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‘μμ¸ ¦¤¥´¨¥ Ti, Zr ¨ Hf ± ± £μ³μ²μ£μ¢ Rf ¸ ËÉμ·¨¤μ³ La
¨§ · ¸É¢μ·μ¢ ËÉμ·¨¸Éμ¢μ¤μ·μ¤´μ° ±¨¸²μÉÒ

�É±·ÒÉ¨¥ μÉ´μ¸¨É¥²Ó´μ ¤μ²£μ¦¨¢ÊÐ¨Ì · ¤¨μ´Ê±²¨¤μ¢ 267
104Rf (T1/2 ∼ 1,3 Î)

¨ 268
105Db (T1/2 ∼ 29 Î) ¶·¥¤μ¸É ¢²Ö¥É ¢μ§³μ¦´μ¸É¨ ´μ¢ÒÌ ¶μ¤Ìμ¤μ¢ ± ¨§ÊÎ¥´¨Õ

Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ Rf ¨ Db ¢ · ¸É¢μ· Ì. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¨¸¸²¥¤μ¢ ´μ
¢²¨Ö´¨¥ ·� · ¸É¢μ· , ±μ´Í¥´É· Í¨¨ HF, ±μ´Í¥´É· Í¨¨ ¸μ¡¸É¢¥´´ÒÌ ¨μ´μ¢ ¢
· ¸É¢μ·¥, ¶·¨¸ÊÉ¸É¢¨Ö ¢ · ¸É¢μ·¥ ¶μ¸Éμ·μ´´¨Ì ³´μ£μ¢ ²¥´É´ÒÌ ¨μ´μ¢ ¨ ¢·¥-
³¥´¨ ±μ´É ±É  ¦¨¤±μ° ¨ É¢¥·¤μ° Ë § ´  ¸μμ¸ ¦¤¥´¨¥ · ¤¨μ¨§μÉμ¶μ¢ Ô²¥³¥´Éμ¢
4-° £·Ê¶¶Ò Ti, Zr ¨ Hf ¸ ËÉμ·¨¤μ³ La. Œμ·Ëμ²μ£¨Õ É¢¥·¤μ° Ë §Ò ¨¸¸²¥-
¤μ¢ ²¨ ³¥Éμ¤ ³¨ Ô²¥±É·μ´´μ° ³¨±·μ¸±μ¶¨¨; ¶·μ¢¥¤¥´ ·¥´É£¥´μË §μ¢Ò°  ´ ²¨§
¶μ²ÊÎ¥´´ÒÌ É¢¥·¤ÒÌ Ë §. ‘¤¥² ´ ¢Ò¢μ¤, ÎÉμ ËÉμ·¨¤´Ò¥ Ëμ·³Ò Zr ¨ Hf ¸μ±·¨-
¸É ²²¨§ÊÕÉ¸Ö ¸ LaF3. �¡¸Ê¦¤¥´Ò ¢μ§³μ¦´μ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¸μμ¸ ¦¤¥´¨Ö ¤²Ö
¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢ ´  Ì¨³¨Î¥¸±¨¥ ¸¢μ°¸É¢  Rf ¨ Db.
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Coprecipitation of Ti, Zr and Hf as Homologues of Rf
with Lanthanum Fluoride from Hydro
uoric Acid Solutions

The longer half-lives of radionuclides of transactinides 267
104Rf and 268

105Db discov-
ered in the An+ 48Ca reactions expand the application of radiochemical techniques
for their chemical characterization and to elucidate the in
uence of relativistic ef-
fects on the chemical properties within a group in the periodic table. Here we
report the coprecipitation behavior of Ti, Zr and Hf as lighter homologues of Rf
with lanthanum 
uoride. The kinetics of coprecipitation and distribution of group 4
elements between the liquid and solid phase, both preformed and formed during the
distribution process, was studied as a function of concentration of the micro- and
macrocomponent, foreign multivalent ions, HF, pH in solution. The solid phase of
prepared samples was characterized by electron microscopy (SEM and TEM). The
results show that the coprecipitation mechanism of Zr and Hf with LaF3 is different
from Ti and Th and can be assigned to heterovalent isomorphism. A possibility of
using coprecipitation with lanthanum 
uoride for investigation of the behavior of Rf
in HF solutions was demonstrated.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° Rf
¶·¨¢¥²¨ ± μ¤´μ§´ Î´μ³Ê ¢Ò¢μ¤Ê μ Éμ³, ÎÉμ μ´ ¶·¨´ ¤²¥¦¨É ± 4-° £·Ê¶¶¥
Ô²¥³¥´Éμ¢ [1Ä3]. ‚¸²¥¤¸É¢¨¥ ¸¨²Ó´μ£μ ¢²¨Ö´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢ ´ 
Ô²¥±É·μ´´ÊÕ ¸É·Ê±ÉÊ·Ê É· ´¸ ±É¨´μ¨¤´ÒÌ Ô²¥³¥´Éμ¢ (’�	) ¢μ§³μ¦´μ μÉ±²μ-
´¥´¨¥ Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ Rf μÉ § ±μ´μ³¥·´μ¸É¥° ¢ ·Ö¤Ê Ti-Zr-Hf. —Éμ¡Ò
μÍ¥´¨ÉÓ É ±μ¥ ¶·μÖ¢²¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢, ´¥μ¡Ìμ¤¨³μ ¶·μ¤μ²-
¦¨ÉÓ ¨§ÊÎ¥´¨¥ ¸¢μ°¸É¢ ’�	 ¢ ¸· ¢´¥´¨¨ ¸ ¡μ²¥¥ ²¥£±¨³¨ £μ³μ²μ£ ³¨. ‚ · -
¡μÉ Ì [4Ä14] ³¥Éμ¤ ³¨ ¨μ´´μ£μ μ¡³¥´  ¨ Ô±¸É· ±Í¨¨ ¸· ¢´¨¢ ²μ¸Ó ¶μ¢¥¤¥´¨¥
Rf ¸ Ti, Zr, Hf ¨ Th ¢ · ¸É¢μ· Ì. �¤´ ±μ ¢²¨Ö´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢
´  ¸¢μ°¸É¢  Rf μ¸É ¥É¸Ö ´¥¢ÒÖ¸´¥´´Ò³. � ´¥¥ É·Ê¤´μ¸É¨ ¨§ÊÎ¥´¨Ö Ì¨³¨Î¥-
¸±¨Ì ¸¢μ°¸É¢ Rf ¢ · ¸É¢μ· Ì ¡Ò²¨, ¢ Î ¸É´μ¸É¨, μ¡Ê¸²μ¢²¥´Ò ±μ·μÉ±¨³¨ ¢·¥-
³¥´ ³¨ ¦¨§´¨ ¥£μ · ¤¨μ¨§μÉμ¶μ¢. �μ¸²¥ μÉ±·ÒÉ¨Ö ¤μ²£μ¦¨¢ÊÐ¥£μ ´Ê±²¨¤ 
267
104Rf (T1/2 ∼ 1,3 Î), ±μÉμ·Ò° ¨¤¥´É¨Ë¨Í¨·μ¢ ´ Éμ²Ó±μ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨³¨
³¥Éμ¤ ³¨, ¶μÖ¢²ÖÕÉ¸Ö ´μ¢Ò¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢
Rf ¢ · ¸É¢μ· Ì [15]. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ · §· ¡μÉ±  ´μ¢ÒÌ ¶μ¤Ìμ¤μ¢ ± ¨§ÊÎ¥´¨Õ
¥£μ ¸¢μ°¸É¢ Ö¢²Ö¥É¸Ö ¶¥·¢μ¸É¥¶¥´´μ° § ¤ Î¥°. ‘ ÊÎ¥Éμ³ É·Ê¤´μ¸É¥° ¸¨´É¥§ 
· ¤¨μ¨§μÉμ¶μ¢ Rf ´¥μ¡Ìμ¤¨³Ò ÉÐ É¥²Ó´Ò¥ ³μ¤¥²Ó´Ò¥ μ¶ÒÉÒ ¸ ¥£μ £μ³μ²μ-
£ ³¨ Ti, Zr ¨ Hf.

�¤´¨³ ¨§ ³¥Éμ¤μ¢ Ì · ±É¥·¨¸É¨±¨ Ë¨§¨±μ-Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ · ¤¨μ ±-
É¨¢´ÒÌ Ô²¥³¥´Éμ¢ ¢ · ¸É¢μ· Ì ¸²Ê¦¨É ¨Ì ¸μμ¸ ¦¤¥´¨¥ ¸ ±·¨¸É ²²¨Î¥¸±¨³¨
μ¸ ¤± ³¨ [16]. �μÔÉμ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö Í¥²¥¸μμ¡· §´Ò³ ¨¸¸²¥¤μ¢ ÉÓ ¸μμ¸ -
¦¤¥´¨¥ Ô²¥³¥´Éμ¢ 4-° £·Ê¶¶Ò ¸ LaF3. Œμ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨ ¶·μ¢¥¤¥´¨¨
É¢¥·¤μË §´ÒÌ ·¥ ±Í¨° LnF3 ¸ MF4 (M= Zr, Hf) ¶μ²ÊÎ¥´Ò ¸μ¥¤¨´¥´¨Ö ¸μ-
¸É ¢  LnMF7 [17], ÎÉμ ¶μ§¢μ²Ö¥É · ¸¸Î¨ÉÒ¢ ÉÓ ´  Ê¸¶¥Ï´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥
ËÉμ·¨¤  ² ´É ´  ± ± ±μ²²¥±Éμ·  ËÉμ·¨¤μ¢ 4-° £·Ê¶¶Ò.

