I 87mSr. ,l(rr51 3Toro 11crroJih30Barr11 
cepttll:Ho BornycKaeMbIM cop6eHT Actinide resin (Eichrom Technologies, Inc.) c 
pa3MepoM qacTM1( 100 - 150 MKM. IIorryqeH11e reHepaTopHhIM crroco6oM, MaJihIH 
rrep110.n; rrorrypacrra,n;a 2,83 q, He6orrhrnoe MOH03HepreT11qHoe "y'-113rryqeH11e 388,5 K3B 
(81,9 %) c BHyTpeHHeii KOHBepc11eii 99,7% ,n;enaroT rrepcneKTHBHhIM IIIHpOKOe 
rrpHMeHeHMe 3TOfO pa,n;MOHYKJil1,I(a. 

Hcxo,n;HhIM pacTBOp cMec11 pa.n;110HyKrr11,n;oB roTOBMJil1 cMeIIIHBaHMeM 3JIIOaTOB 
rrocne BbI,n;eneHM51 11 yrrap11BaHHeM ,n;o BJia)KHbIX correii c rrocrre.n;yroru;11M 
pacTBopeHMeM ocTaTKa B 1 MJI 20 Mono/ JI HF. 

H3MepeHl151 pa,n;11oaKTMBHOCT11 rrpoBo,n;HJIM Ha "y'-crreKTpoMeTpe GC2520 
(Canberra Ind.) c HPGe-,n;eTeKTopoM c pa3perneHMeM 1,5 K3B rrp11 3HeprMH 
"y'-KBaHTOB 1,33 M3B (6°Co) 11 rrporpaMMHhIM o6ecrreqeHMeM Genie-2000TM 
(Canberra Packard). 
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2.2. HccJie)J;oBau:ue cop6:u;uu ua 11ouoo6Menuhlx CMOJiax 
y CJIOBH5I cop6u;HH HCCJie.n;yeMoIX 3JieMeHTOB onpe,n;eJI5IJIMCb no ,n;aHHhIM HX 

HOHHOro COCT05IHH51 B paCTBOpax. I1crroJib3Y5I 3HaqeHM5I KOHCTaHT ycToliqHBOCTH 
qnopH,Il;HhIX KOMITJieKCOB H KOHCTaHT rH,n;poJIH3a, onpe,n;eJIMJIH o6JiaCTH 
cym;ecTBOBaHMH pa3JIHqHhIX XHMHqecKHX <J?opM Zr, Hf H Th B pacTBopax HF, HCl, 
HN03, HCl/HF, HN03/HF c noMOJI(hIO rrporpaMMoI «Speciatiom> The IUPAC 
Stability Constants Database (IUP AC and Academic Software). B pacqeTax 
pacnpe,n;eJieHHH KOMITJieKCOB Zr H Hf B pacTBopax, co,n;ep)KaJI(MX HF, yqHThIBaJIH 
o6pa3oBaHHe TOJIE>Ko <J?opMI>I MF 6 z- H He yqHThIBaJIH o6pa3oBaHHe rroJIH51,n;epHoIX 
KOMilJieKCOB, T.K. KOHD;eHTpau;H5I MOHOB MeTaJIJIOB B 3KCnepHMeHTe COCTaBJI5IJia 10-7 

MOJio/JI. 

0CHOBHOH xapaKTepHCTMKOH CTeneHH pacrrpe,n;eJieHH51 3JieMeHTOB npH cop6u;HH 
5IBJI5IeTc51 BemiqMHa K03cpcpHu;MeHTa pacnpe.n;eJieHHH. Ko3cpcpHu;HeHThI 
pacnpe.n;eJieHHH onpe,n;eJIHJIH B cTaTHqecKHX ycJIOBMHX. K HaBecKe CMOJihI Maccoli 
100 Mr, IlOMeJI(eHHOH B IlOJIM3THJieHOBYIO npo6HpKy ,IJ;JI5I u;eHTpHcpyrHpoBaHH5I 
( «Eppendorf», repMaHH5I), ,n;o6aBJI5IJIH 995 MKJI CMeIIIaHHOrO paCTBOpa IlJiaBHKOBOH 
KHCJIOToI H au;eToHa (HJIH MeTHJI3THJIKeToHa, MJIH MeTHJIH3o6yTMJIKeToHa, HJIH HCI I 
HF) H 5 MKJI OT Hcxo.n;Horo pacTBopa cMecH pa.n;HOHYKJIH,Il;OB. IlpH pacqeTe 
KOHeqHhIX KOHu;eHTpau;Hli B cMemaHHblX pacTBopax yqHThIBaJIOCo KOJIHqecTBO HF, 
.n;o6aBJIHeMoe c aJIHKBOToli Hcxo.n;Horo pacTBopa pa.n;110HyKJIH,Il;OB. TaKHM o6pa3oM, 
o6'heM Ka)K,n;Oro o6pa3u;a COCTaBJI5IJI 1 MJI. IlocJie npHrOTOBJieHH5I Bee o6pa3D;hI, 
nepeMeIIIHBa5I, BhI,D;ep)KHBaJIM B TeqeHHe ,n;Byx cyTOK ,Il;JI5I ,IJ;OCTlf>KeHM5I paBHOBec1rn, 
IlOCJie qero npoBO,[(HJIH u;eHTpHcpyr11poBaHHe H OT6op aJIHKBOTHOH ,Il;OJIH paCTBOpa 
,n;JIH H3MepeHH51 pa,n;HoaKTMBHOCTH. Ko3<J?cpMu;11eHToI pacnpe,n;eJieHHH B1>1qMCJI5IJIH, 
HCilOJib3Y51 ypaBHeHHe 

(1) 

r,n;e Aucx H Apa61J - aKTHBHOCTo Hcxo,n;Horo H paBHOBecHoro pacTBopoB; VP - o6oeM 
paCTBOpa B o6pa3u;e (MJI); m - HaBeCKa CMOJibI (r). 0THOCHTeJihHa5I norpeIIIHOCTb 
3HaqeHHH Kd He npeBhIIIIaJia 4 % npH 95 % ,n;oBepHTeJioHOH BepoHTHOCTH. 

Ha ocHoBaHMH rroJiyqeHHoIX K03cpqrnu;HeHTOB pacnpe,n;eJieHMH H npoBe,n;eHHhIX 
pacqeTOB 6hIJIH orrpe,n;eJieHhl ycJIOBH5I cop6u;HH H pa3,n;eJieHH5I MCCJie,n;yeMhIX 
3JieMeHTOB. Pa3,n;eJieHHe npoBo,n;HJIM B ,n;HHaM11qecKHX ycJIOBMHX. AJIMKBOToI 
Hcxo.n;Horo pacTBopa B1>1napHBaJIH, pacTBOp5IJIH cyxoli ocTaTOK B 0,2 MOJib/JI HCI H 
HaHOCHJIH Ha KOJIOHKY 6 x40 MM, H3I'OTOBJieHHYIO H3 IlOJIH3THJieHa (Eichrom 
Technologies, Inc.) H 3anoJIHeHHYIO CMOJIOH Dowex 50x8, 100-200 Mem, B H+ 
cpopMe. 3aTeM KOJIOHKY npOMhIBaJIH ,Zl;BYM5I CBo6o,n;HhIMH KOJIOHoqHhIMH o6'heMaMH 
0,2 MOJio/JI HCl H npoBO,[(HJIM 3JIIOHpoBaHHe HCCJie,n:yeMblX 3JieMeHTOB. 

,l(JIH H3yqeHH5I pa3,n;eJieHH51 3JieMeHTOB 4-li rpynnhI pacTBOp 0,2 MOJio/JI HCl, 
co,n:ep)Ka:ru;HH 88Zr, 175Hf, 44Ti, 234Th M 172Lu, HCilOJih3Y5I rrepHCTaJibTHqecKHH Hacoc, 
IlO,[( ,n;aBJieHHeM no,n;aBaJIH B KOJIOHKy, H3rOTOBJieHHYIO H3 TecpJIOHOBoro KailMJIJI5Ipa 
4x60 MM H 3anoJIHeHHoro CMOJIOH Aminex A5 B H+ cpopMe. 06a KOHu;a KanMJIJI5Ipa 
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6oIJUI 3aKpbITbI nopHCTbIMH Tec]?JIOHOBDIMH c)?HJihTPaMH H coe,i::i;HHeHhI c 

Tec]?JIOHOBbIMH nepeXO,Il;HHKaMH. 3aTeM KOJIOHKY npOMbIBaJIH O,Il;HHM CB060,Il;HbIM 

06'.DeMoM 0,2 Moni,/rr HCl. Pa3,i::i;eneHHe 3JieMeHTOB ocym;ecTBJI51JIH cMemaHHhIMH 

pacTBopaMH KHCJIOT HCl I HF. CKopocTo 3JIIOHpoBaHH5I cocTaBJI51Jia 0, 1 Mn/MHH. 

2.3. Hccne,r:i;oBaHue cop6:o;uu u cooca~eH1u1 c <}nopu,r:i;oM JiaHTaHa 
I-fayqeHHe coocaJK,i::i;eHH5I Ti, Zr H Hf c TBep,i::i;oii cpa3oii LaF 3 npoBO,Il;HJIH B 

noJIHnponHJieHOBbIX npo6HpKax. Ilpe,i::i;BapHTeJibHhie 3KCnepHMeHTbI noKa3aJIH 

OTCYTCTBHe cop6u;HH HCnOJib30BaHHbIX pa,i::i;HOHYKJIH,Il;OB Ha CTeHKax TaKHX 

npo6HpOK. B npo6HpKH BHOCHJIH HCXO,Il;Hhie paCTBOpbI onpe,i::i;eneHHOH 

KOHu;eHTpau;HH HF H pH H ,i::i;o6aBJ15IJIH 72 MKJI 0, 1 MOJib/n La(N03)3, nocne qero 

o6pa30BoIBanc5I oca,i::i;oK LaF3. IlonyqeHHYIO cycneH3HIO nepeMemHBaJIH B TeqeHHe 1 

q npH KOMHaTHOH TeMnepaType, 3aTeM u;eHTpm]?yrHpOBaJIH npH 10 000 06/MHH B 

TeqeHHe 10 MHH. Ifa KaJK)l;OH npo6HpKH OT6HpanH npo6bI paCTBOpa ,Il;JI51 H3MepeHH5I 

pa,i::i;HoaKTHBHOCTH. CTeneHh cooca:>K,i::i;eHH51 Ti, Zr H Hf onpe,i::i;eJI5IJIH no pa3HOCTH 

pa,i::i;HOaKTHBHOCTH HCXO,Il;HOro H KOHeqHoro paCTBOpa. IlpH H3yqeHHH CTeneHH 

cooca:>K,i::i;eHH5I Ti, Zr H Hf B 3aBHCHMOCTH OT HX KOHIJ;eHTpau;HH B HCXO,Il;HDIH pacTBop 

,i::i;o6aBJI5IJIH pacqeTHOe KOJIHqecTBO HOCHTeJI51 B paCTBOpe 3a,Il;aHHOH KOHIJ;eHTpau;HH 

HF. Hy:>KHDie 3HaqeHH51 HOHHOH CHJibI H pH pacTBopoB ,i::i;ocTHranH ,i::i;o6aBrreHHeM 

KN03, HN03 HJIH KOH. 