� ´¥¥ ¡Ò²μ μ¡´ ·Ê¦¥´μ [18], ÎÉμ · ¸¶·¥¤¥²¥´¨¥ Zr ¶·¨ ¸μ·¡Í¨¨ ¨§ · ¸-
É¢μ·  1 ³μ²Ó/² HNO3

/
0,5 ³μ²Ó/² HF ´  ¶·¥¤¢ ·¨É¥²Ó´μ ¶·¨£μÉμ¢²¥´´μ³ ¶μ-

·μÏ±¥ LaF3 μ¶¨¸Ò¢ ¥É¸Ö ¨§μÉ¥·³μ° ‹¥´£³Õ· . ˆ´Ëμ·³ Í¨Ö μ ¶μ¢¥¤¥´¨¨ Ti
¨ Hf ¶·¨ ¸μμ¸ ¦¤¥´¨¨ ¸ LnF3 ¢ ²¨É¥· ÉÊ·¥ μÉ¸ÊÉ¸É¢Ê¥É. ˆ§¢¥¸É´μ, ÎÉμ ¤·Ê£¨¥
Î¥ÉÒ·¥Ì§ ·Ö¤´Ò¥ ± É¨μ´Ò, ´ ¶·¨³¥· Ce4+, Th4+, U4+ ¨ Pu4+, Ìμ·μÏμ ¸μμ¸ -
¦¤ ÕÉ¸Ö ¸ LaF3. �¥´É£¥´μ¸É·Ê±ÉÊ·´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö [19] ¶μ± § ²¨, ÎÉμ ¨μ´Ò
Ce4+ ¨ U4+ ¶·¨ ¸μμ¸ ¦¤¥´¨¨ ¸ ËÉμ·¨¤μ³ ² ´É ´  ¨§ · ¸É¢μ·μ¢ ¶² ¢¨±μ-
¢μ° ±¨¸²μÉÒ ¢Ìμ¤ÖÉ ¢ ±·¨¸É ²²¨Î¥¸±ÊÕ ·¥Ï¥É±Ê LaF3 ¨, ¶·¥¤¶μ²μ¦¨É¥²Ó´μ,
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μ¡· §ÊÕÉ É¢¥·¤Ò¥ · ¸É¢μ·Ò §  ¸Î¥É μ¡· §μ¢ ´¨Ö  ´μ³ ²Ó´μ ¸³¥Ï ´´ÒÌ ±·¨-
¸É ²²μ¢. ’ ±μ¥ ¦¥ ¶·¥¤¶μ²μ¦¥´¨¥ ¢Ò¸± § ´μ ¢ [20] ¶·¨ ¨§ÊÎ¥´¨¨ ¸μμ¸ ¦¤¥´¨Ö
Th ¸ LaF3.

–¥²ÓÕ ¤ ´´μ° · ¡μÉÒ ¡Ò²μ ¨§ÊÎ¥´¨¥ ¸μμ¸ ¦¤¥´¨Ö · ¤¨μ¨§μÉμ¶μ¢ Ti, Zr
¨ Hf ¸ LaF3. …¸²¨ μ± ¦¥É¸Ö, ÎÉμ ¸μμ¸ ¦¤¥´¨¥ ¸ LaF3 ¸¥²¥±É¨¢´μ ± Ô²¥³¥´É ³
4-° £·Ê¶¶Ò, Éμ ÔÉμ ¶μ§¢μ²¨É ¨¸¶μ²Ó§μ¢ ÉÓ ÔÉÊ ¸¨¸É¥³Ê ¤²Ö ¨§¡¨· É¥²Ó´μ£μ
¢Ò¤¥²¥´¨Ö ¤μ²£μ¦¨¢ÊÐ¥£μ · ¤¨μ¨§μÉμ¶  Rf ¨§ ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨°,
¥£μ Ì¨³¨Î¥¸±μ° ¨¤¥´É¨Ë¨± Í¨¨ ¨ ¤ ²Ó´¥°Ï¥£μ ¨§ÊÎ¥´¨Ö Ë¨§¨±μ-Ì¨³¨Î¥¸±¨Ì
¸¢μ°¸É¢ Ô²¥³¥´É .

1. �Š‘�…�ˆŒ…�’�‹œ��Ÿ —�‘’œ

‚ · ¡μÉ¥ ¨¸¶μ²Ó§μ¢ ²¨ · ¤¨μ´Ê±²¨¤Ò 44Ti (T1/2 = 63 £, Eγ = 78,3 ±Ô‚
(96,2 %)), 88Zr (T1/2 = 83,4 ¸ÊÉ, Eγ = 392,9 ±Ô‚ (97,3 %)), 175Hf (T1/2 =
70 ¸ÊÉ, Eγ = 343,4 ±Ô‚ (84 %)), 92mNb (T1/2 = 10,2 ¸ÊÉ, Eγ = 934,5 ±Ô‚
(99 %)), 177Ta (T1/2 = 56,6 Î, Eγ = 112,9 ±Ô‚ (7,2 %)) ¨ 135La (T1/2 = 19,5 Î,
Eγ = 480,5 ±Ô‚ (1,5 %)) ¡¥§ ¤μ¡ ¢²¥´¨Ö ´μ¸¨É¥²Ö, ±μÉμ·Ò¥ ¶μ²ÊÎ ²¨ ´  Ê¸±μ-
·¨É¥²ÖÌ ‹Ÿ� ¨ ‹Ÿ� �ˆŸˆ. � ¤¨μ´Ê±²¨¤Ò 44Ti, 88Zr, 175Hf, 92Nb ¨ 179Ta ¢Ò-
¤¥²Ö²¨ ¨§ μ¡²ÊÎ¥´´ÒÌ ³¨Ï¥´¥° ¶μ ³¥Éμ¤¨± ³, μ¶¨¸ ´´Ò³ ¢ · ¡μÉ Ì [21, 22].
„²Ö ¶μ²ÊÎ¥´¨Ö 135La ³¨Ï¥´Ó Ì²μ·¨¤  Cs (¶·¨·μ¤´μ£μ ¸μ¸É ¢ ) μ¡²ÊÎ ²¨ α-
Î ¸É¨Í ³¨ ¸ Ô´¥·£¨¥° 35 ŒÔ‚ ´  Ê¸±μ·¨É¥²¥ “-200 (‹Ÿ� �ˆŸˆ). �É¤¥²¥´¨¥
135La μÉ Í¥§¨Ö, · ¤¨μ¨§μÉμ¶μ¢ Ba ¨ ¤μ¶μ²´¨É¥²Ó´ÊÕ μÎ¨¸É±Ê ¶·μ¢μ¤¨²¨ ³¥-
Éμ¤μ³ ± É¨μ´μμ¡³¥´´μ° Ì·μ³ Éμ£· Ë¨¨ ¢ ¸μ²Ö´μ±¨¸²μ° ¸·¥¤¥ [23].

ˆ¸Ìμ¤´Ò¥ · ¸É¢μ·Ò £μÉμ¢¨²¨ ¸³¥Ï¨¢ ´¨¥³ · ¸É¢μ·μ¢ · ¤¨μ´Ê±²¨¤μ¢ ¸
¶μ¸²¥¤ÊÕÐ¨³ Ê¶ ·¨¢ ´¨¥³ ¤μ¸ÊÌ  ¨ · ¸É¢μ·¥´¨¥³ μ¸É É±  ¢ · ¸É¢μ·¥ HF
É·¥¡Ê¥³μ° ±μ´Í¥´É· Í¨¨. �Ê¦´Ò¥ §´ Î¥´¨Ö ¨μ´´μ° ¸¨²Ò ¨ ·� · ¸É¢μ·μ¢ ¤μ-
¸É¨£ ²¨ ¤μ¡ ¢²¥´¨¥³ KNO3, HNO3 ¨²¨ KOH. ‚ Ô±¸¶¥·¨³¥´É Ì ¨¸¶μ²Ó§μ¢ ²¨
·¥ ±É¨¢Ò ±¢ ²¨Ë¨± Í¨¨ ®Ì. Î.¯ ¨ ®μ¸. Î¯.

ˆ§³¥·¥´¨Ö · ¤¨μ ±É¨¢´μ¸É¨ ¶·μ¢μ¤¨²¨ ´  γ-¸¶¥±É·μ³¥É·¥ GC2520 (Can-
berra Ind.) c HPGe-¤¥É¥±Éμ·μ³ ¸ · §·¥Ï¥´¨¥³ 1,5 ±Ô‚ ¶·¨ Ô´¥·£¨¨ γ-±¢ ´Éμ¢
1,33 ŒÔ‚ (60Co) ¨ ¶·μ£· ³³´Ò³ μ¡¥¸¶¥Î¥´¨¥³ Genie-2000TM (Canberra
Packard).

ˆ§ÊÎ¥´¨¥ ¸μμ¸ ¦¤¥´¨Ö Ti, Zr ¨ Hf ¸ É¢¥·¤μ° Ë §μ° LaF3 ¢ § ¢¨¸¨³μ¸É¨
μÉ ±μ´Í¥´É· Í¨¨ ³¥É ²² , HF ¨ ·� · ¸É¢μ·  ¶·μ¢μ¤¨²¨ ¢ ¶μ²¨¶·μ¶¨²¥´μ¢ÒÌ
¶·μ¡¨·± Ì. �·¥¤¢ ·¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ± § ²¨ μÉ¸ÊÉ¸É¢¨¥ ¸μ·¡Í¨¨
¨¸¶μ²Ó§μ¢ ´´ÒÌ · ¤¨μ´Ê±²¨¤μ¢ ´  ¸É¥´± Ì É ±¨Ì ¶·μ¡¨·μ±. ‚ ¶·μ¡¨·±¨ ¢´μ-
¸¨²¨ ¨¸Ìμ¤´Ò¥ · ¸É¢μ·Ò μ¶·¥¤¥²¥´´μ° ±μ´Í¥´É· Í¨¨ HF ¨ ·� ¨ ¤μ¡ ¢²Ö²¨
72 ³±² 0,1 ³μ²Ó/² La(NO3)3, ¶μ¸²¥ Î¥£μ μ¡· §μ¢Ò¢ ²¸Ö μ¸ ¤μ± LaF3. �μ²Ê-
Î¥´´ÊÕ ¸Ê¸¶¥´§¨Õ ¶¥·¥³¥Ï¨¢ ²¨ ¢ É¥Î¥´¨¥ 1 Î ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥,
§ É¥³ Í¥´É·¨ËÊ£¨·μ¢ ²¨ ¶·¨ 10 000 μ¡/³¨´ ¢ É¥Î¥´¨¥ 10 ³¨´. ˆ§ ± ¦¤μ°

2



¶·μ¡¨·±¨ μÉ¡¨· ²¨ ¶·μ¡Ò · ¸É¢μ·  ¤²Ö ¨§³¥·¥´¨Ö · ¤¨μ ±É¨¢´μ¸É¨. ‘É¥¶¥´Ó
¸μμ¸ ¦¤¥´¨Ö Ti, Zr ¨ Hf μ¶·¥¤¥²Ö²¨ ¶μ · §´μ¸É¨ · ¤¨μ ±É¨¢´μ¸É¨ ¨¸Ìμ¤-
´μ£μ ¨ ±μ´¥Î´μ£μ · ¸É¢μ· . �·¨ ¨§ÊÎ¥´¨¨ ¸É¥¶¥´¨ ¸μμ¸ ¦¤¥´¨Ö Ti, Zr ¨ Hf
¢ § ¢¨¸¨³μ¸É¨ μÉ ¨Ì ±μ´Í¥´É· Í¨¨ ¢ ¨¸Ìμ¤´Ò° · ¸É¢μ· ¤μ¡ ¢²Ö²¨ · ¸Î¥É´μ¥
±μ²¨Î¥¸É¢μ ´μ¸¨É¥²Ö ¢ · ¸É¢μ·¥ § ¤ ´´μ° ±μ´Í¥´É· Í¨¨ HF.