3KcnepHMeHThI no cop6u;HH Ha roTOBOM oca,i::i;Ke LaF3 npoBO,Il;HJIH cne,i::i;y10m;HM 

o6pa3oM. TBep,i::i;y10 cpa3y LaF 3 nonyqanH cMenmBaHHeM pacTBopoB HF H HHTpaTa 

naHTaHa. 06pa30BaBmyIOc5I cycneH3HIO HHTeHCHBHO nepeMeillHBaJIH B meiiKepe B 

TeqeHHe 1 q, 3aTeM oca,i::i;oK OT,[(eJI5IJIH u;eHTPH<pyrHpOBaHHeM OT MaToqHoro paCTBOpa 

H ,i::i;Ba pa3a npoMbIBaJIH Bo,i::i;oii. K 1 Mr TBep,i::i;oii cpa3oI LaF 3 ,i::i;o6aBJI5IJIH 1 MJI 

Hcxo,i::i;Horo pacTBopa HF Tpe6yeMoil KoHu;eHTPau;HH, co,i::i;ep:>Karn;ero pa,i::i;HOHYKJIH,Il;hI. 

06pa3IJ;bl HHTeHCHBHO nepeMeIIIHBaJIH B TeqeHHe 1 q rrpH KOMHaTHOH TeMrrepaType, 

rrocne qero u;eHTpm]?yrHpOBaJIH H OT6HpanH rrpo6bI paCTBOpa ,Il;JI51 H3MepeHH51 

pa,n;HoaKTHBHOCTH. Ko3cpcpHu;HeHThI pacrrpe,IJ;erreHH5I BhiqHCJI5IJIH no c]?opMyne (1 ). 

Mopc]?onorHIO TBep,i::i;oii cpa3bI Hccne,i::i;oBaJIH MeTo,i::i;aMH 3JieKTpOHHoil 

CKaHHpyIOm;eii ( CKaHHpyIOm;HH 3JieKTPOHHbIM MHKpOCKOII JSM-840, JEOL, 51rrOHH5I, 

c pa3pema10m;eii crroco6HocTbIO 5 HM) II TPaHCMHCCHOHHOH (rrpocBeqHBaIOm;Hil 

3JieKTPOHHhIM MHKpocKorr 3M-125K, C3nMa, YKpaHHa, c pa3pemeHHeM 0,2 HM) 

MHKpOCKOIIHH. 06pa3IJ;bl ,Il;JI5I 3JieKTPOHHOH MHKpOCKOIIHH roTOBHJIH H3 OT06paHHbIX 

B xo.n;e 3KcnepHMeHTOB rrpo6 cycrreH3HH KpHCTaJIJIOB LaF3. 06pa3IJ;hI ,Il;JI51 

TpaHCMHCCHOHHOH 3JieKTpOHHOM MHKpOCKOnHH roTOBHJIH nyTeM HaHeceHH5I Ha 

Me,n;HyIO ceToqKy KanJIH cycneH3HH. 06pa3IJ;bl ,Il;JI51 CKaHHpyIOrn;eii MHKpOCKOnHH 

roTOBHJIH c]?HJioTpau;HeM KaIIJIH cycrreH3HH qepe3 TpeKOBYIO MeM6paHy. 3aTeM 

o6pa3IJ;bI BbICYillHBaJIH. KycoqeK MeM6paHbI 3aKpenJI5IJIH Ha Me,Il;HOM CTOJIHKe H 

HaIIbIJI5IJIH CJIOM 30JIOTa 20 HM. ~J151 IIOJiyqeHHbIX MeTO,Il;OM cooca:>K,i::i;eHH5I o6pa3IJ;OB 

6bIJI npoBe,i::i;eH peHTreHOcpa30BbIH aHaJIH3 (P<PA). ~Hc]?paKTOrpaMMbI CH5ITbI Ha 

,i::i;Hc]?paKTOMeTpe STADI P c]?HpMbI STOE (f epMaHH5I), H3rryqeHHe CuKa. 
Pe3ynhTaToI rrpe,IJ;cTaBneHHbie B 3TOM rrraBe ony6rrHKOBaHoI B pa6oTax 

[l,7,10,11,14,15]. 

10 



rJiaBa 3. lIOH006MeHHOe pa3,n;eJieHne Ti, Zr, Hfn Th B CMemaHHbIX 
pacTeopax HCl I HF 

3.1.IloncK onTnMaJibHhIX ycJioeu:ii noHoo6MeHHoro pa3,n;eJieHHSI Ti, Zr, Hf 
uTh 

l1oHHoe paBHOBectte Ti, Zr, Hf H Th BO qnopHCTOBo,n;opo,n;HI>IX pacTBopax 
3aBHCHT OT KOHu;eHTpau;HH HF, pH pacTBopa H 3HaqeHHM KOHCTaHT ycToliqHBOCTH 
qnopH,n;HI>Ix KOM11rreKCOB MeTarrrroB. Pe3yrroTaTI>I pacqeTOB 110 yKa3aHHOM Bonne 
nporpaMMe 110Ka3aJIH, qTo, KaK H 0)l(H)l;aJIOCb, HaH6orree 3HaqHMbie pa3JIHqm1 B 
pac11pe.n;erreHHH KOM11rreKCHI>IX Q_JopM Zr H Hf Ha6mo,n;aIOTC51 B HF pacTBopax. 
0.n;HaKo H3 llorryqeHHI>IX ,n;aHHbIX TaK)l(e BH,n;Ho, qTo KOM11rreKcoo6pa30BaHHe Zr H Hf 
c F-HoHaMH 11poTeKaeT o,n;HoBpeMeHHO c rH,n;poJIH30M 3THX 3JieMeHTOB, qTo co3.n;aeT 
Tpy.n;HOCTH 11pH HOH006MeHHOM pa3,n;erreHHH. ,[(rr51 110,ZJ;aBrreHH51 rH,n;poJIH3a 
Heo6xo.n;HMo 110BI>ICHTI> KOHu;eHTpau;HIO H+-HOHOB, ,n;rr5I 3Toro ,n;o6aBJI5IJIH B cHcTeMy 
corr5IHYIO HJIH a30THYIO KHCJioTy. Cyrn,ecTBeHHO, qTo 11pH xpoMaTorpacl_JttqecKoM 
pa3.n;erreHHH Zr H Hf HMeeTC5I cMern,eHHe paBHOBeCH5I cop6u;H5I-,n;ecop6u;H5I B cTopoey 
BbITeCHeHH51 3a cqeT HX cpTOpH,n;Horo KOM11JieKcoo6pa30BaHH5I. Il03TOMY ,ZJ;JI51 
pa3,n;eneHH.SI Zr H Hf 6om Bo16paH KaTHOHHT. 

AHaJIH3 pac11pe,n;erreHH5I Zr H Hf no KOM11rreKCHI>IM Q_lopMaM B pa3HI>IX pacTBopax 
110Ka3aJI, qTo, HCXO,Il;51 H3 ycJIOBH5I MaKCHMaJibHOM cop6u;HH Ha KaTHOHHTe 
(MHHHMaJII>Horo co,n;ep)l(aHH51 coe.n;HHeHHM BH,n;a M(OH)4), 11pH HH3KOM 
KOHIJ;eHTpau;HH H+' BCJie,n;CTBHe ero KOHKypttpyrom;e:M: cop6u;HH, OTITHMaJibHOM 
cpe,n;o:M: ,n;AA HaHeceHH5I Ha xpoMaTorpacl_JttqecKyIO KOJIOHKY 51BJI5IeTc5I 0,2 Morro/JI HCl. 
PacqeT, c,n;enaHHI>IM ,n;AA B1>16paHHI>IX ycrroBHM, 110Ka3arr, qTo 6onee 98 % HOHOB Zr 
y)l(e 11pH KoHu;eHTpau;HH HF 9· 10-5 Morro/JI Haxo,n;5ITC5I B BH,n;e KOM11JieKca ZrF62- B TO 
BpeM51 KaK Hf HaXO,Zl;HTC5I, B OCHOBHOM, B Q_JopMe KaTHOHOB. CocT051HHe HOHOB 
THTaHa B pacTBopax HF, oco6eHHO B o6nacTH yrroTpaMarro1x KOHIJ;eHTpau;Hli MeTarrna, 
11paKTHqecKH He H3yqeHo. IIo,n;o6Ho Zr H Hf B pacTBopax HF ocHOBHOM cpopMoli 
HaXO)l(,ZJ;eHH5I Ti 5IBJI5IeTc5I MF 6 2-. ,[(ocToBepHo 011pe,n;erreHHI>Ie KOHCTaHTI>I 
ycToliqHBOCTH Q_lTopH,n;HI>IX KoM11rreKcoB Ti B JIHTepaType OTCYTCTBYIOT, 1103TOMY 
pacqeTI>I HOHHoro cocT05IHHH THTaHa He 11pOBO.IJ:HJIHCI>. B pacTBopax HF H HCl 
H3BeCTHI>I TOJII>KO llOJIO)l(HTeJII>HO H HeliTparroHo 3ap5I)l(eHHI>Ie cpopMI>I Th. Ifa 
pe3yJII>TaTOB pacqeTa BH,Zl;HO, qTo B 3THX paCTBOpax B HHTepBarre KOHIJ;eHTpau;Hli 
10-4 - 10-2 MOJio/rr HF I 0,2 Morro/JI HCl TOpH:M: o6pa3yeT llOJIO)l(HTeJII>Ho 3ap5I)l(eHHI>Ie 
KOM11rreKcI>1 ThF3+, ThFz2+ H ThF3+ H, crre,n;oBaTeJII>Ho, 11pH HcnoJII>30BaHHH 
KaTHOHHTa MO)l(eT 6oITI> oT,n;erreH OT Zr H Hf. 0,n;HaKo HOHoo6MeHHoe llOBe,n;eHHe Th 
B pacTBopax HCI I HF B o6nacTH yrroTpaMaJII>Ix Kom:i;eHTPau;Hli MeTarrrra Marro 
H3yqeHO. 