Œμ·Ëμ²μ£¨Õ É¢¥·¤μ° Ë §Ò ¨¸¸²¥¤μ¢ ²¨ ³¥Éμ¤ ³¨ Ô²¥±É·μ´´μ° ¸± ´¨·Ê-
ÕÐ¥° (¸± ´¨·ÊÕÐ¨° Ô²¥±É·μ´´Ò° ³¨±·μ¸±μ¶ JSM-840, JEOL, Ÿ¶μ´¨Ö, ¸ · §-
·¥Ï ÕÐ¥° ¸¶μ¸μ¡´μ¸ÉÓÕ 5 ´³) ¨ É· ´¸³¨¸¸¨μ´´μ° (¶·μ¸¢¥Î¨¢ ÕÐ¨° Ô²¥±-
É·μ´´Ò° ³¨±·μ¸±μ¶ 	Œ-125Š, ‘Ô²³ , “±· ¨´ , ¸ · §·¥Ï¥´¨¥³ 0,2 ´³) ³¨-
±·μ¸±μ¶¨¨. �¡· §ÍÒ ¤²Ö Ô²¥±É·μ´´μ° ³¨±·μ¸±μ¶¨¨ £μÉμ¢¨²¨ ¨§ μÉμ¡· ´´ÒÌ
¢ Ìμ¤¥ Ô±¸¶¥·¨³¥´Éμ¢ ¶·μ¡ ¸Ê¸¶¥´§¨° ±·¨¸É ²²μ¢ LaF3. �¡· §ÍÒ ¤²Ö É· ´¸-
³¨¸¸¨μ´´μ° Ô²¥±É·μ´´μ° ³¨±·μ¸±μ¶¨¨ £μÉμ¢¨²¨ ¶ÊÉ¥³ ´ ´¥¸¥´¨Ö ´  ³¥¤´ÊÕ
¸¥ÉμÎ±Ê ± ¶²¨ ¸Ê¸¶¥´§¨¨. �¡· §ÍÒ ¤²Ö ¸± ´¨·ÊÕÐ¥° ³¨±·μ¸±μ¶¨¨ £μÉμ¢¨²¨
Ë¨²ÓÉ· Í¨¥° ± ¶²¨ ¸Ê¸¶¥´§¨¨ Î¥·¥§ É·¥±μ¢ÊÕ ³¥³¡· ´Ê. ‡ É¥³ μ¡· §ÍÒ ¢Ò-
¸ÊÏ¨¢ ²¨. ŠÊ¸μÎ¥± ³¥³¡· ´Ò § ±·¥¶²Ö²¨ ´  ³¥¤´μ³ ¸Éμ²¨±¥ ¨ ´ ¶Ò²Ö²¨ ¸²μ°
§μ²μÉ  20 ´³.

„²Ö ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤μ³ ¸μμ¸ ¦¤¥´¨Ö μ¡· §Íμ¢ ¡Ò² ¶·μ¢¥¤¥´ ·¥´É£¥´μ-
Ë §μ¢Ò°  ´ ²¨§ (�”�). „¨Ë· ±Éμ£· ³³Ò ¸´ÖÉÒ ´  ¤¨Ë· ±Éμ³¥É·¥ STADI P
Ë¨·³Ò STOE (ƒ¥·³ ´¨Ö), ¨§²ÊÎ¥´¨¥ CuKα.

ˆ§ÊÎ¥´¨¥ § ¢¨¸¨³μ¸É¨ ¸É¥¶¥´¨ ¸μμ¸ ¦¤¥´¨Ö 175Hf (88Zr) μÉ ³ ¸¸Ò μ¸ ¤± 
ËÉμ·¨¤  ² ´É ´  ¶·μ¢μ¤¨²¨ ¶μ ¸²¥¤ÊÕÐ¥° ¸Ì¥³¥. ‚ ¶·μ¡¨·±¨ ¢´μ¸¨²¨ · §-
²¨Î´Ò¥ ±μ²¨Î¥¸É¢  · ¸É¢μ·  ´¨É· É  ² ´É ´  ¨ 10 ³±² ¨¸Ìμ¤´μ£μ · ¸É¢μ· 
175Hf ¢ 0,5 ³μ²Ó/² HF ¨ ¤μ¢μ¤¨²¨ μ¡Ñ¥³ ¤μ 1 ³² · ¸É¢μ·μ³ ¶² ¢¨±μ¢μ° ±¨-
¸²μÉÒ, ÎÉμ¡Ò ±μ´Í¥´É· Í¨Ö ¢ · ¸É¢μ·¥ HF ¸μ¸É ¢²Ö²  0,5 ³μ²Ó/². �¡· §μ¢ ¢-
ÏÊÕ¸Ö ¸Ê¸¶¥´§¨Õ ¶¥·¥³¥Ï¨¢ ²¨ ¢ É¥Î¥´¨¥ 1 Î ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥,
§ É¥³ Í¥´É·¨ËÊ£¨·μ¢ ²¨. ‚ Ë¨²ÓÉ· É¥ · ¤¨μ³¥É·¨Î¥¸±¨ μ¶·¥¤¥²Ö²¨ ¸μ¤¥·¦ -
´¨¥ 175Hf.

	±¸¶¥·¨³¥´ÉÒ ¶μ ¸μ·¡Í¨¨ Zr ¨ Hf ´  £μÉμ¢μ³ μ¸ ¤±¥ LaF3 ¢ § ¢¨¸¨³μ¸É¨
μÉ ¢·¥³¥´¨ ±μ´É ±É  ¦¨¤±μ° ¨ É¢¥·¤μ° Ë §, ±μ´Í¥´É· Í¨¨ HF, ±μ´Í¥´É· Í¨¨
¢ · ¸É¢μ·¥ ¶μ¸Éμ·μ´´¨Ì ¨μ´μ¢ Ti(IV), Zr(IV) ¨ Nb(V) ¶·μ¢μ¤¨²¨ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³. ’¢¥·¤ÊÕ Ë §Ê LaF3 ¶μ²ÊÎ ²¨ ¸³¥Ï¨¢ ´¨¥³ · ¸É¢μ·μ¢ HF ¨ ´¨É· É 
² ´É ´ . �¡· §μ¢ ¢ÏÊÕ¸Ö ¸Ê¸¶¥´§¨Õ ¨´É¥´¸¨¢´μ ¶¥·¥³¥Ï¨¢ ²¨ ¢ Ï¥°±¥·¥ ¢
É¥Î¥´¨¥ 1 Î, § É¥³ μ¸ ¤μ± μÉ¤¥²Ö²¨ Í¥´É·¨ËÊ£¨·μ¢ ´¨¥³ μÉ ³ ÉμÎ´μ£μ · ¸-
É¢μ·  ¨ ¤¢  · §  ¶·μ³Ò¢ ²¨ ¢μ¤μ°. Š 1 ³£ É¢¥·¤μ° Ë §Ò LaF3 ¤μ¡ ¢²Ö²¨
1 ³² ¨¸Ìμ¤´μ£μ · ¸É¢μ·  HF É·¥¡Ê¥³μ° ±μ´Í¥´É· Í¨¨, ¸μ¤¥·¦ Ð¥£μ · ¤¨μ-
´Ê±²¨¤Ò. �¡· §ÍÒ ¨´É¥´¸¨¢´μ ¶¥·¥³¥Ï¨¢ ²¨ ¢ É¥Î¥´¨¥ 1 Î ¶·¨ ±μ³´ É-
´μ° É¥³¶¥· ÉÊ·¥, ¶μ¸²¥ Î¥£μ Í¥´É·¨ËÊ£¨·μ¢ ²¨ ¨ μÉ¡¨· ²¨ ¶·μ¡Ò · ¸É¢μ· 
¤²Ö ¨§³¥·¥´¨Ö · ¤¨μ ±É¨¢´μ¸É¨. ŠμÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¢ÒÎ¨¸²Ö²¨ ¶μ
Ëμ·³Ê²¥

Kd =
A¨¸Ì − A· ¢´

A· ¢´
· V·

m
,
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£¤¥ A¨¸Ì ¨ A· ¢´ Å · ¤¨μ ±É¨¢´μ¸ÉÓ ¨¸Ìμ¤´μ£μ ¨ · ¢´μ¢¥¸´μ£μ · ¸É¢μ·μ¢;
V· Å μ¡Ñ¥³ · ¸É¢μ·  ¢ μ¡· §Í¥ (³²); m Å ³ ¸¸  LaF3 (£). �É´μ¸¨É¥²Ó´ Ö
¶μ£·¥Ï´μ¸ÉÓ §´ Î¥´¨° Kd ´¥ ¶·¥¢ÒÏ ²  4% ¶·¨ 95% ¤μ¢¥·¨É¥²Ó´μ° ¢¥·μ-
ÖÉ´μ¸É¨.

2. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

• · ±É¥·¨¸É¨±  É¢¥·¤μ° Ë §Ò. „²Ö ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤μ³ ¸μμ¸ ¦¤¥´¨Ö
μ¸ ¤±μ¢ ¡Ò² ¶·μ¢¥¤¥´ ·¥´É£¥´μË §μ¢Ò°  ´ ²¨§. �  ·¨¸. 1 ¶·¥¤¸É ¢²¥´  ¶μ-
·μÏ±μ¢ Ö ¤¨Ë· ±Éμ£· ³³  ¸³¥Ï ´´μ£μ μ¸ ¤± , ±μÉμ· Ö ´ Ìμ¤¨É¸Ö ¢ Ìμ·μÏ¥³
¸μ£² ¸¨¨ ¸ ¤¨Ë· ±Éμ£· ³³μ° LaF3, ¶μ²ÊÎ¥´´μ£μ  ´ ²μ£¨Î´Ò³ ¸¶μ¸μ¡μ³. �´ -
²¨§ ¤¨Ë· ±Éμ£· ³³ ¸³¥Ï ´´ÒÌ μ¸ ¤±μ¢ ¶·¨ μÉ´μÏ¥´¨¨ La : Hf = 1 : 5 ´¥
¢ÒÖ¢¨² μ¡· §μ¢ ´¨Ö ¤·Ê£¨Ì Ë §.

�¨¸. 1. „¨Ë· ±Éμ£· ³³Ò μ¡· §Íμ¢, ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤μ³ ¸μμ¸ ¦¤¥´¨Ö: 1 Å LaF3; 2 Å
LaÄFÄHf

�·¨ μ¸ ¦¤¥´¨¨ LaF3 ¨§ ¢μ¤´ÒÌ · ¸É¢μ·μ¢ μ¡· §ÊÕÉ¸Ö ³¥²±μ±·¨¸É ²²¨Î¥-
¸±¨¥ μ¸ ¤±¨ ¶·¨³¥·´μ£μ ¸μ¸É ¢  LaF3 · 0,5H2O [24]. Š ± ¶μ± § ²¨ ·¥´É£¥´μ-
£· Ë¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö, ¸¢¥¦¥μ¸ ¦¤¥´´Ò° μ¸ ¤μ± LaF3 μ¡² ¤ ¥É ¢Ò¸μ±μ°
¤¥Ë¥±É´μ¸ÉÓÕ. Œμ·Ëμ²μ£¨Ö Î ¸É¨Í, μ¡· §ÊÕÐ¨Ì¸Ö ¨§ ¢μ¤´ÒÌ · ¸É¢μ·μ¢, ¶μ-
²ÊÎ¥´´ Ö ¸ ¶μ³μÐÓÕ É· ´¸³¨¸¸¨μ´´μ° Ô²¥±É·μ´´μ° ³¨±·μ¸±μ¶¨¨, ¶·¥¤¸É -
¢²¥´  ´  ·¨¸. 2.

‚ ¸Ê¸¶¥´§¨¨ μ¡´ ·Ê¦¥´Ò ¶¥·¢¨Î´Ò¥  ³μ·Ë´Ò¥ Î ¸É¨ÍÒ ¸É¥·¦´¥¢¨¤´μ°
Ëμ·³Ò ¤²¨´μ° 10Ä20 ´³. ‚ Éμ²Ð¥ ÔÉ¨Ì Î ¸É¨Í ¶·μÖ¢²ÖÕÉ¸Ö ´ ´μ±·¨¸É ²²Ò
· §³¥·μ³ 1Ä2 ´³. „²Ö ¨§¡· ´´ÒÌ ±·¨¸É ²²μ¢ ¢ Ëμ±Ê¸¥ Ô²¥±É·μ´´μ£μ ³¨±·μ-
¸±μ¶  μ¸ÊÐ¥¸É¢²Ö²¨ Ë §μ¢Ò° ±μ´É·μ²Ó ³¥Éμ¤μ³ ³¨±·μ¤¨Ë· ±Í¨¨ (·¨¸. 3).
Š·¨¸É ²²Ò ¨³¥ÕÉ ¸É·Ê±ÉÊ·Ê É¨¶  É¨¸μ´¨É  (LaF3) £¥±¸ £μ´ ²Ó´μ° Ëμ·³Ò.
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�¨¸. 2. 	²¥±É·μ´´μ-³¨±·μ¸±μ¶¨Î¥¸±¨° ¸´¨³μ± (�	Œ)  £·¥£ Éμ¢ ¶¥·¢¨Î´ÒÌ  ³μ·Ë-
´ÒÌ Î ¸É¨Í, ¶μ²ÊÎ¥´´ÒÌ ¶·¨ ¸μμ¸ ¦¤¥´¨¨ ¨μ´μ¢ Hf c LaF3 ¨§ ËÉμ·¨¤´ÒÌ ¢μ¤´ÒÌ
· ¸É¢μ·μ¢

�¨¸. 3. 	²¥±É·μ´μ£· ³³  Î ¸É¨ÍÒ ¸ § ·μ¤ÒÏ ³¨ ±·¨¸É ²²μ¢, ¶μ²ÊÎ¥´´μ° ¶·¨ ¸μμ¸ -
¦¤¥´¨¨ ¨μ´μ¢ Hf c LaF3 ¨§ ËÉμ·¨¤´ÒÌ ¢μ¤´ÒÌ · ¸É¢μ·μ¢

Œμ·Ëμ²μ£¨Õ ±·¨¸É ²²μ¢ ¨§ÊÎ ²¨ ¸ ¶μ³μÐÓÕ ¸± ´¨·ÊÕÐ¥° Ô²¥±É·μ´-
´μ° ³¨±·μ¸±μ¶¨¨. • · ±É¥·´Ò¥ ËμÉμ£· Ë¨¨ ±·Ê¶´ÒÌ  £·¥£ Éμ¢ · §³¥·μ³
1Ä2 ³±³, ¸μ¸ÉμÖÐ¨Ì ¨§  £²μ³¥· Éμ¢ ³¥²±¨Ì Î ¸É¨Í, ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4.
�·¨ Ì· ´¥´¨¨ É¢¥·¤μ° Ë §Ò ¢ ³ ÉμÎ´μ³ · ¸É¢μ·¥ ¶·μ¨¸Ìμ¤¨É Ê¶μ·Ö¤μÎ¨¢ -
´¨¥ É¢¥·¤μ° Ë §Ò. �³μ·Ë´Ò° μ¸ ¤μ± ¶·¥¢· Ð ¥É¸Ö ¢ ³¥²±μ±·¨¸É ²²¨Î¥-
¸±¨°. 	Éμ ¸μ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ ¶μ Ô¢μ²ÕÍ¨¨ ³μ·Ëμ²μ£¨¨ ´ ´μÎ ¸É¨Í LaF3

¢ ¶·μÍ¥¸¸¥ μ¸ ¦¤¥´¨Ö ¨§ · ¸É¢μ·μ¢ La(NO3)3 ¨ KF [25]. �¢Éμ·Ò ÔÉμ° · -
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�¨¸. 4. 	²¥±É·μ´´μ-³¨±·μ¸±μ¶¨Î¥¸±¨¥ ¸´¨³±¨ ¶·μ¤Ê±Éμ¢ Î ¸É¨Î´μ° ±·¨¸É ²²¨§ Í¨¨,
¶μ²ÊÎ¥´´ÒÌ ¶·¨ ¸μμ¸ ¦¤¥´¨¨ ¨μ´μ¢ Hf c LaF3 ¨§ ËÉμ·¨¤´ÒÌ ¢μ¤´ÒÌ · ¸É¢μ·μ¢ ¢
³ ¸ÏÉ ¡¥ 1 ³±³

¡μÉÒ ´ ¡²Õ¤ ²¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ¥ ¶·¥¢· Ð¥´¨¥  ³μ·Ë´μ£μ £¨¤· É  ËÉμ·¨¤ 
¢ ±·¨¸É ²²¨Î¥¸±¨¥ ´ ´μÎ ¸É¨ÍÒ LaF3 £¥±¸ £μ´ ²Ó´μ° Ëμ·³Ò.

Š ± ¸²¥¤Ê¥É ¨§ ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ, ¢ Ê¸²μ¢¨ÖÌ Ô±¸¶¥·¨³¥´É  É¢¥·¤ Ö
Ë §  LaF3 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´ ´μ¤¨¸¶¥·¸´Ò° ³ É¥·¨ ², μ¡² ¤ ÕÐ¨° ¡μ²Ó-
Ïμ° Ê¤¥²Ó´μ° ¶μ¢¥·Ì´μ¸ÉÓÕ ¨ ´¥±μ³¶¥´¸¨·μ¢ ´´Ò³ μÉ·¨Í É¥²Ó´Ò³ § ·Ö¤μ³,
ÎÉμ μ¶·¥¤¥²Ö¥É ¥£μ ¢Ò¸μ±¨¥  ´¨μ´μμ¡³¥´´Ò¥ ¸¢μ°¸É¢ .

‚²¨Ö´¨¥ ¢·¥³¥´¨ ±μ´É ±É  Ë §. ‡ ¢¨¸¨³μ¸ÉÓ ¸μ·¡Í¨¨ 175Hf ´  £μÉμ¢μ³
μ¸ ¤±¥ LaF3 μÉ ¢·¥³¥´¨ ±μ´É ±É  É¢¥·¤μ° ¨ ¦¨¤±μ° Ë § ¶·¨¢¥¤¥´  ´  ·¨¸. 5.
ˆ§ ÔÉ¨Ì ¤ ´´ÒÌ ¢¨¤´μ, ÎÉμ ¸μ·¡Í¨Ö 175Hf ¶·μÉ¥± ¥É ¤μ¸É ÉμÎ´μ ¡Ò¸É·μ ¨
±μÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¨³¥ÕÉ ¢Ò¸μ±¨¥ §´ Î¥´¨Ö. —¥·¥§ 5 ³¨´ ¶μ¸²¥
¢¢¥¤¥´¨Ö μ¸ ¤±  ¢ · ¸É¢μ· 0,5 ³μ²Ó/² HF §´ Î¥´¨¥ Kd ¸μ¸É ¢²Ö¥É 1,1 · 105.
—¥·¥§ 60 ³¨´ ¶μ¸²¥ ¢´¥¸¥´¨Ö 175Hf ¶· ±É¨Î¥¸±¨ ¶μ²´μ¸ÉÓÕ ¶¥·¥Ìμ¤¨É ¢ É¢¥·-
¤ÊÕ Ë §Ê (Kd−3,0 ·105). �μ ¤ ´´Ò³ · ¡μÉÒ [25], §  ÔÉμ ¦¥ ¢·¥³Ö ¶·μ¨¸Ìμ¤¨É
·¥±·¨¸É ²²¨§ Í¨Ö É¢¥·¤μ° Ë §Ò. ‡ É¥³ ¢ É¥Î¥´¨¥ 9 Î §´ Î¥´¨¥ Kd Ê¢¥²¨Î¨-
¢ ¥É¸Ö ¤μ 3,7 · 105 ¨ ¤ ²¥¥ ´¥ ³¥´Ö¥É¸Ö. ‚μ§³μ¦´μ, ÎÉμ ÔÉ  ³¥¤²¥´´ Ö ¸É ¤¨Ö
¸¢Ö§ ´  ¸ ¶·μÍ¥¸¸μ³ ¨μ´´μ£μ μ¡³¥´  μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´ÒÌ ±μ³¶²¥±¸μ¢
£ Ë´¨Ö ¸ ¨μ´ ³¨ F− ¨ ¤¨ËËÊ§¨¥° ¢ ±·¨¸É ²² Ì. ’ ±¨³ μ¡· §μ³, §  10 Î
Ê¸É ´ ¢²¨¢ ²μ¸Ó ¸μ·¡Í¨μ´´μ¥ · ¢´μ¢¥¸¨¥.

‚²¨Ö´¨¥ ±μ´Í¥´É· Í¨¨ Zr ¨ Hf. �  ·¨¸. 6 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ
¸μμ¸ ¦¤¥´¨Ö Zr ¨ Hf ¸ LaF3 μÉ ¨Ì ±μ´Í¥´É· Í¨¨ ¢ ¨¸Ìμ¤´μ³ · ¸É¢μ·¥. ‚μ
¢¸¥³ ¤¨ ¶ §μ´¥ ±μ´Í¥´É· Í¨° Zr ¨ Hf ¨³¥ÕÉ ¶·¨³¥·´μ μ¤¨´ ±μ¢ÊÕ ¸É¥¶¥´Ó
¸μμ¸ ¦¤¥´¨Ö. ‚ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ±μ´Í¥´É· Í¨¨ ³¥É ²²μ¢ ¢ ¨¸Ìμ¤´μ³ · ¸-
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�¨¸. 5. ŠμÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö Hf ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ±μ´É ±É  É¢¥·¤μ°
¨ ¦¨¤±μ° Ë § (1000 ³£/² La, 1 ³² 0,5 ³μ²Ó/² HF, 1,16 · 10−4 ³£/² Hf)

�¨¸. 6. ‚²¨Ö´¨¥ ±μ´Í¥´É· Í¨¨ ³¥É ²²  (M =Ti, Zr, Hf, Nb) ¢ · ¸É¢μ·¥ ´  ¸É¥¶¥´Ó ¥£μ
¸μμ¸ ¦¤¥´¨Ö (1000 ³£/² La, 1 ³² 0,5 ³μ²Ó/² HF)

É¢μ·¥ (μÉ 2 ·10−8 ¤μ 1 ³³μ²Ó/²) ´ ¡²Õ¤ ¥É¸Ö ¢Ò¸μ± Ö ¸É¥¶¥´Ó ¸μμ¸ ¦¤¥´¨Ö Å
¡μ²¥¥ 99 %. �·¨ Ê¢¥²¨Î¥´¨¨ ±μ´Í¥´É· Í¨¨ μÉ 1 ¤μ 11 ³³μ²Ó/² ¸μμ¸ ¦¤¥´¨¥
Ê³¥´ÓÏ ¥É¸Ö ¸ 84 ¤μ 7 %. � ¡²Õ¤ ¥³μ¥ ¸´¨¦¥´¨¥ ¸μμ¸ ¦¤¥´¨Ö ¸ Ê¢¥²¨Î¥´¨¥³
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�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ±μ²¨Î¥¸É¢  Hf, § Ì¢ Î¥´´μ£μ μ¸ ¤±μ³ LaF3, μÉ · ¢´μ¢¥¸´μ° ±μ´-
Í¥´É· Í¨¨ Hf ¢ · ¸É¢μ·¥

±μ´Í¥´É· Í¨¨ μ§´ Î ¥É, ÎÉμ ¤μ¸É¨£ ¥É¸Ö ´ ¸ÒÐ¥´¨¥, ¶·¨Î¥³ ¢ ¸μ¸ÉμÖ´¨¨ ´ -
¸ÒÐ¥´¨Ö μ¸ ¤μ± Ê¤¥·¦¨¢ ¥É ¤μ 50% £ Ë´¨Ö μÉ´μ¸¨É¥²Ó´μ ² ´É ´ .

�  ·¨¸. 7 ¢ ²μ£ ·¨Ë³¨Î¥¸±¨Ì ±μμ·¤¨´ É Ì ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ § -
Ì¢ Î¥´´μ£μ ±μ²¨Î¥¸É¢  Hf ´  1 £ μ¸ ¤±  LaF3 μÉ · ¢´μ¢¥¸´μ° ±μ´Í¥´É· Í¨¨ Hf
¢ · ¸É¢μ·¥. ‚ ¨´É¥·¢ ²¥ ¨¸Ìμ¤´ÒÌ ±μ´Í¥´É· Í¨° μÉ 2 ·10−8 ¤μ 0,4 ³³μ²Ó/² § -
¢¨¸¨³μ¸ÉÓ ¨³¥¥É ²¨´¥°´Ò° Ìμ¤. �·¨ ±μ´Í¥´É· Í¨ÖÌ Hf, ¡μ²ÓÏ¨Ì 0,4 ³³μ²Ó/²,
±·¨¢ Ö ¸É ´μ¢¨É¸Ö ¶ · ²²¥²Ó´μ° μ¸¨ ±μ´Í¥´É· Í¨¨, ¸μμÉ¢¥É¸É¢Ê¥É § ¶μ²´¥-
´¨Õ ¶μ¢¥·Ì´μ¸É¨ LaF3  ¤¸μ·¡Í¨μ´´Ò³ ¸²μ¥³ Hf. ˆ§ ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ
· ¸¸Î¨É ´μ ¶·¥¤¥²Ó´μ¥ ¸μ¤¥·¦ ´¨¥ Hf ¢ μ¸ ¤±¥ 2,9 ³³μ²Ó/£. �μ¤μ¡´Ò¥ ·¥§Ê²Ó-
É ÉÒ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ · ¡μÉ¥ [18] ¶·¨ ¨§ÊÎ¥´¨¨ ¸μ·¡Í¨¨ Zr(IV) ´  ¶μ·μÏ±¥
LaF3, μ¤´ ±μ  ¢Éμ·Ò μ¡´ ·Ê¦¨²¨, ÎÉμ ¶μ²ÊÎ¥´´ Ö ¨³¨ § ¢¨¸¨³μ¸ÉÓ μÉ¢¥Î ¥É
¨§μÉ¥·³¥ ‹¥´£³Õ· . ˆ´ Î¥ ¢¥¤ÊÉ ¸¥¡Ö Ti(IV) ¨ Nb(V), ¸É¥¶¥´Ó ¨Ì ¸μμ¸ ¦¤¥-
´¨Ö ´¥ § ¢¨¸¨É μÉ ±μ´Í¥´É· Í¨¨ ¢ ¨¸Ìμ¤´μ³ · ¸É¢μ·¥ ¨ ´¥ ¶·¥¢ÒÏ ¥É 2 ¨ 3 %
¸μμÉ¢¥É¸É¢¥´´μ.

‚²¨Ö´¨¥ ³ ¸¸Ò μ¸ ¤±  LaF3. ‡ ¢¨¸¨³μ¸ÉÓ ¸É¥¶¥´¨ ¸μμ¸ ¦¤¥´¨Ö 175Hf
μÉ ³ ¸¸Ò μ¸ ¤±  LaF3 ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 8. �·¨ ¶μ¸ÉμÖ´´ÒÌ ±μ´Í¥´É· -
Í¨¨ Hf ¨ μ¡Ñ¥³¥ · ¸É¢μ·  ¸É¥¶¥´Ó ¨§¢²¥Î¥´¨Ö 175Hf ¤μ¸É¨£ ¥É 98 % Ê¦¥ ¶·¨
¶μ²ÊÎ¥´¨¨ 0,14 ³£/³² μ¸ ¤± . ‘ Ê¢¥²¨Î¥´¨¥³ ¸μ¤¥·¦ ´¨Ö LaF3 · ¸É¥É ¥£μ
¸μ·¡Í¨μ´´ Ö ¥³±μ¸ÉÓ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¢μ§· ¸É ¥É ¸É¥¶¥´Ó ¨§¢²¥Î¥´¨Ö 175Hf
(> 99,9%). ˆ§ ÔÉμ£μ ¸²¥¤Ê¥É, ÎÉμ ¨§¡ÒÉμ± ¶μÉ¥´Í¨ ²-μ¶·¥¤¥²ÖÕÐ¨Ì ¨μ´μ¢
La3+ ¢ · ¸É¢μ·¥ ´¥ ¢²¨Ö¥É ´  § Ì¢ É Hf μ¸ ¤±μ³ LaF3.