3.2.Cop6u;uSI Ti u Th 
Cop6u;HIO 3JieMeHTOB H3yqarrH Ha KaTHOHO- H aHHOH006MeHHOM CMOJiax H3 

cMemaHHI>IX pacTBopoB, co,n;ep)KaIIJ,HX 0,2 Morro/JI HCI H HF nepeMeHHOM 
KOHu;eHTpau;HH. KoHu;eHTpau;m1 HCI 6orna Bo16paHa 110 pe3yJioTaTaM aHaJIH3a 
pac11pe,n;eneHH5I Zr H Hf 110 KOMnJieKCHI>IM Q_lopMaM. 3aBHCHMOCTh K03cpcpHu;HeHTOB 
pac11pe,n;eneHH5I (Kd) Ti H Th Ha KaTHOHHTe Dowex 50x8 OT KoHu;eHTpau;HH HF I 0,2 
MOJII>/n HCl 110Ka3aHa Ha pHc. 1. Bee 3JieMeHTI>I HMeIOT BI>ICOKHe 3HaqeHH5I Kd (> 103) 
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rrpM KOHIJ;eH'Tpau;1rn HF MeHee 10-3 MOJII>/JI. IlpM yBemr11eHMM KOHIJ;eHTpau;mr 
KMCJIOTDI cop6u;m1 3JieMeHTOB pe3KO yMeHI>IIIaeTC.sI B rrocJie.n:osaTeJII>HOCTM Th > Ti, 
rrpMIIeM HaM6onee CHJII>HO 3Ta 3aBMCMMOCTh BI>Ipa)KeHa .n:mr Th (Kd = 400 rrpM 0, 1 
MOJII>/JI HF M 5 rrpH 0,2 MOJII>/JI HF). 3To xopoIIIo corJiacyeTc.sI c npoBe.n:eHHhIMH 
pacqeTaMM. B npMcyTCTBMM KaTMOHMTa npH KoHu;eHTpau;mr HF MeHee 0, 1 MOJII>/JI 
paBHOBeCMe B paCTBOpe C.I(BMraeTC.sI B CTOpOHY o6pa30BaHM5I KaTMOHHbIX <l_:>opM Th M 
KaK cne.n:cTBMe ero cop6u;Meii. IlpH yseJIHIIeHHH KOHIJ;eHTpau;MH HF yMeHI>IIIeHMe Kd 
B cJiy11ae c Ti CB.sI3aHo c o6pa3oBaHMeM aHHOHHDIX <l_:>opM, a c Th, no-BM.I(HMOMy, c 
o6pa3oBaHMeM ThF4 H KOHKypMpy10:c:u;e:H: cop6u;Me:H: c H+-MoHaMM Ha KaTMOHMTe. 

103 

102 

-•-Ti 
-o-Th 

~.t 101 

10° 

1E-6 1E-5 1E-4 1E·3 0.01 0.1 

HF, MOJlb·n·' 

10 

PMc. 1. Ko3<l_:><l_:>Mu;HeHTDI pacnpe.n:eneHM5I 
44Ti M 234Th Ha KaTHOHMTe B 

3aBMCMMOCTM OT KOHIJ;eHTpau;MM HF I 
0,2 MOJII>/JI HCI (Dowex 50x8, 200-400, 

H+) 

-•-Ti 
-o-Th 

101 

10° 

1E·6 1E-5 1E-4 1E·3 0.01 0.1 10 

HF, M0Jlh"JI1 

PMc. 2. Ko3<l_:><l_:>Mu;MeHTbI pacnpe.n:eneHM.sI 
44Ti M 234Th Ha aHMOHMTe B 3aBHCMMOCTM 
OT KOHIJ;eHTpau;mr HF I 0,2 MOJio/JI HCI 

(Dowex 1 x8, 200-400, F-) 

3aBHCHMOCTb cop6u;MM Ti M Th Ha aHMOHMTe Dowex 1 x 8 OT KOHIJ;eHTpau;MM HF I 
0,2 MOJII>/JI HCI npH:se.n:eHa Ha pMc. 2. Ilpn KOHIJ;eH'Tpau;MM HF MeHee 0, 1 MOJII>/JI Ti M 
Th MMeIOT HH3KMe 3Ha1IeHM.sI Kd ( <10). Ilpn yBeJIMIIeHMM KOHIJ;eH'TpaIJ;MM KHCJIOTI>I 
cop6u;M5I 3JieMeHTOB pacTeT 3a cqeT KOMTIJieKcoo6pa30BaHmI c MOHaMM F- B 
nocJie.n:oBaTeJII>HOCTH Ti > Th. Ilpn .I(aJII>HeiIIIIeM yBeJIMIIeHMM KoHu;eHTpau;nH 
HF (> 1 MOJib/JI) cop6u;1rn 3JieMeHTOB yMeHI>IIIaeTC.sI B pe3yJihTaTe KOHKypMpy10:c:u;e:H: 
cop6u;MH c MoHaMM F- M HF-. 

CBoifcTBa cMeIIIaHHhIX <l_:>Topn.n:Ho-xnopn.n:HoIX pacTBopos 3aMeTHO OTJIMIIaIOTC.sI 
OT 1IMCTO <l_:>TopM.I(HbIX M XJIOpH.I(HbIX paCTBOpOB. Ilo3TOMY MO)KHO O)KM.I(aTb M 
pa3JIM1IM5I B noBe.n:eHMM MOHOB Ti M Th B npou;ecce cop6u;MM M3 3THX pacTBopoB. 
IloJiy11eHHI>Ie .n:aHHI>Ie (pMc. 1 M 2) CBM.I(eTeJII>CTBYIOT o HaJIMIIMM aHMOHHI>IX <l_:>opM Th 
B cMeIIIaHHhIX pacTBopax HF I HCI npH KOHIJ;eHTpau;HM HF BhIIIIe 0,2 MOJII>/JI. 
CocTaB M CTPYKTypa TaKMX KOMnJieKcoB He M3BeCTHhI. KaK BM.I(HO M3 pMc. 1, npM 0, 1 
MOJib/JI HF Ti He cop6MpyeTc.sI, B To speM.sI KaK Th npo.sIBJI.sieT 3Ha1IMTeJII>HYIO 
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cop611pyeMOCTh KaTl10Hl1TOM (Kd 400) 11, crre.n:oBaTeJihHO, MO)KeT 6bITb OT,1],eJieH OT 
Ti. 

TaK11M o6pa30M, 113 npe.n:cTaBrreHHhIX .n:aHHhIX cJie.n:yeT, qTo ,1l,JI51 pa3,1l,eJieH115I Ti, 
Zr, Hf 11 Th u;eJiecoo6pa3HO 11cnorr:h30BaTb KaT110Hoo6MeHHYIO xpoMaTorpaqm10 B 
cMemaHHhIX pacTBopax HCl I HF. 

3.3.XpoMaTorpa«I>uqecKue pa3,ZJ;eJieHHH 
Ha ocH0BaH1111 noJiyqeHHhIX K03cpcp11u;11eHTOB pacnpe.n:eJiemrn 11 npoBe,ll,eHHhIX 

pacqeToB 6orn11 orrpe.n:eJieHhI ycrroBl151 11 rrpoBe.n:eHo pa3,1l,eJieH11e :rneMeHTOB 4-li 
rpynnhI 11 Th OT Sr 11 Lu. KaK B11,1l,HO 113 p11c. 3, r.n:e noKa3aHo OT,1l,erreH11e 3JieMeHTOB 
4-li rpynnhI OT Sr 11 Lu, aHl10HHhie KOMITJieKChI Ti, Zr 11Hf3rr1011py10TC5I 0,5 MOJih/JI 
HF B He6orrhIIIOM o6neMe, B TO BpeM51 KaK Sr ocTaeTC51 Ha KOJIOHKe 11 MO)KeT 6oITh 
oT.n:erreH OT Th 11 Lu c 2 Monnin HN03• Sr 11 Lu 11cnoJih30BaJI11 KaK x11M11qecK11e 
aHaJior11No11 An. Hcnonn3Y51 cMemaHHhie pacTBOphI HF I HCl, MO)KHO 3n1011poBaTh 
Th KaK COBMeCTHO c 3JieMeHTaMl1 4-li rpynnhI, TaK 11 OT,1],eJibHO (p11c. 4). 

6 10 12 14 16 18 20 22 
80 

cjlpaK4M• Rf cjlpaK4•• No <i>PaKLl•R An 

f--0,SMHF 2M HN03 6MHCI-

Ti, Zr, Hf 
Th, Lu 60 

"ti. 
~· 
i2 
iii 40 Sr 

\ 
/\ 

\ )\ \_ ., 

I < 20 

0 
2 6 10 12 14 16 18 20 22 

06'beM 3JIJOaTa, MJI 

P11c. 3. Pa3.n:enemrn Ti, Zr, Hf 11 Sr, Lu 
(Dowex 50x8, 100-200, 6x40 MM) [7] 

0 2 4 8 10 12 14 16 18 20 
70+--~-r-'-~~.___,.~_,_,_~~~----1 

0.2 M HCl 0.2M HCV D.1M HF 
0.2MHCV 
0.4MHF 

6MHCI 

50...1---->1------------>1 

Ti, Zr, Hf Th 

Lu 

20 • 

10 

o+-r--.-.-+-..;....,..--.-,.--r-"t,-..,lo....,._.<,-.-.,..-,...-.--=.,:::a.,.-i 
0 6 8 10 12 14 16 18 20 

06beM 3moara, •m 

P11c. 4. Pa3,1],eJieHHe Ti, Zr, Hf 11 Th, 
Lu (Dowex 50x8, 100-200, 6x40 MM) 

[16] 

IIorrHoe pa3.n:erreH11e Zr 11 Hf .n:ocT11rHyTo Ha KaT110Hoo6MeHHOM KOJIOHKe B 
pacTBope 1,5· 10-3 MOJih/rr HF I 0,2 MOJih/rr HCl: Zr 11Hf3JII011py10Tc5I B pa3,1l,eJihHhIX 
<}lpaKu;H5IX, Ka)K,1],a51 B o6neMe 1 MJI, B TO BpeM51 KaK Lu BhIMhIBaeTc51 6 MOJih/rr HCl 
(p11c. 5). <I>aKTop pa3.n:erreH115I a~ cocTaBHJI 1,2. Ilocrre.n:y10ru;ee 3JII011poBaH11e Ti 11 

Th np0Bo.n:11rr11 pacTBopaMH 0,075 MOJih/rr HF I 0,2 MOJih/JI HCl 11 0,2 MOJih/rr HF I 
0,2 MOJio/rr HCl cooTBeTCTBeHHO (p11c. 6). Y crroB115I pa3.n:erreHl151, KoHu;eHTpau;1151 
pacTBopa HF 11 pa3Mep KOJIOHKH 6orn11 BbI6paHhI B cooTBeTCTBHH c rrpe,1l,n5IBJI5IeMhIMH 
Kp11TepH5IMH ( o6neM If COCTaB 3JIIOeHTa) TaKl1M o6pa30M, qTo6hI, He MeH5151 
3JIIOHpy10ru;11li paCTBOp B KOJIOHKe, 6hICTpO If HenpepbIBHO norryq11Tb <i_)paKJJ;1111 
3JieMeHTOB B He60JibllIHX o6neMax. 