‚²¨Ö´¨¥ ±μ´Í¥´É· Í¨¨ HF. ‡ ¢¨¸¨³μ¸ÉÓ ¸μ·¡Í¨¨ Ti, Hf (Zr) ¨ Nb μ¸ ¤-
±μ³ LaF3 μÉ ±μ´Í¥´É· Í¨¨ HF ¢ · ¸É¢μ·¥ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 9. �¡´ -
·Ê¦¥´μ, ÎÉμ Kd Hf ¨³¥ÕÉ ¢Ò¸μ±¨¥ §´ Î¥´¨Ö (> 1,4 · 104 ³²/£) ¢ Ï¨·μ±μ³
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�¨¸. 8. ‘É¥¶¥´Ó ¸μμ¸ ¦¤¥´¨Ö Hf ¢ § ¢¨¸¨³μ¸É¨ μÉ ³ ¸¸Ò LaF3 (1 ³² 0,5 ³μ²Ó/² HF,
1,16 · 10−4 ³£/² Hf)

�¨¸. 9. ŠμÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö 175Hf ¢ § ¢¨¸¨³μ¸É¨ μÉ ±μ´Í¥´É· Í¨¨ HF ¢
¨¸Ìμ¤´μ³ · ¸É¢μ·¥ (1000 ³£/² La)

¤¨ ¶ §μ´¥ ±μ´Í¥´É· Í¨¨ HF. �·¨ Ê¢¥²¨Î¥´¨¨ ±μ´Í¥´É· Í¨¨ HF ¸ 0,01 ¤μ
0,1 ³μ²Ó/² ¸μ·¡Í¨Ö Hf ´  LaF3 Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ 17 · § (¤μ 3,7 ·105 ³²/£). ‚ ¨´-
É¥·¢ ²¥ 0,35Ä5 ³μ²Ó/² HF ¸μ·¡Í¨Ö Hf Ê³¥´ÓÏ ¥É¸Ö ²¨´¥°´μ ¸ Ê¢¥²¨Î¥´¨¥³
±μ´Í¥´É· Í¨¨ HF. „ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ ±μ´Í¥´É· Í¨¨ HF (> 5 ³μ²Ó/²) ´¥
¢²¨Ö¥É ´  ¸μ·¡Í¨Õ (7,4 · 104 ³²/£).
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�μ¢¥¤¥´¨¥ Hf ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³¨ ¶·μÍ¥¸¸ ³¨. �¸ ¤±¨ LaF3

¶μ²ÊÎ¥´Ò ¢ Ê¸²μ¢¨ÖÌ ¨§¡ÒÉ±  ¨μ´μ¢ F−, ¶μÔÉμ³Ê ¨Ì ¶μ¢¥·Ì´μ¸ÉÓ § ·Ö¦¥´  μÉ-
·¨Í É¥²Ó´μ. ‡  ¸Î¥É  ´¨μ´´μ£μ μ¡³¥´  μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´ÒÌ ±μ³¶²¥±¸μ¢
Hf ¸ ¨μ´ ³¨ F− Hf ¸μ·¡¨·Ê¥É¸Ö ´  ¶μ¢¥·Ì´μ¸É¨ ±·¨¸É ²²μ¢ LaF3. “¢¥²¨Î¥´¨¥
Kd ¶·¨ 0,01Ä0,1 ³μ²Ó/² HF μ¡Ê¸²μ¢²¥´μ Ê¢¥²¨Î¥´¨¥³ ¤μ²¨ ¢Ò¸μ±μ±μμ·¤¨´¨-
·μ¢ ´´ÒÌ ±μ³¶²¥±¸μ¢, ±μÉμ·Ò¥ ¶·¥¤¶μÎÉ¨É¥²Ó´¥¥ ¸μ·¡¨·ÊÕÉ¸Ö. ˆ§¢¥¸É´μ,
ÎÉμ ´  ±·¨¸É ²²¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ¨μ´Ò  ¤¸μ·¡¨·ÊÕÉ¸Ö ¸¨²Ó´¥¥, ¥¸²¨ μ´¨
μ¡· §ÊÕÉ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³ ¨μ´μ³ ±·¨¸É ²²  É·Ê¤´μ· ¸É¢μ·¨³μ¥ ¨²¨ ¸² -
¡μ¤¨¸¸μÍ¨¨·ÊÕÐ¥¥ ¸μ¥¤¨´¥´¨¥ [26]. ‚ · ¡μÉ Ì [11, 22, 23] ¸¤¥² ´ ¢Ò¢μ¤, ÎÉμ
Ô²¥³¥´ÉÒ 4-° £·Ê¶¶Ò ¸μ·¡¨·ÊÕÉ¸Ö ´   ´¨μ´μμ¡³¥´´μ° ¸³μ²¥ ¨§ · ¸É¢μ·μ¢ HF
¢ ¢¨¤¥ ±μ³¶²¥±¸μ¢ É¨¶  MF3−

7 . ˆ§¢¥¸É´μ, ÎÉμ ¢ · ¸É¢μ· Ì HF > 0,5 ³μ²Ó/²
Ì · ±É¥·´μ μ¡· §μ¢ ´¨¥ ¨μ´  HF−

2 , ¶·¨Î¥³ ¥£μ ±μ´Í¥´É· Í¨Ö · ¸É¥É ²¨´¥°´μ
¸ Ê¢¥²¨Î¥´¨¥³ ±μ´Í¥´É· Í¨¨ HF [27]. ’ ±¨³ μ¡· §μ³, ¶·¨ Ê¢¥²¨Î¥´¨¨ ±μ´-
Í¥´É· Í¨¨ ±¨¸²μÉÒ ¸μ·¡Í¨Ö Hf Ê³¥´ÓÏ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ±μ´±Ê·¨·ÊÕÐ¥°
¸μ·¡Í¨¨ ¸ ¨μ´ ³¨ HF−

2 .
‚ · ¡μÉ Ì [9, 11, 22, 28Ä30] ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ´  § ¢¨¸¨³μ¸ÉÓ ¸μ·¡Í¨¨

Ô²¥³¥´Éμ¢ 4-° ¨ 5-° £·Ê¶¶ ´   ´¨μ´μμ¡³¥´´ÒÌ ¸³μ² Ì μÉ ±μ´Í¥´É· Í¨¨ HF.
�± § ²μ¸Ó, ÎÉμ ´ ¡²Õ¤ ¥³μ¥ ´ ³¨ ¶μ¢¥¤¥´¨¥ Zr ¨ Hf ¸Ìμ¤´μ ¸ ·¥§Ê²ÓÉ É ³¨
¢ ÔÉ¨Ì · ¡μÉ Ì. 	Éμ É ±¦¥ Ê± §Ò¢ ¥É ´   ´¨μ´μμ¡³¥´´Ò° Ì · ±É¥· ¸μ·¡Í¨¨
Hf ´  LaF3. ‡´ Î¥´¨Ö Kd £ Ë´¨Ö ´  LaF3 ¢ ¤¨ ¶ §μ´ Ì ±μ´Í¥´É· Í¨¨ HF
³¥´¥¥ 0,001 ³μ²Ó/² ¨ ¡μ²¥¥ 7,5 ³μ²Ó/² ¶·¥¢ÒÏ ÕÉ Kd ´   ´¨μ´μμ¡³¥´´μ°
¸³μ²¥ ´  É·¨ ¶μ·Ö¤± . 	Éμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ  ¤¸μ·¡¨·μ¢ ´´Ò¥ ¨μ´Ò
Hf § ±·¥¶²ÖÕÉ¸Ö ¢ ¶μ¢¥·Ì´μ¸É´μ³ ¸²μ¥ ±·¨¸É ²²μ¢. ‚ Ê¸²μ¢¨ÖÌ ¶·μ¢¥¤¥´¨Ö
Ô±¸¶¥·¨³¥´É  ¶·μ¨¸Ìμ¤¨É Î ¸É¨Î´ Ö ¶¥·¥±·¨¸É ²²¨§ Í¨Ö μ¸ ¤± , ¢ ·¥§Ê²ÓÉ É¥
±μÉμ·μ°  ¤¸μ·¡¨·μ¢ ´´Ò¥ ¨μ´Ò Hf ¶·μ´¨± ÕÉ ¢´ÊÉ·Ó μ¸ ¤± .

‚¸¥ ¨¸¸²¥¤μ¢ ´´Ò¥ Ô²¥³¥´ÉÒ ¢ ±μ´Í¥´É·¨·μ¢ ´´ÒÌ · ¸É¢μ· Ì HF μ¡· -
§ÊÕÉ ¶·μÎ´Ò¥ μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´Ò¥ ±μ³¶²¥±¸Ò, Ì · ±É¥· ¸μ·¡Í¨¨ ±μÉμ-
·ÒÌ  ´ ²μ£¨Î¥´ [9, 11, 22, 28Ä30]. �¤´ ±μ ´ ¡²Õ¤ ¥³Ò¥ § ¢¨¸¨³μ¸É¨ ¤²Ö Ti ¨
Nb ·¥§±μ μÉ²¨Î ÕÉ¸Ö μÉ ¶μ²ÊÎ¥´´ÒÌ ´  μ·£ ´¨Î¥¸±¨Ì  ´¨μ´μμ¡³¥´´¨± Ì, ¨Ì
±μÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö ´¥ § ¢¨¸ÖÉ μÉ ±μ´Í¥´É· Í¨¨ ±¨¸²μÉÒ ¨ ¨³¥ÕÉ
´¨§±¨¥ §´ Î¥´¨Ö Å 20 ¨ 200 ³²/£ ¸μμÉ¢¥É¸É¢¥´´μ (·¨¸. 9).

‚²¨Ö´¨¥ pH. ‚²¨Ö´¨¥ ·� · ¸É¢μ·  ´  § Ì¢ É ¨μ´μ¢ Hf É¢¥·¤μ° Ë §μ°
¨§ÊÎ ²¨ ± ± ¶·¨ ¸μμ¸ ¦¤¥´¨¨, É ± ¨ ¶·¨ ¸μ·¡Í¨¨ ´  § · ´¥¥ ¶·¨£μÉμ¢²¥´´ÒÌ
μ¸ ¤± Ì. �·¨¢¥¤¥´´ Ö ´  ·¨¸. 10 § ¢¨¸¨³μ¸ÉÓ ¨³¥¥É ´¥Ì · ±É¥·´Ò° ¤²Ö ¸μ·¡-
Í¨¨ ± É¨μ´μ¢ ¢¨¤. � ¡²Õ¤ ¥É¸Ö ¢Ò¸μ± Ö ¸μ·¡Í¨Ö ¢ ±¨¸²μ° μ¡² ¸É¨, ³¨´¨³Ê³
¶·¨ ·� = 5 ¨ ¤ ²¥¥ ¥¥ Ê¢¥²¨Î¥´¨¥ ¶·¨ ·� > 6. �·¨ ¸μμ¸ ¦¤¥´¨¨ ´ ¡²Õ¤ -
¥É¸Ö  ´ ²μ£¨Î´ Ö § ¢¨¸¨³μ¸ÉÓ Éμ²Ó±μ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì §´ Î¥´¨ÖÌ Kd. 	Éμ
μ¡Ê¸²μ¢²¥´μ ®¸É ·¥´¨¥³¯ ¶μ¢¥·Ì´μ¸É¨ ±·¨¸É ²²μ¢ ¶·¨ ¸μ·¡Í¨¨ ´  § · ´¥¥
¶·¨£μÉμ¢²¥´´ÒÌ μ¸ ¤± Ì. ˆ§¡ÒÉμ± ¢ · ¸É¢μ·¥ ¸¨²Ó´μ  ¤¸μ·¡¨·ÊÕÐ¨Ì¸Ö ¨μ-
´μ¢ H+ ´¥ ¢²¨Ö¥É ´  · ¸¶·¥¤¥²¥´¨¥ Hf, ÎÉμ É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡  ´¨μ´μ-
μ¡³¥´´μ³ ³¥Ì ´¨§³¥ ¸μ·¡Í¨¨. Œ¨´¨³Ê³ ¸μ·¡Í¨¨ (Kd = 1·105) ¸μμÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨Õ pH = 5,6 ± 0,3, ¶·¨ ±μÉμ·μ³ ´ ¡²Õ¤ ¥É¸Ö ¨§μÔ²¥±É·¨Î¥¸± Ö ÉμÎ± 
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�¨¸. 10. ŠμÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö 175Hf ¢ § ¢¨¸¨³μ¸É¨ μÉ ·� · ¸É¢μ·  ¶·¨ ¸μ·¡-
Í¨¨ ¨ ¸μμ¸ ¦¤¥´¨¨ c LaF3 (100 ³£/² La, 0,5 ³μ²Ó/² HF, I = 1)

LaF3 [31]. “¢¥²¨Î¥´¨¥ §´ Î¥´¨° Kd ¢ 12 · §, ´ ¡²Õ¤ ¥³μ¥ ¶·¨ ·� > 6,
¸¢Ö§ ´μ ¸ ¨§³¥´¥´¨¥³ ¸μ¸É ¢  É¢¥·¤μ° Ë §Ò ¨ ¸É¥¶¥´¨ ±μ³¶²¥±¸μμ¡· §μ¢ -
´¨Ö Hf. 	Éμ ¸²¥¤Ê¥É ¨§ ¤¨ £· ³³Ò μ¸ ¦¤¥´¨Ö LaF3 [31] ¨ · ¸¶·¥¤¥²¥´¨Ö Hf
¶μ ±μ³¶²¥±¸´Ò³ Ëμ·³ ³ [21] ¶·¨ · §´ÒÌ ±μ´Í¥´É· Í¨ÖÌ HF ¨ pH. ‘ Ê¢¥-
²¨Î¥´¨¥³ ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ OH− ¢ · ¸É¢μ·¥ ¤μ³¨´¨·ÊÕÉ ´¥°É· ²Ó´Ò¥ ¨
¶μ²μ¦¨É¥²Ó´μ § ·Ö¦¥´´Ò¥ Ëμ·³Ò La(OH)3, La(H2O)n ¨ Hf(OH)n−4

n .

�¨¸. 11. ‘É¥¶¥´Ó ¸μμ¸ ¦¤¥´¨Ö Hf ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶·¨¸ÊÉ¸É¢¨Ö ³´μ£μ¢ ²¥´É´ÒÌ ¨μ´μ¢
Œ = Hf(IV), Zr(IV), Ti(IV), Nb(V) ([M] = 1 · 10−4 ³μ²Ó/²)
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‚²¨Ö´¨¥ ¶μ¸Éμ·μ´´¨Ì ¨μ´μ¢. „²Ö ¢ÒÖ¸´¥´¨Ö ¢²¨Ö´¨Ö ¶μ¸Éμ·μ´´¨Ì ³´μ-
£μ¢ ²¥´É´ÒÌ ¨μ´μ¢ ´  ¸É¥¶¥´Ó ¸μμ¸ ¦¤¥´¨Ö Hf ´ ³¨ ¡Ò²μ ¨§ÊÎ¥´μ ¸μμ¸ ¦¤¥-
´¨¥ ¨μ´μ¢ Hf ¸ μ¸ ¤± ³¨ LaF3 ¸μ¢³¥¸É´μ ¸ ¨μ´ ³¨ Ti(IV), Zr(IV) ¨ Nb(V)
¶·¨ ±μ´Í¥´É· Í¨¨ ± ¦¤μ£μ 1 · 10−4 ³μ²Ó/². 	É¨ Ô²¥³¥´ÉÒ, É ± ¦¥ ± ± ¨ Hf,
¢ · ¸É¢μ· Ì HF μ¡· §ÊÕÉ Ê¸Éμ°Î¨¢Ò¥  ´¨μ´´Ò¥ ±μ³¶²¥±¸Ò, Ìμ·μÏμ ¸μ·¡¨-
·Ê¥³Ò¥  ´¨μ´μμ¡³¥´´Ò³¨ ¸³μ² ³¨. �¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 11, ¨§
±μÉμ·μ£μ ¢¨¤´μ, ÎÉμ ¸É¥¶¥´Ó ¸μμ¸ ¦¤¥´¨Ö Hf ´¥ § ¢¨¸¨É μÉ ¶·¨¸ÊÉ¸É¢¨Ö ¢
· ¸É¢μ·¥ ¨μ´μ¢ Ti(IV), Zr(IV) ¨ Nb(V).

’ ±¨³ μ¡· §μ³, ¶μ± § ´μ, ÎÉμ μ¸ ¤±¨ LaF3 ¶·μÖ¢²ÖÕÉ ¢Ò¸μ±ÊÕ ¸¥²¥±É¨¢-
´μ¸ÉÓ ¶μ μÉ´μÏ¥´¨Õ ± § Ì¢ Î¥´´Ò³ ¨μ´ ³ Hf. �¥§ ¢¨¸¨³μ¸ÉÓ ¸μμ¸ ¦¤¥´¨Ö
μÉ ¶·¨¸ÊÉ¸É¢¨Ö ¢ · ¸É¢μ·¥ ¶μ¸Éμ·μ´´¨Ì ³´μ£μ¢ ²¥´É´ÒÌ ¨μ´μ¢ ¨¸±²ÕÎ ¥É
¢μ§³μ¦´μ¸ÉÓ  ¤¸μ·¡Í¨¨ ¨μ´μ¢ Hf ¢ ¤¨ËËÊ§¨μ´´μ³ ¸²μ¥. “¸É ´μ¢²¥´μ, ÎÉμ
· ¸¶·¥¤¥²¥´¨¥ Zr ¨ Hf ³¥¦¤Ê · ¸É¢μ·μ³ ¨ LaF3 ¶·μ¨¸Ìμ¤¨É ¸μ ¸¢μ¨³ ¸μ¡-
¸É¢¥´´Ò³ ±μÔËË¨Í¨¥´Éμ³ · ¸¶·¥¤¥²¥´¨Ö.

‡�Š‹
—…�ˆ…

ˆ§ÊÎ¥´¨¥ ¸μμ¸ ¦¤¥´¨Ö Ti, Zr ¨ Hf ¸ ËÉμ·¨¤μ³ La ¶μ± § ²μ, ÎÉμ ¤²Ö
Zr ¨ Hf Ì · ±É¥·´  ¢Ò¸μ± Ö ¸É¥¶¥´Ó ¸μμ¸ ¦¤¥´¨Ö (> 99%), ¢ Éμ ¢·¥³Ö ± ±
Ti μ¸ ¤±μ³ ¶· ±É¨Î¥¸±¨ ´¥ § Ì¢ ÉÒ¢ ¥É¸Ö. ˆ§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸²¥-
¤Ê¥É, ÎÉμ Zr ¨ Hf ¸¥²¥±É¨¢´μ  ¤¸μ·¡¨·ÊÕÉ¸Ö ´  ¶μ¢¥·Ì´μ¸É¨ ´ ´μ±·¨¸É ²²μ¢
LaF3 ¢ ¢¨¤¥ μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´ÒÌ ±μ³¶²¥±¸μ¢ É¨¶  MF3−

7 ¢ ·¥§Ê²ÓÉ É¥
 ´¨μ´´μ£μ μ¡³¥´  ¸ ¶μÉ¥´Í¨ ²μ¡· §ÊÕÐ¨³¨ F−-¨μ´ ³¨. ‘μ£² ¸´μ ¶· ¢¨²Ê
” Ö´¸ -� ´¥É , ¤²Ö Éμ£μ, ÎÉμ¡Ò ¨μ´  ¤¸μ·¡¨·μ¢ ²¸Ö ± ± ¶μÉ¥´Í¨ ²μ¡· §ÊÕ-
Ð¨°, μ´ ¤μ²¦¥´ ¤ ¢ ÉÓ ¨§μ³μ·Ë´μ¥ ¸μ¥¤¨´¥´¨¥ ¸  ¤¸μ·¡¥´Éμ³. ‚ Ê¸²μ¢¨ÖÌ
Ô±¸¶¥·¨³¥´É  É¢¥·¤ Ö Ë §  LaF3 μ¡² ¤ ¥É ¢Ò¸μ±μ° ¤¥Ë¥±É´μ¸ÉÓÕ, ÎÉμ ¸μ-
§¤ ¥É Ê¸²μ¢¨Ö ¤²Ö ´ ·ÊÏ¥´¨Ö ¸É¥Ì¨μ³¥É·¨¨. „²Ö LnF3 ¸ É¨¸μ´¨Éμ¢μ° ¸É·Ê±-
ÉÊ·μ° ´  μ¸´μ¢¥ ±μ³¶μ´¥´Éμ¢ c M(IV)F4 μ¡´ ·Ê¦¥´Ò ´¥¸É¥Ì¨μ³¥É·¨Î¥¸±¨¥
Ë §Ò [17]. ‚ ·Ö¤Ê ¸¨¸É¥³ LnF3ÄHfF4 É ±¨¥ Ë §Ò μ¡· §ÊÕÉ¸Ö ´  μ¸´μ¢¥ ¸μ-
¥¤¨´¥´¨° LnHfF7. ˆ§¢¥¸É´μ, ÎÉμ £¥¶É ËÉμ·Í¨·±μ´ ÉÒ ¸μ¤¥·¦ É ¨§μ²¨·μ¢ ´-
´Ò° ±μ³¶²¥±¸´Ò°  ´¨μ´ [ZrF7]3−, ±μÉμ·Ò° ¶·¨ · ¸É¢μ·¥´¨¨ ¤¨¸¸μÍ¨¨·Ê¥É
´  ZrF2−