IloJiyqeHHhie pe3yrroTaThI xopoIIIo corrracy10Tc5I c rrpoBe,1l,eHHhIMl1 pacqeTaMH 11 
3KCnepHMeHTaMl1 no cop6u;1111 B CTaT11qeCKHX ycJIOBH5IX. Ilo ,1],aHHhIM 
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crreKTpOMeTJJHqecKl1X l13Mepemr:H: Bee l1CCJie,ZJ;OBaHHhle 3JieMeHThl 6I>IJil1 BhI,ZJ;eJieHhl c 

3cpcpeKTl1BHOCThIO 6onee 95%. y CJIOBl151 xpoMaTorpaqmqecKl1X pa3,n;eneHl1M (speM51, 

COCTaB l1 o6neM 3JIIOaTa) II03BOJI5IIOT 6I>ICTpo l13I'OTOBl1Th TOHKl1M l1CToqHl1K ,ZJ;JI51 

per11cTpau,1111 a-qacTl1Il; l1 OCKOJIKOB CIIOHTaHHOro ,n;eneHl1H Rf yrrap11BaH11eM. TaKl1M 

o6pa30M, B 3KCIIep11MeHTax no Xl1M11qecKOM l1,ZJ;eHT11cp11Kau,1111 Rf BbI)J;eJieH11e 

cppaKIJ,1111 4-H: rpyrrrrI>I c yqeTOM l13I'OTOBJieHl15.l l1CTOqH11Ka ,ZJ;JI51 l13MepeHl1H MO)KeT 

6I>ITh rrpoBe,n;eHO MeHee qeM 3a 30 Ml1H 6e3 rrpHMeHeHl151 crreu,HaJihHOro 

o6opy.n;osaHl151 • 

. 2MH0-0.0015MHF __ 1MHF--6M 

60 I I Lu 

'$. 

~ 
~ 40 

g 
~ a Hf 

J 20 

0 
7 a 9 10 11 12 13 14 

05beM 3JllaIIll, M1I 

P11c. 5. Pa3,n;eneH11e Zr, Hf11 Lu (Aminex 

AS, 13 ± 2 MKM, 4x60 MM) [7] 

100 
0.2MHCI 0,075 M HF I 0.2 M HCI 0.2 MHF /0.2 MHCI 

90 

80 

';ft. 
70 n Th 

e 60 

~ 50 
g 

40 0 = 
~ 30 

20 • 
10 ) J • 0 

o.o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Oi5LeM 3JlIOal'3, 11!11 

P11c. 6. Pa3,n;eneHHe Ti 11 Th (Aminex A5, 

13 ± 2 MKM, 4x6Q MM) [16] 

11op51,D;OK 3JIIOl1pOBaHHH 3JieMeHTOB c KaTl10Hl1Ta OTpa)KaeT l1X CKJIOHHOCTb K 

o6pa30BaHHIO KOMIIJieKCOB B paCTBOpe. IlonyqeHHI>Ie pe3yJinTaThl (pHC. 5 l1 6) 

HaXO)J;5ITC51 B COOTBeTCTBHH c IIOCJie,n;oBaTeJibHOCTbIO yMeHI>IIIeHH51 ycTo:H:q11BOCTH 

qnop11.n;Ho1x KOMIIJieKCOB B pH,n;y Zr > Hf > Ti > Th. B To )Ke speM51 3Ta 

3aKOHOMepHOCTh COOTBeTCTByeT rrocne,n;oBaTeJibHOCTH yMeHbIIIeHH51 3cpcpeKTHBHbIX 

HOHHhIX pa,n;11ycoB BHYTPH 4-H: rpyrrrrI>I Zr> Hf> Ti. 

TaK11M o6pa3oM, 11crroJII>30BaH11e 3Toi1: MeTo,n;HKH B 3Kcrrep11MeHTax c Rf 
II03BOJil1T He TOJihKO Ha,ZJ;e)KHO 11.n;eHTHcp11:u;11poBaTh ero HOBbIH H30TOII, HO H cy,n;HTb 

06 ycToliqJIBOCTH ero cpTOpH,D;HbIX KOMIIJieKCOB B cpaBHeHHH c ,n;pyrHMH 3JieMeHTaMH 

4-H: rpyrrrrI>I. 

Pe3yJII>TaTI>I rrpe,n;cTaBJieHHI>Ie B 3Toi1: rnase orry6JIHKOBaHI>I B pa6oTax [7, 16]. 

rJiaBa 4. Copou;HOHHOe IIOBe,n;eHHe Ti, Zr, Hf, Nb H Ta B CMemaHHhlX 
pacTBopax HF I au;eToH 

4.1.Copou;uH Ha aHHOHHTe 
Orrpe.n;eJieHI>I K03cpcp11u,11:eHTbI pacrrpe,n;eneH115I Ti, Zr, Hf 11 Nb, Ta Ha KaTHOHHTe 

11 aHHOHHTe B cMeIIIaHHbIX so,z:i;Ho-opraH11qecK11x pacTBopax HF B 3aBHCHMOCTH OT 

co,n;ep)KaHHH a:u;eTOHa (1 - 13,6 MOJib/JI) H KHCJIOTbl (1 ·10-5 - 25 MOJib/JI) B um:poKOM 

.n;11arra30He KoH:u;eH'rpau,11H:. BJIHHHHe au,eToHa Ha cop6u,11IO 3JieMeHTOB Ha aHHOHHTe 

113 pacTBopoB 6 Mono/JI HF MO)KHO s11,n;eTo Ha p11:c. 7. IlonyqeHHI>Ie ,naHHI>Ie 
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II03BOJ15IIOT c.n;enaTb HeKOTOpbie 3aKJ1I01JeHlrn 0 xapaKTepe KOMIIJ1eKcoo6pa30BaHH5I H 

MexaHH3Me cop6u;HM MCCJie,n;yeMbIX 3J1eMeHTOB B BO,Il;HO-opraHHlJeCKMX pacTBopax 

HF. 

IloBe,n;eHMe MCCJJe,n;oBaHHbIX 3J1eMeHTOB MO)KHO o6'b5ICHMTb ,ll;BYMH 

KOHKypnpyIOlll;HMH Me)K.n;y co6oii rrpou;eccaMH. lfaBeCTHO, lJTO B 

KOHu;eHTPHPOBaHHhIX pacTBopax HF (6onee 1 MOJJh/n) xapaKTepHo o6pa3oBaHMe 

HOHa HF2-, rrpHqeM ero KOHIJ;eHTpau;nH rrpeo6na.n;aeT no cpaBHeHHIO c 

KOHD;eHTpan;Heii F- M pacTeT npaKTH1IeCKH JIMHeiiHo c pocTOM KoHu;eHTpau;HH HF. 

TaKHM o6pa30M, paBHOBecHe q:>TopH,n;HhIX KOMnneKCOB 3JJeMeHTOB 4-ii M 5-ii rpyrrrr B 

KOHD;eHTpHpoBaHHhIX pacTBopax HF B rrpHcyTCTBHH aHHOHHTa orrHcbmaeTcH 

ypaBHeHH5IMM 

RnMF4+n + nHF; ¢:::> nRHF2 + MF4:: (M =Ti, Zr, Hf) 

RnMFs+n + nHF2- ¢:::> nRHF2 + MF5:~ (M =Nb, Ta), 

(2) 

(3) 

r.n;e R - c}:>MKCHpOBaHHa5I HOHHaJI rpyrrrra CMOJibl. IlpH yBeJIHlJeHHM KOHD;eHTpau;HM 

au;eTOHa yMeHbIIIaeTCH ,n;Hccon;Hau;HH HF Bcne.n;cTBHe Toro, 1ITO au;eTOH HMeeT 

MeHbIIIee 3HaqeHHe ,Il;M3J1eKTpH1IeCKOM rrpOHHD;aeMOCTH, 1IeM BO,n;a, lJTO rrpHBO,Il;HT K 

yBeJIHlJeHHIO K03c}:>c}:>nu;MeHTOB pacrrpe,n;eJieHM5I. IlpH ,ll;aJJhHeiiIIIeM yBeJ1H1JeHHH 

KOHD;eHrpan;HH au;eTOHa pacTeT ,ll;OJI5I MeHee 3ap5I)KeHHbIX H HeiiTpaJJbHbIX cpopM 

KOMIIJJeKCOB. 3TOT rrpou;ecc, Hao6opoT, rrpHBO,Il;MT K yMeHbIIIeHHIO K03c}:>c}:>m:J;HeHTOB 

pacrrpe.n;erreHHH Ha aHHOHHTe. 3aBHCHMOCTh Kd OT co.n;ep)!(aHHH HF B pacTBopax 6 
MOJib/JI an;eTOHa TIOKa3aHa Ha pHC. 8. Bee 3JieMeHTbl HMeIOT BbICOKMe 3Ha1JeHH5I 

Kd (> 2,9·104) B pa36aBJieHHhIX pacTBopax HF (0,1 - 1 MOJJb!JI) 3a cqeT 

KOMIIJ1eKcoo6pa30BaHH5I c MOHaMH F-. IlpH ,Il;aJJbHeiiIIIeM yBeJIHlJeHHM KOHD;eHTpau;HH 

KHCJIOTbl (> 2 MOJib/JI) paBHOBeCMe (ypaBHeHH5I (2), (3)) C,ll;BMraeTC5I BrrpaBO, M 

cop6u;m1 HCCJJe,Il;OBaHHbIX 3JieMeHTOB yMeHbIIIaeTC51 B pe3yJ1bTaTe KOHKypHpy10rn;eii 

cop6n;HH c HOHaMH HF2- (pHc. 8). 
llcnOJib3Y5I ypaBHeHM5I (2) H (3), MO)KHO orrpe,n;eJIHTb 3ap5I,Il; c):>TopH,D;HOfO 

KOMrrneKca, cop6npyeMoro Ha CMone. Ko3c}:><i_JHu;MeHT pacnpe.n;eneHHH MO)!(HO 

rrpe,n;cTaBHTb KaK 

[HF-] 
log K d = log D - n log 2 , 

[RHF2 ] 

(4) 

r.n;e D - Ko3<i_Jc}:>Hu;HeHT ceneKTHBHOCTH o6MeHMBaeMDix aHHOHOB, n - IJHcno 

OTPHU:aTeJJbHhIX 3apH,n;oB KOMrrrreKCOB MF4:: HJJH MPs:: . 
ll3 ypaBHeHH51 ( 4) cne.n;yeT' qTo n COOTBeTCTByeT TaHreHcy yrna HaKJIOHa rrp5IMOM 

3aBHCHMOCTH lg Kd - lg [HF2-]. 3Ha1JeHH5I TaHreHca yrna HaKJJOHa, rronyIJeHHDie rrpH 

pa3IlH1JHbIX KOHD;eHTpau;H5IX au;eTOHa ,ll;J15I 3JieMeHTOB 4-ii rpyrrrrhI, B cpe,n;HeM paBHbl 

- 3 ,2. Mo)KHO rrpe.n;noJio)!(HTh, qTo c pocTOM KOHIJ;eHTpau;HH HF CHJJhHO 

yBeJJH1IHBaeTC5I .n;onH BhICOKOKoop,n;HHHpoBaHHhIX KOMrrneKCOB MF/- (M = Ti, Zr, 
Ht), KOTophie rrpe.n;rroIJTHTeJihHee cop6Mpy10Tc5I aHHOHHTaMH. ,r:t;o6aBneHHe )Ke 

opraHHlJeCKHX paCTBOpHTerreii TOJlbKO cnoco6cTByeT KOMIIJieKcoo6pa30BaHHIO rrpH 

aHHOHHOM o6MeHe. 
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B ycJIOBH5IX 3KcnepttMeHTa Kd 3JieMeHTOB yMeHnmaeTC51 B o6paTHOH 

nocJie,n;oBaTeJibHOCTH ycToiiqHBOCTM <!>TopH.D;HhIX KOMnrreKCOB Ti> Hf> Zr. Bo BCeM 

,n;Hana3oHe KOHr:t;eHTpau;HH HF ::meMeHThI 4-:H: rpynnhI HMeIOT nptt6JIH3HTeJihHO 

o,n;HHaKOBhie 3HaqeHH5I Kd, a c pocToM co,n;ep:a<aHH51 au;eToHa B pacTBope H3MeH5IeTC5I 

cerreKTMBHOCTh aHHOHHTa K Ti, Zr H Hf, a TaIOKe nopH,n;oK HX cop6u;HH. 

B pacTBopax 15-25 MOJib/JI HF I l-4 MOJib/JI au;eTOH Kd 3JieMeHTOB 4-:H: rpynnnI 

HMeIOT HI13KHe 3HaqeHH5I (Kd < 50), B TO BpeM51 KaK 3JieMeHTbl 5-:H: rpyTITibl 

np05IBJI5IIOT 3HaqHTeJibHYIO cop6MpyeMOCTb aHHOHHTOM (Kd > 102) I1 MoryT 6nITb 

oT,n;erreHbI ,n;pyr OT ,n;pyra. BnICOKHe 3HaqeHH5I <!>aKTopoB pa3,n;eneHH5I Nb H Ta B 

pacTBopax, co,n;ep:a<allI;HX 0,5-3 MOJin/n HF M 8-12 Monnin au;eToHa (a~:= 4 - 400), 
II03BOJI5IIOT BbI6paTb ycrroBmI ,IJ;JI5I HX pa3,n;eJieHH5I B ,IJ;HHaMHqecKMX ycJIOBH5IX. 

4 10 

A!l".'fOH, Monbln 

P:Hc. 7. Ko3<l_J<l_Jttu;HeHThI pacnpe,n;eneHH5I 

Ti, Zr, Hf, Nb H Ta B 3aBHCHMOCTH OT 

KOHr:t;eHTpau;HH au;eTOHa (AG lx8, 200-
400, F-, 6 MOJib/JI HF) [12] 

HF, Mom.in 10 15 

Pttc. 8. Ko3<!><l_lHu;HeHThI pacnpe,n;eJieHH5I 

Ti, Zr, Hf, Nb H Ta B 3aBHCHMOCTH OT 

KOHu;eHTpau;HH HF (AG 1 x8, 200-400, 
F-, 6 MOJib/JI au;eTOH) [12] 

IIonyqeHHbie ,n;aHHhie npe.n;cTaBJI5IIOT 6onhIIIOH npaKTHqecKHH HHTepec, TaK KaK 

n03BOJI5IIOT BbI6paTb ycJIOBH51 pa3.n;erreHH51 3JieMeHTOB 4-:H: H 5-:H: rpynn B 

3KcnepHMeHTax no XHMHqecKoii H,n;eHTH<]JHKau;HH Rf H Db. ConocTaBJieHHe 

pe3yJinTaTOB no H3yqeHHIO cop6u;HH Rf H norryqeHHbIX ,n;aHHblX noKa3bIBaeT, qTo 

H3yqeHHe HOHoo6MeHHoro noBe.n;eHH51 Rf B pacTBopax, co.n;ep)l(allI;HX HF, 

npe.n;cTaBJI5IeT HHTepec B cpaBHeHHH c Ti. Jlyqm:HMH ycnoBH5IMH .IJ;JI5I H3yqemrn 

COBMeCTHOro HOH006MeHHOfO IIOBe.n;eHH51 c Rf 5IBJI5IeTC51 CHCTeMa aHHOHHT -

6 MOJin/JI HF I 10 MOJib/JI au;eTOH (pHc. 7), r,n;e npo5IBJI5IIOTC51 HaH60JihmHe pa3JIHqH5.£ 

B cop6r:t;HH 3THX 3JieMeHTOB. 

4.2.Cop6u;uH Ha KaTHOHHTe 

I-fayqeHHe noBe,n;eHH5I Ti, Zr, Hf, Nb H Ta Ha KaTHOHHTe B HHTepBane 

KOHu;eHTpau;Hii 10-5 - 0, 1 Monnin HF H 2 - 10 MOJih/n au;eToHa TIOKa3aJIO, qTo npH 

,n;o6aBJieHHH opraHHqecKoro pacTBOpHTeJI51 B pacTBophl HF cop6u;H5I 3JieMeHTOB 

MHOfOKpaTHO yBeJIHqHBaeTC5I c pOCTOM KOHr:t;eHTpau;HH au;eTOHa. 06Hapy)l(eHO, qTo B 

npHCYTCTBHH au;eTOHa ( 4 - 10 MOJib/ JI) MeH5IeTC51 nocne,n;oBaTeJihHOCTb cop6u;HH 

3JieMeHTOB BHYTPH o,n;Hoii rpyrrrrhI, a TaIOKe - H36HpaTeJihHOCTh KaTHOHHTa K 

HCCJie,IJ;OBaHHbIM 3JieMeHTaM, qTo ,n;aeT B03M0)l(H0CTb ,IJ;JI5I HX pa3.n;erreHH5I. 
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YBem1qem1e KOHD;eHTpau;1n1 au;eTOHa (1 - 13,6 MOJib/JI) B HHTepBane KOHQeHTpau;uH: 
0,1 - 25 MOJih/n HF He BJIH5IeT Ha cop6u;HIO Ti, Zr, Hf, Nb H Ta (Kd <1). 
HcKJIIOqeHHe cocTaBJI.HeT pacTsop 0,1 MOJih/JI HF rrpH MaKCHMaJihHOM co,n;ep)KaHHH 
au;eToHa (13,6 MOJih/n), B KOTopoM cop6u;H.H Zr H Hf He3HaqJITeJihHO yBeJIJiqHBaeTC.H 
(Kd paBeH 27 H 24 COOTBeTCTBeHHO ). TaKHe ycJIOBH.H MoryT 6hITb BbI6paHhI ,IJ;JI.H 
oT,n;eneHH.H Zr H Hf OT 3JieMeHTOB 5-H: rpyrrrrhI. Cy:rn;ecTBeHHo, qTo B 3TOM cnyqae Nb 
H Ta 3JIIOHPYIOTC.H H3 xpoMaTorpaqrnqecKoii KOJIOHKH pacTBopoM c 6oJihllIHM 
co,n;ep)KaHHeM au;eToHa, qTo o6nerqaeT 3a,n;aqy H3fOTOBJieHH.H crreKTpoMeTpHqecKHX 
HCTOqHJIKOB ,IJ;JI51 ,n;eTeKTHpOBamrn a-qacTHQ H OCKOJIKOB CIIOHTaHHOfO ,n;eneHH51 
yrrapHBaHHeM. 