6 ¨ F− [32, 33]. ‚ Éμ ¦¥ ¢·¥³Ö ¢μ ËÉμ·¨¤ Ì ¶·¨ £¥É¥·μ¢ ²¥´É´ÒÌ
¨§μ³μ·Ë´ÒÌ § ³¥Ð¥´¨ÖÌ § ·Ö¤Ò ± É¨μ´μ¢ · §²¨Î´Ò, ¶μÔÉμ³Ê ¤²Ö Ô²¥±É·μ-
¸É É¨Î¥¸±μ° ±μ³¶¥´¸ Í¨¨ ´¥μ¡Ìμ¤¨³μ ¢´¥¤·¥´¨¥ ¤μ¶μ²´¨É¥²Ó´μ£μ ¨μ´  F.
	Éμ ¶μ¤É¢¥·¦¤ ¥É ¸¤¥² ´´Ò° · ´¥¥ ¢Ò¢μ¤ μ Éμ³, ÎÉμ Zr ¨ Hf  ¤¸μ·¡¨·ÊÕÉ¸Ö
¢ ¢¨¤¥ ±μ³¶²¥±¸μ¢ É¨¶  MF3−

7 .
Œμ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ μ¸´μ¢´Ò³ ¶·μÍ¥¸¸μ³ ¸μμ¸ ¦¤¥´¨Ö Zr ¨ Hf

Ö¢²Ö¥É¸Ö ¨Ì ¶¥·¢¨Î´ Ö  ¤¸μ·¡Í¨Ö ´  ¶μ¢¥·Ì´μ¸É¨ · ¸ÉÊÐ¨Ì ±·¨¸É ²²μ¢ LaF3

¸ μ¡· §μ¢ ´¨¥³ ¸μ¥¤¨´¥´¨Ö LaHfF7 ¨ ¢¸É· ¨¢ ´¨¥³ ¥£μ ¢ ·¥Ï¥É±Ê. ’ ±¨³
μ¡· §μ³, ´ ¨¡μ²¥¥ ¢¥·μÖÉ´μ° ¶·¨Î¨´μ° ¸μμ¸ ¦¤¥´¨Ö Ö¢²Ö¥É¸Ö μ¡· §μ¢ ´¨¥
É¢¥·¤μ£μ · ¸É¢μ· , ÎÉμ ¸¢Ö§ ´μ ¸μ ¸É·Ê±ÉÊ·´μ°  ´ ²μ£¨¥° LaF3 ¨ LaHfF7.
�μ-¢¨¤¨³μ³Ê, ÔÉμ μ¡Ê¸²μ¢²¥´μ É¥³, ÎÉμ ´ ´μÎ ¸É¨ÍÒ ËÉμ·¨¤μ¢ μ¡² ¤ ÕÉ ¶μ-
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¢ÒÏ¥´´μ° ·¥ ±Í¨μ´´μ° ¸¶μ¸μ¡´μ¸ÉÓÕ [34]. � ±μ³¶²¥±¸μμ¡· §μ¢ ´¨¥, ¢ ¸¢μÕ
μÎ¥·¥¤Ó, ¶·¨¢μ¤¨É ± Ê¶²μÉ´¥´¨Õ ¸É·Ê±ÉÊ·Ò ¨ ¸¶μ¸μ¡¸É¢Ê¥É ¨¸¶μ²Ó§μ¢ ´¨Õ
¶Ê¸ÉμÉ, ±μÉμ·Ò¥ ¸ ³¨ ¶μ ¸¥¡¥ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ´¥ ³μ£ÊÉ.

�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¸μμ¸ ¦¤¥´¨¥ ¸ LaF3 ³μ¦´μ ¨¸-
¶μ²Ó§μ¢ ÉÓ ¤²Ö ¨§ÊÎ¥´¨Ö Ë¨§¨±μ-Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ Rf ¨ Db. ˆ§ ¶·¥¤¸É -
¢²¥´´ÒÌ ¤ ´´ÒÌ ¢¨¤´μ, ÎÉμ Zr ¨ Hf ³μ£ÊÉ ¡ÒÉÓ ÔËË¥±É¨¢´μ μÉ¤¥²¥´Ò μÉ
³´μ£¨Ì Ô²¥³¥´Éμ¢, ¢ Éμ³ Î¨¸²¥ μÉ Nb ¨ Ta. � §²¨Î¨¥ ¢ ¶μ¢¥¤¥´¨¨ ËÉμ·¨-
¤μ¢ Ô²¥³¥´Éμ¢ 4-° ¨ 5-° £·Ê¶¶ ¶·¨ ¸μ±·¨¸É ²²¨§ Í¨¨ ¸ LnF3 ±μ··¥²¨·Ê¥É
¸ ·¥§±¨³ ¶ ¤¥´¨¥³ É¥³¶¥· ÉÊ· ¶² ¢²¥´¨Ö ËÉμ·¨¤μ¢ ¸ Ê¢¥²¨Î¥´¨¥³ ¸É¥¶¥´¨
μ±¨¸²¥´¨Ö ¢ÒÏ¥ 4+ [17].

�·¥¤² £ ¥³Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶·¥¤¸É ¢²ÖÕÉ μ¶·¥¤¥²¥´´Ò° ¨´É¥·¥¸ ¤²Ö
μÍ¥´±¨ ¢²¨Ö´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢ ´  Ì¨³¨Î¥¸±¨¥ ¸¢μ°¸É¢  Rf. � -
´¥¥ ¡Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¸μ·¡Í¨Ö Ô²¥³¥´Éμ¢ ´   ´¨μ´μμ¡³¥´´μ° ¸³μ²¥ ¨§
· ¸É¢μ·μ¢ HF Ê³¥´ÓÏ ¥É¸Ö ¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ Zr > Hf > Rf > Th [9, 11].
‚ · ¡μÉ Ì [21, 22, 35] ³¥Éμ¤ ³¨ ¨μ´´μ£μ μ¡³¥´  ¤μ¸É¨£´ÊÉμ ¶μ²´μ¥ · §¤¥²¥´¨¥
Ô²¥³¥´Éμ¢ 4-° £·Ê¶¶Ò ¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ Zr > Hf > Ti > Th ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ ±μ´¸É ´É ³¨ Ê¸Éμ°Î¨¢μ¸É¨ ËÉμ·¨¤´ÒÌ ±μ³¶²¥±¸μ¢. Œμ¦´μ ¶·¥¤¶μ²μ-
¦¨ÉÓ, ÎÉμ Ê¸Éμ°Î¨¢μ¸ÉÓ ËÉμ·¨¤´ÒÌ ±μ³¶²¥±¸μ¢ Ti ¨ Rf ¡²¨§± . � ¡²Õ¤ ¥³ Ö
¸¥²¥±É¨¢´μ¸ÉÓ LaF3 ¶μ μÉ´μÏ¥´¨Õ ± Zr ¨ Hf ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡ μÉ²¨Î¨¨ ¨Ì
¸μ·¡Í¨μ´´ÒÌ ±μ³¶²¥±¸μ¢ μÉ Ti. ‚ ¸¢Ö§¨ ¸ ¢ÒÏ¥¨§²μ¦¥´´Ò³ ¶·¥¤¸É ¢²Ö¥É
¨´É¥·¥¸ ¨§ÊÎ¥´¨¥ ¶μ¢¥¤¥´¨Ö Rf ¶·¨ ¸μμ¸ ¦¤¥´¨¨ ¸ LaF3 ¢ ¸· ¢´¥´¨¨ ¸ Ti.

‚ · ¡μÉ¥ [15] ´¥ ¨¸±²ÕÎ ¥É¸Ö, ÎÉμ 268Db ¶·¥É¥·¶¥¢ ¥É Ô²¥±É·μ´´Ò° § -
Ì¢ É ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¸¶μ´É ´´Ò³ ¤¥²¥´¨¥³ 268Rf, ¶μÔÉμ³Ê ¤ ´´Ò° ³¥Éμ¤
³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö · §¤¥²¥´¨Ö Rf ¨ Db, μ¸´μ¢Ò¢ Ö¸Ó ´  · §²¨Î¨ÖÌ ¢
¨Ì £·Ê¶¶μ¢ÒÌ ¸¢μ°¸É¢ Ì. �μ¢¥¤¥´¨¥ Db ¢ ¨¸¸²¥¤μ¢ ´´μ° ¸¨¸É¥³¥ ¶·¥¤¸É -
¢²Ö¥É É ±¦¥ ¨´É¥·¥¸ ¢ ¸¢Ö§¨ ¸ ¶· ¢¨² ³¨ ¶μ²Ö·´μ¸É¨ ¨§μ³μ·Ë¨§³ , ¸Ëμ·-
³Ê²¨·μ¢ ´´Ò³¨ ‚.Œ. ƒμ²Ó¤Ï³¨¤Éμ³ ¨ �. …. ”¥·¸³ ´μ³ [36]. �μ¸±μ²Ó±Ê
£¥É¥·μ¢ ²¥´É´Ò¥ § ³¥Ð¥´¨Ö μ¡²¥£Î ÕÉ¸Ö ¢ ¤¨ £μ´ ²Ó´ÒÌ ·Ö¤ Ì, Éμ ¨´É¥·¥¸
¶·¥¤¸É ¢²Ö¥É ¨§ÊÎ¥´¨¥ ¨§μ³μ·Ë¨§³  ¢ ·Ö¤Ê Db5+ → Hf4+ → Y3+ ↔ Ln3+ →
Ca2+ → Na1+.

� ¡μÉ  ¶·μ¢¥¤¥´  ¢ · ³± Ì ·¥ ²¨§ Í¨¨ ”–� ®� ÊÎ´Ò¥ ¨ ´ ÊÎ´μ-¶¥¤ £μ£¨-
Î¥¸±¨¥ ± ¤·Ò ¨´´μ¢ Í¨μ´´μ° �μ¸¸¨¨¯ ´  2009Ä2013 ££. (Ï¨Ë· 2010-1.4-204-
001-012) ¨ ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ -
´¨° (£· ´É º09-03-12029-μË¨ ³) ¨ £· ´É  ¶μ²´μ³μÎ´μ£μ ¶·¥¤¸É ¢¨É¥²Ö ¶· -
¢¨É¥²Ó¸É¢  —¥Ì¨¨ ¢ �ˆŸˆ.
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