,l(JI51 H3yqeHH51 BJIH.HHH.H rrpHpO,ll;hI pacTBOpHTeJI5I, IIOMHMO au;eTOHa, TaK)Ke 
Hccne,n;oBanH cop6u;HIO Ti, Zr H Hf aHHOHHTOM H3 cMemaHHhIX pacTsopos HF, 
co,n;ep)Ka:rn;Hx MeTHJI3THJIKeTOH H MeTHJIH3o6yTHJIKeTOH, ,IJ;H3JieKTpHqecKa51 . 
rrpOHHQaeMOCTh KOTOpbIX pa3JIJiqaeTC51. B u;enoM, MO)KHO OTMeTHTh, qTo xapaKTep 
3aBHCHMOCTH Ko34Jqmu;HeHTOB pacrrpe,n;eneHH.H OT KOHQeHTpau;Hii HF, 
MeTHJI3TMJIKeTOHa M MeTHJIM306yTHJIKeTOHa aHanorJiqeH BapHaHTaM c au;eTOHOM. 
Pe3yJihTaThI rrpe,n;cTaBJieHHhie B 3TOH rnase orry6nHKOBaHhI B pa6oTax [12, 17, 22]. 

rJiaBa 5. Cop6:u;nB n cooca~eHne pa,LJ;HOH30TonoB Ti, Zr n Hf c <l>Topn,LJ;oM 
JiaHTaHa 

5.1.XapaKTepHCTHKa TBep,ll;OH cI>a3bl 
,l(mI rronyqeHHbIX MeTO,IJ;OM COOCa)K,IJ;eHH.H oca,n;KOB 6brn rrpose,n;eH 

peHTreHO<lJa30BbIH aHaJIM3. IlopOllIKOBa51 ,n;H<lJpaKTorpaMMa CMemaHHoro oca,n;Ka 
Haxo,n;HTC.H B xopomeM cornacm1 c ,n;H<!JpaKTorpaMMOH LaF 3, rronyqeHHoro 
aHanorJiqHhIM crroco6oM. AHaJIH3 ,n;mppaKTorpaMM cMernaHHhIX oca,n;KOB rrpH 
oTHorneHHH La : Hf = 1 : 5 He BhUIBHJI o6pa3oBaHM.H ,n;pyrHx <lJa3. KaK rroKa3aJIH 
peHTreHorpa<lJMqecKHe ttccne,n;osaHM51, cBe)Keoca)K,n;eHHhIH oca,n;oK LaF 3 o6na,n;aeT 
BbICOKOM ,n;e<!JeKTHOCTbIO. Mop<!JonorHIO TBep.n;oii <lJa3bI HCCJie,IJ;OBaJIH MeTo,n;aMH 
3JieKTPOHHOH MHKpOCKOIIMH. 

B cycrreH3HH o6Hapy)KeHhI rrepsHqH11e aMop<iJHoie l!aCTHD;hI cTep)l(HeBH,n;HoH: 
<!JopMhI ,n;JIHHOH 10-20 HM. B Ton:rn;e 3THX qacTHQ rrpo51BJI.HIOTC51 HaHoKpMcTaJIJihI 
pa3MepoM 1-2 HM. ,l(JI.H H36paHHhIX KpHCTaJIJIOB B <PoKyce 3JieKTpOHHOfO 
MHKpOCKOIIa ocy:rn;ecTBJI5IJIC51 <lJa30BhIM KOHTPOJih MeTO,IJ;OM MHKpo,n;H<lJpaKQHM. 
KpHCTaJIJihI HMeIOT CTPYKTYPY THrra THCOHHTa (LaF 3) reKcaroHaJibHoii <!JopMhI. 
XapaKTepHhie <!JoTorpa<lJMH KpyrrHhIX arperaTOB pa3MepoM 1 - 2 MKM, cocTo.H:rn;Hx H3 
arJIOMepaTOB MeJIKMX qacTHD;, rrpirne,n;eHhI Ha pHC. 9. IlpH xpaHeHHM TBep.n;oH: cpa3bl B 
MaToqHoM pacTBope rrpoHcxo,n;MT yrrop51,n;oqHBaHHe TBep,n;oH: <lJa3hI. AMop<lJHhIM 
oca,n;OK rrpeBpa:rn;aeTC.H B MeJIKOKpHCTaJIJIJiqeCKHM. 3TO cornacyeTC51 c ,n;aHHhIMH no 
3BOJIIOQHH Mop<!JonorHH HaHoqacTHQ LaF 3 B rrpou;ecce oca)K,n;eHH51 H3 pacTsopos 
La(N03) 3 H KF*. ABTOphI 3Toii pa6oThI Ha6mo,n;anH rrocne,n;oBaTeJihHOe 

• 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. Transfonnation of Amorphous to Crystalline 
Phase, POM, SAXS, W AXS, and XRD Study. Cryst. Growth Des. 2005. V.5,Nol.P.123-128. 
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rrpeBpaII.(emrn aMopqmoro rH,n;paTa qnopH,n;a B KpHCTaJIJIHqecKHe HaHoqacTHIJ;hI LaF 3 

reKcaroHaJibHOM cpopMbI. 

KaK cne,n;yeT H3 rronyqeHHbIX ,n;aHHhIX, B ycnoBHHX 3KcrrepHMeHTa TBep,n;rur cpa3a 

LaF 3 rrpe,n;cTaBJIHeT co6oM: HaHo,n;HcrrepcHbIH MaTepHaJI, o6na,n;aIOII.(HM 6oJihIIIOH 

y,n;eJibHOH rroBepxHOCThIO H HeKoMrreHcHpoBaHHhIM OTPHQaTeJihHhIM 3apH,n;oM, qTo 

orrpe,n;enHeT ero BhICOKHe aHHOHoo6MeHHhie CBOHCTBa. 

PHC. 9. 3JieKTPOHHO-MHKpOCKOl1HqecKHM CHHMOK rrpo,n;yKTOB qacTHqHoM 

KpHCTaJIJIH3aQHH, rronyqeHHbIX rrpH cooca)K,n;eHHH HOHOB Hf c LaF 3 H3 c}?TopH,n;HhIX 

BO)J;HbIX paCTBOpOB [14] 

5.2.lfayqeHHe BJIHHHHH pa3JIHqHhJX ycJIOBHH Ha cop6:u;HIO H coocam,n;eHHe 

Blluanue BpeMenu «onma«ma <jJa:J. 3aBHCHMOCTb cop6u;HH 175Hf Ha roTOBOM 

oca,n;Ke LaF3 OT BpeMeHH KOHTaKTa TBep,n;oM: H )KH,Il;KOH cpa3 rrpHBe,n;eHa Ha pHC. 10. 
lfa 3THX ,n;aHHbIX BH,Il;HO, qTo cop6u;HH 175Hf rrpoTeKaeT ,Il;OCTaTOqHo 6bICTpO H 

K03cpqrnu;HeHTbI pacrrpe,n;eJieHH}I HMeIOT BbICOKHe 3HaqeHH51. lfope3 5 MHH IlOCJie 

BBe,n;eHHH oca,n;Ka B pacTBop 0,5 MOJib/JI HF 3HaqeHHe Kd cocTaBJIHeT 1, 1·105• lfope3 

60 MHH rrocne BHeceHHH 175Hf rrpaKTHqecKH IlOJIHOCTbIO rrepexo,n;HT B TBep,n;yIO cpa3y 

(Kd = 3,0·105). Ilo ,n;aHHbIM pa6oTbI (cchrnKa Ha CTP. 17) 3a 3TO )Ke BpeMH 

rrpOHCXO,Il;HT peKpHCTaJIJIH3au;mI TBep,n;oM: cpa3bI. 

3aTeM B TeqeHHH 9 q 3HaqeHHe Kd yBeJIHqHBaeTcH ,n;o 3, 7·105 H ,n;anee He 

MeHHeTCH. B03M0)KHO, qTo 3Ta Me,n;JieHHM CTa)l;HH CBH3aHa c rrpou;eccoM HOHHOro 

o6MeHa OTpHu;aTeJibHO 3apH)KeHHhIX KOMITJieKCOB racpHHH c HOHaMH p- H ,n;mpcpy3Hei1 

B KpHCTaJIJiax. TaKHM o6pa3oM, 3a 10 q ycTaHaBJIHBaJIOCb cop6u;HOHHoe paBHOBecHe. 

Blluanue «Olll(enmpal(UU Zr u Hf. Ha pHc. 11 rrpe,n;cTaBJieHa 3aBHCHMOCTb 

cooca)K,n;eHHH Zr H Hf c LaF 3 OT HX KOHQeHTpau;HH B Hcxo,n;HoM pacTBope. Bo BCeM 

,n;Harra3oHe KOHIJ;eHTpau;HM: Zr H Hf HMeIOT rrpHMepHo o,n;HHaKoByIO cTerreHb 

COOCa)K,n;eHHH. B IIIHpOKOM ,IJ;Hal1a30He KOHIJ;eHTpau;HH MeTaJIJIOB B HCXO,Il;HOM 

paCTBOpe (OT 2· 10-8 ,Il;O 1 MMOJib/JI) Ha6JIIO,n;aeTCH BbICOKM CTeITeHb COOCaJK,n;eHHH -

6onee 99 %. IlpH yBeJIHtieHHH KOHIJ;eHTpau;HH OT 1 ,n;o 11 MMOJih/JI COOCa)K,Il;eHHe 

yMeHbIIIaeTCH c 84 ,n;o 7 %. Ha6JIIO,IJ;aeMoe CHH)KeHHe COOCa)K,n;eHHH c yBeJIHqeHHeM 

KOHIJ;eHTpau;HH 03HaqaeT, qTQ ,Il;OCTHraeTCH HaCbIII.(eHHe, qTo COOTBeTCTByeT 

3a110JIHeHHIO rroBepxHoCTH LaF 3 a,n;cop6u;HoHHhIM cnoeM Hf. IlpHqeM B cocTOHHHH 

HaCbIII.(eHHH oca,n;oK y,n;ep)KHBaeT ,n;o 50% racpHHH OTHOCHTeJibHO JiaHTaHa. lfa 
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rronyIIeHHhIX ,n:aHHhIX paccIIMTaHo rrpe,IJ;eJihHOe co,n:ep)KaHMe Hf B oca,IJ;Ke 2,9 
MMom,/r. I1Ha1Ie Be,n:yT cefor Ti(IV) M Nb(V), cTerreHh HX cooca)K,n:eHmr He 3aBHCHT 
OT KOHU:eHTpau;HH B HCXO,l];HOM pacTBOpe H He rrpeBhimaeT 2 1I 3 % COOTBeTCTBeHHO. 

4.5x105~----------~ 

4,0x10' 

3.5x105 

3.0x105 

~ 2.5x105 

::; 

'j:L,,~ 2.0x105 

1.5x105 

1.ox10' 

5.0x104 

200 400 600 600 1000 1200 1400 

Bpewr,MHH 

PHc. 10. Ko3<P<i.Jttu;HeHThI 
pacrrpe,IJ;eneHH51 Hf B 3aBHCMMOCTH OT 
BpeMeHH KOHTaKTa TBep,n:o:H: M )KH,l];KOH 

<i_Ja3 (1000 Mr/n La, 1 MJI 0,5 MOJih/n HF, 
1,16·10-4 Mr/n Hf) [14] 
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[Ml B HCXO)J.HOM pacrnope, MMom/n 

Pttc. 11. BnmrnHe KOHU:eHTpau;HH 
MeTanna (M = Ti, Zr, Hf, Nb) B pacTBope 
Ha CTeIIeHb ero COOCa)K,l];eH1I51 (1000 Mr/n 

La, 1 Mn 0,5 MOJII>/n HF) [14] 

BllURllUe MQCCbl ocaoKa LaF3. 3aBHC1IMOCTb CTerreHH COOCa)K,l];eH1I51 175Hf OT 
MaccbI oca,IJ;Ka LaF3 rrpe,n:cTaBneHa Ha pHc. 12. Ilptt rrocT051HHhIX KOHU:eHTpau;HH Hf H 
o6oeMe pacTBopa cTerreHI> H3BJie1IeHH51 175Hf ,IJ;OCTHraeT 98 % y)Ke rrpH rronyIIeHHH 
0,14 Mr/Mn oca,IJ;Ka. C yBeJIH1IeHHeM co,n:ep)KaHH51 LaF3 pacTeT ero cop6u;ttoHHa51 
eMKOCTh H, cooTBeTCTBeHHO, B03pacTaeT cTerreHI> H3BJie1IeHH51 175Hf (> 99,9 %). H3 
3Toro cne,n:yeT, 1ITO H36hITOK rroTeHu;Han-orrpe,IJ;eJI51IOII(HX HOHOB La3+ B pacTBope He 
BJIH51eT Ha 3axBaT Hf oca,n:KOM LaF3. 

BRuauue KOlll(eumpa11ruu HF. 3aBHCHMOCTh cop6u;HH Ti, Hf (Zr) 1I Nb oca,n:KOM 
LaF 3 OT KOHU:eHTPaU:HH HF B pacTBope rrpe,IJ;cTaBneHa Ha pHc. 13. 06Hapy)KeHo, 1ITO 
Kd Hf HMeIOT BhICOKHe 3Ha1IeHH51 (> 1,4· 104 Mn/r) B mHpoKoM ,IJ;Harra3oHe 
KOHU:eHTpau;HH HF. IloBe,n:eHHe Hf MO)KHO o6'b51CH1ITh cne,n:yIOII(HMH rrpou:eccaMH. 
Oca,n:KH LaF 3 rronyIIeHbI B ycnoB1I51X H36hITKa HOHOB F-, II03TOMY HX rroBepxHOCTh 
3ap.H)KeHa OTPHU:aTenbHO. 3a cIIeT aHHOHHoro o6MeHa oTpttu;aTeJihHO 3ap.H)KeHHhIX 
KOMrrJieKCOB Hf c HOHaMH F- Hf cop6HpyeTC51 Ha rroBepxHOCTH KpttcTanJIOB LaF 3• 

YBeJIH1IeHHe Kd B 17 pa3 (,n:o 3,7·105 MJI/r) rrpH 0,01 - 0,1 MOJih/JI HF o6ycJIOBJieHo 
yBeJIH1IeHHeM ,l];OJI1I BhICOKOKOOp,n:HHHpOBaHHbIX KOMIIJieKCOB, KOTOpbie 
rrpe,n:rroIITHTeJII>Hee cop6HpyIOTC.H. B rJiaBe 4 ,IJ;eTanhHO paccMoTpeHa 3aBHC1IMOCTh 
cop6U:1I1I 3JieMeHTOB 4-:H: 1I 5-:H: rpyrrrr Ha aH1IOH006MeHHbIX CMOJiax OT 
KOHU:eHTPaU:HH HF 1I c,n:enaH BI>rno,n:, 1ITO 3JieMeHThI 4-:H: rpyrrrrI>I cop6HpyIOTC.H Ha 
aH1IOH006MeHHOH CMOJie B BH,n:e KOMIIJieKCOB THIIa MF/-. Ha6JIIO,n:aeMoe IIOBe,n:eHHe 
Zr 1I Hf rrptt cooca)K,IJ;eHHH 1I cop6U:HH Ha aHHOHHTe cxo,n:Ho. 3To TaK)Ke yKa3bIBaeT 
Ha aHHOHoo6MeHHhIH xapaKTep cop6u;HH Ha LaF3• 
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3Haqemu.r Kd ra<}?Htu.r Ha LaF3, B ,LJ;HaIIa30Hax KOHIJ;eHTpau;irn: HF MeHee 

0,001 MOJib/JI H 6onee 7,5 MOJib/JI, rrpeBbIIIIaIOT Kd Ha aHHOH006MeHHOM CMOJie Ha 

TPH rrop.H,LJ;Ka. 3To CBH,LJ;eTeJihCTByeT o TOM, 11To a,LJ;cop6HpoBaHHhie HOHhI Hf 

3aKpemu.rIOTC5I B rroBepxHOCTHOM cnoe KpHCTaJIJIOB. B ycnoBH5IX rrpoBe,LJ;eHH.H 

3KCIIepHMeHTa rrpoMCXO,Ll;MT 1IaCTifqHa5I rrepeKpHCTaJIJIH3aIJ;M5I oca,LJ;Ka, B pe3yJinTaTe 

KOTopo:M a,LJ;cop6npoBaHHbie HOHbI Hf rrpoHHKaIOT BHYTPh oca,LJ;Ka. 

Ha6nIO,LJ;aeMI>Ie 3aBHCl1MOCTl1 ,LJ;JIH Ti 11 Nb pe3KO OTJIIfqaIOTCH OT rrony11eHHhIX Ha 

opraH11qecKl1X aHl10H006MeHHHKax, HX K03<}?<}?11u;11eHTbI pacrrpe,LJ;eJieHl15I He 3aBl1C5IT 

OT KOHIJ;eHTpau;H11 Kl1CJIOTbI 11 11MeIOT Hl13Kl1e 3HaqeHl15I - 20 11 200 MJI/r 

COOTBeTCTBeHHO (pHC. 13). 
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PHc. 12. CTerreHn cooca)K,r:i;eHH.H Hf B 

3aB11c11MOCTH OT MaccnI LaF 3 (I MJI 0,5 

MOJib/JI HF, 1,16· 10-4 Mr/n Hf) [14] 
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P11c. 13. Ko3cpcp11u;11eHThI 

pacrrpe,LJ;eJieHH5I 175Hf B 3aBl1CHMOCTH OT 

KOHIJ;eHTpau;1111 HF B 11cxo,LJ;HOM 

pacTBope (1000 Mr/n La) [14] 

Bnuanue pH. Bnmrn11e pH pacTBopa Ha 3axBaT 110HOB Hf TBep,LJ;oiI cpa3o:M 

113Y1IaJIOCb KaK rrp11 COOCa)K,LJ;eH1111, TaK If rrp11 cop6u;1111 Ha 3apaHee rrp11rOTOBJieHHbIX 

oca,LJ;Kax. IIpHBe,LJ;eHHaH Ha pHc. 14 3aBHCHMOCTh 11MeeT HexapaKTepHbIM ,LJ;JI.H 

cop6D;HH KaTl10HOB BH,Ll;. Ha6JIIO,LJ;aeTC5I BbICOKa5I cop6u;H5I B KHCJIOM o6JiaCTl1, 

Ml1Hl1MYM rrp11 pH = 5 11 ,LJ;anee ee yBen1111eHHe rrp11 pH > 6. IIp11 cooca)K,LJ;eH11H 

Ha6nro,LJ;aeTCH aHanorH1IHa5I 3aB11c11MOCTb TOJihKO rrpH 6onee Bn1coK11x 3Ha11eH11.Hx Kd. 
3To o6ycJIOBJieHO «CTapeHHeM» IIOBepXHOCTH KpHCTaJIJIOB rrp11 cop6D;Hl1 Ha 3apaHee 

rrp11roTOBJieHHbIX oca,LJ;Kax. 

I-l36bITOK B paCTBOpe Cl1JibHO a,LJ;cop6HpyIOIIJ;l1XC5I 110HOB H+ He BJIH.HeT Ha 

pacrrpe,L1;eneH11e Hf, 1ITO TaK)Ke CBH,LJ;eTeJibCTByeT 06 aH110Hoo6MeHHOM MexaHl13Me 

cop6D;Hl1. Ml1Hl1MYM cop6u;1111 (Kd = 1 ·105) COOTBeTCTByeT 3Ha1IeHHIO pH= 5,6 ± 0,3, 
** rrp11 KOTopoM Ha6mo,n;aeTCH 11303JieKTPH1IecKa.H T01IKa LaF 3 • 

YBeJIIfqeH11e 3Hal!eH11iI Kd B 12 pa3, Ha6n10,n;aeMoe rrp11 pH > 6, CB.H3aHo c 

H3MeHeHHeM COCTaBa TBep,n;o:M cpa3bl 11 CTerreHl1 KOMITJieKcoo6pa30BaHmI Hf. 3To 
** cne,n;yeT H3 ,r:i;11arpaMMhI oca)K,r:i;eH11.H LaF 3 H pacrrpe,n;eneH11H Hf no KOMrrJieKCHbIM 

•• Stubicar N. Variety of Aggregation and Growth Processes of Lanthanum Fluoride as a Function ofLa/F Activity 

Ratio. 1. Potentiometric pF-Stat and DLS Study ofLaF3• Cryst. Growth Des. 2005. V.5, No.1, P.113-122. 
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cpopMaM npu pa3HbIX KOHIJ;eHTpau;mrx HF M pH (rnaBa 3). C yBeJmqeHMeM 

KoHu;eHTpau;MM MOHOB OH- B pacTBope .n;oMMHMPYIDT HeiiTpanoHoie M noJIO)l(MTeJibHO 

3ap5I)l(eHHbie <iJopMbI La(OH)3, La(H20)n M Hf(OH)nn-4. 

BRURllUe nocmopOllllUX U01l06. ,l(JI5I BbHICHeHM51 BJIM5IHM5I TIOCTOpOHHMX 

MHOrOBaJieHTHbIX MOHOB Ha CTeneHb COOCa)l(,n:eHmI Hf 6oIJIO M3yqeHO cooca)l(,n:eHMe 

MOHOB Hf c oca,n:KaMM LaF3 coBMeCTHO c MOHaMM Ti(IV), Zr(IV) M Nb(V) npM 

KOHIJ;eHTpaIJ;MM Ka)K,D;OrO l · 10-4 MOJib/JI. 3TM 3JieMeHTbI, TaK )Ke KaK M Hf, B 

pacTBopax HF o6pa3yIOT ycToifqMBoie aHMOHHoie KOMTIJieKCbI, xoporno 

cop6MpyeMbie aHMOHoo6MeHHbIMM CMOJiaMM. OnoITbI noKa3aJIM, qTo cTeneHo 

cooca)l(,n:eHM51 Hf He 3aBMCMT OT rrpMcyTCTBM5I B pacTBope MOHOB Ti(IV), Zr(IV) M 

Nb(V). TaKMM o6pa3oM, noKa3aHo, qTo oca,n;KM LaF 3 npo5IBJI5IIOT BbICOKYIO 

ceneKTMBHOCTb no OTHOIIIeHMIO K 3axBatieHHbIM MoHaM Zr M Hf. He3aBMCMMOCTb 

COOCa)l(,n:eHM51 OT npMCYTCTBM51 B paCTBOpe TIOCTOpOHHMX MHOrOBaJieHTHbIX MOHOB 

MCKJIIOqaeT B03MO)KHOCTb a,n:cop6u;MM MOHOB Hf B .n:u<P<PY3MOHHOM CJIOe. 

Y cTaHOBJieHo, qTo pacnpe,n:eneHMe Zr M Hf Me)K.n;y pacTBopoM M LaF 3 npoMcxo,n:MT co 

CBOMM co6CTBeHHbIM K03cptjJMu;MeHTOM pacnpe.n;eneHM5I. 

10".,--------------, 

10' 

10' 

10' 

10' 

10' 

/.-· . ·-·-·-· •·····•-····•······:::::... ·-····-·····•···················• 

pH 

-•- CoocroK.nenHe 
···•···Cop611HH 

10 12 

PMc. 14. Ko3cpcpMu;MeHTbI pacnpe,n:eneHM51 175HfB 3aBMCMMOCTM OT pH pacTBopa npM 

cop6u;MM M cooca)l(,n:eHMM c LaF3 (100 Mr/JI La, 0,5 MOJio/JI HF, I= 1) [14] 

TaKMM o6pa3oM, Zr M Hf ceneKTMBHO a,n:cop6MpyIOTC51 Ha noBepxHOCTM 

HaHOKpMcTaJIJIOB LaF 3 B BM,n:e OTpMu;aTeJibHO 3ap5I)l(eHHbIX KOMTIJieKCOB TMna .MF 7 3- B 

pe3yJioTaTe aHMOHHoro o6MeHa c rroTeHu;Mano6pa3yIO:rn:MMM F- MoHaMM. IlpM 3TOM Zr 

M Hf MoryT 6oITb 3cpcpeKTMBHO OT,n:eJieHbI OT MHOrMX 3JieMeHTOB, B TOM qMcJie OT Ti M 

Nb, Ta. lfa nonyqeHHbIX pe3yJibTaTOB crre,n:yeT, tITO HaM6onee BepmrTHoii npMqMHoii 

COOCa)K,n:eHM51 5IBJI5IeTC5I o6pa30BaHMe TBep,n:oro paCTBOpa. 

IIonyqeHHoie pe3yJI0TaToI noKa3bIBaIOT, tITO cooca)l(,n:eHMe c LaF3 MO)l(HO 

Mcnono30BaTo .n;AA M3ytieHM51 XMMMqecKMX CBOHCTB Rf M Db. IIpe,n:cTaBJI5IeT MHTepec 

M3ytieHMe noBe,n:eHM5I Rf npM cooca)K,n:eHMM c LaF 3 B cpaBHeHMM c Ti. 

IIpe,n:nonaraeTc51 o6pa3oBaHMe ,n:onrO)KMByrn;Mx pa,n:MOHYKJIM,n:OB 266Rf M 268Rf B 

pe3yJioTaTe 3JieKTpOHHOrO 3aXBaTa 266Db M 268Db COOTBeTCTBeHHO. ,l(JI5I npoBepKM 

3Toii rMnoTe3oI MO)KHO MCTIOJib30BaTo ,n:aHHbIH MeTo,n: ,n:AA pa3,n:eneHM5I Rf M Db, 
OCHOBbIBa51Cb Ha pa3JIMqM5JX B MX rpynnOBbIX CBOHCTBax. Pe3yJioTaTbI 

npe,n:cTaBJieHHbie B 3TOH rJiaBe ony6JIMKOBaHbI B pa6oTax [14, 19, 21]. 
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BbIBO,[l;hl 

1. Y cTaHOBJieHbl o6nacTH cyru;ecTBOBaHmr pa3JIHqHbIX KOMIIJieKCHbIX tj_)opM Zr, 
Hf H Th B pacTBopax HF, HCI, HN03, HCI/HF, HN03/HF H orrpe,n;eJieHbI 

3HaqeHmr Ko3tj_)qm:u;HeHTOB pacrrpe.n;eneHHH Ti H Th Ha KanmHo- H 

aHHoHoo6MeHHOM CMOJiax B cMemaHHbIX pacTBopax HF I HCl. Ha:H,n;eHo, qTo 

orrTHMaJibHbIM MeTo,n;oM ,n;JIH pa3,n;erreHHH Ti, Zr, Hf H Th HBJIHeTCH 

KaTHOHoo6MeHHaH xpoMaTorpatj_)m.1 B pacTBopax 0,2 MOJib/JI HCI H HF 

rrepeMeHHOM KOH:u;eHTpa:u;HH. CorrocTaBJieHHe pe3yJibTaTOB no H3yqeHHIO 

cop6:u;HH Rf H IIOJiyqeHHbIX B ,n;aHHOM pa6oTe ,n;aHHbIX IIOKa3bIBaeT, qTo 

rrpe,n;cTaBJIHeT HHTepec cpaBHeHHe HOH006MeHHoro IIOBe,n;eHM5I Rf H Ti. 

2. Ocyru;ecTBJieHo HOHoo6MeHHoe pa3.n;eneHHe Ti, Zr, Hf, Th, Lu H Sr, 
Haxo,n;HIIJ;HXCH B YJihTPaMHKpoKoH:u;eHTpa:u;HHX, 3a cpaBHHTeJibHO He6onbmoe 

BpeMH (30 MHH). IloKa3aHo, qTo rrorrHoe pa3.n;eneHHe Zr H Hf .n;ocTHraeTCH Ha 

KaTHOH006MeHHOM xpoMaTorpaqmqecKOM KOJIOHKe B paCTBOpe 1,5·10-3 MOJib/JI 

HF I 0,2 Monn/JI HCL Y cTaHOBJieHo, qTo rropH,n;oK 3JIIOHpoBaHHH 3JieMeHTOB 

rrpoHcxo,n;HT B rrocne,n;oBaTeJibHOCTH Zr > Hf > Ti > Th B cooTBeTCTBHH c 

yMeHbIIIeHHeM cTa6HJibHOCTH qnopH,n;HhIX KOMrrJieKcoB. HcrroJib30BaHHe 3TOH 

MeTO,ll;HKH B 3KcrrepHMeHTax c Rf TI03BOJIHT He TOJibKO Ha,n;eJKHO 

H,ll;eHTHtj_)m::i;HpOBaTb ero HOBbIH pa,n;HOttyKJIH,ll;, HO H cy,n;HTb 06 ycTo:HqHBOCTH 

q_)TopH,ll;HbIX KOMIIJieKcoB Rf H c.n;enaTb Bhrno.n; o BJIHHHHH peJIHTHBHCTCKHX 

3<]?<]?eKTOB Ha ero XHMHqecKHe CBOHCTBa. 

3. Y cTaHOBJieHbI 3aKoHoMepHOCTH cop6:u;m1 Ti, Zr, Hf, Nb H Ta Ha KaTHOHO- H 

aHHOH006MeHHbIX cMonax H3 cMemaHHbIX pacTBopoB HF H a:u;eToHa (a TaKJKe 

MeTHJI3THJIKeToHa H MeTHJIH3o6yTHJIKeTOHa) B IIIHpOKOM HHTepBane 

KOHIJ;eHTpaIJ;HH. IlOKa3aHO, qTo 3HaqeHHH K03<]?<]?HIJ;HeHTOB pacrrpe.n;erreHHH Ha 

aHHOHoo6MeHHOM cMoJie yMeHbmaIOTCH c yBeJIHqeHHeM KOHIJ;eHTPaIJ;HH HF H 

yBeJIHqHBaIOTC5I c pOCTOM KOHIJ;eHTpaIJ;HH aIJ;eTOHa. Ha OCHOBaHHH aHaJIH3a 

3KcrrepHMeHTaJibHbIX ,n;aHHbIX c,n;eJiaH BbIBO,ll; 0 TOM, qTo 3JieMeHTbl 4-:H rpyrrrrbI 

cop6npyIOTC5I Ha aHHOH006MeHHOH CMOJie B BH,n;e aHHOHHbIX KOMTIJieKCOB 

THrra MF/- (M = Ti, Zr, Hf). Y cTaHOBJieHhI orrTHMaJibHbie ycnoBHH ,n;JIH 

BbI,ll;eJieHH5I H pa3,n;eJieHH5I HOBbIX H30TOTIOB Rf H Db. 

4. B pe3yJibTaTe Hccne,n;oBaHHH coocaJK,n;eHHH Ti, Zr H Hf c <]?TopH,n;oM JiaHTaHa 

ycTaHOBJieHo, qTo Zr H Hf ceJieKTHBHO a.n;cop6HpyIOTCH Ha noBepxHOCTH 

HaHOKpHCTaJIJIOB LaF 3 B BH,n;e OTpH:u;aTeJibHO 3apH1KeHHbIX KOMIIJieKCOB THIIa 

MF/-. IloKa3aHo, qTo <]?TopH,n;Hhie <]?opMbI Zr H Hf cnoco6HbI 

coKpHCTaJIJIH3oBaTbCH c LaF 3• IIpe.n;noJKeHo HCIIOJib30BaTb MeTo,n; 

coocaJK,n;eHHH ,n;JIH H3yqeHHH XHMHqecKHX CBOMCTB Rf H Db. 

5. Pa3pa6oTaHbI 3tj_)tj_)eKTHBHhie MeTO,ll;HKH pa,n;HoXHMHqecKoro Bb1,n;eneHHH 

.H,n;epHbIX H30MepoB 178m2Hf H S?msr H3 o6nyqeHHbIX a-qaCTHIJ;aMH MHIIIeHeM 

HTTep6H5I H py6H,ll;H5I COOTBeTCTBeHHO. Pa3pa6oTaH cop6IJ;HOHHbIM 

pa,n;HOHYKJIH,ll;HbIM reHepaTop 87Y I 87mSr Ha ocHoBe H2DEH[MDP]. 
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